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Highlights from this issue of A&R 1ByLarac.pullen, PhD

Coronary Atherosclerosis Progression in Rheumatoid Arthritis

Inthisissue, Karpouzaset d (p. 400) report the
results of the first long-term study to explore
predictors of coronary plaque progression in
a well-characterized, prospective cohort of

patients with rheumatoid
P. 400 arthritis (RA) without known
I cardiovascular (CV) disease.
They found that, in patients with RA , inflamma-
tionisaconsistent and independent predictor of
coronary atherosclerosisprogression, suggesting

that CV risk can be mitigated by specifically
targeting inflammation. When the investigators

examined individuals in their cohort, they found
that total plague increased in 48% of patients
with RA. Progression was predicted by older
age, higher cumulative inflammation, and total
prednisone dose. Additionally, coronary artery
cacium (CAC) progressors were older, more
obese, hypertensive, and had higher cumulative
inflammation compared to nonprogressors. In
contrast, patients without baseline calcification
who had longer exposure to biologics were less
likely to have noncalcified plaque progression,
lesion remodeling, and constrained CAC change.

This association was independent of inflamma-
tion, prednisone dose, or statin exposure.

The researchers also found that longer
statin treatment further restricted noncalcified
plaque progression and attenuated the effect of
inflammation on increased plaque and CAC.
Stringent systolic blood pressure (BP) control
further weakened the effect of inflammation
on total plaque progression. Thus, biologic
disease-modifying antirheumatic drugs, statins,
and BP control may further constrain plaque
progression directly or indirectly.

Comparative Profiling of
RA-Associated Interstitial
Lung Disease and Idiopathic
Pulmonary Fibrosis

As many as 40% of patients with rheumatoid arthritis (RA) will
develop the complication of interstitial lung disease (ILD). Advanced
RA-associated ILD (RA-ILD) resembles idiopathic pulmonary fibrosis
(IPF), however; making it difficult for rheumatologists to tease out the
distinct pathophysiology that appears to underlie the
p- 409 2 diseases. In this issue, Kass et al (p. 409) describe
I their efforts to use comparative profiling of serum
proteins in RA-ILD and IPF to define the molecular basis of the
overlap between the 2 diseases. They used multiplex enzyme-linked
immunosorbent assays and a series of complementary statistical models
to show that several serum protein biomarkers are associated with the
presence of ILD in independent cohorts of RA patients. They conclude
that comparative serum protein biomarker profiling represents a viable
method for distinguishing RA-ILD from RA—no ILD and identifying
population-specific mediators shared with IPF.
The researchers analyzed sera from 2 independent cohorts (Veterans
Affairs [VA] and Non-VA) to identify many non-overlapping biomarkers

that distinguished RA-ILD from RA—no ILD in adjusted regression models.

The presence of concomitant emphysema is higher in the VA cohort com-
pared to the Non-VA cohort. Their comparative analysis of fully adjusted
models revealed that the range of biomarkers associated with RA-ILD dif-
fered in the 2 cohorts.When the researchers performed parallel analysis
of sera from IPF patients, they were able to identify a discriminatory panel

VA
RA-ILD

Non-VA
RA-ILD

IL-1ex

_ IL-12p70
iLeie IL-15 VEGF MIP1p i
IFNc2 MMP-1
TGFa FGF2
IL-2 Fractalkine MMP-10
IL-7 GM-CSF
IL-9 WIES
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FIt3L MMP-2
MMP-7
MMP-9
IPF
CXCL9 MCP-1

MDC

Figure 1. Differential overlap between IPF and RA-ILD in a VA cohort and
a Non-VA cohort of RA patients.

of protein markers in models adjusted for age/sex/smoking, which showed
differential overlap with profiles linked to RA-ILD in the VA cohort versus
the Non-VA cohort. Principal components analysis further revealed sev-
eral distinct functional groups of RA-ILD—associated markers that, in the
VA cohort, encompassed proinflammatory cytokines/chemokines as well
as 2 different subsets of metalloproteinases. When the researchers per-
formed least absolute shrinkage and selection operator regression mod-
eling in both cohorts, they identified distinct biomarker combinations that
were capable of discriminating RA-ILD from RA—no ILD.
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A New Outcome-Based Disease Classification for

Systemic Sclerosis

In this issue, Nihtyanova et al (p. 465)
describe how autoantibodies, cutaneous
subset, and disease duration are all impor-
tant for assessing morbidity and mortality

in patients with systemic
p- 465 sclerosis (SSc). Their
I observations are based
upon a large (n = 1,325) single-center
cohort of patients with SSc, and they
use their observations to propose a novel
classification scheme that may improve
disease monitoring and benefit future clin-
ical trial designsin SSc.

The cohort included multiple antibody/
skin disease subsets. The investigators
found that anticentromere antibody—posi-
tive patients with limited cutaneous SSc
(1cSSc) had the highest 20-year survival,
lowest incidence of clinically significant
pulmonary fibrosis (PF) and scleroderma
renal crisis (SRC), and lowest incidence of
cardiac SSc. In contrast, the frequency of
pulmonary hypertension (PH) in the anti-
centromere antibody—positive patients
was similar to the mean value in the SSc
cohort overall.

The anti—Scl-70+ groups of patients with
[cSSc and patients with diffuse cutaneous
SSc (deSSc) had the highest incidence of

A
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Figure 1. Associations of autoantibodies with survival estimates and incidence of organ complications over
time in patients with systemic sclerosis. Kaplan-Meier survival estimates (A) and smoothed hazards of death

over time (B) in subgroups by antibody specificity.

clinically significant PF. Anti—Scl-70+
patients with dcSSc also had the lowest
survival and the second highest incidence of
cardiac SSc at 20 years. Other complications
were rare, however, in anti—Scl-70+ patients
with |cSSc, and these patients demonstrated
the lowest incidence of PH and second
highest survival at 20 years.

The researchers found that anti—
RNA polymerase antibody—positive SSc
patients had the highest incidence of SRC
at 20 years, and the anti-U3 RNP+ SSc

group had the highest incidence of PH and
cardiac SSc at 20 years. When the investi-
gators evaluated 1cSSc patients with other
defined autoantibodies, they found that the
risk of SRC and cardiac SSc was low at
20 years, while the frequencies of other
outcomes were similar to the mean values
inthefull SSc cohort. In addition, patients
with dcSSc who were positive for other
defined autoantibodies had a poor prog-
nosis, demonstrating the second lowest
survival and frequent organ complications.

Altered CD8+ Cytotoxicity Profile in Ankylosing Spondylitis

Ankylosing spondylitis (AS), an inflammatory arthritis, affects more
men than women and results in progressive axial disease. Even
though HLA-B27 is associated with a high risk for the development
of AS, studies of AS have revealed a limited role for CD8+ T cells in

disease. In this issue, Gracey et al (p. 428) report
p- 428 that AS patients have an altered cytotoxic T cell
I profile and that activated CD8+ T cells with a
cytotoxic profile can be found in the joints of patients with AS.
The researchers began the study with the goal of validating their
previously published observation of lower cytotoxic gene expression
in the whole blood of AS patients. They hypothesized from this
observation that an alteration in CD8+ T cells might explain the
aberrant cytotoxic profile observed in patients. Their new data
expands upon their earlier observation and suggests that researchers

may have overlooked a central role for CD8+T cells in AS.

Ale

In the current study, the investigators report that granzyme
(GZM) and perforin | (PRFI) gene expression were both
reduced in AS patients compared to healthy controls. They note
that this finding was especially pronounced in men. Moreover,
perforin |, but not granzyme, protein levels were reduced in AS
patient serum.

When the researchers analyzed synovial fluid (SF), they
found that granzymes were elevated in patients with AS, but
not in those with rheumatoid arthritis or osteoarthritis. VWhen
they performed flow cytometry, they found a reduction in
granzyme-positive and perforin |—positive lymphocytes, but
not an intrinsic defect in CD8+ T cell granzyme or perforin |
production. Further analysis of AS patients revealed that CD8+ T
cell frequency was, however, reduced in the blood and increased
in the SF of AS patients.
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Clinical Connections

Spontaneous Pulmonary Hypertension Associated
With Systemic Sclerosis in P-Selectin Glycoprotein

Ligand |-Deficient Mice

Gonzalez-Tajuelo et al, Arthritis Rheumatol 2020;74:477—-487

CORRESPONDENCE
Ana Urzainqui, PhD: ana.urzainqui@salud.madrid.org
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SUMMARY

Aged female mice lacking leukocytic receptor P-selectin glycoprotein ligand | (PSGL-1) develop pulmonary hypertension
associated with scleroderma. Gonzadlez-Tajuelo et al found that PSGL-1 deficiency in such subjects increases pulmonary
levels of Angiotensin Il (Ang II), an endocrine mediator involved in vasoconstriction and vascular remodeling, impedes
Ang Il type 2 receptor (AT,R) expression in the lungs, and prevents age-related up-regulation of estrogen receptor
a (ERa), a pleiotropic transcription factor with vasoprotective functions. In addition, aged PSGL- |—deficient female
mice have endothelial dysfunction and reduced vasodilatory nitric oxide (NO) production by endothelial cells. These
events result in vascular medial hypertrophy. At the same time, a lack of PSGL-| reduces the presence of Treg cells in
the lungs and leads to increased interferon-y (IFNy) and reduced interleukin-10 (IL-10) production by macrophages,
T cells,and B cells, as well as an imbalance in the ratio of proinflammatory cells:regulatory cells, further contributing
to endothelial dysfunction. Together, these events lead to increased vasoconstriction and reduced vasodilation in lung

KEY POINTS

The lungs of aged
PSGL- |—deficient female
mice show:

* Medial thickening of
small lung vessels and
increased pulmonary
artery pressure.

* Increased Ang Il levels
and reduced AT,R
expression and NO
production.

* Reduced presence of
Treg cells.

* Impeded age-related
ERa up-regulation.

vessels, promoting resistance to blood flow and favoring the development of pulmonary hypertension.
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Clinical Connections

Polyfunctional, Proinflammatory, Tissue-Resident
Memory Phenotype and Function of Synovial
Interleukin-17A+CD8+ T Cells in Psoriatic Arthritis

Steel et al, Arthritis Rheumatol 2020;74:435—447

CORRESPONDENCE
Kathryn ). A. Steel, PhD: kathryn.steel@kcl.ac.uk
Leonie S. Taams, PhD: leonie.taams@kcl.ac.uk
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SUMMARY

KEY POINTS

* Polyclonal Tcl7 cells are
enriched in the SF of
patients with PsA and
SpA but not in
rheumatoid arthritis.

* Tcl7 cells from PsA SF have
hallmarks of synovial Th17
and Tcl cells and are
polyfunctional, secreting a
range of proinflammatory
mediators.

* Synovial Tcl7 cells
exhibit a strong Trm cell
signature and express
enhanced levels of
CXCR6, which may aid
retention in the PsA
synovial joint.

Genetic associations, taken together with the clinical efficacy of interleukin-17A (IL-17A) blockade, imply a role for
CD8+T cells and the IL-23/IL- 17 axis in psoriatic arthritis (PsA). Previously, IL- | 7/A+CD8+ (Tcl7) T cells were shown
to be enriched in the synovial fluid (SF) of patients with PsA, but little was known about their role in PsA pathogenesis.
Steel et al addressed this question by determining the immunophenotype, molecular profile, and function of primary

human Tcl7 cells isolated from the SF of patients with PsA.Synovial Tcl7/ cells, enriched in both PsA and other
types of peripheral spondyloarthritis (SpA), have a polyclonal T cell receptor (TCR) repertoire, with hallmarks of
both Th17 (RORC/IL23R/ICCR6/CD 16 1) and Tcl cells (granzyme A/B). These cells release a polyfunctional range of

proinflammatory mediators upon stimulation, which may contribute to the ongoing inflammation. Synovial Tc |7 cells
display a strong tissue-resident memory (Trm) cell signature composed of known Trm genes and surface markers and
express elevated levels of the chemokine receptor CXCR6. These features suggest that Tcl7/ cells are retained in the
inflamed joint, possibly driven by elevated levels of CXCL 16 found in PsA SF. The molecular signature and functional
profiling of these cells may help explain how Tcl/ cells can contribute to synovial inflammation and disease persistence

in PsA and possibly other types of SpA.
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Empowering Rh logy Professionals

Tissue-Resident Memory T Cells: Sequestered Immune
Sensors and Effectors of Inflammation in Spondyloarthritis

Christopher Ritchlin

Despite a ballooning therapeutic toolbox, treatment responses
to newer biologic agents and oral small molecules in psoriatic
arthritis (PsA) and spondyloarthritis (SpA) are of similar magni-
tude to those observed with anti~tumor necrosis factor (anti-TNF)
agents (1,2). Therapeutic outcomes in PsA and SpA stand in
marked contrast to those reported in psoriasis, where blockade of
molecules in the interleukin-23 (IL-23)/IL-17 pathway often leads
to prolonged, deep responses and in some cases even remission
(8). The underlying mechanisms that account for these divergent
outcomes in the skin and joint are not well understood and are the
subject of much speculation centered primarily on the existence
of distinct cell populations or disease pathways unique to the joint.

In rheumatoid arthritis (RA), analysis of synovial tissue with
single-cell RNA sequencing and cytometry by time-of-flight mass
spectrometry have revealed discrete cell subpopulations with
transcriptomic and cell surface expression profiles linked to func-
tional activities (4—7). These analyses, focused on the synovium
and not the peripheral blood, provided new insights regarding key
pathogenic cell-cell interactions and underscore the necessity of
examining cellular and molecular events in the target tissue. Tradi-
tionally, the study of T cells centered on sampling T lymphocytes
from the peripheral blood to analyze cell subsets, phenotypic fea-
tures, and functional characteristics. Recent discoveries, however,
revealed the presence of a memory T cell population stationed
within the tissue that does not recirculate, termed tissue-resident
memory T (Trm) cells. These Trm cells are a separate subset from
circulating effector memory T cells, which travel in the lymph and
blood to patrol peripheral tissues and eliminate pathogens, and
central memory T cells, which circulate in the blood and lymph to
secondary lymphoid organs but not to peripheral tissues (8).

The first descriptions of Trm cells arose from examination
of immune events in the skin. Boyman et al demonstrated the
critical importance of skin-resident T cells in the initiation of pso-
riasis (9). They engrafted uninvolved human psoriatic skin onto
immunodeficient mice. The T cells in the graft proliferated and
were crucial for the development of psoriasiform skin lesions
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at 8 weeks. Interestingly, CD8+ T cells were identified in the
epidermis and at the epidermal-dermal junction. Some of these
cells expressed CD69, which prevents egress of T cells from tis-
sue. Moreover, the proliferation of these T cells was dependent
on TNF. In a pivotal study, cutaneous lymphocyte antigen (CLA)-
positive cells in normal human skin were shown to be Trm cells
that did not recirculate (10). Subsequent work on human pso-
riasis revealed the presence of a highly enriched population of
CCR6+CD103+IL-23+CD8+ cells in resolved psoriatic lesions
that produced IL-17 ex vivo (11). The T cells in the resolved
lesions were oligoclonal, polyfunctional (secreted multiple proin-
flammatory cytokines), a3+ T lymphocytes that did not recircu-
late (12). Cellular profiling showed that these Trm cells expressed
the markers CD69 and CD103. The identification of long-lived,
site-specific directed memory T cells parked in the skin and other
barrier tissues opened new avenues of investigation.

Trm cells are key participants in the immune-sensing network
poised to detect pathogens or other perturbations in nonlym-
phoid tissues (13). They possess several characteristic properties,
as listed in Table 1. These cells, first identified in epithelial barrier
tissues such as the skin, lung, and gut, are long lived; persist in
specific tissues; and provide protection against an array of bac-
terial, viral, fugal, and parasitic pathogens (14). They carry out
these activities through the release of cytokines and by sounding
the alarm to attract additional resident and circulating cells. They
are the most abundant memory T cell population and mediate
inflammation in the absence of circulating T cells. CD8+ Trm cells
undergo a distinct differentiation program in response to cues
from peripheral tissues.

Trm cells exhibit a high degree of plasticity and receptor
expression that can vary from tissue to tissue but several char-
acteristic markers have been identified, as shown in Figure 1 (15).
CD69 antagonizes sphingosine 1-phosphate receptor 1 and thus
prevents egress of cells from tissues, although other inhibitor
migration signals are also likely present. CDE9 can be transiently
expressed after T cell activation by antigen and is up-regulated by
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Table 1. Characteristics of tissue-resident memory T cells

1. Heterogeneous long-lived cells

2. Maintain tissue homeostasis by immune sensing and
immunosurveillance

3. Cannot be sampled in the blood but traffic to secondary
lymphoid organs

4. Capable of triggering a rapid antigen-driven immune response
in the absence of circulating T cells

5. Provide tissue-specific protection against a wide range of
human pathogens

6. Proliferate locally, produce cytokines, induce dendritic cell
maturation, and interact with circulating effector T cells

7. Capable of mediating inflammation in psoriasis, fixed drug
eruption, and arthritis

several inflammatory cytokines. CD103 pairs with 37 and binds
E-cadherin, which is highly expressed on epithelial cells. Granzyme
B is a serine protease in cytotoxic granules that, when released,
induces cellular apoptosis. This molecule can also degrade matrix
and activate cytokines. Programmed death 1 (PD-1) is a surface
protein that suppresses T cell activity. Expression of PD-1 marks
an exhausted cell phenotype but when expressed by Trm cells in
inflamed tissues it signifies an antigen-experienced cell with an
effector phenotype (16). Recognition of innocuous or self anti-
gens by CD8+ Trm cells can induce inflammation in tissues that
may ultimately lead to chronic and recurring damage. For exam-
ple, besides psoriasis, CD8+ Trm cells have been implicated in
the pathogenesis of other dermatologic diseases, including fixed
drug eruption, alopecia areata, and vitiligo (17). The contribution
of these cells to neoplastic and inflammatory diseases in the lung,
brain, and gut are also areas of active investigation.

p—

TCR

gﬂﬁQ

O

Figure 1.

Several lines of evidence highlight the role of resident T cells
in joints as key effectors of synovial inflammation. First, IL-17-
expressing CD8+ T (Tc17) cells were enriched in PsA but not
RA synovial fluid, and levels of these cells in the circulation were
low. Moreover, the frequency of synovial Tc17 cells correlated
with C-reactive protein levels, erythrocyte sedimentation rate, the
Disease Activity in Psoriatic Arthritis outcome measure, and joint
ultrasound scores (18). Second, Wade et al provided additional
evidence of the existence of polyfunctional T cells in the psoriatic
joint (19). They analyzed single-cell suspensions of mechanically/
enzymatically digested psoriatic synovial tissue. They found that
Th17, Th1, and ex-Th17 cells in the synovium, but not the blood,
were polyfunctional granulocyte-macrophage colony-stimulating
factor (GM-CSF)-positive, TNF-positive, IL-17-positive, or
interferon-y (IFNy)-positive T cells (19). Third, an enrichment of
CD69+PD-1+CD8+ T cells was identified in synovial fluid from
patients with juvenile idiopathic arthritis (20). These cells were
metabolically active effectors, had a phenotype of activation not
exhaustion, expressed IFNy and granzyme B, and were enriched
for a tissue-resident memory cell transcriptional profile. In each
of those previous studies, signals from the synovium were pre-
sumed to promote the development of an activated phenotype in
the memory cell population.

In this issue of Arthritis & Rheumatology, Steel et al describe
a population of IL-17A+CD8+TCRaB+ T cells that were enriched
in the synovial fluid but not the peripheral blood of PsA and SpA
patients (21). These cells were not elevated in RA synovial fluid. They
expressed markers of both Th17 cells (RORC/IL23R/CCR6/CD161)

Human tissue-resident memory cell surface markers I

Human CD8+ tissue-resident memory T (Trm) cell surface markers. CXCR6 is a chemokine receptor with CXCL16 as its ligand.

CD69 is a C-type lectin that blocks egress of Trm cells from tissues and binds sphingosine 1-phosphate receptor 1. The majority of Trm cells
are T cell receptor af3 (TCRap) positive. CD8 is a transmembrane protein and a coreceptor for TCR. CD103 is an integrin that binds 37 and has
E-cadherin as its ligand. Programmed death 1 (PD-1) down-regulates the immune response in cancer and infection, but during inflammation it

is expressed by antigen-experienced Trm cells with effector functions.
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and Tc1 cells (granzyme A/B). Synovial Tc17 cells were polyclonal
(had a diverse TCR repertoire with a low clonality score), exhibited a
Trm cell signature, and secreted several proinflammatory cytokines,
including IFNy, TNF GM-CSF, and IL-21, and expressed PD-1.
CXCR6 was a marker for Tc17 cells and increased levels of its
ligand CXCL16 were present in the synovial fluid. A subset of the
Trm cells expressed CLA and CD49, homing molecules for traf-
ficking to the skin and gut, respectively.

These results are intriguing, but several caveats deserve
mention. First, the Tc17 cells were analyzed in the synovial fluid
and not in synovial tissue. It is not known if these cells are repre-
sentative of those present in the synovial membrane. In addition,
given the profiles that signify tissue residence, what are the signals
that trigger the transit of these tissue-resident cells into the syno-
vial fluid? Certainly, examination of the synovial tissue is required
to investigate the topology, cellular interactions, and regional tran-
scriptomics of these cells. The Tc17 cells were not identified in RA
synovial fluid, which is somewhat puzzling given that IL-17A pro-
tein levels in psoriatic and rheumatoid synovial tissues do not differ
significantly (22). Last, the sample size was small, and correlation
with different phenotypes was beyond the scope of this study and
will await additional examination. It is important to underscore that
the majority of these samples studied by Steel and colleagues
were from PsA patients, and the 3 samples that were subjected
to T cell receptor sequencing were all from PsA synovial fluid, so
the results may not be readily applicable to SpA.

A central question regarding the importance of Trm cells in
PsA and SpA is whether these cells are key effectors of inflam-
mation that persist despite therapy. Next steps should focus on
examining the phenotype of these cells in the tissue before and
after active treatment and correlation with disease response. The
inability to gain insights into local joint events by sampling the
blood represents a major barrier, but efforts to improve technol-
ogies to rapidly and safely sample joint tissues should be a high
priority.

These cells, hidden from view, may provide insights into the
events that link skin, gut, and joint disease. The finding of skin
and gut homing receptors on Trm cells in the joint fluid may pro-
vide support for the notion of cellular links that may be pivotal
to the etiopathogenesis of these disorders. Presumably, these
cells originate in the skin and gut and migrate to the joints where
they establish residence. While Trm cells do not recirculate in the
blood, they can be mobilized following activation to enter the
lymph and traffic to secondary lymph node organs (23) where
they may conceivably promote tissue effector cells with cutane-
ous or gut homing receptors to enter joints. Alternatively, Trm cells
may down-regulate CD69, allowing them to enter the circulation
and traffic to other peripheral tissues. Last, targeting and eliminat-
ing Trm cell populations in joints has the distinct advantage that
such a strategy would not impair systemic immune responses.
Critical knowledge gaps to be addressed before advancing to
therapeutics, however, include a better understanding of Trm

cell heterogeneity and plasticity, Trm cell interactions with other
tissue-resident and circulating populations, and how to develop
valid and reliable markers to enhance diagnosis and facilitate ther-
apeutic targeting. Confirmation that Trm cells reside in inflamed
synovial membranes will propel research focused on eliminating
or modulating this subset and further expand the SpA therapeutic
toolbox in new directions.
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More Than Skin Deep: Bringing Precision Medicine to

Systemic Sclerosis

Christopher A. Mecoli *¥ and Ami A. Shah

Historically, patients with systemic sclerosis (SSc) have been
classified by the extent of their skin involvement, given a classi-
fication of either diffuse cutaneous SSc (dcSSc), characterized
by skin involvement of the torso and proximal limbs, or limited
cutaneous SSc (IcSSc), with involved skin predominantly distal to
the elbows and knees. Subgrouping based on cutaneous type is
grounded in the literature, in which differences in organ involve-
ment and mortality have been demonstrated (1). However, this
binary classification system does not capture the marked clinical
heterogeneity known to exist within these 2 subgroups. Attempt-
ing to risk stratify a given SSc patient’s clinical trajectory, organ-
specific complications, and response to medications based solely
on cutaneous type is an imperfect approach in the modern era.

Over the past few decades, the value of SSc-specific and
-associated autoantibodies has been increasingly realized (2,3).
As more clinical-serologic associations have been discovered and
validated, our ability to phenotype SSc patients has dramatically
improved. This increased awareness, in conjunction with improved
laboratory capabilities in autoantibody testing, has allowed for the
majority of SSc cohorts around the world to have comprehensive
and detailed serotyping. However, even within a given autoanti-
body subtype, there is often heterogeneity in clinical presenta-
tion and course; the power of combining both serology and skin
subtype identification to predict outcomes has been illustrated by
Cottrell et al, who demonstrated that within a given SSc-specific
autoantibody group (e.g., anti-Scl-70), different clinical trajectories
exist based on cutaneous subtype (4).

In addition to utilizing cutaneous type and autoantibodies
to help clinically phenotype SSc patients, a third component—
time—is perhaps most critical of all. Epidemiologic issues related
to time are integral to characterizing SSc cohorts, given the
known fact that organ-specific complications do not occur evenly
throughout the life of a patient with SSc (5). These issues include
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minimizing immortal person-time (e.g., the time during which the
relevant outcome under study could not have been observed),
accounting for SSc disease duration, and assessing the timing of
events relative to one another. This concept has been eloquently
shown by Herrick et al in their development of a model to predict
progression of skin disease in SSc (6). Whereas the baseline mod-
ified Rodnan skin thickness score (MRSS) alone was a poor pre-
dictor, the model improved upon the addition of disease duration,
and further improved with the incorporation of RNA polymerase
Il (@anti-RNAP) antibody status (6). Similarly, the power of utiliz-
ing cutaneous subtype, autoantibody status, and timing as filters
through which to study the cancer—scleroderma relationship has
illustrated the value of these tools in risk stratifying SSc patients for
the development of malignancy (7).

It is within this landscape that the work by Nihtyanova et al
in this issue of Arthritis & Rheumatology bolsters the argument
for incorporating cutaneous type, serology, and disease duration
to subgroup SSc populations (8). Their study included more than
1,300 SSc patients seen at the University College London and
stratified them into 1 of 14 subgroups defined a priori based on
different combinations of cutaneous disease type (limited or dif-
fuse) and autoantibody status (anticentromere antibody [ACA]
positive, anti~topoisomerase | [anti~topo |; anti-Scl-70] positive,
anti-RNAP positive, anti-U3 RNP positive, anti-PM/Scl positive,
antinuclear antibody [ANA] positive but extractable nuclear anti-
gen [ENA] antibody negative, and “other” [including antibodies to
U1 RNP, Th/To, SL, Ku, Jo-1, Ro, La, XR, PL-7, heterogeneous
nuclear RNP, and Sm, as well as ANA negative]). For each of
the 14 combinations, they performed time-to-event analyses of
organ-specific complications and survival at 5, 10, 15, and 20
years of follow-up. Upon collapsing similar strata, they discovered
7 distinct SSc subgroups: ACA+ IcSSc, anti-Scl-70+ IcSSc, anti—
Scl-70+ dcSSc, anti-BRNAP+, anti-U3 BNP+, IcSSc with other
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antibodies, and dcSSc with other antibodies. Based on these
clinical subgroupings, the authors report markedly different inci-
dence rates of scleroderma renal crisis (SRC), scleroderma heart
disease, pulmonary hypertension (PH), clinically significant pulmo-
nary fibrosis (PF), and overall mortality.

The strengths of the study by Nihtyanova et al (8) are the
inclusion of a large number of autoantibodies tested in a system-
atic manner, prospective follow-up of long duration, standardized
clinical outcome measures, and rigorous analytic methods. Their
study demonstrates the added value of incorporating antibody
status to clinically phenotype SSc patients above and beyond
cutaneous subtype. This is particularly apparent when compar-
ing organ-specific outcomes and mortality between anti-Scl-
70+ patients with IcSSc and anti-Scl-70+ patients with dcSSc;
whereas anti-Scl-70+ dcSSc and IcSSc patients had similar rates
of clinically significant PF, the incidence of other organ-specific
complications and mortality were increased >2-fold in those with
diffuse disease.

With respect to organ-specific complications, the study by
Nihtyanova et al highlights the clinical importance of the anti-U3
RNP+ subgroup of SSc patients, particularly their high risk of
PH (both group 1 [pulmonary arterial hypertension] and group 3
[PH associated with interstitial lung disease (ILD)]); 1 in 3 anti-U3
RNP+ patients developed PH over 15 years. Interestingly, patients
with anti-Scl-70 or anti-PM/Scl antibodies had the lowest hazard
of PH development, even when accounting for PH secondary to
ILD, and those with ACAs had only average risk of developing PH.
In addition, anti-RNAP+ and ANA+ENA- patients had the high-
est initial MRSS skin thickness scores, but also experienced the
most improvement—a factor that may be important to consider
in the design of clinical trials focused on active diffuse cutaneous
disease.

The proposed classification system has clear benefits when
applied in clinical practice, such as improved prognostication as
well as informing disease-monitoring strategies (e.g., frequency of
hypertension screening for SRC, electrocardiogram for arrhyth-
mia, or pulmonary function testing [PFT] and echocardiogram for
clinically significant PF and cardiac scleroderma, respectively). For
example, the knowledge that a patient with ACA+ limited disease
has a 20-year incidence of clinically significant PF of <10% might
inform the treating provider that obtaining frequent PFTs may be
unnecessary.

In addition to having a direct impact on the clinical care of
SSc patients, this classification framework would allow for better
comparisons across different SSc cohorts, as the frequency of
different autoantibody subsets tends to vary internationally (9). The
failure of validating research findings in different cohorts could be
attributable, in part, to this geographic heterogeneity. For exam-
ple, a cohort with a low prevalence (<10%) of anti-RNAP—positive
SSc may not validate findings with regard to the risk of malignancy
or SRC found in a different cohort in which the anti-RNAP—positive
SSc prevalence is >20%.

Furthermore, the findings from the study by Nihtyanova et al
may inform optimal clinical trial study design in SSc. The differ-
ential severity and clinical course observed suggests that enrich-
ment of high-risk subgroups—i.e., those who are most likely to
progress—should be considered in trials focused on different
organ-specific complications.

Moving forward, these results need to be validated in other
SSc cohorts, including those with different racial and ethnic com-
positions. It remains to be seen whether race and ethnicity has
an impact on this type of subgrouping, given that certain racial
groups, such as African Americans, are known to have more
severe disease (10,11). In addition, there remains several unan-
swered questions with regard to the use of this approach to clas-
sify SSc patients. For example, many patients were positive for >1
autoantibody (most notably, anti-Ro antibodies), and the impact
that this might have on the clinical trajectory and rate of mortality
warrants further study.

We also need to better understand the influence that differ-
ent treatment strategies have on these subgroups; for example,
studies should address whether treatment of diffuse cutaneous
disease would impact the incidence rates of clinically significant
PF. Moreover, the incorporation of other outcome measures,
including SSc-specific patient-reported outcomes, needs to be
implemented and standardized, particularly given the current
shortcomings of outcome measures pertaining to digital ischemia,
calcinosis, and gastrointestinal symptoms.

These data illustrate that multiple measurements in combina-
tion, such as cutaneous subtype, autoantibody status, and timing,
improve predictive capability compared to a single measurement
alone. The approach to incorporate and harmonize multiple clinical
and biologic characteristics to subgroup SSc patients is the foun-
dation of precision medicine. In the near future, dynamic genetic,
plasma, serum, and/or cellular biomarkers will likely prove even
more valuable for classification and provide insight into disease
mechanisms; the SSc community should anticipate this accord-
ingly, by storing biospecimens conducive to analysis. In an era of
an increasing number of working groups, societies, and cohorts,
standardization and validation will be paramount to success.
Fortunately, many dedicated researchers and healthcare providers
are focused on improving our ability to classify SSc patients, which
willin turn advance research programs and, ultimately, clinical care.
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Clinicopathologic Significance of Inflammasome Activation
in Autoimmune Diseases

J. Michelle Kahlenberg' 2 and Insoo Kang®

Autoimmune diseases are characterized by dysregulated immune tolerance to self and inflammatory damage
to tissues and organs. The development of inflammation involves multiple innate and adaptive immune pathways.
Inflammasomes are multimeric cytosolic protein complexes that form to mediate host immune responses upon
recognizing pathogen- or damage-associated molecular patterns via pattern-recognition receptors (PRRs). The ac-
celerating pace of inflammasome research has demonstrated important roles for inflammasome activation in many
pathologic conditions, including infectious, metabolic, autoinflammatory, and autoimmune diseases. The inflammas-
ome generally comprises a PRR, procaspase 1, and an adaptor molecule connecting the PRR and procaspase 1.
Upon inflammasome activation, procaspase 1 becomes active caspase 1 that converts pro—interleukin-1(3 (prolL-1[3)
and prolL-18 into mature and active IL-13 and IL-18, respectively. The cytokines IL-13 and IL-18 have multipotent
effects on immune and nonimmune cells and induce and promote systemic and local inflammatory responses. Hu-
man studies have shown increased levels of these cytokines, altered activation of inflammasome-related molecules,
and/or the presence of inflammasome activators in rheumatic diseases, including systemic lupus erythematosus,
rheumatoid arthritis, crystal-induced arthropathies, and Sjoégren’s syndrome. Such changes are found in the primary
target organs, such as the kidneys, joints, and salivary glands, as well as in the cardiovascular system. In animal mod-
els of rheumatic diseases, inflammation and tissue damage improve upon genetic or pharmacologic targeting of the
inflammasome, supporting its pathogenic role. Herein, we review the clinicopathologic significance and therapeutic

targeting of inflammasome activation in rheumatic diseases and related conditions based on recent findings.

Introduction

Inflammation plays a critical role in the pathogenesis of
rheumatic diseases, including systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), and crystal-induced arthrop-
athies. Multiple innate and adaptive immune pathways and
molecules are involved in the development of inflammation.
Germline-encoded pattern-recognition receptors (PRRs), like
Toll-like receptors (TLRs), expressed by innate immune cells
recognize pathogen-associated molecular patterns (PAMPS)
and damage-associated molecular patterns (DAMPs), which
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are derived from invading pathogens and stressed host cells,
respectively. Upon recognizing these molecules, the innate
immune cells produce an array of inflammatory molecules such
as interleukin-13 (IL-1B) and IL-18, whose maturation and
secretion are regulated by multiprotein complex inflammas-
omes (1,2). An increasing body of evidence supports the notion
that the inflammasome plays a role in rheumatic diseases such
as SLE, crystal-induced arthropathies, and RA. In this review,
we discuss the biologic processes, clinical significance, and
therapeutic targeting of inflammasome activation in rheumatic
diseases and related conditions, focusing on recent advances.
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Inflammasome types and activation
Inflammasomes are multimeric cytosolic protein complexes

that form to mediate host immune responses upon sensing
PAMPs or DAMPs (1,2). Assembly of an inflammasome cleaves

—

NLRP1 inflammasome

NLRP1 FIIND/

procaspase 1 into active caspase 1 that converts prolL-13 and
prolL-18 into mature and active IL-13 and IL-18, respectively.
Inflammasome activation can lead to pyroptosis, a type of inflam-
matory cell death, and active caspase 1 enables the unconventional
secretion of numerous cytosolic proteins (3). The inflammasome
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Structures and triggers of canonical and noncanonical inflammasomes. Canonical inflammasomes that contain caspase 1 can

be classified into distinct types based on the presence of the sensor proteins NLRP1, NLRP3, NLRC4, AIM2, or pyrin, which recognize
different triggers. Noncanonical inflammasomes that contain caspase 4 or 5 in humans and caspase 11 in mice can directly interact with
the lipid A moiety of lipopolysaccharides (LPS). Triggers of individual inflammasomes are shown. FIIND = function to find domain; NBD =
nucleotide-binding domain; LRR = leucine-rich repeat; PYD = pyrin domain; CARD = caspase activation and recruitment domain;
p10 = caspase 1 p10; CASP1 = caspase 1; MSU = monosodium urate monohydrate; CPPD = calcium pyrophosphate dihydrate; ROS =
reactive oxygen species; PAMPs = pathogen-associated molecular patterns; DAMPs = damage-associated molecular patterns; dsDNA =
double-stranded DNA; snBNP = small nuclear RNP; HIN200 = hematopoietic interferon-inducible nuclear protein 200; BB = bBox zinc-finger

domain; CC = coiled coin domain; B30.2 =

B30.2 domain.
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typically comprises 3 components: 1) a PRR sensing PAMPs or
DAMPs, 2) procaspase 1, and 3) an adaptor molecule like ASC
that links the sensor and procaspase 1 (1,2). Based on the types
of PRRs present in individual inflammasomes, they can be classi-
fied into nucleotide-binding oligomerization domain-like receptor
(NLR), absent in melanoma 2 (AIM2)-like receptor (ALR), and pyrin
inflammasomes (Figure 1). The NLR inflammasome family mem-
bers, which include NLRP1, NLRP3, and NLRC4, have a central
nucleotide-binding domain, a C-terminal leucine-rich repeat, and a
pyrin or caspase activation and recruitment domain (CARD) (1,2).
PRRs of individual inflamsmasomes can sense distinct stimuli (Fig-
ure 1). AIM2 recognizes intracytoplasmic DNA, whereas NLRP3
can be triggered by PAMPs, DAMPs, and even environmental
chemicals (e.g., silica) (1,2). While caspase 1-containing inflam-
masomes are classified as canonical inflammasomes, noncanon-
ical inflamsnmasomes containing caspase 4 or 5 and caspase 11
are observed in humans and mice, respectively. The CARD motif
of caspases 4, 5, and 11 can directly bind with the lipid A moiety
of intracellular lipopolysaccharide, leading to the activation of these
caspases and subsequent secretion of IL-13 and IL-18 (2,3).

The best-characterized inflammasome is the NLRP3 inflam-
masome (3). While intracellular levels of ASC and procaspase
1 are stable, the quantity of NLRP3 present in resting myeloid
cells (e.g., human monocytes) is insufficient to allow activation
in response to stimuli, suggesting that NLRP3 is a limiting factor
regulating NLRP3 inflammasome activation (3-5). NLRP3 that is
up-regulated by PRRs via active NF-kB can be regulated by post-
translational mechanisms including phosphorylation and ubiquit-
ination (3). Reactive oxygen species (ROS), K+ efflux, ATP, and
lysosomal rupture can mediate the activation of the NLRP3 inflam-
masome (3). High levels of extracellular ATP also result in K+ efflux
by activating the P2X purinoceptor 7 (P2X, purinoceptor) channel.
Many NLRP3 triggers increase mitochondrial ROS production,
and NLRP3 inflammasome activation is inhibited by preincubation
with some antioxidants (3). Never in mitosis gene-related protein
kinase 7 plays an essential role in the formation of the NLRP3
inflamsmasome in murine macrophages by directly interacting with
NLRP3 (6). Bruton'’s tyrosine kinase (BTK), which is involved in B
cell receptor and TLR signaling, physically interacts with ASC and
NLRP3, and inhibiting BTK suppresses NLRP3 inflammasome
activation (7). These findings highlight the fundamental role of the
inflamsmasome in handling attacks and dangers posed to the host
through interacting with multiple cellular and molecular pathways.

The inflammasome and rheumatic diseases

Inflammasomes regulate the maturation and secretion of IL-13.
IL-1B has pleiotropic effects on multiple immune and nonimmune
cells and is responsible for many clinical manifestations in autoim-
mune and inflammatory diseases (8). As an endogenous pyrogen,
IL-13 induces fever, which is frequently seen in rheumatic diseases.
IL-1B serves as an upstream regulator of innate and adaptive

immune responses by promoting the production of other inflamma-
tory cytokines, such as IL-6, tumor necrosis factor (TNF), and IL-17
(8,9). Similarly, IL-18 is known to enhance interferon-y (IFNy) pro-
duction by Th1 cytokines. Thus, it is natural to consider the poten-
tial role of the inflammasome in inflammation and tissue damage in
rheumatic diseases. A body of evidence supporting this notion has
accumulated over a decade through human and animal studies.
Several molecules known to be causative of or pathogenic
for rheumatic diseases can activate inflammasomes, leading to
the production of IL-13 and IL-18. These include monosodium
urate monohydrate and calcium pyrophosphate dihydrate (CPPD)
crystals, which are responsible for gout and pseudogout, respec-
tively (10), as well as double-stranded DNA (dsDNA) and U1
small nuclear RNP (U1 snRNP)-containing lupus immune com-
plexes (Figure 2) (11,12). Also, monocytes and macrophages in
patients with rheumatic diseases, especially SLE, have increased
expression of inflammasome components and/or enhanced
inflammasome activation (13,14), suggesting the existence of an
intrinsic alteration in the intracellular inflammasome pathways.
Of note, some polymorphisms of inflammasome-related genes
have been shown to be associated with susceptibility, severity,
and/or treatment response in rheumatic diseases, including SLE
and RA (15-20). Improvement in disease activity was observed
in murine models of SLE, RA, crystal-induced arthropathies, and
Sjogren’s syndrome (SS) when inflammasome activation was tar-
geted genetically or chemically (see details below). In addition to
the immune system, dysregulated inflammasome activation in
rheumatic diseases likely affects multiple organ systems, including
the kidneys, lungs, eyes, and cardiovascular system, contributing
to morbidity and mortality (21,22). The links between inflammas-
omes and individual rheumatic diseases are discussed below.

The inflammasome and SLE

Possible dysregulation of inflammasome activation in lupus
was identified as early as 3 decades ago. Those studies reported
increased IL1b gene expression and IL-1[3 production in the kid-
neys of lupus-prone mice and from human monocytes, respec-
tively (23,24). Although the exact mechanisms for these findings
were not clear at that time, the discovery of the inflammasome
and its role in IL-1[3 secretion revealed new insights into the patho-
genesis of lupus. Unique to SLE, autoimmune features, such as
immune complexes, can provoke the inflammatory response.
Immune complexes containing dsDNA or U1 snRNP can acti-
vate the NLRPS inflammasome in human monocytes, leading
to the production of IL-13 and IL-18 (11,12). Several pathways,
including ROS, K+ efflux, and TLRs, are involved in this phenom-
enon, as evidenced by the fact that inhibition of ROS production,
K+ efflux, and TLR activation suppressed cytokine production.
IL-1B released from such activated monocytes enhanced Th17
responses, which are increased in lupus, supporting the notion that
inflammasome activation is implicated in dysregulated adaptive
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Figure 2. Schematic representation of the mechanisms of inflammasome activation in rheumatic diseases. Lupus immune complexes of
double-stranded DNA (dsDNA) and U1 small nuclear RNP (U1 snRNP) affect inflammasome activation via inducing NETosis, macrophage
migration inhibitory factor (MIF) in monocytes, and interferon-a (IFNa) in plasmacytoid dendritic cells (pDCs). In rheumatoid arthritis (RA), tumor
necrosis factor (TNF), hypoxia, oxidized low-density lipoprotein (LDL), and high mobility group box chromosomal protein 1 (HMGB-1) affect
NLRP3 expression and inflammasome activation. In gout and pseudogout, monosodium urate monohydrate (MSU) and calcium pyrophosphate
dihydrate (CPPD) crystals activate the NLRP3 inflammasome. Monocytes, macrophages, and podocytes with activated inflammasome produce
interleukin-103 (IL-1B3) and IL-18, leading to inflammation and tissue damage in multiple organ systems. CVD = cardiovascular disease.

immune responses in lupus (12). Confirming this chronic inflam-
masome activation, patients with SLE demonstrate increased cir-
culatory levels of IL-1(3 and IL-18 (22,25).

Neutrophil extracellular traps (NETs) that contain self-DNA and
other molecules such as the antibacterial protein LL-37 play a role
in the pathogenesis of lupus. Both NETs and LL-37 activate the
inflammasome in human and murine macrophages, leading to the
release of IL-13 and IL-18 (Figure 2) (13). The released IL-18 stim-
ulates NETosis in human neutrophils, suggesting a feedforward
inflammatory loop involving NET and inflammasome activation.
Inflammasome activation and IL-18 production can be responsible
in part for vascular dysfunction in SLE through impairment of vas-
cular repair mechanisms; caspase 1 inhibition and IL-18 neutrali-
zation have been shown to improve dysfunctional SLE endothelial
progenitor cell differentiation (22). Also, patients with SLE had
increased AIM2 expression correlating with disease activity, and
blocking AIM2 expression in lupus-prone mice reduced disease
activity (26). The association of IL1B, IL18, and NLRP1 polymor-
phisms with SLE has been demonstrated in patients of different
ethnic backgrounds, supporting the possible genetic implication of
certain inflammasome-related genes in SLE (15-17).

Monocytes and macrophages from patients with SLE appear
to be more prone to inflammasome activation (13,14). Patients
with SLE have enhanced infllmmasome activation in monocyte-

derived macrophages upon NET and LL-37 stimulation (13).
Also, freshly isolated monocytes from patients with SLE demon-
strate increased expression of NLRP3, AIM2, and CASP1 (14).
The expression of these genes is correlated with IFN scores, and
IFNa enhances caspase 1 expression via IFN regulatory factor 1
(Figure 2). These findings support the notion of a positive interac-
tion between type | IFN and the inflammasome in lupus through
priming of monocytes for robust inflammasome activation. Indeed,
patients with SLE have increased levels of caspase 1 activation in
monocytes that correlate with serum levels of IL-1[3, anti-dsDNA
antibodies, and disease activity (25). Also, ATP-induced IL-13 pro-
duction has been shown to be increased in the macrophages of
patients with SLE (27). Recently, the role of macrophage migra-
tion inhibitory factor (MIF) in up-regulating NLRP3 expression was
demonstrated in human monocytes stimulated with the U1 snRNP
lupus immune complex (4). Upon exposure to the latter, human
monocytes produced MIF, and blocking MIF binding to its receptor
CD74 suppressed NLRP3 expression and subsequent caspase 1
activation (4). The expression levels of MIF and CD74 correlated at
the single cell level, supporting the autocrine and paracrine effects
of MIF in regulating NLRP3. Of note, a separate study showed
that MIF was implicated in activating the NLRP3 inflammasome
through its interaction with NLRP3 (5). These findings support
the notion that MIF plays a role in lupus pathogenesis, which is
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further substantiated by human and animal studies showing the
relationship of MIF genotypes to SLE and improvement in murine
lupus upon blocking MIF, respectively (28,29).

Consistent with the results of human studies, animal studies
indicate a pathogenic role for inflammasomes in lupus. In one study,
mice lacking caspase 1 were protected against autoantibody pro-
duction, type I IFN response, and glomerulonephritis upon pristane
challenge (30). In the same lupus animal model, caspase 1 defi-
ciency reduced vascular dysfunction, which is a major contributor
to mortality in human lupus (30). Also, NIrp3-R258W mice carrying
the gain-of-function mutation exhibited significantly higher mortal-
ity and renal damage upon pristane challenge (31). Lupus-prone
MRL/lor mice have been shown to have increased expression of
P2X,, NLRP3, ASC, active caspase 1, and IL-1[3 in the kidneys
(82). Blockade of P2X; purinoceptor suppressed lupus nephritis in
MRL/lor mice by inhibiting NLRP3 inflammasome activation with
decreased IL-1[3 and IL-17 levels (32).

A recent study showed no effect of IL-1[3 deficiency on lupus
nephritis in NZM2328 mice injected with the TLR-7 agonist R848
(33). Given the role of inflammasomes in regulating multiple immune
molecules, including IL-18, it is likely that targeting only IL-13 may
not be sufficient to suppress disease activity. The serine/threonine
kinase glycogen synthase kinase 33 (GSK-3p3) is a positive regulator
of NF-kB activation. Thiadiazolidinone 8 (TDZD-8), a selective inhib-
itor of GSK-3[3, inhibited caspase 1 activation and IL-1[3 production
and reduced anti-dsDNA antibody levels and renal disease in a study
using MRL/jor and NZB x NZW F1 mice (34). This finding could be
related to the suppressive effect of TDZD-8 on NF-kB activation,
which up-regulates NLRP3 expression (35). A20, encoded by TNF-
induced protein 3, is a potent negative regulator of inflammation,
and its gene polymorphisms are associated with autoimmunity,
including SLE. A20 was found to suppress NF-kB and caspase 1
activity (36), and its overexpression reduced nephritis in mice with
pristane-induced lupus by inhibiting NF-kB and NLRP3 (37).

The NLRP3 infllmmasome contributes to the development
of proteinuria in lupus nephritis by affecting podocyte function.
NLRP3 inflammasome activation was detected in podocytes
from patients with lupus nephritis and lupus-prone mice, and the
selective NLRP3 inhibitor MCC950 ameliorated proteinuria and
renal histologic lesions in lupus-prone mice (21). Pim-1, a member
of the Pim family of serine/threonine kinases, promotes NLRP3
inflammasome activation in human podocytes in response to anti-
dsDNA antibody—positive serum by increasing the intracellular
calcium concentration, which regulates NLRP3 inflammasome
activation (38). In contrast to the results of most studies, a few
studies have shown decreased levels of inflammasome activation
or related molecules in lupus. NZB mice that develop autoim-
mune hemolytic anemia express high levels of the AIM2 antag-
onist p202 and an NLRP3 gene mutation, leading to impaired
IL-1(3 production, while lupus-prone (NZB x NZW)F1 mice have
been shown to have reduced NLRP3 and AIM2 inflammasome
responses (39). Also, lupus-like autoimmunity became more

severe in C57BL/6-pr/lpr mice deficient in Nirp3 and Asc (40).
Another study identified decreased expression of NLRP3 and
ASC genes in peripheral blood mononuclear cells (PBMCs) from
lupus patients but increased expression of CASP1,IL1B,and IL18
in PBMCs (41). Nevertheless, a large set of animal and human
data clearly support the notion that inflammasomes, especially the
NLRP3 inflammasome, play a role in the pathogenesis of lupus.

The inflammasome and RA

Joint inflammation is initiated by inflammasome activation,
as is seen in crystal arthropathies such as gout and CPPD crys-
tal deposition disease. In RA, which is characterized by chronic
inflamsmation and synovial activation that results in bony erosions,
the role of the inflammasome may be of a more indirect nature.
Interest in inflammasome biology in RA is longstanding, as anak-
inra, a soluble IL-1 receptor antagonist, was the first biologic agent
approved for the treatment of RA. The success of anakinra as an
RA therapy was modest at best (42); thus, the links between the
inflammasome and RA continue to be a subject of debate and a
topic for further research.

Genetic evidence provides hints, but no definitive links
between RA and inflammasome biology. Polymorphisms and
subsequent overexpression of NLRP1 have been linked to an
increased risk of RA (18). Minor polymorphisms in both NLRP3
and CARD-8 (an inflammasome-regulating protein) have been
shown to be associated with seropositivity and increased dis-
ease severity (43). Cytokine polymorphisms have not been defin-
itive either. Polymorphisms of IL-13 may be associated with the
development of RA in certain ethnic populations (19), and IL-18
polymorphisms may also increase the risk of RA (20). Overall, the
relationship between RA and the inflammasome may reflect the
inflamsmatory activity in the joint itself, rather than a true genetic
etiology of the disease.

Data from human studies support the notion that the
inflammasome plays a role in RA. Expression of inflammasome-
associated proteins in the joint is increased but varies with the
cell population analyzed. Endothelial and inflammatory cells in
the RA synovium express all components needed for inflammas-
ome activation, but synovial fibroblasts do not express NLRP3
(44). Importantly, many RA-associated joint changes prime for
inflammasome activation. TNF up-regulates key components
of the inflammasome (45), partially through transforming growth
factor (B-activated kinase 1. Hypoxia, a feature of the inflamed
synovium, induces IL-1[3 protein and NLRP3 expression (46). Oxi-
dized low-density lipoprotein, a modified lipid that is increased in
RA patients, primes for inflammasome activation in macrophages,
which results in increased IL-1[3 release (47). High mobility group
box chromosomal protein 1, an alarmin that is associated with the
development of RA, primes for inflammasome activation as well
(48). Al of these features of RA lead to a state where the inflam-
masome is ready for activation (Figure 2).
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Adaptive immune responses in RA are also regulated by the
inflammasome. T cells from RA patients express elevated levels
of active caspase 1 (49,50), which can be triggered by oxidized
and nonoxidized mitochondrial DNA. Intriguingly, this inflamsmas-
ome activation contributes to Th17 skewing in vitro (50). These
data suggest that T cell inflammasome activation may also be an
important target for RA treatment.

The cytokines produced by inflammasome activation contrib-
ute to the inflammatory phenotype in the RA joint. An imbalance
of IL-13 versus IL-1 receptor antagonist production was noted
nearly 25 years ago in human RA synovial explants (51). IL-1[3
activates synovial fibroblasts and induces the production of TNF,
IL-6, and matrix metalloproteinases (52). IL-1a, which is active in
its full-length and 18-kd cleaved (by caspase 1) mature form, also
has inflammatory effects on the joint. IL-1a can promote the mat-
uration of cathepsin B and cathepsin S and works in synergy to
increase chondrocyte cathepsin B activation and secretion (52).

Murine models support the notion that the inflammasome
plays arole in inflammatory arthritis, but most research has focused
on infection or gout-related arthritis. In collagen-induced arthritis
(CIA), a murine model with features of RA, inhibition of NLRP1
inflammasome activation is protective (53). Inhibition of P2X; puri-
noceptor is also protective in a rat streptococcal wall model of
arthritis (54). Genetic data have not supported a role for either
caspase 1 or NLRP3 in CIA, as absence of either protein was not
protective; however, a functional ASC molecule was required for
disease activity (55). Inhibitor data, however, have demonstrated
a role for NLRP3 in CIA, since inhibition of NLRP3 via MCC950
is protective in a CIA model (56). Another orally available NLRP3
inhibitor, OLT1177, suppresses inflammation in zymosan-induced
arthritis (57). Myeloid-specific deletion of A20/Tnfaip3 causes ero-
sive polyarthritis, similar to RA. In this model, NLRP3, caspase 1,
and the IL-1 receptor are also required for full disease expression
(568). A comparison of the role of the inflammasome in RA and its
role in SLE is shown in Table 1.

The inflammasome and other rheumatic
autoimmune diseases

Sjogren’s syndrome. SS incorporates pathologic and clin-
ical features of both SLE and RA, thus, it is not surprising to note
that the inflasmasome has been implicated in its pathogenesis as
well. Circulating levels of IL-13 and IL-18, as well as inflammasome
components such as ASC, are elevated in SS patients (especially
those with severe SS) compared to healthy controls (59,60). In
addition, increased expression of NLRP3 inflammasome compo-
nents is detectable in SS salivary gland macrophages in situ (59).
Both AIM2 and NLRP3 inflammasomes may be involved in SS,
as stimulation with DNA or NLRP3 agonists induces greater IL-1[3
production in SS monocytes than control monocytes. In a murine
model of autoimmune exocrinopathy, inhibition of P2X; purinocep-
tor is protective against induction of salivary gland inflammation

Table 1. Comparison of inflammasome involvement in SLE and
RA*

SLE RA

NLRP1, IL1B, IL18 NLRP3, NLRP1T,
CARDS, IL1B, IL18

Disease-associated
polymorphisms

Inflammasomes NLRP1?, NLRP3, NLRP3, NLRP1?
involved AlM2
Murine models that PIA, MRL/Ipr, CIA, A20/Tnfaip3
improve with (NZB x NZW)F1, myeloid deletion
inflammasome NZM2328
inhibition
Triggers to prime/ Type I lENs, MIF, TNF, IL-6, Oxidized
activate dsDNA, RNP LDL, HMGB-1
inflammasome immune
response complexes
Important Podocytes, Macrophages,
pathogenic cells monocytes, endothelial cells
endothelial
cells

* SLE = systemic lupus erythematosus; RA = rheumatoid arthritis;
PIA = pristane-induced arthritis; CIA = collagen-induced arthritis; type
| IFNs = type | interferons; MIF = macrophage migration inhibitory
factor; dsDNA = double-stranded DNA; TNF = tumor necrosis factor;
IL-6 = interleukin-6; LDL = low-density lipoprotein; HMGB-1 = high
mobility group box chromosomal protein 1.

(61). In addition, ocular dryness (as seen in primary or secondary
SS) has been documented as a trigger for the NLRP3 inflammas-
ome in murine models (62).

Celiac disease. IL-18 signaling has been linked to the
development of celiac disease through genome-wide association
studies (63), and this link has been validated in both pediatric and
adult-onset celiac disease (64). There are data to support a role
for inflammasome activation in both disruption of epithelial barriers
and in more generalized inflammation in response to gluten. Sim-
ilar to its inflammasome-promoting effects in SLE monocytes and
endothelial cells (14,22), IFN can stimulate intestinal epithelial cells
to promote inflammasome activation and disruption of epithelial
barriers (65). In addition, circulating monocytes from patients with
celiac disease mount a more robust NLRP3-dependent inflam-
matory response to gluten peptides than monocytes from healthy
controls (66). Further research is required to determine whether
the inflammasome is pathogenically activated in patients with
celiac disease, contributes to disease phenotypes, and should be
a target for treatment.

The inflammasome and complications of
autoimmunity

Other complications of autoimmune disease are also influ-
enced by inflammasome activation. NLRP3 may be involved in
lung fibrosis, and increased circulating levels of IL-18 have been
identified as a potential biomarker for interstitial lung disease in
RA patients (67). Increased circulating levels of IL-1[3 have been
documented in patients with severe scleritis (68), and importantly,
a recent small pilot trial has shown efficacy for anakinra in the
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treatment of refractory scleritis associated with systemic inflam-
matory disorders (69). Many autoimmune diseases also lead to
an increased risk of cardiovascular disease, and the inflammas-
ome contributes to this risk through its known effects on plaque
progression, destabilization of plaque (for review, see ref. 70), and
promotion of endothelial dysfunction.

Therapeutic targeting of the inflammasome

Interest in inflamlmasome inhibition is high for many diseases.
This has been most pronounced for the plethora of autoinflam-
matory syndromes linked to genetic causes of aberrant inflam-
masome activation. Pharmaceutical advances in cytokine and
inflammasome inhibitors are beneficial for patients with autoim-
mune diseases, and they provide tools, as the science evolves,
to link inflamsmasome activity to autoimmunity. Therapies can be
classified into two categories: cytokine inhibition to block the end
result of inflammasome activity, or inhibition of the inflammasome
itself, which may be important for cytokine- and noncytokine-
related functions of the inflammasome that contribute to disease.

Cytokine inhibition. IL-1 antagonism has been a long-
standing biologic approach to the management of inflammatory
diseases (for comprehensive review of drugs, see ref. 71) (Table 2).
New developments in cytokine blockade include several drugs.
Lutikizumab, which is a dual IL-1a and IL-1(3 antibody, is being
evaluated in several diseases including erosive hand osteoarthritis
(OA) (72) and knee OA (73). While trial results do not support use
of IL-1 blockade in OA, the drug may have other indications. Ber-
mekimab is a new human IL-1a antibody that is in trials for cancer
therapy (74). IL-18 inhibition is available via the drug tadekinig alfa,
which is a recombinant human IL-18 binding protein that can bind
IL-18 and inhibit its function. Tadekinig alfa is not approved by

Table 2. Strategies for targeting the inflammasome*

the Food and Drug Administration, but it has orphan designation
for the treatment of hemophagocytic lymphohistiocytosis as well
as Breakthrough Therapy designation for NLRC4 macrophage
activation syndrome and X-linked inhibitor of apoptosis protein
deficiency (71). In addition, tadekinig alfa is being studied in adult-
onset Still’'s disease (75).

Inflammasome inhibition. As research has progressed,
inflamsmasome inhibition has been identified as a mechanism for
several commonly used medications in the treatment of rheu-
matic diseases. Colchicine interrupts inflammasome activation by
interfering with microtubule assembly (76). Hydroxychloroquine
interferes with immune complex-triggered activation of the inflam-
masome in monocytes (11,12). Omega-3 fatty acids, which have
been shown to be beneficial in RA (77) and possibly lupus (78),
inhibit inflammasome activation through numerous mechanisms
(79,80). Thalidomide, which has off-label therapeutic benefit in
cutaneous lupus (81), inhibits inflammasome activation via repres-
sion of caspase 1 (82). Even nonsteroidal antiinflammatory drugs
have been shown to have caspase-inhibiting properties. Caspase
4, but not caspase 1, is inhibited by ketorolac and ibuprofen (83).
Whether inflammasome inhibition has direct links to the efficacy
of these drugs in the autoimmune diseases they are used to treat
remains to be determined.

Direct inhibitors of inflammasome activation are also being
developed. MCC950, a specific inhibitor of the NLRP3 inflam-
masome (although the exact target has not been localized),
inhibits inflammasome activation and protects against a myriad
of inflammatory and autoimmune diseases in many murine mod-
els, including murine lupus nephritis (21) and CIA (56). CY-09 is
another small molecule that binds to the ATP-binding motif of
NLRP3 and can block inflammasome activation in murine mod-
els of type 2 diabetes mellitus and cryopyrin-associated periodic

Drug Mechanism Target Disease

Cytokine neutralization

Anakinra Soluble IL-1Ra I-1aand IL-18 RA, CAPS, goutt

Canakinumab Neutralizing IL-1B antibody IL1B CAPS, colchicine-resistant FMF,

MKD, TRAPS, systemic JIA

Rilonacept Soluble IL-TR1/IL-TRACP I-1a and IL-1B CAPS

Lutikizumab Dual I-1a and IL-1B antibody I-laand 13 Notyet FDAapproved

Bermekimab IL-1a antibody I-1a Not FDA approved

Tadekinig alfa Soluble IL-18 binding protein IL-18 HLH,T MAS,t XIAP deficiencyt
Inflammasome inhibition

Colchicine Interferes with microtubule assembly NLRP3 Gout

Thalidomide Inhibits caspase 1 Caspase 1 CLE

CY-09 Binds ATP-binding motif NLRP3 Not FDA approved

MCC950 Mechanism unclear NLRP3 Not FDA approved

B-sulfonyl nitrile Inhibits inflammasome assembly NLRP3 Not FDA approved

*|L-1Ra = interleukin-1 receptor antagonist; RA = rheumatoid arthritis; CAPS = cryopyrin-associated periodic syndromes; FMF =
familial Mediterranean fever; MKD = mevalonate kinase deficiency; TRAPS = tumor necrosis factor receptor-associated period-
ic syndrome; JIA = juvenile idiopathic arthritis; IL-1RACP = IL-1R accessory protein; HLH = hemophagocytic lymphohistiocytosis;
MAS = macrophage activation syndrome; XIAP = X-linked inhibitor of apoptosis protein; CLE = cutaneous lupus erythematosus;
t Not approved by the Food and Drug Administration (FDA) for this indication.
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syndromes (84). OLT1177, a 3-sulfonyl nitrile compound, inhibits
assembly of the NLRP3 inflammasome and has been shown to
exert beneficial effects on zymosan-induced murine arthritis (57).
Small molecule inhibitors of other inflammasomes have not yet
been identified. Human trials of MCC950 or CY-09 have not been
developed as of yet. Other methods of blocking inflammasome
activation, including inhibiting upstream activators such as NF-«kB
or increasing negative regulators such as Hsp70 (85), also work in
murine models, but human trials are still pending.

Conclusions

The accelerating pace of inflammasome research has
demonstrated important roles for inflammasome activation in
many diseases, both autoinflammatory and autoimmune (Fig-
ure 2). While single cytokine inhibition of IL-13 may not be over-
whelmingly effective in autoimmune syndromes, further studies
into the role of IL-18 blockade and general inflammasome inhibi-
tion may identify effective treatment strategies for diseases such
as RA or SLE or may offer insight into mechanisms by which
resulting complications of autoimmunity can be averted. Further
research will continue to shed light on this ubiquitous inflammatory
pathway in diseases of the immune system.
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A Story to Tell, a Promise to Keep

Paula Marchetta

Hello everyone and welcome to the Annual Meeting of the
American College of Rheumatology. | am Paula Marchetta, a rheu-
matologist from New York City, and | am the ACR President.

| stand here this evening to deliver the Presidential Address.
But what | would rather do is tell a story—because | love sto-
ries and because as clinicians and scientists, we so often forget
how important stories are to us. It has been said that “Medicine...
begins with storytelling. Patients tell stories to describe illness;
doctors tell stories to understand it. Science tells its own story to
explain diseases.” (1). But this evening, | will tell a different kind of
story—not a clinical story, not a story of scientific discovery, but a
love story—and it is our story, the story of all of us here, the story
of why we fell in love with rheumatology.

But | will preface this story by telling another story first—
actually, the storyline of an old movie. It's not a famous old movie,
but rather a little-known contract movie filmed in 1944 during the
Studio Era of Hollywood moviemaking and now preserved in the
archives of Turner Classic Movies, which, as it so happens, is
headquartered right here in Atlanta. So, | will press your patience
a bit by sharing the plot of The Impatient Years, which begins with
a young couple—she a housewife, he a serviceman on leave dur-
ing World War I, appearing before a judge in divorce court. The
judge, rather than granting the divorce they both want, orders the
couple, who had been separated by the war after only one day of
marriage, to return to San Francisco where they had first met and
then hastily wed following a three-day whirlwind courtship. Here
they must retrace all their steps, from the moment of their initial
chance encounter in a coffee shop to the moment they married—
to see whether they would rediscover why it was that they had
fallen in love with each other.

This evening, as we gather at this Opening Ceremony to
begin our Annual Meeting, we are, in a way, here to retrace our
steps and rekindle our love for what we do—that spark which
still endures at the heart of our own personal story. For each of
us, the characters and the settings will be different, and our plots
may hold some unexpected twists and turns, but where our sto-
ries all lead, how and why we all finally arrived at that moment of
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epiphany—when we knew that rheumatology was “the one”—is
remarkably the same for so many of us.

We fell in love with this specialty because of the complex-
ity and range of diseases we diagnose and treat. We fell in love
with the richness and nuance of their clinical presentations and
the myriad ways they manifest and unfold over time. Our patients
teach us our specialty—they don’t necessarily follow the textbook.
Sir William Osler famously admonished, “Listen to your patients;
they are telling you their diagnosis.” We in rheumatology have
learned to listen well, and to observe carefully and, as clinicians
and scientists, to measure and record. We develop long caring
relationships with our patients—we look after the whole of them,
with treatments that change lives in small everyday ways: getting
out of bed, buttoning a shirt, lifting a child...simple tasks.

We cherish these rewards of our specialty. We also relish its
challenges: the challenge of so many unsolved mysteries, of so
much that is still undiscovered about the etiology and pathogen-
esis of our diseases and—so often, how little there is to guide
us in evidence-based medical decision-making. We stand at the
crossroads of the art and science of medicine, the divide between
the unknown and the known, the turning point where we have
put together just enough of the puzzle to get the picture despite
missing so many pieces. We have been called the intellectuals of
internal medicine. Like philosophers, we are thoughtful. We can-
not make presumptions of certainty. We must deal with ambigu-
ous clinical situations. We ponder; we deliberate; we collaborate.
And we love the process as much as the accomplishments of
our work and the progress we have made in understanding and
treating our diseases.

Right now, all of us in rheumatology—and indeed all of us in
health care—are embattled. We struggle to win the limited dollars
available to fund innovative research that will advance our knowl-
edge of the pathways to cure our diseases. We must fight so that
our patients can receive necessary treatments which will spare
them from pain, loss of function, and disability. We are shackled to
electronic medical records and forced to be more engaged with a
computer screen than with our patients. We decry the forces that
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Which Physicians Are Most Burned Out?

Urology 54%

Neurology 53%

Physical Medicine & Rehabilitation 52%
Internal Medicine 49%
Emergency Medicine 48%
Family Medicine 48%
Diabetes & Endocrinology 47%
Infectious Diseases 46%
Surgery, General 46%
Gastroenterology 45%
Ob/Gyn 45%

Radiclogy 45%

Critical Care 44%

Cardiology 43%
Anesthesiology 42%

= Rheumatology  41%
Pediatrics 41%

Oncology 39%

Allergy & Immunology 37%

Plastic Surgery 36%

Otolaryngology 36%

Ophthaimology 34%

Pathology 33%

Nephrology 32%

Public Health & Preventive Medicine 28%

Figure 1. Results, Medscape survey on physician burnout by specialty (ref. 2). More than 15,000 physicians in over 29 specialties completed

the survey.

threaten our autonomy as clinicians and as scientists. And at a
time when access to rheumatologic care is more and more con-
strained by the workforce shortage, we must allocate our hours
to burdensome administrative tasks that have little to do with why
we chose rheumatology. We become physically exhausted and
emotionally depleted by these battles, even as we recognize the
importance of collecting our data, reporting our outcomes, and
demonstrating the value of our specialty to those who still may
ask: What is rheumatology?

These are some of the elements that have laid the ground-
work for the well-documented rise in physician burnout through-
out this country (2,3) (Figure 1). Much has been written now about
burnout and the many factors that contribute to it (4—7). The direct
adverse effects on doctors and other health professionals are
widely described (4). Increasingly recognized as well are the neg-
ative downstream effects of physician burnout on patient safety,
satisfaction, and the quality of care (8). Far less, however, is written
about meaningful and sustainable solutions.

On this | speak with no real authority except as someone
whose career has been spent in clinical practice and as witness
to the changes that have taken place in our practice environ-
ment. And from this perspective, | was struck by one observa-
tion, so obvious that it is easy to overlook. It commanded my
attention, as if written in boldface: the disappearance of the
doctors’ lounge (4,9-11) (Figure 2). This physical place has
vanished from many if not most hospitals, a victim of greater
work demands, productivity expectations, and the need to
repurpose the space for other more efficient uses. Its insidious
loss has been cited not only as one of the reasons for burnout,

but also as the underpinning of some of its most disheartening
prodromal symptoms—professional loneliness, isolation, and
disillusionment (12-14).

The doctors’ lounge...beyond the four walls and service-
able furniture of some physical space, it really stands as a
symbol—a symbol for a place where medical professionals can
gather to share our common experiences—experiences unique
to what we do, where a sense of community can be created
and where collegiality is fostered and thrives. Without this place
of interpersonal connection and exchange, we lose one of the
most vital components of our professional fulfillment. We become
battle-weary, serving as we do in the trenches of a system that
does not necessarily seek to support us. We forget the powerful
attraction that drew us to medicine and to rheumatology. We for-
get why we fell in love in the first place.

Drivers of Physician Burnout

* Increased workload demands

* Higher productivity expectations

e Less meaningful time spent with patients
* Loss of autonomy

* More administrative burdens

e Lack of enough support staff

* Disappearance of the doctors’ lounge

Figure 2. Commonly cited factors contributing to physician burnout,
as reported in Mayo Clinic Proceedings (ref. 4).



398

MARCHETTA

The Annual Meeting of the American College of Rheu-
matology is the single most important educational event of our
specialty. We come here from around the world to learn about
the latest scientific advances and best clinical practices for the
diseases we treat. In 2019, we all know that education can be
delivered in many innovative ways—ways that enable our learning
to occur at a distance and be flexible, customizable, accessible,
and available any time—all good things, and all made possible by
technology and made necessary by the increasing demands of
our work and the competing priorities of our dalily lives. With so
many virtual options, we may question whether a live meeting of
this grand scale is still relevant in this changing world in which we
must manage. Should we do without it? Or would we forgo some-
thing of such inestimable value to our professional well-being that
we would suffer the consequences of its absence long before we
realize what it is that we have truly lost—like the symbolic doctors’
lounge—a place where time is purposely set aside for engage-
ment with colleagues who understand the nature of what we do
and the challenges that we face in a way no one else can, and
where the solitary world of virtual connections and online knowl-
edge acquisition can be vastly enriched by the power of simply
being present, in the room where it happens.

At this year’s Annual Meeting, we are shaking things up a bit
in the “room where it happens” by introducing several pilots to
enhance our learning and create a vibrant, dynamic, and more
personalized experience. Among these innovations is a reconfig-
uration of the way some lectures will be delivered, changing them
from their customary didactic format to TED-style presentations.
TED talks are typically concise and centered on the speaker’s
passion and the breakthrough revelations that will transport the
audience to a new level of understanding. These “In the Rheum”
TED-style talks are not intended to replace the traditional learn-
ing platforms of the meeting, but to augment them by accom-
modating different learner preferences and stimulating interest in
areas that can be more deeply explored in related sessions at this
meeting and beyond. Another “room” we have created here is
RheumConnect, a place where we can meet up with our friends
and colleagues and where we can “Meet the Masters” of our field
to hear their own compelling personal stories of career motivations
and choices. Also new this year, we have introduced the concept
of holding a “meeting within the meeting” with the launch of the
Pediatric Community Lounge, which provides dedicated space
for pediatric rheumatologists to congregate between sessions
and is located close to the rooms where the pediatric sessions
take place. If this pilot is successful, we foresee offering similar
“meetings within the meeting” to other focused communities of
learners within ACR.

The need for us to regain a sense of community in our profes-
sional lives—to recapture a feeling of belonging—has never been
greater than now, when so many of the designated venues where
we had once felt connected to and supported by our peers have
disappeared. Our professional society cannot really replace the

lost doctors’ lounge. But in some ways, it transcends it—because
the ACR is home to all of us who reside within the house of rheu-
matology, from bench to translational researchers, academic to
private practitioners, and 22 different types of rheumatology pro-
fessionals within the Association of Rheumatology Professionals.
This inclusivity—this bringing together of all these many diverse
aspects of our profession into one organization—sets the ACR
apart, and builds for us a level of support, collegiality, and respect
for the views of others across our specialty in a way that lifts us all
and helps to restore us.

The ACR has a brand promise, as do many service-based
organizations. The Ritz-Carlton Hotel Company, for instance, con-
veys their brand promise through a simple motto: “We are ladies
and gentlemen serving ladies and gentlemen.”

At ACR, our promise is also simple: “We are here for you so
that you can be there for your patients.” We are here for you. We.
It is not a singular pronoun. But who are the “we” making this
promise”? To borrow a line from the Ritz-Carlton: We are rheuma-
tologists and rheumatology professionals serving rheumatologists
and rheumatology professionals. The “we” of ACR is all of us. We
are here for each other.

It has been my immense honor to work closely with so many
dedicated, accomplished, and truly wonderful colleagues volun-
teering their time and talent to the ACR. | am especially grateful
to the members of the Executive Committee for their friendship,
their guidance, and the special synergy we have enjoyed in our
work together—a synergy that developed not despite the differ-
ences in what we do but because of them. Likewise, our Board
of Directors and our committee chairs have been remarkable in
the insight, integrity, and equanimity they have brought individu-
ally and collectively to the table. Standing invisibly beside all of us
and assisting us through all our many ministrations is the incredi-
ble ACR staff. They move stealthily behind the scenes, doing the
hard day-to-day work of the College to advance our specialty,
ensure its future, and empower us to excel. Their unwavering
support for me personally through this momentous year has
been both my rudder and my rock. There are no words that
can completely express my gratitude to them, except to say that
they are the embodiment of excellence and surpass the high bar
set long ago by Aristotle: “Excellence is never an accident but
always the result of high intention, sincere effort, and intelligent
execution.”

There are, of course, many others, both past and present,
whom | must thank. | consider myself very fortunate to have
attended New York University School of Medicine and to have
done all my professional training at NYU-Bellevue, especially with
its long and outstanding history as a pioneer in the study of rheu-
matic diseases. It was easy to fall in love with rheumatology there.
| am so proud and so grateful to have had this privilege.

If someone had told me that one day | would serve as ACR
President, | would have thought it as likely as lassoing the moon.
We never really know when we look ahead what may be within
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our reach or where our path may lead if we are willing to stay the
course. We can see, though, when we look around, all of those
who were there to help us prepare or to ease our way once we
set out.

| see my late parents, and my immigrant Italian grandpar-
ents before them, from whom | learned through their words, and
especially by their actions, the importance of always doing your
best, of never shying away when there was work to be done,
and of living a life of service to others. | see my dearest friends,
Dr. Elizabeth Kitsis and Dr. Lenore Brancato, with whom | have
walked in step since we met as rheumatology fellows at NYU.
They have steadied my course during some of the steepest
climbs. | have been blessed by their camaraderie, their generos-
ity, and their unfailing loyalty and understanding. And then, | see
my two Michaels—my son Michael, whose success in life mat-
ters more to me than whatever else | have done...and the other
Michael, as my son calls him, who has joined me on this path
and who has brought tremendous joy and needed perspective
to my life and work.

Thank you.
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Impact of Cumulative Inflammation, Cardiac Risk Factors,
and Medication Exposure on Coronary Atherosclerosis
Progression in Rheumatoid Arthritis

George A. Karpouzas, '/ Sarah R. Ormseth, Elizabeth Hernandez, and Matthew J. Budoff

Objective. To explore incidence and progression of coronary atherosclerosis and identify determinants in patients
with rheumatoid arthritis (RA). We specifically evaluated the impact of inflammation, cardiac risk factors, duration of
medication exposure, and their interactions on coronary plaque progression.

Methods. One hundred one participants with baseline coronary computed tomography angiography findings
underwent follow-up assessment a mean = SD of 83 + 3.6 months after baseline. Plaque burden was reported as
the segment involvement score (describing the number of coronary segments with plaque) and the segment stenosis
score (characterizing the cumulative plaque stenosis over all evaluable segments). Plaque composition was classified
as noncalcified, mixed, or calcified. Coronary artery calcium (CAC) was quantified using the Agatston method.

Results. Total plaque increased in 48% of patients, and progression was predicted by older age, higher cumu-
lative inflammation, and total prednisone dose (P < 0.05). CAC progressors were older, more obese, hypertensive,
and had higher cumulative inflammation compared to nonprogressors (P < 0.05). Longer exposure to biologics was
associated with lower likelihood of noncalcified plaque progression, lesion remodeling, and constrained CAC change
in patients without baseline calcification, independent of inflammation, prednisone dose, or statin exposure (all
P < 0.05). Longer statin treatment further restricted noncalcified plaque progression and attenuated the effect of
inflammation on increased plaque and CAC (P < 0.05). Stringent systolic blood pressure (BP) control further weak-
ened the effect of inflammation on total plaque progression.

Conclusion. Inflammation was a consistent and independent predictor of coronary atherosclerosis progression
in RA. It should therefore be specifically targeted toward mitigating cardiovascular risk. Biologic disease-modifying

antirheumatic drugs, statins, and BP control may further constrain plaque progression directly or indirectly.

INTRODUCTION

Individuals with rheumatoid arthritis (RA) experience a higher
rate of cardiovascular (CV) events compared to controls (1). We
recently reported greater prevalence, severity, burden, and vulner-
ability of occult coronary plaque in patients with RA compared
to age- and sex-matched individuals without autoimmunity (2).
Increasing atherosclerosis burden on serial coronary computed
tomography (CT) angiography is an independent predictor of
acute coronary syndromes in both men and women without auto-
immune disease (3,4). In contrast, stabilization in plaque size is
associated with decreased risk of future CV events (5). Changes
in coronary plague load and composition in RA are largely unex-
plored. Two recent studies evaluated determinants of incident
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coronary artery calcium (CAC) or prevalent CAC progression and
described associations with age, higher blood pressure (BP), and
triglyceride levels but not with disease-specific traits or treatments
(6,7). However, CAC represents ~20% of total plaque burden both
in patients with RA and in a general patient population, and may
not be present in earlier disease (2,8). More importantly, having
additional information on plaque burden and on stenotic severity
and composition exclusively obtained by coronary CT angiogra-
phy significantly improves upon predictive value of CAC for CV
events in a general patient population (9).

In the present study, we explored incident coronary plaque
rates, prevalent atherosclerosis progression, and changes in
plague composition in patients with RA who underwent coronary
CT angiography at baseline and follow-up. We further identified
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determinants of increasing plaque and CAC burden, and specifi-
cally investigated the role of cumulative inflammation, cardiac risk
factors, RA-specific or ancillary medications, and their interac-
tions on plaque progression. We hypothesized that higher cumu-
lative inflammation may predict greater coronary plagque load at
follow-up, and we further posited that duration of exposure to
RA-specific medications such as glucocorticoids, conventional
synthetic and biologic disease-modifying antirheumatic drugs
(DMARDs), traditional cardiac risk factors, and statin treatments
may exert opposing effects on plague growth or composition.

PATIENTS AND METHODS

Patient recruitment. One hundred one patients who
participated in a prior coronary CT angiography study of sub-
clinical coronary atherosclerosis in RA (2) underwent follow-up
assessments after a mean = SD of 83 + 3.6 months. Participants
were prospectively followed up at our outpatient rheumatology
clinic since their baseline visit (2010-2011). Inclusion and exclu-
sion criteria have been previously described in detail (2). Briefly,
patients were enrolled if they met the 2010 American College of
Rheumatology/European League Against Rheumatism (EULAR)
classification criteria for RA (10), were >18 years of age, and had
no symptoms or history of CV disease at baseline. Major exclu-
sion criteria were concomitant autoimmune syndromes (with the
exception of Sjégren’s syndrome), weight >325 pounds (147.7 kg),
iodine allergy, glomerular filtration rate <60 ml/minute, malignancy;,
and chronic or active infections. The study was approved by the
local institutional review board, and all participants provided written
informed consent in accordance with the Declaration of Helsinki.

Predictor variables. Hypertension was defined as a sys-
tolic BP of >140 mm Hg or a diastolic BP of >90 mm Hg, or the use
of an antihypertensive agent. Diabetes mellitus was defined as a
glycosylated hemoglobin level of >6.5% or hypoglycemic medica-
tion use. Hyperlipidemia was defined as a fasting cholesterol level
of >200 mg/dl, a low-density lipoprotein (LDL) level of >130 mg/d|,
or statin use. Smoking was defined as cigarette consumption
within 30 days from screening. The waist-to-height ratio was used
to measure LDL central obesity (11). Screening for incident cardiac
risk factors was conducted in accordance with the EULAR recom-
mendations for CV risk assessment (12). Disease activity was eval-
uated using the Disease Activity Score in 28 joints (13) using the
C-reactive protein level (DAS28-CRP) at every clinic visit. Cumu-
lative inflammatory burden was calculated as a time-averaged
CRP spanning all visits between baseline and follow-up scans (14).
Medications were reconciled at every clinic visit, including use and
doses of prednisone, conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs), biologic DMARDs, and statins.
Total prednisone and methotrexate doses from baseline to follow-
up were calculated, and the number of years of exposure to bio-
logic DMARDs and statins were also estimated.

Laboratory evaluations. A complete blood cell count,
comprehensive metabolic panels, erythrocyte sedimentation rate
(ESR), and CRP levels were calculated on the day of each coro-
nary CT angiography assessment, as well as at every clinic visit
between scans. Fasting lipid evaluations were performed on the
day of each scan, in accordance with the EULAR recommenda-
tions for CV risk assessment between scans (12).

Multidetector coronary CT angiography. Baseline scans
were performed using a 64-multidetector row LightSpeed VCT
scanner (GE Healthcare) between March 2010 and March 2011.
Follow-up scans were performed using a 256-multidetector row
scanner between March 2017 and March 2018. Baseline and
follow-up images were analyzed in the same campaign and in
random order by a single, blinded interpreter (MJB) (15). CAC
was quantified by the Agatston method (16). Coronary arteries
were evaluated on contrast-enhanced scans using a standard-
ized 17-segment American Heart Association model (17). For
longitudinal comparisons, baseline and follow-up coronary seg-
ments were coaligned using fixed anatomic landmarks as fidu-
cial points. Each segment was scored for stenosis severity on a
0-4 scale based on grade of luminal restriction, where 0 = 0%
(absence of plaque), 1 = 1-29% stenosis, 2 = 30-49% stenosis,
3 =50-69% stenosis, and 4 = >70% stenosis (2). Plague compo-
sition was defined as noncalcified, mixed, or calcified as previously
reported (18). Subjects received 2 individual quantitative scores;
the segment involvement score represented the total number of
segments with plaque, and the segment stenosis score described
the cumulative stenosis grade rendered by plaque in all evaluable
segments. Reproducibility of these scoring measures at our insti-
tution has been previously reported (18).

Outcome measures. Changes in burden of total plaque,
specific plaque types (noncalcified, mixed, and calcified), and
CAC constituted the primary outcome measures. Atheroscle-
rosis progression was defined as the number of new segments
with any plaque per patient (segment involvement score increase,
possible range 0-17) or rise in stenotic plaque severity in all eval-
uable coronary segments with plaque (segment stenosis score
increase, possible range 0-68). CAC progression was expressed
as the absolute difference between the follow-up measurement
and the baseline measurement of CAC.

Statistical analysis. Continuous variables were expressed
as the mean + SD, and categorical variables were expressed as
the number and percentage. Negative binomial regression was
used to assess continuous outcome measures (segment involve-
ment score increase and segment stenosis score increase), robust
logistic regression was used to assess categorical outcome meas-
ures (noncalcified, mixed, and calcified plaque progression), and
generalized linear models with a Tweedie (Poisson-Gamma) error
distribution and log link function were used to assess CAC change.
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For each outcome measure, univariable models with candidate
predictors were estimated, followed by multivariable models con-
structed via a backward elimination variable selection process. The
backward selection process started with all predictors associated
with the outcome in univariable analyses at a P value of < 0.20 and
sequentially removed variables with a P value of >0.10, beginning
with the least significant variable. For primary outcome measures,
the possible presence of interactions between cumulative inflam-
mation and traditional risk factors was tested by introducing into the
adjusted multivariable models the product of time-averaged CRP
and each CV risk factor, and the product of time-averaged CRP and

each medication exposure variable. Age and time between scans
were included as covariates in all models. Odds ratios (ORs) with
95% confidence intervals (95% Cls) were calculated. Analyses were
performed using SPSS software.

RESULTS

Participants were predominantly female with established,
seropositive, erosive, and well-controlled disease (Table 1). Follow-
up included an average of 19 visits over 7 years. Forty-eight
patients were considered plaque progressors based on either

Table 1. Baseline clinical characteristics of progressors versus nonprogressors*

No plagque progression Plaque progression Total sample
(n=53) (n=48) (n=101)
Age, years 48.07 +9.88 55.19 + 9.491 51.45+10.29
Female, no. (%) 46 (86.79) 41 (85.42) 87 (86.14)
Follow-up duration, years 7.00+0.33 6.94+0.34 6.97 +0.33
No. of visits 18.83£3.49 18.46 £4.18 18.65+3.82
RA-related parameters
RA duration, years 9.18 +6.28 11.36 £798 10.22£719
RF-positive, no. (%) 48(90.57) 43 (89.58) 91(90.10)
ACPA-positive, no. (%) 47 (88.68) 40(83.33) 87 (86.14)
Erosions, no. (%) 33(62.26) 31 (64.58) 64 (63.37)
Time-averaged CRP, mg/dl 0.79+£0.53 099+1.16 0.89+0.89
Time-averaged SJC 1.83+1.92 240+ 2.84 210+ 2.4
Time-averaged DAS28-CRP 2.69 +0.80 2.70+0.90 2.69+0.84
Cardiovascular risk factors
Hypertension at baseline, no. (%) 16 (30.19) 29 (60.42)t 45 (44.55)
Time-averaged systolic BP, mm Hg 127.83 £13.11 133.08 + 11.41% 130.32 £ 12.55
Time-averaged diastolic BP, mm Hg 71.97 +7.05 72.21 £6.56 72.08 £6.79
Dyslipidemia at baseline, no. (%) 25 (4717) 26 (54.17) 51 (50.50)
Time-averaged LDL, mg/d| 101.78 £+ 23.38 109.84 £35.30 105.61 £29.77
Diabetes at baseline, no. (%) 5(9.43) 9(18.75) 14 (13.86)
Current smoking, no. (%) 4 (7.55) 4(8.33) 8(7.92)
Waist-to-height ratio 57.82+6.83 61.20 £ 7.78t 59.42 +7.46
Medication at baseline
Prednisone use, no. (%) 12 (22.64) 19(39.58) 31(30.69)
No. of concomitant csDMARDs 190+0.78 1.87+0.79 1.89+0.78
Biologic DMARD use, no. (%) 34(64.15) 30(62.50) 64 (63.37)
Statin use at baseline, no. (%) 20 (37.74) 21 (43.75) 41 (40.59)
Medication during follow-up
Cumulative prednisone, gm# 234+4.49 412 £6.35 319 £5.50
Cumulative methotrexate, gm 36.01 + 18.04 38.81 £ 18.52 3734 +£18.23
Biologic DMARD duration, years$ 4.36 +2.88 4.24 £ 3.01 430+293
Statin duration, years€| 1.83+2.58 3.04 £2.82t 2.41+£2.75
Baseline plaque burden
Total segment involvement score 0.94+0.97 2.88+2.76t 1.86+2.24
Total segment stenosis score 1.04+£1M 446 £ 5111 2.66 £3.98
Noncalcified plague >0, no. (%) 29(54.72) 31(64.58) 60 (59.41)
Mixed plaque >0, no. (%) 4(7.55) 20 (41.67)t 24.(23.76)
Calcified plague >0, no. (%) 3(5.66) 16 (33.33)T 19(18.81)
CAC >0, no. (%) 5(9.43) 26 (5417)t 31(30.69)
Agatston score 8.85+53.49 135.29 + 397.361 68.94 + 282.35

* Except where indicated otherwise, values are the mean + SD. RA = rheumatoid arthritis; RF = rheumatoid factor; ACPA = anti-
citrullinated protein antibody; CRP = C-reactive protein; SJC = swollen joint count; DAS28 = Disease Activity Score in 28 joints;
BP = blood pressure; LDL = low-density lipoprotein; csDMARDs = conventional synthetic disease-modifying antirheumatic drugs;

CAC = coronary artery calcium.
t P <0.05 versus nonprogressors.

 Patients (n = 49) exposed to prednisone at any time between baseline and follow-up scans.
§ Patients (n = 78) exposed to biologic DMARDs at any time between baseline and follow-up scans.
9 Patients (n = 59) exposed to statins at any time between baseline and follow-up scans.
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displaying new coronary segments with plaque (segment involve-
ment score change, range 0-6 among all patients) or increased
stenotic severity in segments with prior plague (segment stenosis
score change, range 0-9 among all patients). Clinical characteris-
tics of progressors and nonprogressors are presented in Table 1.
RA-related parameters and treatments were similarly distributed
across both groups, including use of csDMARDSs, time receiving
biologic DMARDs, and total prednisone and methotrexate doses.
Although progressors were older, more obese, more likely to have
hypertension, and had a higher time-averaged systolic BP com-
pared to nonprogressors, those differences were no longer sig-
nificant after adjustment for age. Progressors more commonly
had plaque and CAC, as well as higher plaque and CAC scores
at baseline (P < 0.05). Eight incident CV events (4 ischemic and
4 nonischemic) occurred throughout the observation period (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41122/
abstract). All patients with CV events remained in the study and
were included in the analysis.

Incident plaque rates, plaque progression, and cal-
cification over time. Seventy patients (69.3%) displayed cor-
onary plaque at baseline. The rate of incident plaque (segment
involvement score >0 at follow-up in patients with a baseline
segment involvement score of 0), was 4.7/100 person-years

Baseline (187)

(95% Cl 2.2-8.6); in patients with prevalent atherosclerosis
(baseline segment involvement score >0), plaque progressed at
a rate of 7.8/100 person-years (95% Cl 5.5-10.7). The rate of
CAC progression was 6.0/100 person-years (95% Cl 4.3-8.1);
it increased at a median of 15.1 Agatston units/year in patients
with prevalent CAC (95% Cl 9.3-32.6). Patients with incident
CAC demonstrated a median annualized progression rate of 1.7
units (95% Cl 0.8-4.1). Quantitative changes for total plaque
as well as all 3 plaque subtypes are shown in Supplementary
Table 2 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41122/abstract).
Overall, total plague burden and coronary calcification scores
increased (P < 0.012); additionally, progression of noncalcified
plague occurred in 9 patients, mixed plaque in 21, and calcified
plaque in 35.

Changes in coronary plaque composition. At base-
line, 187 coronary segments with plaque were identified in 70
patients. At follow-up, 97 new lesions appeared in segments with-
out plaque initially; 15 new plaques were identified in 10 patients
(9.9%) without plagque at baseline, while 82 new plaques were
identified in 37 patients (36.6%) with prevalent plaque. Of the 97
incident plaques reported at follow-up, 20 were noncalcified, 21
were mixed, and 56 were calcified. Figure 1 delineates per-plaque
composition changes from baseline to follow-up.

Follow-up (252)

42(42.9%) % N

56(57.7%)

Figure 1. Change in plague composition, new plaque (NP), and disappearing plague (DP) from baseline to follow-up. NCP = noncalcified

plaque; MP = mixed plaque; CP = calcified plaque.
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Table 2. Predictors of total coronary plaque progression in patients with rheumatoid arthritis*

Segment involvement score
increase, estimate (95% Cl)

Segment stenosis score increase,
estimate (95% Cl)

CAC increase,
estimate (95% Cl)

1.02 (0.98-1.06

Univariable Multivariable Univariable Multivariable Univariable Multivariable
model model model model model model
Age, years - 1.06 (1.03-1.09)t - 1.05(1.02-1.08)% - 117 (1.09-1.26)T
Male sex 1.05 (0.38-2.90) - 1.04(0.43-2.52) - 1.05 (0.38-2.90) -
Hypertension 1.74(0.92-3.31)8 - 1.61(0.90-2.90) - 2.54(119-5.42)f 2.58(0.99-6.78)8
Dyslipidemia 0.74 (0.41-1.33) - 0.94(0.54-1.62) - 1.17 (0.59-2.32) -
Diabetes 1.06 (0.45-2.51) - 1.36(0.63-2.94) - 0.96 (0.39-2.37)
(

Waist-to-height ratio

Time-averaged CRP,
mg/d|

Statin duration,
years

Biologic DMARD
duration, years

Cumulative
methotrexate, gm

Cumulative
prednisone, gm

1.03 (1.00-1.07)8
1.64(1.36-1.98)t

1.05(0.95-1.16)
1.05(0.97-1.14)
1.01(0.99-1.02)

1.09 (1.05-1.13)t

1.42 (113-1.78)%

1.06 (1.02-1.10)%

1.52(1.23-1 .88)1L
1.04(0.94-1.15)
1.03(0.94-1.12)
1.00(0.99-1.02)

1.08 (1.05-1.12)t

1.35(1.08-1.70)%

1.06 (1.02-1.10)%

1.07 (1.03-111)%
1.65(1.34-2.03)t

117 (1.02-1.34)9
1.64(114-2.35)t

= 114 (1.03-1.26)F =

- 1.09(0.96-1.23) -

= 1.01 (0.99-1.03) =

1.07 (1.04-1aMt

110 (1.01-1.21)9

* 95% = 95% confidence interval; CAC = coronary artery calcium; CRP = C-reactive protein; DMARD = disease-modifying antirheumatic drug.

T P<0.001.
¥P<0.01.
§P<0.1.
9 P<0.05.

Determinants of change in coronary atherosclero-
sis burden. Older age, higher time-averaged CRP, and greater
total prednisone dose independently predicted both seg-
ment involvement score increase and segment stenosis score

A

Predicted Value of SIS Increase

6

L% w B w

-

—MNo Statin Use
- - <50% Statin Use
—>50% Statin Use

1 2 3
Time-Averaged CRP (mg/dL)

4

B

250

200

150

100

50

Predicted Value of CAC Change

5

—NMNo Statin Use
- - <50% Statin Use
=>50% Statin Use

1 2 3 4

C

Predicted Value of CAC Change

Time-Averaged CRP (mg/dL)

250 —TA-SBP <126
- - TA-SBP 126-137
- TA-SBP 2138

200

150

100

(4]
(=]

1 2 3

increase in multivariate models (Table 2). The effect of time-
averaged CRP on total plaque increase was modified by statin
use, since time-averaged CRP predicted segment involvement
score increase only in patients who were not exposed to statins

5

Time-Averaged CRP (mg/dL)

Figure 2. Duration of statin exposure and blood pressure control moderate the effect of cumulative inflammation on coronary plaque
progression in rheumatoid arthritis. Relative risks (RRs) and odds ratios (ORs), with 95% confidence intervals (95% Cls), were calculated.
A, Higher time-averaged C-reactive protein (CRP) yielded significant plaque progression in patients not receiving statins (RR 1.48 [95% ClI
1.05-2.09], P = 0.025) and those receiving statins for <50% of the study period (RR 1.31 [95% CI 1.01-1.69], P = 0.040). No such risk was
observed in patients with statin exposure for >50% of the study period (RR 1.07 [95% CI 0.93-1.22], P = 0.35, P for interaction = 0.017).
B, Higher time-averaged CRP rendered high coronary artery calcium (CAC) progression risk in statin-naive patients (OR 2.33 [95% CI 1.29-
4.22], P = 0.009); in contrast, any statin exposure mitigated that risk (OR 1.17 [95% CI 0.81-1.68], P = 0.410; P = 0.98 for statin exposure
<50% and OR 0.96 [95% CI 0.44-2.17], P = 0.98 for statin exposure >50%; P for interaction = 0.006). Both statin interaction models reported in
A and B are adjusted for age, dyslipidemia, cumulative prednisone dose, total methotrexate dose, and biologic disease-modifying antirheumatic
drug treatment duration. C, Higher time-averaged CRP significantly predicted CAC progression in patients in the middle and highest tertiles
of time-averaged systolic blood pressure (TA-SBP) (OR 1.68 [95% Cl 1.14-2.47], P = 0.009 and OR 2.39 [95% CI 1.52-3.77], P < 0.001,
respectively), but not those in the lowest tertile (OR 1.03 [95% CI 0.61-1.74], P = 0.92). SIS = segment involvement score.
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Table 3. Predictors of change in atherosclerosis burden by plaque type in patients with rheumatoid arthritis*

Noncalcified plaque progression,

Mixed plague progression,

Calcified plague progression,

OR (95% Cl) OR (95% Cl) OR (95% Cl)
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
Age, years - 1.00 (0.93-1.07) - 1.06 (1.00-1.12)T - 118 (1.09-1.27)%
Male sex 117 (0.18-7.73) - 1.34(0.39-4.59) - 1.78 (0.28-11.23) -
Hypertension 0.25(0.03-2.11) - 1.68 (0.56-5.02) - 4.30(1.55-11.96)8 3.53(1.00-12.53)9
Dyslipidemia 0.40 (0.09-1.88) - 0.50(0.17-1.43) - 1.49 (0.56-3.95) -
Diabetes 0.72 (0.07-7.18) - 1.36 (0.36-5.17) - 2.42(0.81-7.27) -
Waist-height ratio 0.92 (0.82-1.04) - 1.06 (0.99-1.13) - 1.15(1.08-1.22)% 1.16 (1.07-1.25)%
Time-averaged CRP, 1.09 (0.64-1.87) - 0.70(0.24-2.02) - 3.12(1.92-5.05)+ 3.42 (1.85-6.35)%
mg/dl

Statin duration, years  0.69 (0.55-0.88)8 0.72 (0.57-0.90)8  1.14(0.94-1.39) - 1.10(0.93-1.31) -
Biologic DMARD 0.76 (0.60-0.96)t  0.77(0.61-0.98)T  1.12(0.93-1.34) - 1.07 (0.92-1.25) -

duration, years
Cumulative

methotrexate, gm
Cumulative pred-

nisone, gm

1.03(0.99-1.08) =

0.99(0.92-1.07) -

1.01 (0.98-1.04) =

1.05(0.96-1.13) -

1.00(0.97-1.03) =

1.08(0.99-1.18)9 -

* Model 1 was adjusted for age and time between scans. Model 2 was adjusted as in model 1, and additionally for all variables in the final
multivariable model selected using backward selection. OR = odds ratio; 95% Cl = 95% confidence interval; CRP = C-reactive protein; DMARD =

disease-modifying antirheumatic drug.
t P<0.05.

$ P<0.001.

§ P<0.01.

§P<0.1.

or received statins for <560% of the study period, but not in those
who received statins >50% of the time (P for interaction = 0.017)
(Figure 2A).

CAC change was independently predicted by age, obesity,
time-averaged CRP, and total prednisone dose (Table 2). Statin
exposure also modified the effect of time-averaged CRP on CAC
change. Specifically, higher time-averaged CRP was significantly
associated with CAC change only in patients not exposed to stat-
ins, but not in patients who had any statin exposure during the
study period (P for interaction = 0.006) (Figure 2B). Additionally,
the effect of time-averaged CRP on CAC change was moder-
ated by time-averaged systolic BP; specifically, time-averaged
CRP significantly predicted CAC change in patients in the middle
tertile (time-averaged systolic BP 126-137 mm Hg) and highest
tertile (time-averaged systolic BP =138 mm Hg), but not those in
the lowest tertile of time-averaged systolic BP (P for interaction =
0.023) (Figure 2C).

CAC change was further assessed separately in patients
with and those without detectable baseline CAC in a supple-
mentary analysis, due to a significant interaction between
baseline CAC and duration of biologic DMARD treatment (P for
interaction = 0.001). In a model with adjustment for age, obesity,
time-averaged CRP, and total prednisone dose, longer biologic
DMARD exposure was negatively associated with CAC change
in patients without CAC at baseline (OR 0.77 [95% CI 0.60-
0.98]; P = 0.031), but not in those with prevalent CAC (OR 1.08
[95% CI 0.94-1.23]; P = 0.28). The presence of CAC at baseline
did not modify the effects of the other primary predictors on CAC
change (data not shown).

Determinants of plaque progression by subtype (noncalcified,
mixed, calcified) are displayed in Table 3. Both a longer duration
of biologic DMARD treatment and exposure to statins were inde-
pendently associated with a decreased likelihood of noncalcified
plaque progression. Inclusion of total prednisone and methotrex-
ate dose in the model did not affect the results (data not shown).
Older age was associated with both mixed plaque and calcified
plaque progression. Increased calcified plaque burden was further
associated with obesity and higher cumulative inflammation.

DISCUSSION

This is the first study to explore predictors of coronary plaque
progression in a well-characterized, prospective cohort of patients
with RA without known CV disease and with long-term follow-up.
We specifically investigated the effects of cumulative inflammation,
traditional cardiac risk factors, RA-specific and ancillary therapies
and their interactions on total plaque progression, various plaque
subtypes, and coronary calcification. Our findings complement
previous reports on CAC progression in RA (6,7).

We report several novel findings. First, higher cumulative
inflamsmation was a consistent and independent predictor of
total coronary plaque progression in RA. This included new seg-
ments with plaque at follow-up, as well as greater stenosis sever-
ity in segments with plague at baseline. This is consistent with 2
previous studies showing that higher inflammatory burden was
associated with carotid plaque progression in RA (19,20). How-
ever, our observation is of unique significance, since the pres-
ence of carotid plague in inflammatory joint diseases (including
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RA) does not sufficiently identify patients with coronary artery
disease and since quantitative measurements of carotid ather-
osclerosis do not correlate with the presence or burden of cor-
onary plaque (21). We used time-averaged CRP as a surrogate
for cumulative inflammation; in supplementary analyses, similar
results were observed using time-averaged swollen joint counts
as a predictor, but not when time-averaged tender joint counts,
time-averaged patient global assessments, or composite indi-
ces such as the DAS28-CRP or the Clinical Disease Activity
Index (22) were used. Importantly, higher cumulative inflamma-
tion in RA has been associated with a greater risk of a future
CV event (23), while reduction in time-averaged inflammation
yielded a lower risk of a CV event (24). Since atherosclerosis
progression on serial coronary CT angiography independently
predicted CV events in a general patient population (3,5), our
observations collectively reaffirm that stringent and durable con-
trol of inflammation should be a primary objective in the quest to
mitigate CV risk in RA.

Second, higher cumulative inflammation may also promote
plaque remodeling and maturation, as evidenced by its strong
association with CAC and calcified plaque progression. Indeed,
56 of 117 segments (48%) with calcified plaque at follow-up had
no plaque at baseline. Ostensibly, incident plaques appeared in
those segments as noncalcified plaques that grew and matured
over periods of inflammation during disease flares; as inflam-
mation subsided, they eventually transitioned to advanced,
heavily calcified plaques. Support for this timeline was pro-
vided by supplementary analyses, where we demonstrated
that the within-patient variability in CRP over time significantly
predicted CAC progression independent of age, hypertension,
obesity, and baseline CAC (P = 0.018). In accordance with this,
previous reports confirmed that early atherogenesis inflam-
mation drives and colocalizes with initial intimal calcification
(25). In response to proinflammatory cytokine production by
macrophages at sites of lipid accumulation, vascular smooth
muscle cells (VSMCs) undergo apoptosis, release extracellular
vesicles secondary to stress, or undergo phenotype transition
to osteoblastic cells as a self-preservation strategy. All those
events are associated with local calcification, which is initially
undetectable using coronary CT angiography (25). If inflamma-
tion persists, macrophage infiltration and microcalcifications
progress, eventually appearing as spotty calcifications on cor-
onary CT angiography. If inflammation subsides and the VSMC
repair system is not overwhelmed (cells do not die by apoptosis
in the meantime), this process will lead to the development of
calcified acellular plaque.

In advanced plaque, large, dense calcifications are spatially
distinct from macrophages, inversely correlate with macrophage
burden, and—like the calcific mummification of soft tissue infec-
tions—represent healing that stabilizes the arterial wall (25).
Hence, higher burden of calcified plaque at follow-up may reflect
the final stage in the plague life cycle that appeared and evolved

in the context of a historically higher inflammatory load. However,
this association between inflammation and calcification was not
observed in prior studies of CAC progression in RA (6,7). Poten-
tial explanations may be the longer duration of follow-up (7 years
compared to <3 years) and greater number of evaluation points
(19 compared to 2 or 3) in our study, allowing for a more com-
prehensive assessment of inflammation variability as well as ade-
quate time for plaque remodeling.

Our third novel finding is that longer biologic DMARD expo-
sure may vyield an atheroprotective effect in RA, independent of
stringent control of systemic inflammation. Specifically, lengthier
biologic DMARD treatment reduced the likelihood of noncalcified
plaque progression, the earliest histologic atherosclerotic lesion
discernible on coronary CT angiography. Biologic therapies were
similarly shown to selectively influence lipid-rich, soft plaque vol-
ume in patients with psoriasis (26). Moreover, we showed that
lengthier biologic DMARD exposure appeared to prevent matura-
tion and remodeling of such plaques, as evidenced by the lower
risk of progressive calcification independent of inflammation,
duration of statin exposure, and total prednisone dose. In a
similar manner, biologic DMARDs have been shown to inhibit
radiographic progression in RA regardless of attainment of optimal
disease control (27-29). In contrast, neither duration of exposure
to csDMARDs nor total methotrexate dose in our study influenced
coronary plague progression.

Fourth, we established an independent coronary atheropro-
tective effect of statins in RA. Longer statin exposure was associ-
ated with lower risk of noncalcified plaque progression regardiess
of cumulative inflammation, total prednisone and methotrexate
dose, or biologic DMARD duration. Indeed, stabilization or reduc-
tion in plaque size, particularly the noncalcified lipid core com-
ponent, is well documented in response to high intensity statin
therapy in general patient populations (30-33) and related to lower
risk of CV events (5). However, the atheroprotective effect of statin
in our study was not related to the treatment intensity, but rather
the duration of the exposure. Our additional observation that the
duration of statin exposure moderated the effect of cumulative
inflammation on both plague and CAC progression highlights
potential local antinflammatory effects of statins at the plaque
level (34), independent of systemic inflammation as reflected by
blood CRP levels (35).

Regrettably, sustained remission may be unrealistic for the
majority of patients at the present time (36). Could RA-specific or
other ancillary treatments mitigate coronary plaque progression
in subjects who do not achieve stringent inflammation control?
We observed that longer statin exposure also moderated the
effect of inflammation on total plaque progression. In patients
treated with statins for >50% of the observation time, higher
time-averaged CRP failed to yield significant progression of
either coronary plaque or CAC. We further noted that durable,
aggressive systolic BP control throughout the observation period
may be instrumental, particularly in the setting of chronic residual
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inflammation. Time-averaged systolic BP at the lowest tertile
(<126 mm Hg) attenuated the effect of higher cumulative inflam-
mation on CAC progression, whereas higher measurements
significantly accelerated it. Nevertheless, it is presently unclear
whether atheroprotection in RA—specifically in the context of
residual inflammation —requires adjustment of the recommenda-
tions for starting lipid-lowering therapy or adoption of more rigor-
ous systolic BP targets than in general patient populations (37).

We also demonstrated that cumulative prednisone dose
adversely affected total coronary plaque as well as CAC pro-
gression, independent of cumulative inflammation or cardiac risk
factors. Despite the fact that physicians generally prescribe glu-
cocorticoids to patients with higher disease activity, our observa-
tions highlight the true deleterious effect of glucocorticoids on the
vascular wall, rather than confounding by indication. Importantly,
the duration of statin exposure in our study did not moderate the
effect of total prednisone dose on coronary plaque progression,
as previously reported for carotid atherosclerosis (19). Since a
higher cumulative prednisone dose has been linked to a greater
incidence of CV events in RA (38), timely tapering and withdrawal
may be warranted.

Our study has certain limitations. First, the absence of a con-
trol group hinders the ability to determine whether the observed
magnitude and predictors of plague change in RA are different from
those in subjects without autoimmunity. However, at least for CAC,
where there is a precedent for comparison (39), the observed CAC
progression in our patients was significantly higher than predicted
based on age, sex, and ethnicity-matched reference values (rela-
tive risk 2.21 [95% CI 1.39-3.52], P = 0.001). Second, our patients
had low cumulative inflammatory burden; 47% had a time-averaged
DAS28-CRP of <2.4, and 68% had a DAS28-CRP of <2.8. More-
over, all patients received rigorous screening and management of
incident cardiac risk factors during their clinic visits. Additionally,
patients with prevalent calcification or significant plaque burden on
baseline coronary CT angiography received at least statin therapy, if
not more aggressive treatment, for atherosclerosis, regardiess of the
presence or absence of clinical symptoms. Consequently, the like-
lihood of plagque progression may have been attenuated in patients
who would otherwise have exhibited the greatest increase. Accord-
ingly, the proportions, magnitude of plaque progression, and effect
sizes of predictors may have been attenuated, compared to cohorts
with higher disease activity or untreated risk factors.

Occult coronary atherosclerosis burden increased in a sig-
nificant proportion of patients with RA. Cumulative inflamma-
tory burden and total prednisone dose were disease-specific,
independent determinants of plaque progression. Our findings
confirm the importance of prioritizing and targeting durable control
of inflammation in RA. Longer exposure to biologic DMARDs or
statins, as well as rigorous control of systolic BP, may further mod-
erate the effect of inflammation on atherosclerosis progression
and vyield additional coronary atheroprotective effects beyond
optimal control of systemic inflammation.
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Objective. Interstitial lung disease (ILD) is a frequent complication of rheumatoid arthritis (RA), occurring in up
to 40% of patients during the course of their disease. Early diagnosis is critical, particularly given the shared clin-
icoepidemiologic features between advanced rheumatoid arthritis—associated ILD (RA-ILD) and idiopathic pulmonary
fibrosis (IPF). This study was undertaken to define the molecular basis of this overlap through comparative profiling
of serum proteins in RA-ILD and IPF.

Methods. Multiplex enzyme-linked immunosorbent assays (ELISAs) were used to profile 45 protein biomarkers en-
compassing cytokines/chemokines, growth factors, and matrix metalloproteinases (MMPs) in sera obtained from RA
patients with ILD and those without, individuals with IPF, and healthy controls. Levels of selected serum proteins were
compared between patient subgroups using adjusted linear regression, principal component analysis (PCA), and least
absolute shrinkage and selection operator (LASSO) modeling.

Results. Multiplex ELISA-based assessment of sera from 2 independent cohorts (Veterans Affairs [VA] and Non-VA)
revealed a number of non-overlapping biomarkers distinguishing RA-ILD from RA without ILD (RA-no ILD) in adjusted
regression models. Parallel analysis of sera from IPF patients also yielded a discriminatory panel of protein markers in
models adjusted for age/sex/smoking, which showed differential overlap with profiles linked to RA-ILD in the VA cohort
versus the Non-VA cohort. PCA revealed several distinct functional groups of RA-ILD-associated markers that, in the VA
cohort, encompassed proinflammatory cytokines/chemokines as well as 2 different subsets of MMPs. Finally, LASSO
regression modeling in the Non-VA and VA cohorts revealed distinct biomarker combinations capable of discriminating
RA-ILD from RA-no ILD.

Conclusion. Comparative serum protein biomarker profiling represents a viable method for distinguishing RA-ILD

from RA-no ILD and identifying population-specific mediators shared with IPF.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory disease
that affects ~1.3 million adults in the US (1). RA is commonly
associated with extraarticular manifestations, including various
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compared to the general population, resulting in a standardized
mortality ratio of 2.5-5 (3,4). Viewed differently, the 5-year mortality
rate for RA patients with ILD and those without (RA-no ILD) is 39%
versus 18.2%, respectively (5).

A number of genetic, environmental, clinical, and serologic
factors contribute to the development of RA-ILD, which occurs
more frequently in male patients (3,6) and typically manifests as
nonspecific interstitial pneumonia (NSIP) or usual interstitial pneu-
monia (UIP) (7). Cigarette smoking serves as a major risk factor
for RA, particularly in those individuals who also have the shared
HLA-DRB1 epitope (8). This combination of environmental and
genetic risk factors likely contributes to the development of RA-
ILD as well, as smoking induces citrullination of lung antigens (8)
that can promote a breach in immune tolerance. Consistent with
this paradigm, a number of studies have demonstrated increased
titers of anti—cyclic citrullinated peptide (anti-CCP) antibodies in
patients with RA-ILD (9-12). Apart from high titers of anti-CCP
antibodies and rheumatoid factor (RF) (13), several studies have
shown associations between RA-ILD and alternative biomarkers
(many of which are also associated with idiopathic pulmonary
fibrosis [IPF] [14]), such as the epithelial cell-derived Krebs von
den Lungen 6 (KL-6) antigen (15), matrix metalloproteinase 7
(MMP-7), pulmonary and activation-regulated chemokine (PARC),
surfactant protein D (SP-D), and interferon-y—-inducible protein 10
(IP-10/CXCL10) (16,17).

As shown in a number of earlier studies (18,19), the disease
course of clinically evident RA-ILD parallels that of IPF, a chronic pro-
gressive lung disease with a median survival of 3-5 years after diag-
nosis (20). The annual incidence of IPF is estimated to be between
4.6 and 16.3 cases per 100,000 people, resulting in a prevalence
of 13-20 cases per 100,000 people (21). Like RA-ILD, IPF occurs
predominantly in middle-aged to older men and is strongly associ-
ated with cigarette smoking as well as the presence of UIP on histo-
pathologic examination (20, 22) —indicating that IPF may serve as an
important comparator disease to better understand relevant/over-
lapping signaling pathways shared by advanced forms of RA-ILD.

Although many details of IPF pathogenesis remain undefined,
dysregulated extracellular matrix remodeling is a key pathologic
feature contributing to lung fibrosis, respiratory failure, and strik-
ingly high mortality (23). Cigarette smoking and certain exposures
(such as metal or wood dust) are key environmental triggers that
can damage respiratory epithelium, promoting both innate and
adaptive immune responses as well as profibrotic signaling path-
ways culminating in myofibroblast accumulation, differentiation,
and activation (24,25). Autosomal-dominant genetic transmission
occurs in ~0.5-3.7% of IPF patients (21), suggesting that genetic
background may increase susceptibility to specified environmen-
tal insults. Intriguingly, polymorphisms in the promoter of MUC5B
that are associated with both familial and sporadic forms of IPF
(26) have recently been linked to RA-UIP (27).

Coupled with overlapping histopathologic and clinicoepi-
demiologic features, the existence of shared genetic risk factors

indicates that IPF and RA-UIP may involve common disease path-
ways. By extension, comparative profiling of serum protein bio-
markers corresponding to relevant disease pathways represents a
viable approach to more formally assess the putative mechanistic
overlap between these disorders. Previous studies have shown,
for example, that remodeling proteins such as MMP-1 and MMP-7
are overexpressed in IPF compared to other chronic lung diseases
(28). While MMP-7 has also been linked to RA-ILD (16,17), less is
known about other protein mediators previously implicated in IPF
(such as MMP-1 and interleukin-8 [IL-8] [29]). Given that increased
knowledge of these overlapping signals may clarify the pathogene-
sis of both diseases and thereby suggest novel therapeutic targets,
this study was undertaken to more broadly define serum protein
biomarker profiles in established cohorts of IPF and RA-ILD.

PATIENTS AND METHODS

Patient cohorts. In accordance with established protocols
approved by each center’s institutional review board, serum samples
were obtained from patients who met the 1987 American College of
Rheumatology (ACR) classification criteria for RA (30). The primary
RA cohort encompassed US veterans recruited prospectively from
3 Veterans Affairs (VA) facilities (Miami, Florida; Washington, DC; and
Dallas/North Texas) as well as a group of US veterans enrolled in
the national Veterans Affairs RA (VARA) registry (31). A previously
described group of RA patients recruited from the University of Pitts-
burgh and Brigham and Women'’s Hospital (16) served as a Non-VA
comparator cohort for biomarker analyses. Patients meeting the
American Thoracic Society (ATS) criteria for IPF (32) were enrolled
from a database maintained through the Simmons Center for Inter-
stitial Lung Disease at the University of Pittsburgh. Imaging studies,
pulmonary function tests (PFTs), articular disease activity measure-
ments (for RA patients), and serum samples were generally obtained
within 3 months of enrollment, except where indicated.

Disease classification. Patients in the VA and Non-VA
cohorts who met the criteria for RA were further classified into
subcategories of no ILD, indeterminate ILD, subclinical ILD, or
clinically evident ILD based on the presence versus absence of
clinical features (cough, dyspnea), restrictive pulmonary function
deficits (forced vital capacity [FVC] <80% of predicted, forced
expiratory volume in 1 second [FEV,]/FVC >80% of predicted),
and/or imaging evidence of specified parenchymal lung abnor-
malities (defined below). While the indeterminate ILD subcategory
encompassed individuals whose abnormalities on high-resolution
computed tomography (HRCT) did not meet the threshold crite-
ria for definite ILD (see below), subclinical ILD included patients
with radiographic evidence of ILD who lacked symptoms of
cough/dyspnea and had no known history of ILD. Patients who
did not have radiographic evidence of defined interstitial lung
abnormalities could not be classified as having RA-ILD; how-
ever, in a small number of VARA patients without HRCT data
(16 of 67), definite chest radiographic evidence of interstitial lung
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abnormalities allowed these patients to be classified as having
RA-ILD. In accordance with ATS criteria (33), IPF patients had
biopsy and/or radiographic evidence of UIP in the absence of
underlying hypersensitivity pneumonitis, associated connective
tissue disorder, or other known etiology.

Imaging. HRCT scans of the chest with cuts of 1-2 mm
thickness were obtained at end inspiration for prospectively
recruited patients in the VA cohort and Non-VA cohort, with a
median (interquartile range [IQR]) time since serum sampling of
56 days (IQR 28-103) and 33 days (IQR 16-70), respectively.
For individuals with previously diagnosed ILD, the scans obtained
closest to the time of serum sampling were used for staging the
radiographic pattern and severity of parenchymal lung abnormali-
ties. HRCT classification (see below) was based on readings from
at least 2 independent pulmonologists/radiologists (MKG, FKG)
who were blinded with regard to patient disease characteristics.
Radiographic features indicative of ILD included ground-glass
opacification, septal thickening, reticulation, traction bronchiec-
tasis, and/or honeycombing. Additional characterization utilized a
published scale of interstitial lung abnormalities ranging from 0 to 3
(84,35), with 0 =no ILD, 1 = indeterminate ILD (presence of focal or
unilateral ground-glass attenuation, focal or unilateral reticulation,
or patchy ground-glass abnormality involving <5% of the lung),
2 =mild/moderate ILD (changes affecting >5% of any lobar region
with nondependent ground-glass or reticular abnormalities, diffuse
centrilobular nodularity, non-emphysematous cysts, honeycomb-
ing, or traction bronchiectasis), and 3 = advanced ILD (presence
of bilateral fibrosis in multiple lobes associated with honeycomb-
ing and traction bronchiectasis in a subpleural distribution). For
the purposes of this study, patients in interstitial lung abnormality
categories 2 and 3 were considered to have RA-ILD.

Pulmonary function tests. PFTs obtained as part of
enrollment protocols were assessed according to ATS rec-
ommendations (36). PFTs performed for clinical indications in
individuals with known/suspected ILD were included if com-
pleted within 3 months of serum sampling. Among prospec-
tively recruited patients from the VA cohort and the Non-VA
cohort, the median time span between serum sampling and
PFT assessment was 46 days (IQR 27-101) and 33 days (IQR
16-67), respectively. Reference values for FVC and FEV, were
derived from the Third National Health and Nutrition Examination
Survey (36). Percent predicted values for these parameters, as
well as diffusing capacity for carbon monoxide (DLco) corrected
for hemoglobin, were used to assess the severity of ventilatory/
functional deficits.

Multiplex enzyme-linked immunosorbent assays
(ELISAs). Serum levels of selected cytokines, chemokines,
growth factors, and MMPs (Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/ doi/10.1002/art.41123/abstract) were measured using a

Luminex xMAP bead-based multiplex ELISA (EMD Millipore) in a
96-well format. With the exception of IPF samples, which were
assessed in 2 batches, direct biomarker comparisons (e.g., VA
RA-ILD versus VA RA-no ILD, Non-VA RA-ILD versus Non-VA
RA-no ILD) were based on assays in which relevant sera were
evaluated at the same time; nevertheless, technical replicates of
representative samples were performed to ensure internal con-
sistency as well as interassay reliability.

Statistical analysis. While categorical demographic data
were compared using Fisher’s exact test or chi-square test, con-
tinuous variables (including multiplex ELISA-derived serum protein
levels) were compared between disease subgroups and relevant
controls (e.g., RA-ILD versus RA-no ILD, IPF versus healthy con-
trols) by 2-sample t-test (unequal variance). Regression models
evaluating the relationship between individual biomarker levels
and disease state were adjusted for potential confounding fac-
tors such as age, sex, Disease Activity Score in 28 joints (DAS28)
(37), and smoking history. Medication profiles were not included
as confounders because of concerns regarding misclassification,
particularly with respect to timing of administration and dose. To
avoid overfitting these models, we also excluded variables (such
as race) that did not show statistically significant differences
between disease subgroups. Finally, DAS28 was imputed for 14
of 71 patients in the Non-VA cohort using average DAS28 values
in the appropriate subset of RA patients with or without ILD.

To demonstrate the strength of underlying biomarker asso-
ciations with RA-ILD or IPF, volcano plots were constructed
according to established methods, with adjustment of P values
for multiple comparisons using the Benjamini-Hochberg correction
(88) and a false discovery rate of 0.1. Principal component analysis
(PCA) was used as a data reduction method to identify combina-
torial signatures of serum proteins as well as potential functional
groupings between signaling mediators associated with different
disease subcategories (39). In each cohort, PCA was performed
with logistic regression to discriminate between ILD and non-ILD
control groups, using biomarkers that had uncorrected P values of
less than 0.05 in age-, sex-, and DAS28-adjusted comparisons.
Corresponding loading plots were generated using components
with an eigenvalue of >1.0. Finally, least absolute shrinkage and
selection operator (LASSO) modeling (40) was used as a penalized
regression tool to develop a clinical prediction algorithm for detect-
ing the presence of RA-ILD. For each cohort, we determined the
lowest shrinkage parameter (A) with which to select final protein
biomarkers (and their coefficients) for predicting the probability of
being diagnosed as having RA-ILD. Receiver operator charac-
teristic (ROC) curves were then generated to assess the ability of
algorithm-based predictions to discriminate between the presence
versus absence of RA-ILD (as measured by area under the curve
[AUC)). Statistical analyses were performed using Stata 15 and
R package software. P values less than 0.05 were considered
significant.
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RESULTS

Cohort characteristics. In this analysis, we assessed a
combined VA cohort of RA patients from a national database (the
VARA registry) as well as prospectively enrolled patients recruited
from 3 VA rheumatology centers. While patients enrolled from the
VARA registry had diagnostic codes as well as imaging evidence
of RA-ILD, prospectively recruited individuals in the VA cohort (all
with an underlying diagnosis of RA) manifested different stages
of ILD ranging from no ILD to UIP-like radiographic abnormali-
ties. Overall, the frequency of subclinical ILD (absence of dysp-
nea, cough, or known history of ILD) was ~30% in prospectively
recruited VA patients (those listed in Table 1 as well as additional
patients who did not undergo biomarker assessment based on
time of enrollment), which is consistent with prevalence values
reported in non-VA cohorts (41-47).

Table 1 shows that the combined VA-derived cohort of RA
patients predominantly consisted of white male ever smokers,
though the prevalence of ever smoking versus never smok-
ing was highly skewed in RA-ILD subgroups compared to
subgroups with RA-no ILD (88% versus 41%, respectively;

P = 0.0001). Consistent with these differences in frequency
of ever smoking, the prevalence of coexisting cardiovascular
disease and/or chronic obstructive pulmonary disease (COPD)
was much higher in the RA-ILD subgroup, with the prevalence
of COPD reaching statistical significance (P < 0.05). In this
cohort of RA patients, no statistically significant differences in
articular disease activity (as measured by DAS28 scores) or
prednisone usage emerged between individuals with ILD and
those without ILD, but there were differences in the ever use
of methotrexate and tumor necrosis factor inhibitors between
these subgroups, with usage of both drugs found to be higher
in the RA-no ILD subgroups (P < 0.05). Median anti-CCP-2
concentrations were higher in the RA-ILD subgroup compared
to the RA-no ILD subgroup (147 units/ml [IQR 23-309] versus
28 units/ml [IQR 2-106]; P = 0.01); however, RF levels could
not be directly compared due to use of alternative laboratory
scales in different VA centers.

Broad comparison of the VA-RA and IPF cohorts demon-
strated similar demographic characteristics, as IPF patients
were also predominantly white men with a high rate of ever
smoking (68%). Importantly, these characteristics differed from

Table 1. Cohort characteristics*
Non-VA Non-VA
VA RA-no ILD VA RA-ILD RA-no ILD RA-ILD Healthy controls IPF
(n=17) (n = 86) (n=22) (n=49) (n=36) (n=100)
Demographics
Age, median (IQR) years 57 (44-60) 64 (58-73)T 49 (44-55) 65 (58-75)T 65 (60-68) 70 (62-75)
Male sex, no. (%) 11(65) 82 (95)1 5(24) 18 (37) 23 (64) 67 (67)
White, no. (%) 9(53) 61(71) 15(71) 37(76) 31 (86) 95(98)
RA duration, median (IQR) years 10 (4-16) 10 (3-16) 8(2-11) 13 (5-20) - -
Smoking ever, no. (%) 7 (41) 76 (88)t 8(42) 27 (55) 17 (52) 65 (68)
Comorbidities, no. (%)
Cardiovascular disease 1(6) 18 (21) 1(5) 5(10) - -
Diabetes mellitus 5(29) 18 (21) 1(5) 9 (18) - -
Chronic kidney disease 0(0) 6(7) 0(0) 12 - -
COPD 1(6) 30 (35)F 0(0) 5(10) - -
Malignancy+ 1(6) 12 (14) 0(0) 3(6) - -
RA parameters, median (IQR)
RF by nephelometry - 234 (69-498) 33 (22-66) 76 (22-329) - -
Anti-CCP-2, units/ml 28 (2-106) 147 (23-309)T 99 (30-280) 54 (9-316) - -
DAS288 41 (3.2-4.2) 3.7(2.8-4.6) 3.4(2.2-4.5) 3.5(2.7-4.3) - -
Medications ever, no. (%)
Prednisone 14 (82) 58 (68) 15 (68) 28 (57) - -
Methotrexate 15 (88) 40 (47)T 14.(67) 30 (63) - -
Leflunomide 4 (24) 4(22) 2(9) 14 (29) - -
TNFa inhibitor 14 (82) 36 (42)t 29 9(18) - -
Pulmonary function tests,
median (IQR) % predicted
FEV, 79 (67-90) 79 (71-87) 105 (95-112) 77 (65-90)t - 85 (66-95)
FvC 84 (74-93) 83 (75-90) 104 (89-113) 71 (63-89)t - 72 (57-82)
DLco 79 (74-86) 62 (55-70)F 83 (75-97) 50 (43-72)t - 49 (38-60)

* For several of the variables, there were some missing data in =1 of the cohorts. See Patients and Methods for a description of the study groups.
RA-no ILD = rheumatoid arthritis without interstitial lung disease; IPF = idiopathic pulmonary fibrosis; IQR = interquartile range; COPD = chronic
obstructive pulmonary disease; RF = rheumatoid factor; anti-CCP-2 = anti-cyclic citrullinated peptide 2; TNFa = tumor necrosis factor a; FEV, =
forced expiratory volume in 1 second; FCV = forced vital capacity; DLco = diffusing capacity for carbon monoxide.

t P <0.05 versus RA-no ILD group.

¥ Excludes nonmelanoma skin cancers; no active malignancy at time of serum sampling.
§ The Veterans Affairs (VA) cohort was assessed with the Disease Activity Score in 28 joints (DAS28), and the Non-VA cohort was assessed with the
3-variable DAS28 using the erythrocyte sedimentation rate (ESR), with ESR obtained >3 months from joint counts in 11 of 57 patients.
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those of the Non-VA RA cohort, where the sex distribution
(87% male) and smoking rates (55% ever smokers) among
individuals with RA-ILD were more balanced than in the VA-RA
cohort or IPF cohort (Table 1). In parallel with these observa-
tions, current smoking rates among RA-ILD patients in the
VA cohort greatly exceeded those among RA-ILD patients in
the Non-VA cohort (38.4% versus 12.2%; P = 0.001 [data
not shown)). In contrast to these demographic discrepancies,
composite PFT abnormalities were similar in the Non-VA and
VA subgroups of RA-ILD (notwithstanding the lack of available

Table 2. Distinguishing biomarkers in RA-ILD and IPF*

PFT data for the VARA registry component of the combined VA
cohort), with mild restrictive deficits and moderate reduction in
DLco that were generally less severe than corresponding defi-
cits observed in the IPF cohort (Table 1).

Biomarker profiling. To establish peripheral blood bio-
marker profiles in individuals from the RA and IPF cohorts, we
measured serum levels of 45 proteins consisting of cytokines,
chemokines, growth factors, and remodeling proteins (MMPs)
previously studied in IPF (28) and/or other forms of connective

Age/sex/DAS28 Age/sex/DAS28/CS Age/sex/DAS28 Age/sex/DAS28/CS
Cohort, protein PT Foldt PT Foldt Cohort, protein PT Foldt PT Foldt
VA cohort
MMP-9 11 %107 212 - - (Non-VA cohort cont®d).
MMP-1 70x107 2.24 - - Fractalkine - - 0.003 5.31
MMP-10 77 %107 1.79 - - IL-13 - - 0.010 1.3
Eotaxin 1.5%10™ 1.53 - - FGF2 - - 0.011 4.82
GRO1 0.001 1.51 - - IL-7 - - 0.013 6.32
MIP-113 0.001 2.69 - - VEGF - - 0.013 212
IL-8 0.004 61.2 - - Flt-3L - - 0.015 8.32
MCP-3 0.005 2.26 - - IL-2 - - 0.017 8.60
MMP-7 0.007 1.46 - - IL-15 - - 0.017 712
MMP-2 0.014 117 - - [FNa2 - - 0.018 7.23
TGFa 0.016 3.07 - - IL-9 - - 0.021 7.53
TNFa 0.024 212 - - GMCSF - - 0.023 8.43
MMP-2 - - 0.001 1.28 TGFa - - 0.025 6.54
MMP-10 - - 0.003 1.86 IL-12p70 - - 0.025 573
GRO1 - - 0.003 1.53 MIP-1(3 - - 0.028 2.34
MMP-9 - - 0.004 1.85 IL-1a - - 0.030 5.28
Eotaxin - - 0.004 1.40 IPF cohort§
MMP-1 - - 0.006 217 MMP-2 1.2x107 1.58 - -
IL-8 - - 0.011 49.2 MDC 2.5x107° 1.50 - -
MIP-1( - - 0.017 2.30 MCP-1 16x10° 1.53 - -
MMP-7 - - 0.018 1.43 MMP-7 73x107® 1.70 - -
Non-VA cohort Eotaxin 1.5%107° 1.39 - -
Fractalkine 0.008 4.81 - - MMP-9 1.6x107 1.45 - -
IL-18 0.008 11.8 = = Flt-3L 57x10™" 4.02 - -
FGF2 0.008 5.07 = = CXCL9 0.008 0.71 - -
IL-7 0.009 6.19 = = IL-8 0.011 1.63 - -
Flt-3L 0.009 8.84 - - MMP-2 - - 3.0x107"° 158
IL-15 0.009 7.65 = = MDC - - 3.9x107° 1.53
IL-2 0.010 9.32 = = MCP-1 - - 40x10°® 1.54
GM-CSF 0.012 9.37 = = MMP-7 - - 3.6x107 1.69
IL-9 0.013 8.06 = = MMP-9 - - 11 %107 1.49
IFNa2 0.013 7.38 - = Eotaxin - - 79%x107° 1.37
TNFa 0.016 2.36 = = Flt-3L - - 0.001 4.32
IL-12p40 0.019 522 = = CXCL9 - - 0.010 0.71
IL-12p70 0.020 591 = = IL-8 - - 0.011 1.70

* The VA cohort consisted of 17 RA-no ILD patients and 86 RA-ILD patients; the Non-VA cohort consisted of 22 RA-no ILD patients and 49 RA-ILD
patients; the IPF cohort consisted of 100 IPF patients and 38 healthy controls. For several of the variables, there were some missing data in 21
of the cohorts. See Patients and Methods for a description of the study groups. CS = cigarette smoking; MMP-9 = matrix metalloproteinase 9;
GRO1 = growth-related oncogene 1; MIP-1 = macrophage inflammatory protein 1f3; IL-8 = interleukin-8; MCP-3 = monocyte chemoattractant
protein 3; TGFa = transforming growth factor a; FGF2 = fibroblast growth factor 2; FIt-3L = Flt-3 ligand; GM-CSF = granulocyte-macrophage
colony-stimulating factor; IFNa2 = interferon-a2; VEGF = vascular endothelial growth factor; MDC = macrophage-derived chemokine (see Table 1

for other definitions).

t P values (determined by 2-sample t-test) comparing serum protein levels in the RA-ILD versus RA-no ILD and the IPF versus healthy control

subgroups.

} Ratio of mean serum protein levels in RA patients with ILD versus those without ILD, and in IPF patients versus healthy controls.

§ DAS28 not included in adjustment.
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tissue disease—associated ILD (48) (Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41123/abstract). As shown in
Supplementary Table 2 at http://onlinelibrary.wiley.com/doi/10.
1002/art.41123/abstract, unadjusted analyses revealed a num-
ber of biomarkers with statistically significant differences between
patients with RA-ILD and RA-no ILD patients in the VA cohort,
even after correction for multiple comparisons. Adjustment
for age, sex, DAS28, and smoking history in corresponding
regression models of the VA cohort yielded a narrower range of
distinguishing biomarkers that featured particularly strong associ-
ations between RA-ILD and eotaxin, growth-related oncogene 1
(GRO1)/CXCL1, MMP-1, MMP-2, MMP-9, and MMP-10 (Table 2;
Supplementary Table 3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41123/
abstract).

Parallel assessment of biomarker levels in the Non-VA cohort
revealed a different profile of RA-ILD-associated mediators in
models adjusted for age, sex, DAS28, and smoking, as fractal-
kine/CX3CL1, IL-1q, IL-2, IL-7, IL-15, interferon-a2 (IFNa2), Fit-3
ligand (FIt-3L), fibroblast growth factor 2 (FGF-2), and vascular
endothelial growth factor manifested the strongest associations
with this disease subset (Table 2; Supplementary Table 3). In
these models, we did not adjust for use of medications such as
methotrexate, as biomarker levels in patients with RA-ILD did not
differ significantly based on the use of this medication (data not
shown).

Comparative analysis of IPF demonstrated a more restricted
panel of elevated serum proteins (relative to healthy controls), many
of which overlapped with the profile of mediators associated with
RA-ILD (Table 2 and Supplementary Tables 3 and 4, http://online
library.wiley.com/doi/10.1002/art.41123/abstract). Of note, how-
ever, the range of markers shared with IPF in adjusted analyses dif-
fered between the VA and Non-VA subgroups of RA-ILD (Figure 1).
While increased serum levels of eotaxin, IL-8, MMP-2, MMP-7, and
MMP-9 characterized both IPF and the VA subgroup with RA-ILD,
elevated concentrations of Fit-3L alone cosegregated with IPF in
the Non-VA subgroup with RA-ILD. Macrophage-derived chemok-
ine/CCL22 and monocyte chemoattractant protein 1 (MCP-1)/
CCL2, however, were uniquely associated with IPF.

Strength of associations and functional correlations.
As shown in Table 2 and in volcano plots derived from adjusted mod-
els (Figure 2), a number of the serum proteins that were elevated
in RA-ILD relative to RA-no ILD in the VA cohort retained statistical
significance even after correction for multiple comparisons in the VA
cohort. Importantly, 3 of the 6 most preferentially expressed markers
were shared between this subset of RA-ILD and IPF (eotaxin, MMP-
2, and MMP-9), although the fold ampilification and significance lev-
els were generally less than those seen in IPF (Figures 2A and C).
Parallel assessment of the Non-VA RA-ILD cohort demonstrated
more significant amplification of serum proteins encompassing a dif-

Non-VA VA
RA-ILD RA-ILD

IL-1ex 1
IL-12p70
IL-1 R
p IL-15 VEGF MIP1p L0
IFN¢2 MMP-1
TGFa FGF2 it
IL-2  Fractalkine <
L7  GM-CSF ]
IL-9 TiLs
Eotaxin
FItaL MMP-2
MMP-7
MMP-9
CXCL9 MCP-1

MDC

Figure 1. Differential overlap between idiopathic pulmonary fibrosis
(IPF) and rheumatoid arthritis—associated interstitial lung disease
(RA-ILD) in a Veterans Affairs (VA) cohort and Non-VA comparator
cohort of RA patients Partially overlapping expression profiles of
different serum proteins are shown in a Venn diagram. Mediators
depicted in this diagram include those that distinguish RA-ILD from
RA without ILD (RA-no ILD) in the VA and Non-VA cohorts (after
adjustment for age, sex, Disease Activity Score in 28 joints, and
smoking history) and those that differentiate IPF from healthy controls
(following adjustment for age, sex, and smoking history). Black font
indicates increased expression relative to respective control groups,
and red font indicates decreased levels relative to control groups.
IL-1a = interleukin-1a; IFNa2 = interferon-a2, TGFa = transforming
growth factor a; GM-CSF = granulocyte-macrophage colony-
stimulating factor; VEGF = vascular endothelial growth factor; FGF2 =
fibroblast growth factor 2; MIP-13 = macrophage inflammatory
protein 1B3; GRO = growth-related oncogene/CXCL1; MMP-1 =
matrix metalloproteinase 1; Flt-3L= FIt-3 ligand; MCP-1= monocyte
chemotactic protein 1; MDC = macrophage-derived chemokine.

ferent array of markers (Figure 2B), only 1 of which was shared with
the IPF cohort (Fit-3L).

To further address statistical issues associated with multi-
ple comparisons and explore potential functional associations
between signaling mediators, PCA was performed in the RA and
IPF cohorts (Figures 3A-C). Of note, the odds ratios for RA-ILD
exceeded 4 in the first 2 principal components (P1 and P2) of
the fully adjusted model in the VA cohort (P < 0.05). Moreover,
the corresponding loading plots (of component signaling media-
tors) for the VA-RA cohort (Figure 3D) demonstrated covariance/
colocalization in 2 subgroups of MMPs (MMP-2 and MMP-7, ver-
sus MMP-1, MMP-9, and MMP-10) as well as a group of proin-
flammatory/profibrotic mediators associated with macrophage
activation that included macrophage inflammatory protein 13
(MIP-1(3), MCP-3, and tumor necrosis factor a (TNFa). Compari-
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Figure 2. Strength and significance of serum protein biomarker associations. Volcano plots depict amplification (x-axis) versus P value (y-axis)
of designated serum proteins in RA-ILD patients (A and B) and IPF patients (C) relative to RA-no ILD patients and healthy controls, respectively.
Individual plots correspond to adjusted analyses, as indicated. Red lines show P values that correspond to a Benjamini-Hochberg g cutoff value
of 0.1. DAS28 = Disease Activity Score in 28 joints; Ln = natural logarithm (see Figure 1 for other definitions).

son of the loading and PCA pilots for the VA cohort (Figures 3A and
D) indicated that these putative functional groups drive differences
between RA-ILD and RA-no ILD in P2 and P1, respectively. In con-
trast, most of the variance in the Non-VA cohort was encompassed
by a single principal component (which had a statistically significant
odds ratio of 5.3 for RA-ILD [Figure 3B]), precluding meaningful
analysis of loading plots for functional grouping of mediators.

Clinical prediction. To develop complementary clinical
prediction tools capable of distinguishing RA-ILD from RA-no ILD
in the VA and Non-VA cohorts, we applied LASSO modeling—a
machine learning-based, penalized regression method designed
to minimize data complexity and maximize precision. This analysis
demonstrated that a 7 biomarker signature consisting of MMP-
1, MMP-2, MMP-7, MMP-9, IL-1 receptor antagonist, soluble
CD40L, and CXCL9 effectively differentiated RA-ILD from RA-no
ILD with high sensitivity and specificity in the VA cohort, yielding
an AUC of 0.93 (Figure 4 and Supplementary Figure 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41123/abstract). Comparison of these
protein mediators with functional groupings determined by PCA
revealed significant overlap, particularly among the MMPs (MMP-
1, MMP-2, MMP-7, and MMP-9). Although the P1-dominated
PCA analysis did not allow for similar comparisons in the Non-VA
cohort, LASSO modeling also vyielded a highly discriminatory

regression model incorporating normalized serum levels of FGF-2,
soluble CD40L, IP-10, MCP-1, MMP-2, MMP-7, and MMP-9 (Fig-
ure 4). In both the VA and Non-VA cohorts, AUC values derived
from serum protein—based LASSO algorithms greatly exceeded
those obtained from parallel ROC analysis (data not shown) of sero-
logic markers such as CCP-2 antibody levels, with AUC LASSO
versus AUC CCP-2 values of 0.93 and 0.71, respectively, in the VA
cohort and 0.93 versus 0.46, respectively, in the Non-VA cohort.

DISCUSSION

Through multiplex ELISA-based assays and a series of com-
plementary statistical models, we have shown that a number
of serum protein biomarkers are associated with the presence
of ILD in independent cohorts of RA patients. Even after adjust-
ment for potential confounders such as age, sex, DAS28 score,
and smoking history, resulting models demonstrated that selected
markers, which fall into the broader categories of proinflammatory
cytokines/chemokines (eotaxin, GRO-1, MIP-1(3, and IL-8) and
MMPs (MMP-1, MMP-2, MMP-7, MMP-9, and MMP-10), reliably
differentiate RA-ILD from RA-no ILD in the VA cohort. Importantly,
PCA and covariance of selected protein mediators in associated
loading plots suggested particular inflammatory and remodeling
pathways that may be operative in this cohort of RA-ILD char-
acterized by the predominance of male smokers. At the same
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Figure 3. Principal component analysis (PCA) of the RA-ILD and IPF cohorts. A, PCA of the VA cohort of RA patients with and those
without ILD (17 RA-no ILD patients and 68 RA-ILD patients with evaluable data). B, Parallel analyses of the Non-VA RA cohort (22 RA-
no ILD patients and 49 RA-ILD patients). C, PCA of 95 IPF patients versus 36 healthy controls. Accompanying tables in A-C include
odds ratios for the RA-ILD and IPF cohorts and P values for each of the principal components derived from serum proteins identified
as significant discriminators in adjusted regression models. D, Loading plots that correspond to principal components 1 and 2 for the
VA RA cohort and IPF cohort. Accompanying tables include eigenvectors (loadings) for designated mediators in each of the specified
PCs. The percents of variance encompassed by principal components contributing to these models in the RA and IPF cohorts
are as follows: VA cohort P1 = 38%, P2 = 14%, and P3 = 11%; Non-VA cohort P1 = 92%; and IPF cohort P1 = 30%, P2 = 17%, P3 = 12%, and

P4 = 9%. TNFa = tumor necrosis factor a; EGF = epidermal growth factor a; IL-1Ra =

time, LASSO modeling demonstrated that different combinations
of serum proteins, which include a number of MMPs as well as
the proinflammatory chemokine CXCL9, can reliably discriminate
between RA-ILD and RA—no ILD in the VA cohort and are important
molecular biomarkers of this damaging extraarticular disease man-
ifestation.

Intriguingly, comparative analyses demonstrated that the
range of biomarkers associated with RA-ILD in fully adjusted mod-
els is quite different between the VA and Non-VA cohorts included
in this study (Figure 1). In particular, our results failed to identify
IP-10/CXCL10 as an important functional/clinical indicator of
RA-ILD in the VA cohort, contrasting with earlier studies that have
implicated this CXCR3-binding chemokine in other (non-VA)
US and Chinese RA-ILD cohorts (16). Conversely, the preferen-
tial association between eotaxin and RA-ILD in the VA cohort
suggests that activation of fibroblasts, as well as recruitment of
eosinophils and neutrophils (all of which express CCR3, the recep-
tor for eotaxin/CCL11 [49,50]), may play a more prominent role in
selected subsets of RA-ILD represented by the VA cohort. Consist-
ent with this notion, the remaining mediators that are uniquely asso-
ciated with RA-ILD in the VA cohort (IL-8, GRO-1/CXCL1, MMP-1,
MMP-2, MMP-7, MMP-9, and MMP-10) have collectively been

IL-1 receptor antagonist (see Figure 1 for other definitions).

linked to neutrophil chemotaxis, macrophage activation, and tissue
remodeling—processes that also occur in IPF (24,25). As shown
in Figure 1, this overall “profibrotic” profile contrasts with the pre-
dominance of proinflammatory cytokines (e.g., IL-1a, IL-1[3, IL-2,
IL-7, IL-9, IL-12p70, IL-15, and IFNa2) associated with RA-ILD in
the Non-VA cohort.

Viewed more broadly, the observed discrepancies between
these RA-ILD subpopulations undoubtedly highlight unique char-
acteristics of our VA cohort, including its predominance of male
patients and high prevalence of ever smoking (>80%). Of note,
these demographic features resemble those of patients with IPF,
potentially explaining the significant degree of overlap in selected
biomarkers (particularly remodeling proteins and profibrotic
chemokines) that emerged from parallel assessment of the VA
cohort and this alternative puimonary-focused disorder. By exten-
sion, the differential overlap in mediators between IPF and the VA
versus the Non-VA subgroups of RA-ILD (Figures 1-3) empha-
sizes the potential importance of sex as well as smoking and other
environmental exposures unique to the VA population (such as
Agent Orange, burn pits, etc.) in shaping critical signaling net-
works/disease pathways involved in the development of different
RA-ILD phenotypes.
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Figure 4. Least absolute shrinkage and selection operator (LASSO) modeling in the identification of RA-ILD. Application of machine learning—
based LASSO regression modeling revealed a panel of serum protein biomarkers capable of predicting the presence of RA-ILD in the combined
VA cohort (A) as well as the Non-VA cohort of RA patients with ILD and those without ILD (B). Tables show regression coefficients for specific
serum proteins as well as y-intercepts for corresponding regression models. The accompanying receiver operator characteristic curves reflect
performance characteristics of these models, as indicated by area under the curve values. 95% Cl = 95% confidence interval; sCD40L = soluble
CD40L; IL-1Ra = IL-1 receptor antagonist (see Figure 1 for other definitions).

Counterbalancing the partial overlap in protein markers
linked to both RA-ILD and IPF, a number of other proinflamsnmatory
signaling molecules correlated more closely with RA-ILD (again,
with differential associations in the VA and Non-VA cohorts). These
observations likely reflect interactions between ILD and the under-
lying systemic autoimmune disease (RA) as well as potentially over-
lapping processes such as COPD, an important smoking-related
disorder that is highly prevalent in the VA population (and in our VA
RA-ILD cohort, as shown in Table 1) and has been linked to many
of the non-IPF biomarkers associated with RA-ILD in this study (51).

The potential interaction between smoking and underlying
disease state is highlighted by the frequently discordant rela-
tionship between smoking history and biomarker level in RA
patients with versus those without ILD (Supplementary Figure 2,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41123/abstract)-suggestingthat
smoking does not independently drive biomarker alterations
but, instead, mediates effects through dysregulation of path-
ways that are primarily operative in the context of RA-ILD and/
or other coexisting conditions such as COPD. Furthermore,
while the levels of numerous biomarkers in RA-ILD subgroups
are preferentially elevated among smokers (particularly in the
VA cohort), notable exceptions include the CXCR3-binding

chemokines MIG/CXCL9, IP-10/CXCL10, and I-TAC/CXCL11,
whose mean serum concentrations are much higher in non-
smokers compared to smokers with RA-ILD (indicating that the
impact of smoking is biomarker- and disease-dependent; Sup-
plementary Figure 2). Collectively, these observations suggest
that overall differences in biomarker profile between the VA
and Non-VA cohorts could reflect differences in environmen-
tal exposures (both measured and unmeasured) that ultimately
translate into activation of distinct signaling pathways corre-
sponding to subsets of RA-ILD that cannot be characterized/
classified by radiographic abnormalities alone.

Beyond these considerations, differences in the predominant
histopathologic subtype of ILD in IPF (UIP) and the RA cohorts
(which are marked by a paucity of histologically or radiographically
documented RA-UIP) may also impact molecular signatures. In
fact, subset analysis of RA-ILD patients with radiographic evi-
dence of probable UIP (as defined inref. 33) indicates even greater
overlap in biomarker profiles with IPF (data not shown), though
the small number of RA-ILD patients meeting radiographic crite-
ria for probable UIP (13 patients in the VA cohort and 8 patients
in the Non-VA cohort) precludes adequate assessment of statis-
tical significance. Ultimately, intercohort comparisons involving
additional RA populations with different histopathologic subtypes
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and varied rates of smoking will be critical in defining the relative
modulatory effects of disease state and environmental exposures
(such as smoking) on peripheral blood biomarker profiles/
molecular subphenotypes.

While our results are provocative, this study does have limi-
tations. Because both the VA cohort and the Non-VA cohort are
partly retrospective and heavily skewed toward clinically evident
RA-ILD, for example, the clinical prediction models may be less
applicable to those patients with subclinical RA-ILD (though the
remarkable sensitivity of LASSO-derived algorithms, even among
patients with subclinical RA-ILD, indicates that selected bio-
marker signatures can serve as effective screening tools to iden-
tify individuals who require additional diagnostic assessment with
chest HRCT and/or PFTs). Moreover, the relatively small compar-
ator groups of RA-no ILD may have introduced additional bias,
limiting our capacity to account for other potential confounders
such as COPD (particularly in the VA cohort) or determine whether
differences in current versus ever smoking prevalence are more
directly linked to the development of RA-ILD. By extension, the
presence of clinical/demographic features that may be unique to
our VA cohort (and that cannot be fully “controlled” in adjusted
models) indicates that the observed biomarker profiles must be
validated in other non-VA cohorts to fully assess the generaliz-
ability of our findings. Meticulous phenotypic and radiographic
classification will be critical to this effort, as the development of
well-characterized, appropriately sized subgroups encompass-
ing all stages of RA-ILD (including indeterminate ILD) will be nec-
essary to fully control for variables such as current versus former
smoking (note that, with few exceptions, subgroup analysis of
RA-ILD patients enrolled from the VARA registry did not reveal
significant differences between biomarker levels in current versus
ever smokers [data not shown]), alternative environmental expo-
sures, medication usage, and comorbid illnesses.

Beyond these issues, the derivation of pathogenically relevant
signaling pathways from PCA is inherently limited by the inability
of such methods to prove causality—emphasizing the need for
future in vitro experimental studies to confirm mediator networks
suggested by this type of statistical analysis. At the same time,
the lack of complete PFT data in the VA cohort (Table 1) precludes
meaningful functional correlations with observed biomarker profiles
that could further support the pathogenic and clinical relevance of
selected mediators/pathways.

Despite these potential shortcomings, our study clearly
shows that peripheral blood biomarker profiling represents a viable
approach for 1) determining candidate signaling networks worthy
of additional investigation and 2) developing clinically useful predic-
tion tools capable of identifying “at-risk” individuals in whom more
detailed screening for subclinical/early stage RA-ILD is needed. As
such, this work establishes the foundation for prospective/longitu-
dinal studies geared toward the development of additional models
predictive of disease onset and/or progression. Equally important,
elucidating signaling pathways that contribute to disease patho-

genesis in different RA-ILD cohorts will further define the impact of
key environmental exposures (such as smoking), clarify mechanistic
overlap with IPF, and suggest novel therapeutic targets for this
potentially devastating extraarticular disease manifestation of RA.
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Mediating Role of Bone Marrow Lesions, Synovitis, Pain
Sensitization, and Depressive Symptoms on Knee Pain
Improvement Following Substantial Weight Loss
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and David T. Felson®

Objective. Massive weight loss leads to marked knee pain reduction in individuals with knee pain, but the rea-
son for the reduction in pain is unknown. This study was undertaken to quantify the contribution of magnetic reso-
nance imaging (MRI)-evidenced changes in pain-sensitive structures, bone marrow lesions (BMLs), and synovitis,
and changes in pain sensitization or depressive symptoms, to knee pain improvement after substantial weight loss.

Methods. Morbidly obese patients with knee pain on most days were evaluated before bariatric surgery or med-
ical weight management and at 1-year follow-up for BMLs and synovitis seen on MRI, the pressure pain threshold
(PPT) at the patella and the right wrist, depressive symptoms (using the Center for Epidemiologic Studies Depres-
sion scale [CES-D]), and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain survey.
Natural-effects models were used to quantify the extent that achieving a minimum clinically important difference
(MCID) of >18% on the WOMAC pain scale could be mediated by weight loss-induced changes in BMLs, synovitis,
PPT, and depressive symptoms.

Results. Of 75 participants, 53.3% lost >20% of weight by 1 year. Of these, 75% attained the MCID for pain im-
provement, compared with 34.3% in those who had <20% weight loss. Mediation analyses suggested that, in those
with at least 20% weight loss, the odds of pain improvement increased by 62%, 15%, and 22% through changes in
patella PPT, wrist PPT, and CES-D, respectively, but pain improvement was not mediated by MRI changes in BMLs
or synovitis.

Conclusion. Weight loss-induced knee pain improvement is partially mediated by changes in pain sensitization

and depressive symptoms but is independent of MRI changes in BMLs and synovitis.

INTRODUCTION

Osteoarthritis (OA) is the most common cause of arthritis,
which is estimated to affect 91.2 million adults in the US (1), mak-
ing it a leading cause of disability. While pain is the most promi-
nent cause of OA-related disability, the association between pain
and structural features of joints affected by OA is incompletely
understood. These structural features often include bone marrow
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lesions (BMLs) and synovitis visualized by magnetic resonance
imaging (MRI). Some studies have suggested an association of
BMLs with pain (2-8) and synovitis (4,7-10), while others have
suggested no association (11-14). In addition to structural fea-
tures, there are reports of other factors that affect knee pain. For
example, pain sensitization is associated with pain severity in knee
OA (15), and a recent study suggested an improvement in pain
sensitization following bariatric surgery (16). Further, sustained

Manchester, NIHR Manchester Biomedical Research Centre, and Manchester
University NHS Foundation Trust, Manchester, UK.

Dr. Guermazi owns stock or stock options in Boston Imaging Core Lab,
LLC. Dr. Apovian has received consulting fees from Novo Nordisk, Eisai,
Zafgen, Orexigen Therapeutics, EnteroMedics, Gl Dynamics, Gelesis, Bariatrix,
Xeno Pharmaceuticals, Biosciences, Rhythm Pharmaceuticals, and Scientific
Intake (less than $10,000 each) and owns stock or stock options in Science-
Smart, LLC. No other disclosures relevant to this article were reported.

Address correspondence to S. Reza Jafarzadeh, DVM, MPVM, PhD, Boston
University School of Medicine, Section of Rheumatology, Department of Medi-
cine, 650 Albany Street, Suite X200, Boston, MA 02118. E-mail: srjafarz@bu.edu.

Submitted for publication March 28, 2019; accepted in revised form
September 24, 2019.


https://orcid.org/0000-0002-1099-9175
mailto:srjafarz@bu.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41125&domain=pdf&date_stamp=2020-01-22

MEDIATORS OF WEIGHT LOSS EFFECT ON KNEE PAIN IMPROVEMENT

421

depressive symptoms that often co-occur with OA (17) have been
reported to be associated with pain severity (18).

Obesity is a major risk factor for OA (19), and is also asso-
ciated with pain and depressive symptoms. Several studies have
shown considerable improvement in knee pain following bariat-
ric surgery (16,20,21), which results in substantial weight loss.
However, no study to our knowledge has evaluated the extent to
which changes in BMLs, synovitis, pain sensitization, or depres-
sive symptoms contribute to pain improvement in individuals who
experience substantial weight loss. A cause-specific assessment
for the pain improvement would provide insight into the causes of
knee pain in obese persons and might provide clues to effective
pain-relieving treatments.

Our study focused on BMLs and synovitis assessed by longitu-
dinal MRI evaluations, pain sensitization, and depressive symptoms
measured pre- and postintervention, in morbidly obese subjects
who experienced substantial weight loss after bariatric surgery or
medical weight management. Specifically, we quantified the extent
to which changes in BMLs, synovitis, pain sensitization, or depres-
sive symptoms that may occur with substantial weight loss could
mediate the effect of weight loss on knee pain improvement.

PATIENTS AND METHODS

Setting. Study participants were recruited from the Nutrition
and Weight Management Center at Boston Medical Center. The
study was approved by the Institutional Review Board at the Bos-
ton University Medical Campus. All participants provided written
informed consent.

The eligible study participants included obese patients
between 25 and 60 years of age who had a body mass index
(BMI) of =35 kg/m? with a weight-related comorbidity or a BMI of
>40 kg/m?. In addition, subjects had to have experienced knee
pain on most days for the past month and had to be able to
undergo a knee MRI evaluation. If both knees were affected, the
more painful knee was evaluated by MRI. Patients with a history of
knee surgery or inflammatory arthritis were not eligible.

Following the baseline assessment, study participants
received either medical weight management treatment or bariatric
surgery. The medical weight management group received dietary
recommendations with or without prescription medications that
included phentermine (with or without topiramate), lorcaserin,
bupropion (with or without naltrexone), or liraglutide. Dietary guid-
ance consisted of 1,200-1,500 and 1,500-1,800 kcal/day high-
protein, low-fat diets with or without meal replacements for women
and men, respectively. In the bariatric surgery group, patients
underwent either a laparoscopic Roux-en-Y gastric bypass or
laparoscopic sleeve gastrectomy. It was recommended to the
subjects in both treatment groups that they walk for a minimum of
30 minutes/day and perform resistance exercise twice weekly.
The follow-up study visit occurred ~1 year after bariatric surgery
or the baseline visit in the medical weight management group.

Measurements. All study participants underwent 3T MRI
(Philips Achieva) and pulse sequences, including sagittal WATSc
and 3-dimensional fat-saturation Spectral Attenuated Inver-
sion Recovery. Semiquantitative MRI assessments consisted of
paired readings of baseline and follow-up images by an experi-
enced musculoskeletal radiologist using the MRI Osteoarthritis
Knee Score (MOAKS) for BMLs and synovitis. The radiologist was
blinded with regard to the treatment received and the weight loss
experienced. For BMLs and synovitis in a knee, we examined the
maximum (i. e., worst) score and the sum of scores for BMLs and
synovitis, as previously described (22).

Pain sensitization was assessed by measuring pressure pain
thresholds (PPTs) with a handheld algometer applied at a rate of
0.5 kg/second as the point at which the pressure first changed to
slight pain. The PPT was obtained at the index patella and right wrist.
The average of 3 consecutive PPT measurements was determined.
Low patella and wrist PPTs are suggestive of greater pain sensitiza-
tion. Depressive symptoms were assessed using the 20-item Center
for Epidemiologic Studies Depression scale (CES-D) (23).

Knee-specific pain severity was assessed using the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
pain subscale (24). We defined the minimum clinically important
difference (MCID) for WOMAC pain as a reduction of >18% in the
WOMAC pain subscale score, as previously described (25).

Analytical approach. Characteristics of the study sample
were represented by frequencies for binary and categorical covari-
ates and by distribution summaries for continuous covariates. As in a
prior study (22) and based on a cutoff determined using the approx-
imate median distribution of weight loss, these descriptive statistics
were stratified based on whether participants lost >20% of weight
by the 1-year follow-up visit. Changes in the mean PPT at the patella
and wrist, and changes in the mean CES-D score between baseline
and 1-year follow-up were evaluated by linear mixed-effects models,
with random effects specified for subjects to account for the cor-
relation due to repeated measurements on the same knees across
visits (26).

We performed a causal mediation analysis to quantify the
extent to which specific causal pathways allow weight loss to
exert its effects on pain improvement. These potential causal
pathways included an indirect effect, which is the extent of
pain improvement attributable to weight loss—induced changes
in BMLs, synovitis, patella and wrist PPTs, and CES-D score.
The direct effect quantified any remaining effect not mediated by
changes in BMLs, synovitis, patella and wrist PPTs, and CES-D
score (Figure 1).

To estimate indirect and direct effects, we fit a natural-effects
model (27), which is a flexible and robust method to decompose
the overall total effect into specific potential causal pathways,
without reliance on a restrictive linear parametric statistical model
(28). These indirect and direct effects are defined based on the
counterfactual framework for causal inference, which is the effect
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Exposure (X): 2 20% Weight Loss
Mediater (M}): Change in BML, Synovitis, PPT, CES-D
Outcome (Y): 2 18% Reduction in WOMAC Pain Score

Figure 1. Directed acyclic graph representing the natural indirect effect
(mediated by changes in bone marrow lesions [BMLs], synovitis, pain
sensitization according to the patella and wrist pressure pain threshold
[PPT], or depressive symptoms according to the Center for Epidemiologic
Studies Depression scale [CES-D]; X to Y pathway through M) and the
natural direct effect (not mediated; X to Y pathway not passing through
M) of weight loss on knee pain improvement. WOMAC = Western
Ontario and McMaster Universities Osteoarthritis Index.

that would have been observed if the exposure or mediator were
absent in contrast to the observed data (29).

Mediated interaction. We assessed mediated interac-
tion, which is the effect modification of natural effects between
the exposure, weight loss, and the mediators, i. e., we assessed
whether weight loss and BMLs, synovitis, patella or wrist PPTs,
or CES-D score interact in their effect on pain improvement.
In this effect decomposition, both indirect and direct effects
are decomposed into pure indirect and pure direct effects in
addition to the interactive effect, as previously described (30).

Interpretation of natural effects. Modern causal
mediation analysis approaches rely on modeling techniques
to estimate mediated/indirect effects under the counterfactual
framework (for technical details, see ref. 31). These sets of
parametric models or nonparametric (i. €., model-free) approaches
allow an estimate of effect by changing treatment assignment
(e. 9., exposure level of >20% and <20% weight loss) along
specific pathways, but not along other pathways. A natural-
effects model is one such approach that allows for model-
free decomposition of exposure effect into indirect and direct
effects. Identifying indirect and direct effects depends on 3
causal assumptions: exchangeability (e. g., those with >20%
weight loss, had they lost <20% of weight, would have experi-
enced the same average outcome as those with <20% weight
loss); consistency (e. g., the observed outcome for each sub-
ject with >20% weight loss equals the counterfactual outcome
if the subject lost >20% of weight, and same for those with
<20% weight loss); and positivity (e. g., there is a nonzero pos-
itive probability that each subject could lose >20% or <20%
of weight). Consequently, this counterfactual framework under

which causal mediating effects are estimated does not rely on
other assumptions such as hypothesis testing to assess the
statistical significance of the association between mediators
and exposure (i. e., weight loss).

The natural direct effect was defined by Robins and Greenland
(82) as the expected effect of an exposure on an outcome, while
retaining the mediator constant at the level that would have natu-
rally occurred in the absence of the exposure. The natural indirect
effect provides an estimate for the effect of an exposure on an out-
come if all subjects were exposed by setting the mediator to a level
that would have occurred in the absence of the exposure. Note
that in estimating the natural indirect effect, the exposure status
remains constant, whereas the mediator level is held constant in
the natural direct effect estimate (28).

Computation. We used the imputation-based approach
developed by Vansteelandt et al (33) to estimate the parameters
of the natural-effects model. In this approach, no model is spec-
ified for the distribution of the mediator; thus, unlike a competing
approach that uses weighting, it is not sensitive to the potential
misspecification of the mediator model, especially if the mediator
is continuous (34). Nonetheless, in a sensitivity analysis, we calcu-
lated our effect measures using both imputation- and weighting-
based approaches. Effects measures for our binary outcome

Table 1. Baseline characteristics of the study population (n = 75)
stratified by weight loss at 1-year follow-up*®

<20% weight loss >20% weight loss

(n =35) (n = 40)
Age, years 473 +8.3(49.0) 42.5+9.6(49.0)
Female, no. (%) 30(85.7) 39 (97.5)
African American, 27 (77.0) 19 (47.5)
no. (%)
Bariatric surgery, 8(22.9) 39(97.5)
no. (%)
BMI, kg/m? 409 +4.5(40.0) 423 +4.5(41.6)
College/graduate 15(42.9) 14 (35.0)
education, no. (%)
Employed, no. (%) 9(25.7) 9(22.5)
K/L grade, no. (%)
0 6 (17.1) 8(20.0)
1 11 (31.4) 11(27.5)
2 8(22.9) 14 (35.0)
B 9(25.7) 7(17.5)
4 1(2.9) 0(0.0)
WOMAC pain 125+49(13.0) 11.8+4.2(12.0)
(0-24 scale)
BML worst score >0, 24 (68.6) 24 (60.0)
no. (%)
Synovitis worst 18 (51.4) 24.(60.0)

score >0, no. (%)
Patella PPT 429.6 £ 1981 (412.2) 345.4+158.0(318.1)
Wrist PPT 346.4 +150.0(299.5) 351.7 +144.9 (326.0)
CES-D 19.3+11.6(17.5) 14.4+9.2 (11.5)

* Except where indicated otherwise, values are the mean + SD (me-
dian). BMI = body mass index; K/L = Kellgren/Lawrence; WOMAC =
Western Ontario and McMaster Universities Osteoarthritis Index;
BML = bone marrow lesion; PPT = pressure pain threshold; CES-D =
Center for Epidemiologic Studies Depression scale.
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were expressed as odds ratios (ORs), with corresponding 95%
confidence intervals (95% Cls) calculated using the bootstrap
technique. All analyses were implemented using R software ver-
sion 3.4.0 (35) and the medflex library version 0.6-1 (36).

Sensitivity analyses. \We examined weight loss of >20%
versus <20% in our primary analyses. We additionally performed
sensitivity analyses using a threshold of >10% versus <10% for
weight loss, and another analysis in which we limited the analyses
to subjects with BMLs or synovitis at baseline as well as a sensi-
tivity analysis in which we compared mediating effects in bariatric
surgery patients versus those in the medical weight management
group regardless of percent weight loss.

RESULTS

Baseline data. Baseline characteristics of the study par-
ticipants are presented in Table 1. There were 75 participants:
47 (63%) in the bariatric surgery group and 28 (37%) in the
medical weight management group. Nearly half of the study
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participants (40 [53%]) lost >20% body weight by the 1-year
follow-up visit; 39 of the 40 (97.5%) were from the bariatric
surgery group.

On baseline MRl assessment, 64% (48 of 75) and 56% (42
of 75) of the participants had BMLs and synovitis, respectively,
based on MOAKS scores of >1 (Table 1). Among patients who
eventually experienced >20% weight loss over the follow-up
period, 60% (24 of 40) had BMLs and 60% had synovitis at
baseline, compared with 68.6% (24 of 35) and 51.4% (18 of
35) who had baseline BMLs and synovitis, respectively, among
patients who did not achieve >20% weight loss by 1-year
follow-up.

At baseline, neither patella PPT (mean difference —84.2 [95%
Cl-2.9,171.2]) nor wrist PPT (mean difference 5.3 [95% CI -75.4,
64.6]) were significantly different among participants who had lost
>20% of weight by follow-up, compared with those with <20%
weight loss. The mean CES-D at baseline was lower in subjects
with >20% weight loss by 1-year follow-up, compared with those
who did not experience weight loss (mean difference —4.9 [95%
Cl 0.0, 9.8]) (Table 1 and Figure 2).
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Figure 2. Box plots of baseline and follow-up measures of the pressure pain threshold (PPT) at the patella and the right wrist, and the Center
for Epidemiologic Studies Depression scale (CES-D), stratified by weight loss at 1 year. Each box represents the 25th to 75th percentiles. Lines
inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower interquartile ranges. Circles indicate outliers.
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Figure 3. Longitudinal changes in bone marrow lesion and synovitis
worst scores, measured semiquantitatively by magnetic resonance
imaging, stratified by weight (Wt) loss from baseline to 1-year
follow-up.

Change in mediators: BMLs, synovitis, pain sensitiza-
tion, and depressive symptoms. Change in the worst score
from baseline to follow-up in patients with BMLs (coefficient for
mean difference [coef.] 0.1 [95% CI —0.2, 0.4]) and synovitis (coef.
0.1 [95% CI -0.3, 0.2]) was not significantly different between the
group of patients with >20% weight loss, compared with patients
who had <20% weight loss (Figure 3). Similarly, when the sum of
MRI scores was considered for each structural feature, changes in
BMLs (coef. 0.2 [95% CI 0.7, 1.2]) and synovitis (coef. 0.1 [95%
Cl -0.5, 0.2]) were not significantly different between patients with
>20% weight loss and those with <20% weight loss.

The mean PPT increased significantly from baseline to
follow-up for both the patella (coef. 68.4 [95% CI 10.8, 125.9]) and
the wrist (coef. 88.5 [95% CI 38.1, 138.0)) for all subjects, sug-
gesting less pain sensitization across visits. However, the change
in mean PPT for the patella (coef. —11.3 [95% Cl -84.6, 62.6]) and
the wrist (coef. 18.0 [95% CIl —-48.0, 87.6]) was not significantly

different between patients with and those without >20% weight
loss. The mean CES-D score decreased from baseline to
follow-up for all subjects (coef. —0.8 [95% CI -3.1, 1.67]), and was
significantly lower (coef. —6.2 [95% CI —11.0, —1.4]) in those who
lost >20% of weight compared with those who had <20% loss of
weight (Figure 2).

Pain improvement. Among participants who lost >20%
body weight, 75% (30 of 40) experienced the MCID improvement
in WOMAC pain. In contrast, 35% of those with <20% weight loss
(12 of 35) experienced the MCID improvement in WOMAC pain.

Mediated effects. Estimates for the natural indirect effect
suggested that the effect of weight loss on pain improvement
was not mediated by the BML score (for worst BMLs, OR 1.01
[95% CI 0.78, 1.28]) or synovitis (OR 1.03 [95% CI 0.73, 1.45]).
Results were similar for the sum of BMLs or synovitis scores.
However, there was 62% and 15% increased odds of attaining
the MCID in pain improvement by changes in the patella PPT
(OR 1.62 [95% CI 0.89, 2.75]) and the wrist PPT (OR 1.15 [95%
Cl 0.77, 1.77)), respectively, in participants who lost >20% body
weight compared with those who had <20% loss of body weight
(Table 2). Further, the estimate of the natural indirect effect for
CES-D score suggested 22% increased odds (OR 1.22 [95% CI
0.77, 1.87]) of pain improvement in subjects with >20% weight
loss compared with those with <20% weight loss.

Unmediated effects. Estimates for the natural direct effect,
not mediated through changes in the worst scores for BMLs and
synovitis, suggested a 5.39-fold increase (95% CI 1.43, 16.99)
and a 5.07-fold increase (95% Cl 1.38, 15.33), respectively, in the
odds of pain improvement in patients with >20% weight loss com-
pared with those without such weight loss. Natural direct effect
estimates not mediated through the patella PPT and the wrist PPT
also suggested a 2.47-fold increase (95% ClI 0.73, 7.71) and a
3.82-fold increase (95% Cl 1.10, 11.30), respectively, in the odds

Table 2. Estimates of the natural indirect effect (mediated) and
natural direct effect (not mediated) of >20% weight loss on knee
pain improvement*

Natural direct
effect, OR (95% Cl)

Natural indirect
effect, OR (95% Cl)

BML
Worst score 1.01(0.78,1.28) 5.39(1.43,16.99)
Sum of scores 1.01(0.72,1.30) 4.70(1.35,15.22)
Synovitis
Worst score 1.03(0.73, 1.45) 5.07(1.38, 15.33)
Sum of scores 0.98(0.73, 1.33) 4.87(1.44,13.82)
PPT
Patella 1.62(0.89,2.75) 2.47(0.73,7.71)
Wrist 115(0.77,1.77) 3.82(1.10, 11.30)
CES-D 1.22(0.77,1.87) 4.08(1.08,13.17)

* OR = odds ratio; 95 % Cl = 95% confidence interval (bootstrap
method); BML = bone marrow lesion; PPT = pressure pain threshold;
CES-D = Center for Epidemiologic Studies Depression scale.
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of pain improvement in subjects who lost >20% body weight com-
pared with those who did not. The estimate for the natural direct
effect not mediated through changes in CES-D score suggested
a 4.08-fold increase (95% Cl 1.08, 13.17) in the odds of pain
improvement in patients with >20% weight loss compared with
those with <20% weight loss (Table 2).

Mediated interaction. Estimates for the mediated inter-
action between weight loss and worst BML or synovitis scores
suggested no evidence of effect modification between the effect
of weight loss and BMLs (OR 0.95 [95 CI 0.32, 3.75]) or synovitis
(OR 0.88 [95% CI 0.50, 1.40]) on pain improvement. Results were
similar for the sum of BML or synovitis scores. Mediated interac-
tion effect measures for the patella PPT (OR 0.81 [95% CI 0.44,
1.35]), the wrist PPT (OR 0.89 [95% CI 0.51, 1.86]), and CES-D
score (OR 1.05 [95% CI 0.59, 1.95]) also suggested no effect
modification between the effect of weight loss and the patella or
wrist PPTs and CES-D score on pain improvement.

Sensitivity analyses. In sensitivity analyses, the effect
sizes for the natural effects were similar when the analysis was
restricted to those with BMLs and synovitis at baseline, or when
a weight loss of >10%, rather than >20%, was considered. They
were also similar when subjects who had bariatric surgery were
compared with those who underwent medical weight manage-
ment regardless of weight loss percentage at follow-up visit,
although all patients, with the exception of 1, who lost >20% body
weight by 1-year follow-up were in the bariatric surgery group (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41125/
abstract).

DISCUSSION

We found that clinically meaningful improvement in knee
pain that occurred in morbidly obese patients following >20%
weight loss over a 1-year follow-up period was not explained by
changes in BMLs and synovitis. However, changes in pain sensi-
tization assessed as the patella and wrist PPTs, and depressive
symptoms quantified by CES-D, partially explained the effects of
weight loss on pain reduction. No effect modification on knee pain
improvement was found between these mediated effects and
weight loss levels.

As expected, subjects with knee pain undergoing bariatric
surgery experienced a marked reduction in pain. To our knowl-
edge, there have been no studies examining factors potentially
mediating the effect of weight loss on knee pain. The inclusion
of patients undergoing substantial weight loss and knee pain
reduction offered us a unique opportunity to explore potential
mechanisms of pain reduction. While our goal was to report the
effect sizes for natural direct and indirect effects, the uncertainty
around our reported effect sizes, expressed by bootstrap Cls,

slightly overlapped the null, partially attributable to the study sam-
ple size (37,38). Our inference focused more on effect sizes than
on the results of hypothesis testing and corresponding P values.
While we hoped that we could achieve a narrower Cl around our
calculated estimates, power analysis for the main study outcome
(i. e., pain improvement) assumed a satisfactory sample size. Power
analysis for a mediation analysis, however, is more complex and
much less developed in the statistical literature, and, to the best of
our knowledge, there is no statistical development for imputation-
based (and nonparametric) natural-effects models. However, the
width of confidence bounds that we calculated by bootstrap resa-
mpling (for increased accuracy) appears reasonable. As we noted
above in the interpretation of natural direct and indirect effects and
assessment of mediating roles, the status of BMLs or synovitis has
to stay at a level that naturally occurs for a given level of weight
loss. This means that the natural levels of BMLs and synovitis
scores could be the same across exposure levels |i. e., >20% and
<20% weight loss levels), regardless of the significance of their
mediating role.

Beyond our initial study objective, we also tested a mediation
hypothesis to examine how much pain improvement due to bari-
atric surgery was potentially mediated by weight loss. The results
of this new mediation hypothesis suggested that compared with
patients undergoing medical weight management, the direct
(not mediated) effect of bariatric surgery on pain improvement
was 39% greater (OR for natural direct effect 1.39 [95% Cl 0.14,
12.13)). Further, there was a 2.75-fold increase in the odds of pain
improvement with bariatric surgery, which was mediated by weight
loss (OR for natural indirect effect 2.75 [95% CI 0.42, 16.98]).
These effect sizes suggest that the effect of bariatric surgery on
pain improvement is mostly mediated by weight loss; however, the
sample size for this secondary mediation hypothesis was small.

In an earlier study, we assessed cartilage both semiquan-
titatively and quantitatively in the same study sample (22) and
reported no effect of weight loss on this measure over a year,
although morphologic changes in cartilage would be unusual in
this time frame. BMLs and synovitis have both been shown to
change within a few weeks (2,5,39). Our longitudinal MRI assess-
ments revealed non-statistically significant changes in BMLs and
synovitis scores within 1 year, despite massive weight loss. Sim-
ilarly, Gudbergsen et al (14) reported a lack of improvement in
BMLs in response to rapidly decreasing body weight following a
weight loss intervention, and also concluded that there was no
association between changes in BMLs and clinical symptoms,
including pain. However, no formal assessment of a potential
mediating role (i. e., an estimate for indirect effect) was presented
(14). Further, results of the Cartilage in Obese Knee Osteoarthritis
Patients trial on the influence of weight loss therapy on carti-
lage in obese subjects with knee OA have similarly suggested
nonsignificant changes in synovitis at 1-year follow-up after the
intervention, but showed increased BMLs only in those who
lost weight by exercise compared with those who experienced
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weight loss by diet or a no-attention group (40). Moreover, in
the Intensive Diet and Exercise for Arthritis trial in which subjects
who experienced 10% weight loss by the 18-month follow-up
through diet and exercise, solely by diet, or solely through exer-
cise were studied, no significant changes in structural features
such as BMLs and synovitis were found, despite improvement
in knee pain (41).

While previous studies have both supported (2,4-8,10) and
not supported (11-14) the association of BMLs and synovitis
with pain in OA, few studies have explored the underlying causal
mechanisms by which these structural features could be related
to pain. Exceptions were found in studies that attributed chronic
pain in OA to changes in central sensitization during OA devel-
opment and progression (15,42). A strength of our study was
the assessment of these mediating effects in a population who
lost a lot of weight (i. e., >220%) in contrast to previous studies
that assessed lesser degrees of weight loss (14,40,41). Another
strength was the use of modern approaches to causal mediation
that allow assessment of intermediate variables on a causal path-
way to quantify knee pain reduction mediated by these factors as
part of the effect of weight loss.

There are some limitations to our study as well. Our study par-
ticipants were almost entirely women, despite efforts to recruit men.
The sample size was relatively small, resulting in limited precision
manifested by relatively wide Cls. While MRl is an ideal instrument
for quantifying the changes in structural features of OA compared
with plain radiography, the semiquantitative nature of the MOAKS
scoring method does not allow a volumetric measurement for
quantifying the size of these structural features. Future studies
should assess other potential causal pathways through which sub-
stantial weight loss could exert its effect on knee pain improvement,
such as changes in biomechanical or inflammatory factors.

In conclusion, pain is a complex phenomenon in knee OA.
Our findings suggest that changes in pain sensitization and in
depressive symptoms mediate, in part, knee pain improvement
experienced by those undergoing substantial weight loss, espe-
cially following bariatric surgery. This suggests that pain sensiti-
zation and depressive symptoms could be a promising target for
future intervention studies in those with chronic knee pain.
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BRIEF REPORT

Altered Cytotoxicity Profile of CD8+ T Cells in
Ankylosing Spondylitis

Eric Gracey,' ' Yuchen Yao,” Zoya Qaiyum,® Melissa Lim,* Michael Tang,® and Robert D. Inman'

Objective. Ankylosing spondylitis (AS) is an inflammatory arthritis in which men have a higher risk of developing
progressive axial disease than women. Transcriptomic studies have shown reduced expression of cytotoxic cell
genes in the blood of AS patients. HLA-B27 contributes the greatest risk for AS, suggesting a role for CD8+ T cells.
This study was undertaken to profile AS patient cytotoxic cells with the hypothesis that an alteration in CD8+ T cells
might explain the aberrant cytotoxic profile observed in patients.

Methods. Whole blood was examined for GZM and PRF1 gene expression by quantitative polymerase chain
reaction. Serum and synovial fluid (SF) were examined for granzyme and perforin 1 expression by bead array, and
blood and SF mononuclear cells were examined for granzyme and perforin 1 expression by fluorescence-activated
cell sorting (FACS).

Results. GZM and PRF1 gene expression were both reduced in AS patients compared to healthy controls, espe-
cially in men. Perforin 1, but not granzyme, protein levels were reduced in AS patient serum. Granzymes were elevat-
ed in AS SF, but not in rheumatoid arthritis or osteoarthritis SF. FACS revealed a reduction in granzyme-positive and
perforin 1-positive lymphocytes, but not an intrinsic defect in CD8+ T cell granzyme or perforin 1 production. CD8+
T cell frequency was reduced in the blood and increased in the SF of AS patients.

Conclusion. Our findings indicate that AS patients have an altered cytotoxic T cell profile. These data suggest
that CD8+ T cells with a cytotoxic phenotype are recruited to the joints, where they exhibit an activated phenotype.

Thus, a central role for CD8+ T cells in AS may have been overlooked and deserves further study.

INTRODUCTION

Ankylosing spondylitis (AS) is an inflammatory disease of axial
and peripheral joints in which men have a higher risk of developing
progressive axial disease than women. Inflammation-associated
erosive changes in the target joints coexist with new bone forma-
tion, resulting in complete ankylosis of the spine in severe cases.

How the immune system is altered in AS, and how these
changes mediate arthritis, are not fully understood. Basic human
research, animal studies, clinical trials, and genome-wide asso-
ciation studies have indicated a role for interleukin-17 (IL-17)—
producing CD4+ T (Th17) cells (1). Those same genetic studies
also linked AS with a large number of CD8+ T cell-related factors,
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such as TBX21, EOMES, and RUNX3, and with antigen process-
ing and presentation factors, including ERAP1, ERAP2, NPEPPS,
and HLA-B27 (2,3). HLA-B27, a major histocompatibility com-
plex (MHC) class | allele, contributes the greatest risk for AS and is
present in >80% of AS patients, but in <8% of healthy individuals.
Despite being such a strong risk factor for AS, a mechanistic role
for MHC class I-restricted CD8+ T cells has yet to be defined (4),
leading many to conclude that CD8+ T cells may play a limited
role in AS.

We recently performed a gene expression analysis on AS
patients and healthy controls (5), in which we observed a down-
regulation of cytotoxic cell-related genes, such as granzymes A,
B, and K and granulysin in whole blood from AS patients. In the
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present study, we confirm this finding in an independent cohort
of patients, and further show that this loss of cytotoxic factor
expression is driven by a reduction in CD8+ T cell frequency in the
peripheral blood. We show that CD8+ T cells are enriched in the
synovial fluid (SF) of AS patients, providing evidence that CD8+ T
cells may play an overlooked role in the pathogenesis of AS.

MATERIALS AND METHODS

Patient cohorts. Patients with AS, patients with rheumatoid
arthritis (RA), and patients with osteoarthritis (OA) were recruited
from the rheumatology clinics at Toronto Western Hospital and Mt.
Sinai Hospital (Toronto, Ontario, Canada). All AS patients fulfilled the
modified New York criteria (6), and all RA patients fulfiled the Amer-
ican College of Rheumatology/European League Against Rheuma-
tism 2010 criteria (7). Healthy controls were recruited from hospital
staff and volunteers with no clinical autoimmune disease or recent
infections. All patients and controls completed a University Health
Network Research Ethics Board—approved consent form to partici-
pate. Cohort demographics and details on specimen processing are
given in Supplementary Tables 1-4 and the Supplementary Meth-
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B

ods, respectively, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41129/abstract.

Gene expression. Quantitative polymerase chain reaction
(gPCR) was performed using Power SYBR Green (ABI) on an ABI
7900HT system. A list of primers used is shown in Supplementary
Table 5, and detailed methods are provided in the Supplementary
Methods, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41129/abstract.

Cytokine bead array. A customized LEGENDplex kit was
obtained from BiolLegend. Samples were analyzed by standard
LEGENDplex protocol using Data Analysis Software version 7.0.

Flow cytometric analysis. Single-cell suspensions were
first stained with a Live/Dead fixable cell stain (L/D NIR [Invitrogen] or
FVS780 [BD]) according to the recommendations of the manufac-
turer. Cells were blocked with FcX (BioL.egend) prior to staining with
surface antibodies. For experiments in which granzyme A, gran-
zyme B, and perforin 1 were stained, cells were fixed with a par-
aformaldehyde buffer and permeabilized with intracellular staining
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Reduced GZMA and PRF1 gene expression in the whole blood of male patients with ankylosing spondylitis (AS). A, GZMA and

PRF1 expression in patients with AS and patients with rheumatoid arthritis (RA), normalized to the average expression in healthy controls
(HCs) (dotted lines), determined by quantitative polymerase chain reaction (QPCR). B, GZMA and PRF1 expression in male patients with AS
and female patients with AS, normalized to the average expression in sex-matched healthy controls (dotted lines), determined by gPCR. Fold
change in GZMA expression was calculated using the AAC, method, and fold change in PRFT expression was calculated using the Pfaffl
method. HPRT was used as a housekeeping gene. Circles represent individual patients; horizontal lines and error bars show the mean + SEM.
*=P<0.05; "™ =P<0.01; ™ =P <0.001, by Kruskal-Wallis test with Dunn’s post hoc test in A; by Mann-Whitney test in B. NS = not significant.
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buffer (BioLegend). Antibodies used are listed in Supplementary
Table 6, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41129/abstract. Data
were acquired on a FACSAria lll, Fortessa X20, or FACSCanto I
system (BD) and analyzed with FlowJo.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism software. Data were tested for normality
before the statistical test was selected. Except where indicated
otherwise, values are presented as the mean + SEM. Two-tailed
statistical tests were used, with specific tests indicated in the
figure legends. Multiple regression analyses, using IBM SPSS Sta-
tistics version 22.0.0, were performed to investigate the influence
of various clinical parameters on the expression of GZMA, PRF1,
and serum perforin 1 and CD8+ T cell frequency. P values less
than 0.05 were considered significant.

RESULTS

Reduced expression of cytotoxic cell genes in patients
with AS. In a previously published microarray study (5), we iden-
tified a sex-dependent cytotoxic gene expression profile in AS
patients. In the present study, we assembled an independent cohort
of AS patients to confirm these results in whole blood by gPCR.
RA patients were analyzed as disease controls. We confirmed that
GZMA expression was reduced in AS patients compared to healthy
controls and found that PRF7 expression was also reduced in AS
patients (Figure 1A). In addition, the expression of both of these
genes was reduced in RA patients compared to healthy controls.
We reanalyzed the data by sex, normalizing AS patient data to that
for sex-matched healthy controls (Figure 1B), which confirmed that
the reduced GZMA and PRF1 expression in AS patients displays
sexual dimorphism. To examine the effect of clinical parameters
within the AS patient cohort, we performed regression analysis.
While treatment type (e.g., tumor necrosis factor [TNF] inhibitors
and nonsteroidal antiinflammatory drugs) and systemic inflamma-
tion (e.g., C-reactive protein level and erythrocyte sedimentation
rate) did not predict GZMA and PRF1 expression, the Bath Anky-
losing Spondylitis Disease Activity Index (BASDAI) (8) was a signif-
icant negative predictor (P < 0.05) (Supplementary Tables 7 and 8,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41129/abstract).

Elevation of granzyme, but not perforin, levels in AS SF.
To gain insight into secreted cytotoxic cell products at the protein
level, we used a fluorescence-activated cell sorting (FACS)-based
bead array to examine the levels of granzyme A, granzyme B, gran-
ulysin, perforin 1, and selected cytokines. In these experiments we
found that only perforin 1 was down-regulated in the serum of AS
patients compared to healthy controls (Figure 2A). Granzyme A,
granzyme B, and granulysin levels were significantly higher in AS
SF compared to AS serum, whereas perforin 1 levels were further
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Figure 2. Altered granzyme and perforin 1 expression in the
synovial fluid (SF) of patients with ankylosing spondylitis (AS).
A, Serum levels of granzyme A, granzyme B, granulysin, and perforin
1 protein in healthy controls (HCs) and AS patients and SF levels in
patients with AS, patients with rheumatoid arthritis (RA), and patients
with osteoarthritis (OA), determined by fluorescence-activated cell
sorting (FACS)-based bead array. B, Serum levels of granzyme A,
granzyme B, granulysin, and perforin 1 protein in healthy controls
and patients with AS stratified by sex, determined by FACS-based
bead array. Circles represent individual patients; horizontal lines and
error bars show the mean + SEM. * = P < 0.05; ** = P < 0.01; ** =
P < 0.001; *** = P < 0.0001, by Mann-Whitney test for healthy
control versus AS blood and for AS blood versus AS SF and by
Kruskal-Wallis test with Dunn’s post hoc test for AS SF versus RA
SF and OA SF in A; by Mann-Whitney test in B. NS = not significant.

decreased in AS SF versus AS serum. Further, the elevation of gran-
zyme A, granzyme B, and granulysin levels in the SF appeared to
be specific to AS, although the limited numbers of RA SF and OA
SF controls preclude a conclusive comparator statement for this
observation. Given the sex-specific gene expression changes in
PRF1 and GZMA, we stratified the patients by sex and assessed
serum protein levels (Figure 2B). We found that perforin 1 levels
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were lower in male AS patients. Regression analysis of clinical
parameters in AS patients found only sex to be a close predictor of
serum perforin 1 level (P = 0.056) (Supplementary Table 9, available
on the Arthritis & Rheumatology web site at http://onlineliorary.wiley.
com/doi/10.1002/art.41129/abstract).

Our bead array also included a range of disease-relevant
cytokines. IL-1[3, IL-17A, IL-17F, IL-22, IL-23, and IL-33 levels
were below the detection limit in most serum and SF samples.
There was a trend toward higher IL-6 and TNF levels in the serum
of AS patients compared to healthy controls (Supplementary
Figure 1A, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41129/abstract);
however, the levels were close to the detection limit in many sam-
ples. In contrast, robust expression of IL-8 was detected in all
serum samples and was significantly higher in AS patients than
in healthy controls. While IL-6 and IL-8 levels were significantly
elevated in AS SF versus AS serum, this finding did not appear to
be disease specific, as both RA SF and OA SF also had elevated
levels. TNF levels were low or undetectable in the SF in all disease
groups. As we previously reported (5), serum IL-6 and TNF levels
were significantly higher in male AS patients than in sex-matched
healthy controls (Supplementary Figure 1B). In contrast, the eleva-
tion of serum IL-8 levels was independent of patient sex.

These results revealed a prominent cytotoxic cell profile in the
SF of AS patients, suggesting a strong recruitment of cytotoxic
cells. These findings further showed a dissociation between per-
forin 1 and the granzymes in AS patients, which we next investi-
gated at the cellular level using FACS.

Correlation of reduced granzyme expression with
reduced CD8+ T cell frequency in AS. Using flow cytome-
try, we were able to detect intracellular granzyme A, granzyme B,
and perforin 1 without the need to restimulate peripheral blood
mononuclear cells (PBMCs). Granzyme A-positive and perforin 1-
positive lymphocytes were reduced in the PBMCs of AS patients
compared to healthy controls (Figure 3A), which is consistent with
our gene expression results. Moreover, examination of paired
blood and SF samples showed a paradoxical enrichment of gran-
zyme A-positive lymphocytes and reduction in perforin 1—positive
lymphocytes in SF; however, our cohort was not sufficiently pow-
ered for statistical analysis owing to limited sample availability.

Natural killer (NK) and CD8+ T cells account for the major-
ity of cytotoxic molecule-producing cells in PBMCs (Supple-
mentary Figure 2A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41129/
abstract). Therefore, we investigated whether there was an intrinsic
reduction in granzyme A, granzyme B, or perforin 1 expression in
CD8+ T or NK cells in the blood. This analysis yielded negative
results (Figure 3B and Supplementary Figure 2B). Despite this
finding, we observed a clear enrichment of granzyme A-positive
CD8+ T cells (Figure 3B), but not granzyme A—positive NK cells
(Supplementary Figure 2B), in the SF of AS patients. We therefore

considered whether an alteration to CD8+ T or NK cell frequency
might explain the reduction in total granzyme A-—positive/perforin
1-positive blood lymphocytes. NK' cell frequency was signifi-
cantly lower in RA, but not AS, patients compared to healthy
controls (Supplementary Figure 2C). In contrast, CD8+ T cell fre-
quency was significantly lower in both RA and AS patients than
in healthy controls when analyzed as a frequency of either total
lymphocytes (Supplementary Figure 2C) or T cells (Figure 3C).
Notably, the reduction in CD8+ T cell frequency compared to
sex-matched healthy controls was restricted to male AS patients.
Regression analysis of clinical parameters in AS patients further
revealed that the BASDAI score was a significant negative predic-
tor of CD8+ T cell frequency (P = 0.009) (Supplementary Table 10,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41129/abstract). In support of the
notion of a CD8+ T cell-driven loss of cytotoxic gene expression, we
observed that GZMA gene expression strongly correlated with the
frequency of granzyme A-positive lymphocytes and CD8+ T cells,
but weakly with NK cells (Supplementary Figure 2D).

We next sought to explain what might be contributing to the
reduced frequency of CD8+ T cells in AS patient blood. Our first line
of inquiry was to explore CD8+ T cell maturity, since AS patients
have accelerated thymic output and premature senescence com-
pared to healthy controls (9). We ran a concurrent FACS panel to
examine CD8+ naive T (CD45RA+CCR7+) cell, central memory
(CD45RA-CCRY7+) cell, effector memory (CD45RA-CCR7-) cell,
and T effector memory CD45RA+ (CD45RA+CCR7-) cell subsets.
(The gating strategy is shown in Supplementary Figure 3A, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41129/abstract.) We found no difference in
the CD8+ T cell composition between AS patients and healthy con-
trols (Figure 3D and Supplementary Figure 3B); however, we did
observe a reduction in naive CD8+ T cell frequency in RA patients.
Since naive CD8+ T cell frequency is reduced dramatically with age
(Supplementary Figure 30), it is likely that age and not disease sta-
tus of our RA controls explains their loss of naive CD8+ T cells and
thus reduction in CD8+ T cell frequency. Although we were not able
to directly assess granzyme or perforin 1 expression in CD8+ T cell
subsets, we were able to correlate our 2 FACS panels. This analy-
sis suggested that granzyme or perforin 1 are mostly produced by
mature T cells, specifically the effector memory subset (Figure 3E
and Supplementary Figure 3D). Thus, CD8+ T cell maturation sta-
tus could not explain the lower granzyme and perforin 1 expression
in AS patients.

We examined SF to address the hypothesis that CD8+ T
cell recruitment to sites of inflammation may be responsible for
the low CD8+ T cell frequency in the blood of AS patients. (The
gating strategy is shown in Supplementary Figure 4, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41129/abstract.) We confirmed the
reduced frequency of CD8+ T cells in AS patient blood, and
found a significant elevation in the proportion of CD8+ T cells in AS
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Figure 3. Correlation of reduced granzyme and perforin 1 expression in ankylosing spondylitis (AS) patient blood with reduced CD8+ T
cell frequency in blood and enrichment in synovial fluid (SF). Unstimulated peripheral blood mononuclear cells (PBMCs) and synovial fluid
mononuclear cells (SFMCs) were examined by flow cytometry. A, Expression of granzyme and perforin 1 in lymphocytes from healthy controls
(HCs), patients with AS, and patients with rheumatoid arthritis (RA). Granzyme- and perforin 1-expressing cells were identified in total live
lymphocytes, followed by gating on the indicated cell subsets to identify dominant granzyme- and perforin 1-expressing populations. Granzyme
and perforin 1 expression levels in paired PB and SF samples from patients with AS and patients with RA are shown. B, Cell type—specific
alterations in granzyme and perforin 1 expression in natural killer (NK) and CD8+ T cells from healthy controls, patients with AS, and patients
with RA. Cell-intrinsic alterations in granzyme and perforin 1 were assessed by first identifying lymphocyte populations and then gating on
granzyme/perforin 1- positive cells. Granzyme and perforin 1 expression levels in paired PB and SF samples from patients with AS and patients
with RA are shown. C, CD8+ T cell frequency in PB from healthy controls, patients with AS, and patients with RA, and in healthy controls
and patients with AS stratified by sex. D, Naive CD8+ T cell frequency in PBMCs from healthy controls, patients with AS, and patients with
RA. E, Correlation of CD8+ T cell subset frequency (naive, effector memory [EM], central memory [CM], and T effector memory CD45RA+
[TEMRA] cells) with CD8+ T cell granzyme A expression in PBMCs. All patients and controls were pooled and analyzed as a single cohort.
Data were examined by linear regression analysis. Dotted lines show the 95% confidence interval. F, CD8+ T cell frequency in blood from
healthy controls and patients with AS and in SF from patients with AS and patients with RA. Cell frequencies in paired PB and SF samples from
patients with AS and patients with RA are shown. G, Mature CD8+ T cell frequency in blood from healthy controls and patients with AS and in
SF from patients with AS and patients with RA. Cell frequencies in paired PB and SF samples from patients with AS and patients with RA are
shown. In A, B, C, D, F, and G, circles represent individual patients; horizontal lines and error bars show the mean + SEM. * = P < 0.05; ** =
P < 0.01; ** = P < 0.001; ** = P < 0.0001, by Kruskal-Wallis test with Dunn’s post hoc test in A, B, D, G, and for non—sex-stratified data
in C; by Spearman’s test in E, and by Mann-Whitney test in F and for sex-stratified data in C. PE = phycoerythrin; AF647 = Alexa Fluor 647;
FITC = fluorescein isothiocyanate; NS = not significant.

SF compared to blood, which was confirmed in a limited number
of paired blood and SF samples (Figure 3F). Most notable was that
amost all CD8+ T cells in SF were of a mature phenotype (Figure 3G).

DISCUSSION

To date, studies of AS have shown a limited role for CD8+
T cells, despite the high risk imposed by HLA-B27 for the

development of disease and the enrichment of CD8+ T cell-
related genes in genome-wide association studies. Of note, the
literature does report that CD8+ T cells restricted by HLA-B27
presented self and non-self peptides in SpA patients (10,11). It
has also been reported that AS-associated TBX217 variants alter
T-bet expression in CD8+ T cells, which impacts CD8+ T cell
function (12). Further, AS patients have an increase in CD28-
CD8+ T cells (13), which have a dual cytotoxic and regulatory
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phenotype. Finally, it has been observed that HLA-B27+ AS
patients may have an expansion of CD8+ T cell clones as
assessed by T cell receptor 3 (TCRB) CDR3 sequencing (14),
and a unique population of mature CD103+CD49a+ cells was
recently identified in the SF of AS patients by our laboratory (15).
Taken together, these findings provide mounting evidence that
CD8+ T cells play a role in AS.

Herein we provide detailed observational data that AS
patients have a bona fide alteration in their CD8+ T cell com-
ponent. The initial goal of this study was to validate previously
published results, in which we observed a lower cytotoxic gene
expression in the whole blood of AS patients (5). We confirmed
this observation in an independent cohort of patients, and we
also found lower PRFT expression in AS patients, which was not
detected in our original microarray. Importantly, we confirmed that
the loss of GZMA and PRF1 expression appears to be specific
to male AS patients. We evaluated 2 hypotheses to explain this
loss of cytotoxic gene expression in AS patients: 1) a cell-intrinsic
defect in cytotoxic cells or 2) recruitment of cytotoxic cells to the
inflamed joints in AS patients.

The first step we took to address these hypotheses was to
examine the expression of extracellular cytotoxic proteins in the
blood and SF. As we report, most cytotoxic factors were unchanged
in the serum of AS patients. Notably, perforin 1 expression was
slightly lower in AS patients, revealing a dissociation between
perforin and granzyme. This dissociation was accentuated in the
SF, with granzyme and granulysin being uniquely elevated in AS SF
compared to RA and OA disease controls; in contrast, perforin 1
expression was lower in SF than in serum. The strong granzyme/
granulysin profile in the SF supports the hypothesis of cytotoxic
cell activity in the inflamed joint. Unlike perforin 1, granulysin readily
forms pores in cholesterol-poor microbial membranes (16), hinting
at an antimicrobial function of synovial cytotoxic cells.

Our FACS analysis supports the notion that the loss of GZMA
expression in AS patient blood is due to cytotoxic cell recruitment
to the inflamed joint. While granzyme-positive cells were reduced
in frequency in PBMCs, we found no evidence that this reduction
was due to an intrinsic defect in CD8+ T or NK cells, since the fre-
quency of granzyme-positive CD8+ T or NK cells was equivalent
between patients and controls. Since we saw reduced CD8+ T, but
not NK, cell frequency in AS patients, we concluded that the loss
of cytotoxic cell gene expression must be due to a reduction in the
absolute number of CD8+ T cells in the blood. Our observation of
an enrichment of CD8+ T cells in the SF of AS patients suggests
that CD8+ T cells are preferentially recruited to the inflamed joints
in AS patients. We hypothesize that they are the cells responsible
for the high levels of granzyme and granulysin observed in AS SF.
The recruitment of CD8+ T cells to the inflamed joint may be due
in part to IL-8, which we show is elevated in the SF, and which has
been reported to recruit highly cytotoxic CD8+ T cells (17). Last,
the negative correlation of both GZMA and PRF1 expression and
CD8+ T cell frequency with BASDAI is suggestive of a relationship

between CD8+ T cell recruitment to the joint and disease activity
in AS patients, a hypothesis worthy of future study.

Many questions remain. First, we have not been able to iden-
tify @ mechanism to account for the loss of perforin 1 expression
in the blood and joint. It is possible that this may reflect the impact
of AS risk factors such as T-bet, EOMES, or RUNX3, which are
known to control PRFT expression (18). Second, it is worth point-
ing out that a loss of perforin is central to macrophage activation
syndrome, which can manifest as inflammatory arthritis (19). Per-
forin 1 loss causes CD8+ T cell overactivation through “frustrated
kiling,” which results in release of interferon-y (IFNy) and gran-
zymes (19). Indeed, AS patients do have an elevation in systemic
IFNy (5). Third, granzymes are generally viewed as being intracel-
lular activators of apoptosis. We do not know yet whether extra-
cellular granzyme is pathogenic in AS, but extracellular granzyme
does have proinflammatory effects (20). Finally, it is of extreme
interest to know if these granzyme-producing, joint-recruited
CD8+ T cells are HLA-B27 restricted. If this were the case, it
would lend support for the arthritogenic peptide hypothesis (21).

There are some limitations to this study. We lacked tissue
from the axial skeleton and from synovial tissue, so we had to
extrapolate from SF recovered from peripheral joints. Additionally,
while the inclusion of disease controls is informative, it is not prac-
tical to include age- and sex-matched RA or OA controls owing to
the demographics of the diseases. Therefore, comparison of AS
and disease controls must be done carefully.

In conclusion, we provide gene, protein, and cellular data
showing that AS patients have a reduced cytotoxic CD8+ T cell
profile in their peripheral blood, and an enrichment in the inflamed
joint. We propose that CD8+ T cells play a significant role in
chronic joint inflammation, which is the hallmark of AS and should
be the focus of next-generation, multi-omics research. The identi-
fication of pathogenic CD8+ T cells would allow for the discovery
of autoreactive TCR clones and arthritogenic peptides, and the
generation of novel animal models to truly understand the patho-
genesis of AS. This knowledge could lay the groundwork for inno-
vative, curative therapies.
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Polyfunctional, Proinflammatory, Tissue-Resident Memory
Phenotype and Function of Synovial Interleukin-17A+CD8+
T Cells in Psoriatic Arthritis

Kathryn J. A. Steel," Ushani Srenathan,’ Michael Ridley," Lucy E. Durham,' Shih-Ying Wu," Sarah E. Ryan,’
Catherine D. Hughes,” Estee Chan,? Bruce W. Kirkham,? and Leonie S. Taams'

Objective. Genetic associations imply a role for CD8+ T cells and the interleukin-23 (IL-23)/IL-17 axis in psoriatic
arthritis (PsA) and other spondyloarthritides (SpA). IL-17A+CD8+ (Tc17) T cells are enriched in the synovial fluid (SF) of
patients with PsA, and IL-17A blockade is clinically efficacious in PsA/SpA. This study was undertaken to determine
the immunophenotype, molecular profile, and function of synovial Tc17 cells in order to elucidate their role in PsA/SpA
pathogenesis.

Methods. Peripheral blood (PB) and SF mononuclear cells were isolated from patients with PsA or other types
of SpA. Cells were phenotypically, transcriptionally, and functionally analyzed by flow cytometry (n = 6-18), T cell
receptor B (TCR[) sequencing (n = 3), RNA-Seq (n = 3), quantitative reverse transcriptase—polymerase chain reaction
(n = 4), and Luminex or enzyme-linked immunosorbent assay (n = 4-16).

Results. IL-17A+CD8+ T cells were predominantly TCRap+ and their frequencies were increased in the SF versus
the PB of patients with established PsA (P < 0.0001) or other SpA (P = 0.0009). TCR[3 sequencing showed that these
cells were polyclonal in PsA (median clonality 0.08), while RNA-Seq and deep immunophenotyping revealed that PsA
synovial Tc17 cells had hallmarks of Th17 cells (RORC/IL23R/CCR6/CD161) and Tc1 cells (granzyme A/B). Synovial
Tc17 cells showed a strong tissue-resident memory T (Trm) cell signature and secreted a range of proinflammatory
cytokines. We identified CXCR6 as a marker for synovial Tc17 cells, and increased levels of CXCRG6 ligand CXCL16
in PsA SF (P = 0.0005), which may contribute to their retention in the joint.

Conclusion. Our results identify synovial Tc17 cells as a polyclonal subset of Trm cells characterized by polyfunc-
tional, proinflammatory mediator production and CXCR6 expression. The molecular signature and functional profiling
of these cells may help explain how Tc17 cells can contribute to synovial inflammation and disease persistence in

PsA and possibly other types of SpA.

INTRODUCTION

Psoriatic arthritis (PsA) is part of an umbrella group of inflam-
matory diseases, termed spondyloarthritides (SpA), that share
common patterns of joint inflammation (peripheral and axial);
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skin, gut, and eye manifestations; genetic components; and the
absence of diagnostic autoantibodies (seronegativity). In addition
to PsA, SpA includes ankylosing spondylitis (AS)/nonradiographic
axial spondylitis, reactive arthritis, enteropathic arthritis, and undif-
ferentiated SpA, with a combined prevalence of 1-2% (1).
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It is increasingly recognized that the interleukin-23 (IL-23)/
IL-17 pathway plays a major role in PsA/SpA immunopathogen-
esis (2,3). Therapies targeting IL-17A show clinical efficacy in
patients with PsA and those with AS (4,5), while several genetic
loci implicated in the IL-17/IL-23 axis, including /L 72B (IL-12p40),
IL23R, and TRAF3IP2 (Act1) are associated with PsA and AS sus-
ceptibility (6,7). To date, the majority of studies have focused on
identifying IL-17A-producing CD4+ T (Th17) cells or group 3 innate
lymphoid cells in the inflamed joints of patients with PSA/SpA, yet
the strong association of major histocompatibility complex (MHC)
class | and other CD8+ T cell/MHC class I-related loci (RUNX3,
ERAP1/2) suggests that CD8+ T cells play an important role in
PsA/SpA (7-9). We previously demonstrated the enrichment of
IL-17A-expressing CD8+ T (Tc17) cells in the synovial fluid (SF)
of patients with PsA (10); Tc17 cells have also been observed in
the SF of patients with juvenile idiopathic arthritis (JIA) (11) and at
the site of inflammation in other immune-mediated inflamlmatory
diseases (for review, see refs. 2 and 12). Recent murine models
and transcriptional analysis of healthy human spleen Tc17 cells
have shed light on the function of Tc17 cells (13,14). However,
functional and molecular analysis of human synovial Tc17 cells is
essential to elucidate the role of synovial Tc17 cells in PSA/SpA
pathogenesis.

The enrichment of Tc17 in the inflamed joint raises the ques-
tion of whether these cells migrate into the joint or are persis-
tently present. Recently, a novel subset of CD8+ effector T cells
enriched in tissue compartments without significant presence in
the blood has been described (15). These tissue-resident mem-
ory T (Trm) cells are characterized by expression of CD69 and
CD103, defined by a core transcriptional signature (16), and have
the potential to produce proinflammatory cytokines including
IL-17A, IL-22, and interferon-y (IFNy), as well as granzymes and
perforin (for review, see refs. 17 and 18). In humans, Trm cells have
been observed in skin, lung, gut, and brain tissue, and a recent
study demonstrated the presence of CD8+ T cells with a tissue-
resident memory phenotype in the SF of patients with JIA (11). As
such, Trm cells are hypothesized to contribute to the immunopatho-
genesis of human immune-mediated inflammatory disease. How-
ever, if and how Tc17 and Trm cells relate to each other is not well
established.

To enhance our understanding of the function and molec-
ular biology of human IL-17A+CD8+ T cells, we performed
extensive phenotypic, molecular, and functional profiling of
human Tc17 cells derived from PsA SF. Using flow cytome-
try, T cell receptor (TCR) sequencing, Luminex, and RNA-Seq
analysis, we demonstrated that PsA synovial IL-17A+CD8+ T
cells have a polyclonal TCR repertoire, a polyfunctional, proin-
flammatory cytokine profile, and many hallmarks of Trm cells.
These features position Tc17 cells as relevant contributors to
the initiation or perpetuation of chronic inflammation in PsA,
and possibly other SpA or IL-17A/HLA class |-associated
inflammatory diseases.

MATERIALS AND METHODS

Study subjects. Peripheral blood (PB) and SF samples were
obtained from patients with PsA or other types of peripheral SpA
(AS/nonradiographic axial SpA, reactive arthritis, and enteropathic
arthritis) who were seen in the Rheumatology Department of Guy’s
Hospital. Patients fulfiled the Classification of Psoriatic Arthritis
Study Group or American College of Rheumatology/European
League Against Rheumatism 2010 criteria (19,20). The demo-
graphic and clinical characteristics of patients are shown in Supple-
mentary Table 1, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract. All
subjects provided written informed consent. Ethics approval was
obtained from Bromley Research Ethics Committee (06/Q0705/20)
and Harrow Research Ethics Committee (17/L0/1940).

Cell isolation. Mononuclear cells (PB mononuclear cells
[PBMCs] and SF mononuclear cells [SFMCs]) were isolated using
Lymphoprep (Axis-Shield) and washed in culture medium (RPMI
1640 supplemented with 10% fetal calf serum [FCS] + 1% penicillin/
streptomycin/L-glutamine). Cells were cryopreserved and stored in
liquid nitrogen in culture medium supplemented with 50% FCS and
10% dimethyl sulfoxide (all from ThermoFisher).

Flow cytometric analysis. Thawed cells were rested for 1
hour at 37°C in an atmosphere of 5% CO,. For intracellular stain-
ing, samples were stimulated with phorbol myristate acetate (PMA;
50 ng/ml) and ionomycin (750 ng/ml) (both from Sigma-Aldrich) in
the presence of GolgiStop (BD Biosciences) for 3 hours at 37°C in
an atmosphere of 5% CO,. Cells were stained with eFluor 780 Via-
bility Dye (eBioscience), and surface staining was performed at 4°C.
Cells were fixed with 2% paraformaldehyde and permeabilized using
0.5% saponin (Sigma-Aldrich). Antibodies are listed in Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract. Sam-
ples were acquired using an LSRFortessa system (BD Biosciences).
Data were analyzed using FlowdJo (version 10; Tree Star).

TCRPB sequencing. Extracted DNA (Qiagen) was subjected
to bias-controlled ampilification of V-D-J rearrangements followed
by high-throughput sequencing (immunoSEQ; Adaptive Biotech).
Data from productive reads (sequence level) were analyzed using
an immunoSEQ analysis platform (Adaptive Biotech). Clonality was
defined as 1 - Pielou’s evenness and ranged from O (indicating a
highly polyclonal repertoire) to 1 (indicating a monoclonal repertoire).
Overlap was determined using the Morisita index, with possible
scores ranging from O (indicating no similarity between 2 popula-
tions) to 1 (indicating complete similarity between 2 populations).

Cell sorting. For Trm cell sorting, SFMCs were stained with
eFluor 780and CD3,CD4,CD8, CD14,CD69, and CD103 antibodies
(Supplementary Table 2, available on the Arthritis & Rheumatology


http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract

IL-17A+CD8+ T CELLS IN PsA 437

web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/ isolated (Miltenyi Biotec) CD3+ T cells were stimulated for 1.5 hours
abstract). After sorting, CD8+ Trm subsets were stimulated, fixed, at 37°C with PMA (50 ng/ml) and ionomycin (750 ng/ml) before
and permeabilized before intracellular cytokine staining for IL-17A staining using an IL-17A and, where indicated, IFNy cytokine secre-
and IFNy. For sorting of cytokine-producing cells, magnetically tion assay (Miltenyi). To identify cytokine-producing T cell subsets,
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Figure 1. Enrichment of T cells positive for interleukin-17A (IL-17A) and T cell receptor a3 (TCRap) in the synovial fluid (SF) of patients
with spondyloarthritis (SpA). A and B, Representative staining (A) and cumulative data (B) showing the frequencies of IL-17A+ cells among
CD3+CD8+ T cells in paired peripheral blood mononuclear cells (PBMCs) and SF mononuclear cells (SFMCs) from patients with psoriatic
arthritis (PsA; n = 18), other peripheral SpA (n = 14), or rheumatoid arthritis (RA; n = 6) after 3 hours of stimulation in the presence of phorbol
myristate acetate, ionomycin, and GolgiStop. P values were determined by Wilcoxon’s matched pairs signed rank test. C and D, Representative
staining (C) and cumulative data (D) showing the frequencies of IL-17A+CD8+ T cells expressing TCRaf (n = 8), TCRyS (n = 9), CD56 (n = 7),
and V,7.2 (n = 6) in PsA SF (stimulated as described in A and B). E and F, Representative staining (E) and frequencies (F) of IL-17A+CD8+
T cells expressing CD45RA and/or CD27 in PsA SFMCs (n = 6) (stimulated as described in A and B). G and H, Representative staining (G)
and cumulative data (H) showing the frequencies of IL-17A+CD8+ T cells expressing programmed death 1 (PD-1) or HLA-DR in PsA patients
(n=6). In D and H, symbols represent individual patients, bars show the median and interquartile range. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract.
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cells were counterstained with eFluor 780, and anti-CD3, CD8,
CD14, and CD4 antibodies. Cells were sorted using a BD FACSAria
and acquired using an LSRFortessa system (BD Biosciences).

RNA sequencing and quantitative reverse transcrip-
tase-polymerase chain reaction (qRT-PCR). Libraries were
prepared by Genewiz and sequenced on a HiSeq 2500 platform
(llumina) at a depth of 28-40M reads. Low-quality bases and
adapters (phred score <20) were trimmed using TrimGalore!, and
reads were aligned (hg38) using RNA STAR. Paired reads were
quantified using featureCounts. Principal components analysis
and statistical comparison of gene expression were performed
using DESeq2. RNAseq data are available via GSE137510.

For gRT-PCR, total RNA was extracted from sorted cell sub-
sets (Qiagen). Complementary DNA (cDNA) was generated using
a high-capacity cDNA reverse transcription kit (ThermoFisher).
RT-PCR was performed using a SensiFAST SYBR kit (Bioline) and
primers from Integrated DNA Technologies (listed in Supplemen-
tary Table 3, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract).

Luminex assay and CXCL16 enzyme-linked immuno-
sorbent assay (ELISA). Supernatants were obtained from
sorted T cell subsets cultured for 24 hours in culture media. A cus-
tom magnetic Luminex (Bio-Techne) was analyzed on a Luminex
FlexMap 3D platform. Serum and SF were analyzed using a
CXCL16 ELISA (Bio-Techne).

Graphics and statistical analysis. Statistical analysis and
graphic illustration were performed using either GraphPad Prism
(version 7) or ggplot2 (R version 3.5.2). Results are expressed
as the median and interquartile range. Wilcoxon’s matched pairs
signed rank test or Friedman’s multiple comparisons test were
performed.

RESULTS

Tc17 cells are polyclonal TCRap+ memory cells
enriched in PsA/SpA joints. To determine whether synovial
Tc17 cells are enriched only in PsA or are also enriched in other
SpAtypes, we stimulated paired PBMCs and SFMCs from patients
with PsA, patients with other types of SpA, and patients with rheu-
matoid arthritis (RA) ex vivo with PMA/ionomycin and assessed the
frequency of IL-17A+CD8+ T cells by flow cytometry (Figures 1A
and B). (The gating strategy is shown in Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://onlin
elibrary.wiley.com/doi/10.1002/art.41156/abstract.) Low frequen-
cies of Tc17 cells were detected in PBMCs from patients with PsA,
those with other types of SpA, and those with RA (median 0.1%),
with no significant differences observed between these groups.
The frequencies of Tc17 cells were significantly increased in
SFMCs compared to PBMCs in patients with PsA (P < 0.0001) and

those with other types of SpA (P = 0.0009), but not those with RA
(P =0.16). The frequencies of Th17 cells were similar between the
3 disease groups (Supplementary Figure 1B).

Synovial Tc17 cells predominantly comprised TCRaB+ cells,
with small proportions of mucosal-associated invariant T cells
(V,7.24), TCRyS, and natural killer T cells (Figures 1C and D).
Over 98% of synovial Tc17 cells exhibited a memory phenotype
(CD45RA-CD27+/— or CD45RA+CD27-) (Figures 1E and F), while
a considerable proportion of Tc17 cells expressed the immunoin-
hibitory receptor programmed death 1 (PD-1; median 65%) and
activation marker HLA-DR (median 51%), suggesting that these
cells previously experienced antigen stimulation (Figures 1G and H).

The presence of clonally restricted memory CD8+ T cells
with features of antigen-specific expansion has been described in
the SF, synovial tissue, and skin of patients with PsA (21-23). To
investigate whether synovial Tc17 cells are also clonally restricted
in PsA, bulk memory (CD45RA-CD27+/— and CD45RA+CD27-),
IL-17A+IFNy+/= (Tc17), and IL-17A-IFNy+ (Tc1) memory CD8+ T
cells were sorted from the SF of PsA patients. (The gating strategy
is shown in Supplementary Figure 2, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41156/abstract.) TCR sequencing showed that
synovial Tc17 cells have a diverse TCR repertoire (Figure 2A) with
a low clonality score (Pielou’s evenness), which was similar to that
for synovial Tc1 and bulk memory CD8+ T cells (Figures 2A and B).
For 2 patients, a substantial proportion of the clones found in syn-
ovial Tc17 cells were also present in the synovial Tc1 population,
resulting in a Morisita overlap index >0.9 (Figures 2C and D). The
third patient had a lower number of productive templates, which
may have resulted in a low Morisita score.

Molecular analysis of synovial Tc17 cells reveals com-
monalities in transcriptional profile with Th17 and Tc1
cells. Recent transcriptional analysis of healthy human spleen
Tc17 cells revealed a distinct molecular profile compared to IL-17-
CD8+ T cells or Th17 cells (14). To determine the molecular pro-
file of Tc17 cells from the inflamed PsA joint, we sorted highly pure
Tc17, Tel, and Th17 cells from the SFMCs of patients with PsA for
RNA sequencing. (The gating strategy is shown in Supplementary
Figure 3, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract.) Accurate
sorting was confirmed by the normalized gene counts of IL77A and
IFNG for each of the populations (Supplementary Figure 3B).

Principal components analysis showed a degree of gene
expression heterogeneity between synovial Tc17 cells from dif-
ferent patients. In 2 of 3 patients, the synovial Tc17 cells clustered
separately from the Th17 cells but close to the Tc1 cells (Fig-
ures 3A and B), suggesting that a proportion of the transcriptional
profile is shared between synovial Tc17 and Tc1 cells. In total, 80
genes were differentially expressed between the synovial Tc17
and Tc1 subsets (<1% false discovery rate; fold change >2).
MA plots indicating the 10 genes up-regulated to the greatest
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Figure 2. Diverse T cell receptor (TCR) repertoire in synovial Tc17 cells. A, Representative pie charts with segments representing the frequencies
of all TCR[ sequences in bulk memory CD8+ T cells, CD8+ T cells positive for interleukin-17A (IL-17A), and CD8+ T cells negative for IL-17A
and positive for interferon-y (IFNy) in a patient with psoriatic arthritis (PsA). B, Clonality score (defined as 1 — Pielou’s evenness) for bulk memory
CD8+, IL-17A+CD8+, and IL-17A-IFNy+CD8+ T cells in PsA synovial fluid samples (n = 3). Symbols represent individual patients; bars
show the median and interquartile range. € and D, Dot plots (C) and Morisita’s index (D) showing the degree of clonal overlap between
IL-17A+CD8+ and IL-17A-IFNy+CD8+ T cells in 3 patients with PsA. Color figure can be viewed in the online issue, which is available

at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract.

degree and the 10 genes down-regulated to the greatest degree
are shown in Figure 3C. Several genes relating to a type 17 T
cell response (IL17A, IL17F, RORC, IL23R, CCR6, and KLRB1)
were elevated in synovial Tc17 cells compared to synovial Tc1
cells (Figures 3C and E). When synovial Tc17 cells were com-
pared to synovial Th17 cells, 145 genes were found to be differ-
entially expressed (Figure 3D). Genes that were up-regulated in
synovial Tc17 cells compared to Th17 cells included CD8A and
CD8B, confirming our gating strategy, plus genes associated
with cytolytic activity (GRZA, GRZB, and PRF1) (Figures 3D
and F). Expression levels of TCF7 (encoding T cell factor 1),
recently identified as a transcription regulator of mouse Tc17
cells through repression of MAF BZIP transcription factor and
retinoic acid receptor—related orphan nuclear receptor vyt (14),
were low in synovial Tc17 cells (Supplementary Figure 3C).

We confirmed the transcription data for the type 17 T cell
markers CCR6 and CD161 at the protein level by flow cytome-
try. A high frequency of synovial Tc17 cells coexpressed CCR6

or CD161, at levels comparable to those in synovial Th17 cells.
In contrast, only limited proportions of synovial IL-17A-CD8+
or IFNy+CD8+ T cells expressed these molecules (Figures 4A
and B). A viSNE analysis showed that CCR6 and CD161 were
coexpressed by Tc17 cells (Figure 4C) (results are representative
of those for 7 patients). Notably, this analysis also revealed that
expression of CCR6 and CD161 was not restricted to the IL-
17A+ population, i.e., these markers do not exclusively define
IL-17A expression in synovial CD8+ T cells. Quantitative RT-
PCR analysis further confirmed that transcript levels of RORC
and /L23R in the synovial Tc17 population were comparable
to those in Th17 cells, and higher than those in IL-17A-CD8+
T cells (which contains IFNy+CD8+ T cells) (Figure 4D).
Frequencies of Tc17 cells expressing granzyme A, gran-
zyme B, CD107a, or perforin were variable but enhanced
compared to synovial Th17 cells, while they were compara-
ble to those among synovial Tc1 cells (Figures 4E and F). It
should be noted, however, that limited expression of perforin
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Figure 3. Transcriptional profile of synovial Tc17 cells compared to Tc1 cells and Th17 cells. A and B, Principal components analysis of
the transcriptome of IL-17A+CD8+, IFNy+CD8+, and IL-17A+CD4+ T cells from the synovial fluid of PsA patients (n = 3) by cell type (A) and
by patient (B). C and D, MA plots showing genes that were significantly up-regulated or down-regulated in synovial IL-17A+CD8+ T cells
compared to IFNy+CD8+ T cells or IL-17A+CD4+ T cells (n = 3). E and F, Selected gene expression profiles shown as average gene expression
values (fragments per kilobase million [FPKM]) in synovial IL-17A+CD8+ compared to IFNy+CD8+ T cells or CD4+IL-17A+ T cells (n = 3). PC1 =
principal component 1 (see Figure 2 for other definitions).

Tc17 cells have hallmarks of Trm cells. The observation
that Tc17 cells with a memory phenotype are enriched in the joint,
but not the blood, in PsA patients prompted us to investigate

and lysosomal-associated membrane protein 1 (LAMP-1)/
CD107a was observed in synovial Tc17 cells, suggesting
that these cells may not have full cytotoxic capability.
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Figure 4. Synovial Tc17 cells have functional hallmarks of Th17 and Tc1 cells. A and B, Representative staining (A) and cumulative data
(B) showing the frequencies of IL-17A+CD8+, IL-17A+CD4+, IL-17A-CD8+, and IFNy+CD8+ T cells expressing CCR6 and CD161 in synovial
fluid mononuclear cells (SFMCs) from patients with PsA (solid symbols) and patients with other types of spondyloarthritis (open symbols)
(n = 7-9). C, Representative VISNE plot showing concomitant expression of IL-17A, CCR6, and CD161 among CD8+ T cells in PsA SFMCs.
Representative results from 1 of 7 patients are shown. D, Gene expression levels of RORC and IL23R, normalized to the average values for
UBC and 18S in sorted IL-17A+CD8+, IL-17A-CD8+, and IL-17A+CD4+ T cells from PsA SFMCs (n = 4). E and F, Representative staining
(E) and cumulative data (F) showing the frequencies of IL-17A+CD8+, IFNy+CD8+, and IL-17A+CD4+ T cells expressing granzyme A (GrzA;
n = 4), granzyme B (GrzB; n = 9), CD107a/lysosomal-associated membrane protein 1 (LAMP-1; n = 6), and perforin (n = 6) in PsA SFMCs.
P values were determined by Friedman’s multiple comparisons test. In B, D, and F, symbols represent individual patients; bars show the median
and interquartile range. See Figure 2 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41156/abstract.
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whether synovial Tc17 cells from the inflamed joint expressed [encoding CD103], ZNF683 [encoding HOBIT], CRTAM, and low
markers of tissue residency. Molecular profiling revealed that genes levels of S7TPRT) (16) were differentially expressed between
reported to be transcriptional hallmarks of Trm cells (e.g., I[TGAE synovial Tc17 and Th17 cells (Figure 5A). We confirmed the
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Figure 6. Synovial Tc17 cells are polyfunctional proinflammatory cells characterized by high expression of CXCR6. A and B, Representative
staining (A) and cumulative data (B) showing the frequencies of IL-17A+CD8+ (left) and IL-17A+CD4+ (right) T cells expressing IFNy (n = 12), tumor
necrosis factor (TNF; n = 12), granulocyte-macrophage colony-stimulating factor (GM-CSF; n = 9), IL-21 (n = 6), IL-22 (n = 6), and IL-10 (n = 8) in
synovial fluid mononuclear cells (SFMCs) from patients with PsA (solid symbols) or other types of spondyloarthritis (open symbols). C, Proportion of
IL-17A+CD8+ T cells expressing IL-17A alone, IL-17A plus IFNy or TNF, and IL-17A plus IFNy and TNF. D, IL-17A, IFNy, TNF, GM-CSF, IL-21, IL-22,
and IL-10 secretion by sorted synovial IL-17A+CD8+ T cells (n = 4). E, Top, Venn diagram showing the number of significantly up-regulated genes
(P <0.01)in IL-17A+CD8+ T cells versus IFNy+CD8+ T cells and in IL-17A+CD8+ T cells versus IL-17A+CD4+ T cells. Bottom, Heatmap showing
genes that were consistently up-regulated in all patients. F, Representative dot plot and histograms (top) and cumulative data (bottom) showing
the percentage of CXCR6+ cells and CXCR6 expression levels in PsA synovial IL-17A+CD8+ T cells, IFNy+CD8+ T cells, and IL-17A+CD4+T cells
(n = 6). P values were determined by Friedman’s multiple comparisons test. G, CXCL16 levels in paired PsA serum and SF samples (n = 12) as
measured by enzyme-linked immunosorbent assay. P value was determined by Wilcoxon’s matched pairs signed rank test. In € and D, bars show
the median and interquartile range. MFI = mean fluorescence intensity (see Figure 2 for other definitions). Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract.
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expression of the Trm cell marker CD103 (aE integrin) on a high
proporion of joint-derived Tc17 cells by flow cytometry (Figures 5B
and C). CD69, which is also commonly used as a Trm marker, is
up-regulated upon PMA/ionomycin stimulation and was therefore
not evaluated. Since Tc17 cells have been identified in the gut and
the skin (24-27), sites that can also be affected in PsA/SpA, we
assessed markers for the gut-related molecule 37 integrin (which
is normally coexpressed with aE integrin) and the skin-related
adhesion/homing molecules cutaneous lymphocyte antigen
(CLA) and CD49a (very late activation antigen [VLA-1]). Consid-
erable proportions of synovial Tc17 cells coexpressed 7 integrin,
CD49a/VLA-1, and to a lesser extent CLA (Figures 5B and C).

Based on these findings, we examined the presence of Trm
cells using the markers CD69 and/or CD103 in unstimulated
SFMCs from PsA patients (Figures 5D and E). Within the CD8+
T cell population, on average 11% of cells were CD69+CD 103+
(range 2-16%), 26% of cells were CD69+CD103- (range 3.2—
54%), and 6% of cells were CDB9-CD103+ (range 1.29-16%). In
the CD4+ compartment, 26% of the cells were CD69+CD103-,
while CD103 expression was negligible (expressed by <1% of
CD4+ T cells). These data indicate that CD103+ Trm cells in the
inflamed PsA joint are typically CD8+ T cells.

To directly demonstrate that CD8+ Trm cells contain IL-17A-
producing cells, we sorted synovial CD8+ T cells from PsA patients
into highly pure CD69+CD 103+, CD69+CD103-, CD69-CD103+,
and CD69-CD103- subsets. (The gating strategy is shown in
Supplementary Figure 4, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41156/
abstract.) The sorted cells were then stimulated ex vivo and stained
for IL-17A and IFNy (Figures 5F and G). After normalizing for total
cytokine expression, we observed that the CD69+CD103+CD8+
T cell population contained the highest frequency of IL-17A+ cells,
followed by cells expressing either CDE9 or CD103 only, while
CD69-CD103-CD8+ T cells contained minimal IL-17A+ cells
(Figure 5H). In contrast, frequencies of IFNy+ cells were distributed
more equally among the 4 sorted cell subsets. We also found a
significant correlation between the presence of IL-17A+CD8+ T
cells and CD69+CD103+ Trm cells in the SF, further supporting
a relationship between these 2 cell populations (Supplementary
Figure 5, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41156/abstract).
Taken together, these data indicate that synovial Trm cells are
enriched for IL-17A expression and that Tc17 cells form part of the
Trm cell pool in the inflamed synovial joints in PsA.

Synovial Tc17 cells are polyfunctional inflamma-
tory cells characterized by high expression of CXCR6.
Finally, we sought to determine the functional potential of syn-
ovial Tc17 cells. For this, we assessed the coexpression and
secretion of proinflammatory and antiinflammatory cytokines by
flow cytometry and Luminex assay. A substantial proportion of
synovial Tc17 cells coexpressed proinflammatory IFNy, TNF, and

granulocyte-macrophage colony-stimulating factor (GM-CSF),
while IL-21 was coexpressed by <20% of Tc17 cells. IL-22 and
antiinflammatory IL-10were foundtobe either absent orexpressed
by only a small proportion of Tc17 cells (Figures 6A and B).
IL-17F was found to be coexpressed by only a small propor-
tion of Tc17 cells (Supplementary Figure 6B, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41156/abstract). The cytokine coexpres-
sion profile of synovial Tc17 cells closely resembled the cytokine
profile of synovial Th17 cells (Figure 6B), while this profile was not
shared by synovial IL-17A-CD8+ or IFNy+CD8+ T cell subsets
(Supplementary Figure 6A). Overall, synovial Tc17 cells displayed
a polyfunctional cytokine profile with a sizable proportion of cells
(median 36%) expressing IL-17A, IFNy, and TNF concomitantly
(Figure 6C). This concomitant cytokine production was also
observed in the Luminex analysis: sorted IL-17A+CD8+ T cells
from the SF of patients with PsA produced IL-17A, IFNy, TNF,
GM-CSF, and IL-22, with low levels of IL-21 and IL-10, during
a 24-hour culture (Figure 6D). (The gating strategy is shown in
Supplementary Figure 7, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41156/abstract.)

Finally, we investigated whether Tc17 cells from the inflamed
PsA joint express a unique set of markers. For this analysis, we
compared the transcriptional profile of synovial Tc17 cells to the
profiles of both synovial Tc1 and Th17 cells, to determine which
markers are uniquely up-regulated in synovial Tc17 cells. Bioinfor-
matics analysis revealed that 15 genes were up-regulated in both
comparisons, suggesting that synovial Tc17 cells have a small
unique transcriptional profile in comparison to synovial Tc1 and
Th17 cells (Figure 6E). Of these 15 genes, 6 were found to be
consistently up-regulated in all 3 patients: CXCR6, NCR3, CHN1,
LINC02195, LINC0O1871, and GOLIM4. Since CXCR6 is part of
the Trm gene signature (16), we validated CXCR®6 at the protein
level and found that PsA synovial Tc17 cells indeed expressed
CXCREG6 at the highest level and contained the highest proportion
of CXCRe6-expressing cells as compared to their synovial Tc1 and
Th17 counterparts (Figure 6F). In addition, levels of CXCL16, the
ligand for CXCR6, were significantly increased in PsA SF versus
paired serum samples (Figure 6G).

DISCUSSION

We previously described an enrichment of IL-17A+CD4- (the
majority of which were CD8+) T cells in the SF, compared to the
PB, in patients with PsA (10). In this study we showed that fre-
quencies of IL-17A+CD8+ T cells were also increased in the SF of
patients with other types of SpA, and confirmed that these cells
were not increased in patients with RA (10). These findings add
to the growing evidence that CD8+ T cells and the IL-17/IL-23
axis are relevant to the immunopathogenesis of PsA/SpA (2). We
demonstrated that the vast majority of PsA synovial Tc17 cells are
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memory cells, indicated by a CD45RA-PD-1+HLA-DR+ profile,
as well as TCRa bearing, suggesting that these cells are MHC
class | restricted and antigen-experienced.

Previous studies demonstrated oligoclonal expansion of
joint-derived bulk T cells in PsA (21-23). Our TCR[3 sequencing
of synovial Tc17 cells, although limited in sample size, showed
that while some T cell clones occupied >5% of the total TCR rep-
ertoire, the majority of Tc17 cells, as well as of the bulk memory
CD8+ T cells and Tc1 cells, had a polyclonal TCR repertoire. One
reason for the differences observed between the previous studies
and our own could be patient disease activity. A previous study
investigating the clonality of psoriatic skin-derived CD8+ T cells
showed that the TCR repertoire is polyclonal in active disease,
while in resolved disease only a few dominant clones persist (28).
We obtained SF effusions from joints with active inflammation,
which could explain the polyclonal repertoire observed. It would
be of interest to investigate whether a polyclonal repertoire is also
observed in joints in which PsA has resolved; however, this would
require a synovial biopsy study design since noninflamed joints
rarely contain sufficient SF for aspiration.

A notable observation in our analysis was the extensive shar-
ing of T cell clones between the synovial Tc17 and Tc1 popu-
lations. Our RNA-Seq analysis also showed significant overlap
in transcriptional profile between Tc17 and Tc1 cells. A possible
explanation for these findings is that synovial Tc17 and Tc1 cells
may have shared ancestry, which raises the question of plasticity
between these subsets. Adoptive transfer of in vitro generated
Tc17 cells into recipient mice showed that Tc17 cells can switch
to an IL-17A-negative Tc1 profile (29-31). A direct demonstration
of this phenomenon came from an elegant IL-17A fate-mapping
study using reporter donor IL-17°°Rosa26°"" (13). That study
showed that Tc17 cells developed early after allogeneic stem
cell transplantation in both lymphoid tissue and graft-versus-host
disease target organs. However, their production of IL-17A was
transient, while IFNy production was largely maintained, a process
defined by the surrounding cytokine milieu. A similar capacity to
transition to IFNy production and Th1 phenotype had previously
been shown for mouse Th17 cells (32). These fate-mapping data,
taken together with our findings on shared TCR and transcrip-
tional profiles and the observation that a high frequency of synovial
Tc17 cells express IFNy, suggest that synovial Tc17 cells can tran-
sition to a Tc1-like cytokine profile, as was previously suggested
for Th17 and Th1 cells in the joints of patients with JIA (33). If this
scenario is indeed the case, then one implication of this finding
would be that the percentage of IL-17A+CD8+ T cells detected
by flow cytometry may underrepresent the contribution that Tc17
cells make or have made to the synovial T cell compartment.

In addition to Tc17/Tc1 overlap, we observed a phenotypic
and molecular overlap between Tc17 and Th17 cells in PsA, as
evaluated by RNA-Seq, gRT-PCR, and flow cytometry. Two mark-
ers typically expressed by Th17 cells, CCR6 and CD161 (34-36),
are coexpressed by a large proportion of synovial Tc17 cells.

Furthermore, expression of IL23R by synovial Tc17 cells indicates
that IL-23 may be involved in the generation or maintenance of
these cells, while elevated RORC transcript expression suggests
that RORyt may at least play a part in IL-17A regulation in these
cells. These data indicate that Tc17 cells may be regulated by sim-
ilar pathways as Th17 cells.

The relatively limited sample sizes in the TCR and RNA-Seq
analysis could be considered a limitation of our study. However,
given the challenges in obtaining sufficient numbers from small
populations of immune cells, this number of samples (n = 3) is not
uncommon in studies of human tissue-derived cells. Additionally,
many of our RNA-Seq results were independently validated at the
protein or RNA level. A further limitation of our study is that we
did not have access to synovial tissue samples from patients with
PsA. Nonetheless, the work presented here provides an important
basis for future studies aimed at comparing the phenotype and
molecular profile of SF- and synovial tissue—derived Tc17 cells.

A key novel finding of our study is that synovial Tc17 cells
are part of the Trm cell compartment and express molecules that
prevent egress from the inflamed tissue into the blood. Trm cells
are rapidly emerging as potential contributors to inflammation in
several immune-mediated inflamsmatory diseases (17,37). To our
knowledge, this is the first study to show that Tc17 cells form part
of the synovial Trm pool, and only the second description of Trm-
like cells in the context of human immune-mediated arthritis (11).
Our data also show that a high proportion of synovial Tc17 cells
express markers typically associated with homing to the skin or
gut. This finding could indicate that synovial Tc17 cells have tro-
pism for these tissues as well as for the synovial compartment,
and indeed, the presence of Tc17 cells has been described in
both the skin and the gut (24,25,27). An alternative explanation
could be that synovial Tc17 cells expressing these markers have
enhanced adherence to the surrounding joint tissue, as both CLA
and CD49a ligands (E-selectin and type IV collagen, respectively)
are present in the synovial tissue (38,39). 37 integrin, which is
expressed by a large proportion of synovial Tc17 cells, can form a
heterodimer with the Trm cell marker CD103 (aE integrin), which is
expressed by Tc17 cells. The product, aER7 integrin, exclusively
binds E-cadherin, a structural protein expressed in the synovi-
al joint and fluid in patients with inflammatory arthritis (39,40).
Interaction of synovial Tc17 cells with the surrounding tissue and
extracellular matrix in the fluid combined with lack of response to
exit cues (e.g., S1P1) could represent one way in which Tc17 cells
are retained in the synovial joint and contribute to perpetuation or
re-initiation of inflammation.

Residence of synovial Tc17 cells in the inflamed tissue may
be further enhanced by their high expression of CXCR6, a marker
of Trm cells (16), in combination with the increased levels of
CXCL16 in the PsA synovial joint. CXCL16 has chemotactic and
angiogenic properties and can be produced as a soluble medi-
ator or as a transmembrane-bound chemokine by monocytes,
macrophages, and dendritic cells. Evidence of increased CXCL16
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and CXCR6 expression at the site of inflammation was reported
previously in the context of RA and psoriasis, and CXCL16 was
shown to enhance recruitment of inflamed tissue-derived CXCR
6-expressing T cells (41-43). Furthermore, CXCL16 blockade or
CXCR@6 deficiency led to reduced arthritis scores and lower IFNy/
IL-17 production in an experimental model of arthritis (42,44).
Taken together, these data suggest that the increased CXCR6
expression on synovial Tc17 cells may contribute to their recruit-
ment and persistence in the inflamed PsA joint.

Functionally, our dataindicate that synovial Tc17 cells are poly-
functional and actively secrete several proinflammatory cytokines
(IFNy, TNF, GM-CSF, IL-21, and IL-22) in parallel with IL-17A, but
little IL-10 or IL-17F. IFNy, TNF, and GM-CSF have all been shown
to act synergistically with IL-17A to promote inflammation. In a
recent study by Wade et al, polyfunctional CD8+ T cells were also
found to be enriched in the PSA synovium, although enrichment
was not observed for single cytokine—producing T cells, including
IL-17A+CD8+ T cells (45). Concordant with their proinflammatory
cytokine production, Tc17 cells coexpressed cytolytic molecules
granzyme A and granzyme B at levels comparable to those in sy-
novial Tc1 cells. However, Tc17 cells lacked significant expression
of other cytolytic machinery (perforin and LAMP-1). Most studies
to date in both mice and humans have shown that Tc17 cells
lack cytolytic function (29,31,46,47), although some evidence for
cytotoxic function has been reported (24,48). An interesting alter-
native interpretation of our data is that the secretion of granzymes
is not cytolytic but leads to extracellular matrix degradation or
promotion of inflammation (49,50). Taken together, these data
show that Tc17 cells are armed with an array of proinflammatory
mediators, which could act directly on surrounding cells to pro-
mote inflammation in the synovial joint.

In summary, our findings reveal that synovial Tc17 cells from
the PsA joint bear hallmarks of Trm cells, and express high lev-
els of CXCR6, which may enhance retention of these cells in the
inflamed joint. Our analysis of the transcriptional profile and TCR
repertoire of these cells highlights several commonalities between
Tc17 and Te1 cells in the PsA joint. Combined with the observed
polyfunctional proinflansnmatory mediator production, we hypoth-
esize that Tc17 cells exert heterogenous effector responses that
contribute to the initiation and persistence of PsA.
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Hydroxychloroquine Blood Levels Predict
Hydroxychloroquine Retinopathy

Michelle Petri,' “ Marwa Elkhalifa,” Jessica Li,' Laurence S. Magder,” and Daniel W. Goldman'

Objective. In 2016, the American Academy of Ophthalmology (AAO) changed the recommended daily dose of
hydroxychloroquine (HCQ) from 6.5 mg/kg to <5 mg/kg. However, it is not clear that the lower prescribed dose of
HCQ will have the same efficacy for systemic lupus erythematosus (SLE) activity or the same role in protecting against
cardiovascular risk factors and thrombosis. This study was undertaken to address the frequency of HCQ retinopathy
and the role of HCQ blood levels in identifying those individuals who are at a greater future risk of retinopathy.

Methods. HCQ blood levels in 537 patients with SLE from a large clinical cohort were repeatedly measured, and
patients were tested for HCQ retinopathy. We assessed the risk of retinopathy according to clinical characteristics
and blood levels of HCAQ.

Results. The overall frequency of retinopathy was 4.3% (23 of 537 patients). There was a 1% risk of retinopathy
in the first 5 years of HCQ treatment, 1.8% from 6 to 10 years, 3.3% from 11 to 15 years, 11.5% from 16 to 20 years,
and 8.0% after 21 years of use. We found that older age (P < 0.0001), higher body mass index (P for trend = 0.0160),
and longer duration of HCQ intake (P = 0.0024 and P for trend = 0.0006) were associated with a higher risk of HCQ
toxicity. Higher blood levels of HCQ predicted later HCQ retinopathy (P = 0.0124 and P = 0.0340 for mean and max-
imum HCQ blood levels, respectively).

Conclusion. Our data prove the utility of assessing blood levels of HCQ in the prediction of retinopathy. This would

allow clinicians to either decrease the dose or increase monitoring in those patients with high HCQ blood levels.

INTRODUCTION

Hydroxychloroquine (HCQ) is one of only 4 medications
approved by the US Food and Drug Administration for use in the
treatment of systemic lupus erythematosus (SLE) (1,2). It is the
only medication proven to improve survival (2-4), and has been
demonstrated to reduce SLE flares by half (5). HCQ is particularly
effective in the treatment of cutaneous disease (6) and arthritis
(7). It has antithrombotic (8-10), antidiabetic (11,12), and lipid-
lowering effects (13,14). In lupus nephritis, HCQ is an indepen-
dent predictor of complete renal remission in patients treated with
mycophenolate mofetil (15). HCQ has been shown to improve
pregnancy outcomes in SLE (16,17), reduce the risk of congenital
heart block in women with positive anti-Ro/SSA antibody (18,19),
and delay the onset of SLE in individuals with undifferentiated con-
nective tissue disease (20). All these benefits of HCQ were proven
using previous dosing regimens (21,22).
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The most important long-term side effect of HCQ treatment
is HCQ retinopathy involving the photoreceptors with secondary
disruption of the retinal pigment epithelium (23; for review, see ref.
24). The hydroxyl group in HCQ reduces its capability of crossing
the blood-retinal barrier, which explains the lower retinal toxicity
compared to chloroquine (25). Risk factors that increase the risk of
HCQ retinopathy include a daily dose of >400 mg or >6.5 mg/kg
ideal/lean body weight for short individuals, a cumulative dose of
>1000 gm, a duration of use of >5 years, renal or hepatic dys-
function, obesity, age >60 years, and preexisting retinal disease
or maculopathy (21).

The American Academy of Ophthalmology (AAO) 2011
recommendations on screening for HCQ retinopathy advised
weight-based HCQ dosing of 6.5 mg/kg/day with a maximum
dose of 400 mg/day (21). Exceptions were individuals of short
stature and obese patients, for whom the AAO advised calculating
dosage based on ideal body weight (21). The incidence of HCQ
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retinopathy in clinical practice was originally reported in several
studies as demonstrating the presence of little or no toxicity among
thousands of patients (1,26). In a systematic review of 6 studies
comprising 2,043 patients taking HCQ for a mean duration of >10
years, only 2 patients (0.1%) were diagnosed as having definite
retinal toxicity and 6 patients (0.3%) were diagnosed as having
probable HCQ retinal toxicity (1). A meta-analysis performed by
Yam and Kwok on studies of retinopathy published between 1960
and 2005 showed that HCQ retinopathy was rare, with only 12 of
4,415 patients developing retinopathy (27). Wolfe and Marmor, in
a study of 3,995 patients with rheumatoid arthritis or SLE receiv-
ing HCQ, found definite or probable toxicity of HCQ in 0.65% of
patients with lifetime use, but only in 1% of patients after 5-7 years
of use (28).

However, in a later retrospective review of 2,361 Kaiser Per-
manente patients who had received HCQ, Melles and Marmor
reported toxicity in <1% of patients at 5 years, <2% of patients up
to 10 years, but almost 20% of patients after 20 years (29). This
led to, in 2016, revised AAO recommendations that the maximum
daily dose of HCQ should be <5.0 mg/kg real weight, which was
thought to possibly correlate better with risk compared to dosing
based on ideal weight (22).

These dosing recommendations were made without evi-
dence that the lower dose of HCQ would have the same efficacy
for SLE activity or the same protective role against cardiovas-
cular risk factors and thrombosis. In the study of Kaiser Per-
manente patients (29), Melles and Marmor did not analyze
prescribed dose, but pharmacy-dispensed medication. While
pharmacy-dispensed medication likely gives a better estimate of
actual dosing than prescribed dosing, the issue of nonadherence
confounds our ability to truly know HCQ intake (30). Genetic

differences in HCQ metabolism might also contribute to our ina-
bility to estimate effective dosing (31-33).

HCQ blood levels can be quantified by high-performance
liquid chromatography (34), which is a widely available method
of measuring drug concentrations. It is also possible to mea-
sure serum levels, but because of pharmacokinetic stability and
reliability, whole blood is preferable (35). Monitoring HCQ blood
levels has proven to be an effective tool to improve medication
adherence in patients with SLE (30). Herein, we present the first
prospective study on HCQ blood levels and HCQ retinopathy.

PATIENTS AND METHODS

Patients. Patients with SLE were enrolled from the Hopkins
Lupus Cohort, a prospective study on predictors of flare, athero-
sclerosis, and health status in SLE. SLE patients met the Sys-
temic Lupus International Collaborating Clinics (SLICC) Criteria for
SLE (36). Enrolled subjects were followed up quarterly, or more
frequently if clinically necessary. The Hopkins Lupus Cohort has
been approved yearly by the Johns Hopkins University School
of Medicine Institutional Review Board and complied with the
Helsinki Declaration. All patients gave informed, written consent
to participate in the study.

Clinical evaluation. Beginning in 2013, blood levels of
HCQ were measured at each visit for cohort patients who had
been prescribed HCQ. HCQ blood levels were measured by lig-
uid chromatography tandem mass spectrometry, as previously
described by Flzéry et al (34). For patients with retinopathy, all
HCQ blood levels measured prior to the diagnosis date were
included. For those without retinopathy, HCQ blood levels prior to
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Distribution of hydroxychloroquine dosage among the study subjects.
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Figure 2. Hydroxychloroquine (HCQ) dosage versus HCQ blood levels. Each symbol represents an individual data point.

the final retina assessment were included to calculate the mean
and maximum HCQ blood levels.

SLE patients receiving HCQ therapy were examined by ret-
ina specialists at the Johns Hopkins Wilmer Eye Institute with a
fundus examination and >1 of the newer retinal screening tests:
spectral-domain optical coherence tomography (SD-OCT), muilti-
focal electroretinography, microperimetry, and fundus autofluores-
cence. In our analysis, HCQ toxicity was defined dichotomously
by the retina specialist, with patients who were assigned a value
of “no” or “possible” categorized as not having HCQ toxicity, and
patients who were assigned a “yes” categorized as having HCQ
toxicity. The risk of HCQ toxicity was then assessed in tertiles
defined by the mean or maximum HCQ blood levels.

Statistical analysis. The risk of retinopathy was calculated in
subgroups that were defined by demographic and clinical variables
and by tertiles of HCQ blood concentration. P values were calcu-
lated using Fisher’s exact test, chi-square test, or Cochran-Armitage
test for trend, and the intraclass correlation coefficient (ICC) was cal-
culated using the “proc mixed” procedure in SAS, version 9.4.

RESULTS

Our study included 537 patients with SLE who underwent
retinal testing, of whom 494 (92%) were female. The majority of
patients were white (46.9%) or African American (41.5%). Figure 1
shows the distribution of HCQ dosing in the cohort.

HCQ blood levels were measured in 492 of the 537 SLE
patients, with 1-25 measurements recorded per patient (median
7 measurements). Figure 2 shows the relationship between pre-
scribed dosing and HCQ blood levels at the same visit. Patients

showed a variation in their HCQ blood levels over time. The
ICC compares the variability of different measurements of HCQ
blood levels in the same patient to the total variation across all
measurements and all patients. The ICC for HCQ blood levels
was 0.51. To provide a frame of reference, the ICCs of systolic

Table 1. Risk of hydroxychloroquine toxicity according to dem-
ographic and clinical variables
No toxicity, Toxicity,
no. (%) no. (%)
Variable (n=514) (n=23) P
Sex 0.1029
Female 475 (96.2) 19(3.8)
Male 39(90.7) 4(9.3)
Ethnicity 0.3804
White 238(94.4) 14 (5.6)
African American 215(96.4) (3.6)
Other 61(98.4) 1(1.6)
Age, years <0.0001*
<45 215(99.5) 1(0.5)
45-59 175(95.6) 8(4.4)
60+ 124 (89.9) 14.(10.1)
Body mass index, kg/m’ 01701t
<20 50 (98.0) 1(2.0)
20-<25 171 (97.7) 4(2.3)
25-<30 159 (95.2) 8 (4.8)
30-<35 76 (95.0) 4(5.0)
35+ 58(90.6) 6(9.4)
Smoking ever 0.6463
Yes 154 (95.1) 8(4.9)
No 357(96.0) 15 (4.0)
Hypertension ever 0.0020
Yes 276 (93.2) 20(6.8)
No 238(98.8) 3(1.2)

* P for trend < 0.0001.
t P for trend = 0.0160.
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Table 2. Hydroxychloroquine toxicity by duration of use*

Duration of use, Toxicity,
years No. of patients no. (%)
<5 103 1(0.97)
6-10 109 2(1.83)
11-15 91 3(3.30)
16-20 96 11 (11.46)
>21 75 6(8.00)

* P=0.0024; P for trend = 0.0006.

blood pressure and weight were also calculated, and were 0.47
and 0.94, respectively. Weight was the most consistent variable
between visits in patients while HCQ blood levels showed more
variation, similar to that of systolic blood pressure.

The overall prevalence of confirmed HCQ toxicity was 4.3%
(23 patients). Table 1 shows the risk of HCQ toxicity accord-
ing to patient demographic and clinical subsets. Men exhibited
a higher frequency of toxicity than women (9.3% versus 3.8%;
P = 0.1029). Compared to patients of other ethnicities, white
patients had a higher frequency of toxicity (5.6%), but the increase
was not significant. Greater age was significantly associated with
HCQ toxicity. Of patients <45 years of age, 0.5% had HCQ toxicity,
while for patients ages 45-59 years and patients age >60 years,
the prevalence of HCQ toxicity was 4.4% and 10.1%, respectively.
Patients with a high body mass index (BMI) had a higher risk of
HCQ toxicity (P for trend = 0.0160).

Table 2 shows the risk of HCQ toxicity according to duration
of HCQ intake. The duration of HCQ usage ranged from O to
48 years and was categorized into 5 categories by distribution.
Patients with a longer duration of HCQ intake had more HCQ tox-
icity after 16 years of use (P = 0.0024; P for trend = 0.0006). Both
the mean (P = 0.0124) and maximum (P = 0.034) HCQ blood
levels predicted later HCQ retinopathy (Table 3). There was no
difference in the risk of HCQ toxicity between white patients
and African American patients. Although the mean daily dosage
(mg/kg) of HCQ was significantly lower among African Ameri-
can patients compared to white patients (4.46 versus 4.84;
P =0.0022 by t-test), this did not result in significant differences
in blood levels or rate of retinal toxicity (Table 4).

Some patients in our study were screened multiple times with
the newer screening tests, often with more than one test at the
same visit. A total of 926 retina assessments were performed,

Table 4. Comparison of HCQ blood levels and rate of HCQ
retinopathy between African American patients and white patients*

African American, White,
no. (%) no. (%)
Mean HCQ level, tertile
0-741 ng/ml 82(39.2) 71(30.9)
741.5-1,176.5 ng/ml 63(30.2) 77 (33.5)
1,177+ ng/ml 64 (30.6) 82 (35.6)
Maximum HCQ level, tertile
0-1,182 ng/ml 74 (35.4) 73(31.7)
1,183-1,752 ng/ml 66 (31.6) 66 (28.7)
1,753+ ng/ml 69 (33.0) 91 (39.6)
HCQ retinopathy
Yes 8(3.6) 14 (5.6)
No 215(96.4) 238 (94.4)

* There were no significant differences between African American
and white patients according to hydroxychloroquine (HCQ) blood
level or rate of HCQ retinopathy.

with up to 8 retina examinations and a median of 1 examination
completed per patient. Three hundred patients underwent 1 ret-
ina assessment, 149 patients underwent 2 assessments, and 88
patients had >3 assessments. Whether we examined the prev-
alence of HCQ retinopathy by number of ophthalmology visits
completed by each patient or by number of tests done at each
patient’s last assessment, there was no association between
number of examinations and toxicity (P not significant).

DISCUSSION

This investigation represents the first prospective cohort study
of HCQ blood levels and retinopathy. The prevalence of HCQ retin-
opathy was 4.3% as determined by the use of fundus examination
and >1 of the following newer retinal screening tests: SD-OCT (the
most commonly used assessment), multifocal electroretinogra-
phy, fundus autofluorescence, and microperimetry. Most earlier
studies on the prevalence of HCQ retinopathy were retrospective
and depended on the presence of severe toxicity and bull's eye
maculopathy apparent on fundus examination (1,26-28).

In the recent large retrospective study by Melles and Mar-
mor, they reported the overall prevalence of HCQ retinopathy to
be 7.5%, evaluated by SD-OCT and visual field testing. The risk
of toxicity was <1% in the first 5 years and <2% in the first 10
years but increased to almost 20% after 20 years (29). We found

Table 3. Hydroxychloroquine (HCQ) toxicity in each HCQ blood level tertile

No toxicity, Toxicity,
no. (%) no. (%) P P for trend
Maximum HCQ level, tertile 0.0340 0.0143
0-1,182 ng/ml 161 (98.8) 2(1.2)
1,183-1,752 ng/ml 157 (95.2) 8(4.8)
1,753-6,281 ng/ml 153 (93.3) 11(6.7)
Mean HCQ level, tertile 0.0124 0.0027
0-741 ng/ml 162 (98.8) 2(1.2)
741.5-1,176.5 ng/ml 158 (96.3) 6(3.7)
1,177-3,513 ng/ml 151 (92.1) 13(7.9)
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that the frequency of HCQ retinopathy was less than this, with the
overall prevalence being 4.3%. The risk of retinopathy was 1% in
the first 5 years of use, 1.8% from 6 to 10 years, 3.3% from 11 to
15 years, 11.5% from 16 to 20 years, and 8.0% after 21 years.

Our data indicate that the prevalence of HCQ retinopathy,
with the use of newer screening technologies, is much higher
than previously reported. Importantly, we have shown that the
risk increases after 16 years of use. Even after 20 years, how-
ever, the risk of retinopathy in our study was less than half of that
reported in the study of Kaiser Permanente patients (29). This may
reflect our local practice, wherein a daily maximum dosing limit of
400 mg was utilized, and in which dose reductions were made for
patients with renal insufficiency and elderly patients (30).

We found that older age, high BMI, and duration of HCQ
intake were associated with a higher risk of HCQ retinopathy. The
results on high BMI were particularly concerning, as we capped
the dosage of HCQ at 400 mg daily, no matter how high the BMI.
In accordance with our findings, the AAO considered the duration
of HCQ usage and age as risk factors for development of HCQ
retinopathy (22). However, the AAO went far beyond emphasizing
the need to adopt more sensitive screening tests, recommending
a cap at <5 mg/kg. Figure 2 shows that this cap, in fact, still leads
to a broad distribution of HCQ blood levels.

The Kaiser Permanente study found that age and chronic kidney
disease (CKD) were predictors of retinopathy risk (29). We also found
age to be a predictor. Many causes of retinopathy, including common
ones such as macular degeneration, which is diagnosed after age
55, increase with age. Diabetic retinopathy increases with duration
of diabetes (and thus with age). One of the stronger predictors in the
Kaiser Permanente study was CKD (29). As we always reduce the
dose in patients with CKD (as well as following blood levels), it is not
surprising that we have never found an association with CKD.

The equal proportion of white patients and African American
patients in our cohort allowed us to examine ethnic differences. We
did not find any differences between the African American patients
and white patients with respect to HCQ blood levels or retinal tox-
icity, despite the lower mean dosing in African American patients.

Monitoring HCQ blood levels is an important step in improv-
ing medication adherence in patients with SLE (30). In this report,
we introduce the concept of HCQ blood level monitoring to reduce
the chances of prescribed dosages being too high. Although both
the mean and maximum blood levels predict risk, we believe mean
blood levels provide a better measure than maximum levels in the
assessment of risk due to the issues of patient nonadherence
(30,37,38) and due to the variation we observed even when the
patient was adherent. Correlation of HCQ blood levels with skin pig-
mentation (89) and gastrointestinal side effects has been reported
(85). Figure 2 shows the large variance between HCQ blood levels
and prescribed dosage. It should not be surprising that blood lev-
els vary. Genetic polymorphisms are known to affect HCQ levels
(31-33). However, the demonstrated nonadherence of patients
receiving HCQ (30) and changes in adherence over time (37) are the

major reasons for variations in blood levels. Monitoring serum/blood
level targets is routine in other areas of rheumatology (such as mon-
itoring uric acid levels, rather than allopurinol doses, in gout) and in
other specialties (such as monitoring antiepileptic levels, rather than
antiepileptic doses, in neurology). We think our data clearly indicate
the benefit of blood level monitoring in SLE management.

In our study, the prevalence of HCQ retinopathy was found
to be 4.3% using fundus examination and >1 of the newer retinal
screening tests. The risk of retinopathy increased after year 16,
but remained much lower than that reported in the retrospective
Kaiser Permanente study (29). The risk of retinopathy was numer-
ically higher in men and in white patients, and statistically signif-
icantly higher in older patients and patients with a higher BMI.
Importantly, no patients had blindness.

Our data show, for the first time, the utility of HCQ blood
level monitoring in predicting retinopathy risk. Other prospective
studies are needed to substantiate our results. The present find-
ings suggest that clinicians should consider either decreasing the
dosage of HCQ or increasing monitoring in patients whose HCQ
blood levels are in the highest tertile.
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Improved Mitochondrial Metabolism and Reduced
Inflammation Following Attenuation of Murine Lupus With
Coenzyme Q10 Analog Idebenone

Luz P. Blanco," “&/ Hege L. Pedersen,' Xinghao Wang,' Yaima L. Lightfoot,' Nickie Seto,' Carmelo Carmona-Rivera,’
Zu-Xi Yu,” Victoria Hoffmann,” Peter S. T. Yuen,* and Mariana J. Kaplan'

Objective. A role for mitochondrial dysfunction has been proposed in the immune dysregulation and organ dam-
age characteristic of systemic lupus erythematosus (SLE). Idebenone is a coenzyme Q10 synthetic quinone analog
and an antioxidant that has been used in humans to treat diverse diseases in which mitochondrial function is im-
paired. This study was undertaken to assess whether idebenone ameliorates lupus in murine models.

Methods. Idebenone was administered orally to MRL/[pr mice at 2 different doses (1 gm/kg or 1.5 gm/kg
idebenone-containing diet) for 8 weeks. At peak disease activity, clinical, immunologic, and metabolic parameters
were analyzed and compared to those in untreated mice (n = 10 per treatment group). Results were confirmed in the
lupus-prone NZM2328 mouse model.

Results. In MRL/Ipr mice, idebenone-treated mice showed a significant reduction in mortality incidence
(P < 0.01 versus untreated mice), and the treatment attenuated several disease features, including glomerular
inflammation and fibrosis (each P < 0.05 versus untreated mice), and improved renal function in association with
decreased renal expression of interleukin-17A (IL-17A) and mature IL-18. Levels of splenic proinflammatory cytokines
and inflammasome-related genes were significantly decreased (at least P < 0.05 and some with higher significance)
in mice treated with idebenone, while no obvious drug toxicity was observed. Idebenone inhibited neutrophil extra-
cellular trap formation in neutrophils from lupus-prone mice (P < 0.05) and human patients with SLE. Idebenone also
improved mitochondrial metabolism (30% increase in basal respiration and ATP production), reduced the extent of
heart lipid peroxidation (by one-half that of untreated mice), and significantly improved endothelium-dependent vas-
orelaxation (P < 0.001). NZM2328 mice exposed to idebenone also displayed improvements in renal and systemic in-
flammation, reducing the kidney pathology score (P < 0.05), IgG/C3 deposition (P < 0.05), and the gene expression of
interferon, proinflammatory, and inflammasome-related genes (at least P < 0.05 and some with higher significance).

Conclusion. Idebenone ameliorates murine lupus disease activity and the severity of organ damage, supporting
the hypothesis that agents that modulate mitochondrial biologic processes may have a therapeutic role in human
SLE.

INTRODUCTION

An important role for mitochondrial dysfunction in the
pathogenesis of systemic lupus erythematous (SLE) has been
described by our group and by others (for review, see ref. 1).
Enhanced synthesis of mitochondrial reactive oxygen species
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(mMROS) by lupus neutrophil subsets is associated with enhanced
formation of neutrophil extracellular traps (NETs) that are enriched
in oxidized mitochondrial DNA (mDNA). This oxidized mDNA
promotes type | interferon (IFN) responses through activation of
the cyclic GMP-AMP synthase/stimulator of IFN genes pathway
(2). Mitochondrial dysfunction has also been reported to develop
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in lupus-prone mice at an early age, manifesting before overt
immune dysregulation and tissue damage become apparent (3).
Furthermore, in vivo administration of mROS scavengers ame-
liorates murine lupus (2). These observations indicate that drugs
aimed at improving mitochondrial homeostasis may have thera-
peutic benefits in SLE.

Idebenone (2,3-dimethoxy-5-methyl-6-[10-hydroxydecyl]-1
,4-benzoquinonenoben) is a drug previously tested in clinical tri-
als and already approved in some countries for the treatment of
certain diseases associated with mitochondrial dysfunction (4—
7), including Leber’s hereditary optic neuropathy and Duchenne’s
muscular dystrophy. It is a synthetic quinone analog compound
of coenzyme Q10 with a shorter aliphatic chain, and is consid-
ered a potent antioxidant that protects cells against enhanced
ROS toxicity (8,9). Idebenone improves electron transfer chain
function by bypassing deficient complex | activity and enhancing
the amount of ATP synthesized, thereby improving mitochondrial
physiology (10). The potential therapeutic benefit of idebenone
has been tested in various murine models of disease (11-13).
We hypothesized that idebenone could modulate the pathologic
development and progression of SLE through regulation of mito-
chondrial function and ROS synthesis. To test this, we evaluated
the effect of this drug in 2 murine models of lupus.

MATERIALS AND METHODS

Animal procedures and diet. The National Institute of
Arthritis and Musculoskeletal and Skin Diseases (NIAMS) Ani-
mal Care and Use Committee approved all animal procedures
for these experiments (protocol no. A016-05-26). Female lupus-
prone MRL/MpJ-Fas”/J mice (MRL/pr; stock no. 000485) and
female nonautoimmune MRL/MpdJ mice (control MpdJ; stock no.
000486) were purchased from The Jackson Laboratory (n = 10
mice per group per experiment). The control diet was the stan-
dard NIH-31 diet (14), while the idebenone (Cayman Chemical)—
supplemented diet (Envigo) contained either 1 gm/kg (low dose)
or 1.5 gm/kg (high dose) idebenone-containing NIH-31 diet, in
conjunction with a blue dye (FD&C Green #3, CAS no. 2353-45-
9; chemical formula C37H34N2Na2010S3) to monitor intake.
MRL/lor mice started the idebenone diet at age 9 weeks. MRL/|pr
mice were kept on the diet for ~2 months until disease manifesta-
tions peaked, followed by euthanasia.

All experiments compared the high- and low-dose idenenone
groups to the control diet group. In addition, a more limited set of
experiments (assessing the effects of dietary intake on mitochon-
drial complex Il activity) were performed comparing only the low
dose of idebenone to the control diet group (see details in Sup-
plementary Figures 1-6, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41128/
abstract).

In addition, a more limited set of experiments in NZM2328
lupus-prone mice (breeding pair originally obtained by Dr. Shu-

Man Fu, University of Virginia, Charlottesville) was performed
to assess treatment efficacy beyond a single mouse model.
NZM2328 mice were treated from week 10 to week 38 with the
low-dose idebenone—containing diet (1.0 gm/kg diet) or normal
control NIH-31 diet (n = 10 mice per group).

Anti-double-stranded DNA (anti-dsDNA), anti-nuclear
RNP (anti-nRNP), and anti-SSA quantification. Serum
concentrations of autoantibodies were calculated as previously
described (2) using commercially available enzyme-linked immu-
nosorbent assay (ELISA) kits (catalog nos. 5110, 5410, and
5710; Alpha Diagnostic). Briefly, serum was diluted (1:125) in
NSB buffer, and ELISAs were carried out in accordance with the
manufacturer’s instructions.

Assessment of kidney function and histologic fea-
tures. Slides containing kidney sections from the mice were
evaluated in a blinded manner by a veterinary pathologist
(Z-XY and VH) for disease severity, fibrosis, inflammation, and
glomerulosclerosis, and each histologic score was calculated
using previously described scoring systems (15). Renal immune
complex deposition was quantified as previously described (2),
using an Alexa Fluor 594—-conjugated F(ab’), goat anti-mouse
IgG (catalog no. A11020; ThermoFisher) and a fluorescein iso-
thiocyanate—conjugated anti-murine C3 antibody (catalog no.
GC3-90F-Z; Immunology Consultants Laboratories). Frozen kidney
sections were also stained with Alexa Fluor 488—conjugated rat anti-
mouse interleukin-17A (IL-17A) antibodies (BD Biosciences).
Nuclei were stained with Hoechst dye (1:500; Life Technologies).

For quantification, 3 random images were obtained from
each stained frozen kidney section. The images were ana-
lyzed with Imaged software (NIH), selecting the glomerular
compartment to quantify the mean pixels for each fluores-
cence channel used.

To quantify serum creatinine levels and eliminate the influ-
ence of chromogens (which interfere with the classic Jaffe
method for creatinine detection) in the mouse serum, a high-
performance liquid chromatography assay was used, as pre-
viously described (16). Briefly, 5 pl serum was treated with
0.5 ml acetonitrile and then centrifuged at 4°C at 13,000g
for 20 minutes, and supernatants were dried using a Speed-
Vac and resuspended in mobile phase (5 mM sodium acetate,
pH 5.1). Duplicates were run on a 100 x 4.1-mm PRP-X200
column (Hamilton) and isocratically eluted at 2 ml/minute in
an Agilent 1100 system, with ultraviolet detection at 234 nm.
Absolute quantitation was determined with a standard curve
of 2-50 ng creatinine (r* = 0.999).

Determination of endothelium-dependent vaso-
relaxation. Endothelium-dependent vasorelaxation of the
thoracic aorta was accomplished using a method previously
described by our group (15). Clean aorta rings were mounted in a
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myograph DMV device and allowed to stabilize under 7 mN iso-
metric conditions. After exposure to potassium buffer, aortic rings
were precontracted with phenylephrine, followed by the addition
of increasing amounts of acetylcholine. Vasorelaxation was then
measured as the percentage of contraction.

Assessment of proinflammatory gene expression.
Messenger RNA (mRNA) was isolated from frozen spleens, and
quantification of proinflammatory and IFN-regulated genes was
performed as previously described (2). Briefly, spleen tissue was
homogenized in RLT lysis buffer, and RNA was isolated with an
RNA Easy kit (Qiagen), following the manufacturer’s instructions.
Complementary DNA was synthesized with 1 pg of RNA, using a
Bio-Rad iScript kit and an ABI thermocycler. Quantitative reverse
transcription—polymerase chain reaction was performed using
Bio-Rad reagents and instructions, and a CFX96 Bio-Rad real-
time thermocycler.

The fold change in gene expression for each gene was
calculated using Actb (B-actin) as a housekeeping gene and
threshold cycle (C) values derived from tissue from mice
receiving the control diet, which was used for the 2" calcu-
lations. The following primers were used: for Actb, forward 5'-
CCA-ACC-GCG-AGA-AGA-TGA-3" and reverse 5-CCA-GAG-G
CG-TAC-AGG-GAT-AG-3'; for Ifna1, forward 5-AAG-GAC-AGG-C
AG-GAC-TTT-GGA-TTC-3"and reverse 5-GAT-CTC-GCA-GCA-C
AG-GGA-TGG-3'; for Ifnb, forward 5-AAG-AGT-TAC-ACT-GCC-T
TT-GCC-ATC-3" and reverse 5-CAC-TGT-CTG-CTG-GTG-GAG-T
TC-ATC-3'; for 116, forward 5-TGG-CTA-AGG-ACC-AAG-ACC-A
TC-CAA-3" and reverse 5-AAC-GCA-CTA-GGT-TTG-CCG-AGT-A
GA-3’; for Mx1, forward 5’-GAT-CCG-ACT-TCA-CTT-CCA-GAT-G
G-3" and reverse 5-CAT-CTC-AGT-GGT-AGT-CAA-CCC-3'; for
Tnf, forward 5-CCC-TCA-CAC-TCA-GAT-CAT-CTT-CT-3" and
reverse 5-GCT-ACG-ACG-TGG-GCT-ACA-G-3'; for ll1b, forward
5’-CCC-TGC-AGC-TGG-AGA-GTG-TGG-A-3" and reverse 5-CT
G-AGC-GAC-CTG-TCT-TGG-CCG-3'; for /112b, forward 5-AGA-A
AG-GTC-CGT-TCC-TCG-TAG-3" and reverse 5-AGC-CAA-CC
A-AGC-AGA-AGA-CAG-3'; for Pycard, forward 5-AAC-CCA-AG
C-AAG-ATG-CGG-AAG-3" and reverse 5-TTA-GGG-CCT-GGA-G
GA-GCA-AG-3’; for Nirp3, forward 5-CTT-CTC-TGA-TGA-GGC-
CCA-AG-3" and reverse 5-GCA-GCA-AAC-TGG-AAA-GGA-A
G-3'; for 110, forward 5-CCA-GTT-TTA-CCT-GGT-AGA-AGT-G
AT-G-3" and reverse 5-TGT-CTA-GGT-CCT-GGA-GTC-CAG-C
AG-ACT-3; for Mpo, forward 5-TGC-TCT-CGA-ACA-AAG-AGG-
GT-8" and reverse 5-CTC-CTC-ACC-AAC-CGC-TCC-3’; and for
118, forward 5-ACT-GTA-CAA-CCG-CAG-TAA-TAC-GC-3" and
reverse 5-AGT-GAA-CAT-TAC-AGA-TTT-ATC-CC-3’. The mito-
chondrial:nuclear transcription ratio was measured using the fol-
lowing primers: 716S or Mmr2 (forward 5-CTA-GAA-ACC-CCG-
AAA-CCA-AA-3” and reverse 5-CCA-GCT-ATC-ACC-AAG-CTC-
GT-8) and B,-microglobulin B2m (forward 5-ATG-GGA-AGC-CG
A-ACA-TAC-TG-3 and reverse 5-CAG-TCT-CAG-TGG-GGG-TG
A-AT-3).

Quantification of NETs and mROS in bone marrow
(BM)-derived neutrophils. The isolation of BM-derived neu-
trophils and quantification of NETs and mROS were performed
as previously described by us (2). Briefly, hind-limb bone marrow
neutrophils were purified by Percoll gradient. Cells were seeded
in a 96-well plate (200,000 cells/100 pl/well) in triplicate for each
dye, and allowed to form NETs in the presence of Sytox (exter-
nalized DNA, 1 uM final concentration), Quant-It Picogreen (total
DNA, stock solution diluted 250 times), and MitoSox (mMROS final
concentration 200 ng/ml) (all from ThermoFisher). Fluorescence
was measured at different time points for each dye, at 485/520
at the earliest time point (for Picogreen), at 510/580 at 1 hour (for
MitoSox), and at 485/520 at 2 hours (for Sytox), using a FLUOstar
Omega BMG Labtech plate reader. Picogreen measurement was
used for determining the initial number of cells or total DNA.

Phenotyping of splenocytes by flow cytometry. After
euthanasia, splenocytes were isolated from the mice, and follow-
ing red blood lysis using ACK lysing buffer (Gibco-Life Technolo-
gies), single-cell suspensions were stained with Live/Dead Aqua
(ThermoFisher) diluted in phosphate buffered saline (PBS) on ice
for 15 minutes, and then washed with fluorescence-activated cell
sorting (FACS) buffer (PBS + 2% fetal bovine serum). Cells were
then incubated with TruStain FcX (BioLegend) on ice for 10 min-
utes, before staining with the following antibodies (all from BiolLeg-
end) on ice for 15 minutes: allophycocyanin (APC)-conjugated
CD8a (53-6.7), fluorescein isothiocyanate—conjugated CD19
(6D5), PerCP-Cy5.5-conjugated CD45 (30-F11), phycoeryth-
rin (PE)-conjugated CD62L (MEL-14), BV421-conjugated CD4
(GK1.5), APC-Cy7—-conjugated CD44 (M7), and PE-Cy7-
conjugated CD3 (17A2). Cells were washed twice in FACS buffer
and immediately collected on an LSRFortessa flow cytometer
(BD Biosciences). Data were analyzed using FlowJo software
(Tree Star).

Isolation of human neutrophils and characteriza-
tion of NET formation. Human peripheral blood neutrophils
were isolated in a manner as previously described (2) from sub-
jects who fulfilled the American College of Rheumatology revised
criteria for SLE (17). All subjects gave informed consent to par-
ticipate in the NIAMS/National Institute of Diabetes and Diges-
tive and Kidney Diseases Institutional Review Board-approved
protocol.

Peripheral blood was obtained by venipuncture, and normal-
density neutrophils were purified from sedimented red blood cells
(RBCs) following Ficoll gradient, using 10% dextran solution. RBCs
were lysed using sodium chloride hypo- and hypertonic solutions.
Lupus low-density granulocytes (LDGs) were isolated by negative
selection from the peripheral blood mononuclear cell layer fol-
lowing Ficoll gradient, as previously described by our group (18).
NETs were detected by immunofluorescence, as described previ-
ously (2). Neutrophils seeded in coverslips or coverslip chambers
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were incubated for 90 minutes at 37°C with or without idebenone
(10 M), fixed with 4% paraformaldehyde, and permeabilized with
0.2% Triton X-100, followed by 0.5% gelatin for 20 minutes. Cells
were stained with antibodies directed against human neutrophil
elastase (1:1,000, ab21595; Abcam), Hoechst 33342 (1:1,000;
Life Technologies), and secondary antibodies (1:500, Alexa Fluor
488 [A31570]; Life Technologies). After mounting (Prolong; Life
Technologies), cells were visualized and imaged using a Zeiss
LSM780 confocal microscope.

Mitochondrial metabolism analysis. BM-derived neu-
trophils or splenocytes were plated on Cell-Tak—coated Sea-
horse culture plates (300,000 cells/well) in Seahorse XF
RPMI medium (pH 7.4). XF analysis of mitochondrial activity
was performed at 37°C in the absence of CO,, using an XF-
96e analyzer (Agilent) in accordance with the manufacturer’s
instructions.

A mitochondrial stress test assay was performed using
Seahorse XF RPMI medium (pH 7.4) supplemented with 25 mM

glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine. Cells
were treated serially with oligomycin (5 uM), FCCP (1 uM),
rotenone (100 nM), and antimycin A (10 pM), and the oxygen
consumption rate was measured over time. The cell numbers
at assay completion were normalized to DNA content using
CyQuant dye (ThermoFisher). Seahorse Wave (Agilent), Excel
(Microsoft), and GraphPad Prism software packages were
used to analyze the data. To calculate significant differences
between groups, the Mann-Whitney U test was performed.

Measurement of cardiac lipid peroxidation. Lipid per-
oxidation was measured in halved sections of the mouse hearts
using a previously described method (19). Briefly, heart sections
were homogenized in Tris HCI buffer (0.1M, pH 7.4) and incu-
bated with 10% trichloroacetic acid for 15 minutes on ice. After
centrifugation at 2,200g for 15 minutes, supernatants and stan-
dard solutions were mixed with an equal volume of thiobarbituric
acid (0.67% weight/volume) and incubated for 10 minutes at
95°C. Standard was prepared using base-2 serial dilutions with
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Figure 1. Idebenone improves renal disease in murine lupus. A, Kaplan-Meier survival curves for MRL/lor mice receiving either low- or high-

dose idebenone or the control diet (n = 10 mice/group). ** = P < 0.01 by log rank (Mantel-Cox) test. B, Serum creatinine levels at euthanasia
in MRLWIpr mice or nonautoimmune control MpdJ mice (n = 40 MRL/lpr mice/group and n = 5 MpJ mice). C-F, Scores for the severity of kidney
disease (C), fibrosis (D), inflammation (E), and glomerulosclerosis (F) at euthanasia in MRL/Jor or control Mpd mice (n = 20 MRL/lor mice/group
and n = 3 MpJ mice). G-J, Representative images at euthanasia of renal IgG (red) and C3 (green) deposition in the kidneys of an MRL/jor mouse
fed the control diet (G), low-dose idebenone (H), or high-dose idebenone (I) or a control Mpd mouse (J). Nuclei were stained with Hoechst (bluge).
K, Quantification of glomerular immune complex (IgG and C3) deposition in each group of mice. In B-F and K, results are the mean + SEM.
*=P<0.05 " =P <0.01; " =P <0.0001, by Mann-Whitney U test.
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tetramethoxypropane solution, starting from 500 pM in water.
Absorbance was measured at 532 nm. The protein concentra-
tion in the homogenized tissue was measured using a BCA pro-
tein assay (ThermoFisher) in accordance with the manufacturer’s
instructions.

Kidney expression of mature IL-18. Protein detection
in renal tissue preserved at —80°C was performed as previously
described (20). Briefly, 50 ug of total protein was resolved in a
4-12% NuPAGE Bis-Tris gradient gel (Invitrogen). Proteins were
immobilized onto a nitrocellulose membrane (Invitrogen) and
blocked with 10% bovine serum albumin for 30 minutes at room
temperature. Thereafter, the membrane was incubated with rabbit
anti-mouse IL-18 clone H-173 (1:500; Santa Cruz Biotechnology)
or anti-tubulin (1:1,000; Cell Signaling Technology) overnight at
4°C. After 3 washes with PBS-Tween, the membrane was probed
with secondary IRDye800 goat anti-mouse or IRDye800 goat
anti-rabbit antibodies (1:10,000; Li-Cor Biosciences) for 1 hour
at room temperature. Proteins were detected using a Li-Cor Bio-
sciences Odyssey Infrared Imaging System, in accordance with
the manufacturer’s instructions.

RESULTS

Assessment of intake and tolerability of the
idebenone-supplemented diet. The mice displayed ade-
quate intake of the idebenone-containing diet, as measured by
incorporation of blue dye into feces and intestinal lumen (see
Supplementary Figures 1A-C [http://onlinelibrary.wiley.com/
doi/10.1002/art.41128/abstract]). MRL/Ipr mice started the
idebenone diet at age 9 weeks. Two doses of idebenone were
tested. Assuming each 20-gm mouse consumes ~3-5 gm
diet per day, the dose received per mouse was in the range of
150 mg (low dose) to 375 mg (high dose) per day per kg. Mice
tolerated the diet well without any obvious signs of toxicity.
At euthanasia, the weight of the idebenone-treated mice was
slightly higher than that of the mice fed the control diet (see
Supplementary Figure 1D).

Better survival and improvement in renal histo-
pathologic features following idebenone treatment in
murine lupus. Mice were not kept alive beyond age 17
weeks, in order to follow institutional regulations of animal care
designed to prevent discomfort from neck lymphadenopathy in
this animal model. Nevertheless, we observed that mice in both
the low-dose and the high-dose idebenone diet groups sur-
vived through week 17, while several early deaths occurred in
the control group, as shown by the Kaplan-Meier survival curve
(Figure 1A).

One of the most prominent features of lupus is the devel-
opment of glomerulonephritis. To explore the effect of ide-

benone on kidney function, we quantified serum creatinine
levels and found that MRL/lpr mice fed high-dose idebenone
displayed significantly lower serum creatinine concentrations
compared to the other groups (Figure 1B), similar to the lev-
els in the nonautoimmune control MpJ mouse strain. In con-
trast, serum creatinine levels in the mice receiving low-dose
idebenone did not significantly differ from those in mice receiv-
ing the control diet.

Histologic analysis of the kidneys (for representative images,
see Supplementary Figure 2 [http://onlinelibrary.wiley.com/
doi/10.1002/art.41128/abstract]) revealed that low-dose ide-
benone significantly reduced the severity of glomerulonephritis
(Figure 1C) and glomerulosclerosis (Figure 1F). High-dose ide-
benone was associated with significant reductions in the glomer-
ular fibrosis score (Figure 1D). No reductions in the inflammation
score were observed with either dose of idebenone compared
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Figure 2. Idebenone modulates inflammasome-associated
molecules and interleukin-17 (IL-17) levels in the kidneys of mice
with lupus. A, Western blot analysis of the expression of pro-IL-
18, mature IL-18, and tubulin proteins in the kidneys of MRL/|pr
mice receiving the control diet or idebenone diets. B, Densitometric
quantification of mature IL-18 expression in the kidneys of MRL/|por
mice receiving the control diet (n = 4) or either the low- or high-dose
idebenone diet (n = 5 mice/group). C, Quantification of IL-17A in the
glomeruli of MRL/Ipr or control Mpd mice (4 tissue slides/condition;
n = 10 MRW/pr mice/group and n = 3 Mpd mice). Results are the
mean + SEM. * = P < 0.05; ™ = P < 0.01; ™ = P < 0.0001, by
Student’s unpaired t-test.
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to mice fed the control diet (Figure 1E). Similarly, renal immune
complex deposition was not attenuated by either dose of ide-
benone compared to animals receiving the control diet. Despite
the significant improvement in renal function and reduction in
glomerular fibrosis, there was enhanced renal immune complex
deposition in both the high-dose and the low-dose idebenone
groups compared to the control diet group (Figures 1G-K).

Treatment with either dose of idebenone significantly
reduced the renal expression of mature IL-18 compared to that
in mice fed the control diet (Figures 2A and B), suggesting that
idebenone may modulate inflammasome activation in the murine
lupus kidney. In addition, both doses of idebenone significantly
reduced IL-17A levels in the kidney (Figure 2C). These results
suggest that idebenone can improve kidney function and ame-
liorate the renal damage characteristic of SLE.

Further support for the beneficial effects of idebenone
in lupus renal disease was obtained by administering low-

dose idebenone to NZM2328 mice. Following treatment with
low-dose idebenone, NZM2328 mice displayed significant
reductions in immune complex deposition and renal inflam-
mation (see Supplementary Figures 3A-E [http://onlinelibrary.
wiley.com/doi/10.1002/art.41128/abstract]). Overall, these
results indicate that idebenone administration modulates
lupus glomerulonephritis in murine systems, and that the
mechanisms may be complex and appear to differ between
mouse strains.

Improvement in endothelium-dependent vasorelax-
ation and reduction in cardiac lipid peroxidation, but
lack of reduction in circulating autoantibodies, with ide-
benone treatment in murine lupus. Neither the high dose
nor the low dose of idebenone modified the serum levels of anti-
nNRBNP, anti-SSA, or anti-dsDNA autoantibodies either in MRL/or
mice (Figures 3A-C) or in NZM2328 mice (data not shown). In
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Figure 3. Idebenone has no effect on circulating autoantibodies but modulates endothelium-dependent vasorelaxation and cardiac lipid
peroxidation in mice with lupus. A-C, Quantification of serum anti-nuclear RNP (anti-nRNP) (A), anti-SSA (B), and anti—double-stranded DNA
(anti-dsDNA) (C) antibodies in MRL/lpr mice and control MpJ mice at euthanasia (n = 10 mice/group). D, Endothelium-dependent vasorelaxation
of the aortic rings from MRL/Ipr mice (n = 3 mice/group), determined according to relaxation of the phenylephrine (PE)—-precontracted aortas in
response to acetylcholine (Ach) using a myograph. E, Quantification of cardiac tissue lipid peroxidation by thiobarbituric acid assay (TBARS) in
MRL/Ipr mice (n = 10 mice/group). Results are the mean + SEM. * = P < 0.05; ** = P < 0.01; ** = P < 0.001, by 2-way analysis of variance and
Tukey’s multiple comparisons test in D and by Mann-Whitney U test in A-C and E.
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contrast, both doses of idebenone induced significant improve-
ments in endothelium-dependent vasorelaxation (Figure 3D),
suggesting that this compound can beneficially modulate lupus
vasculopathy.

In further support of the idea that idebenone can improve car-
diovascular physiology, cardiac lipid peroxidation (a phenomenon
associated with enhanced oxidative damage and cardiovascular
disease) was significantly diminished by both doses of idebenone
compared to the control diet group (Figure 3E). These results indi-
cate that idebenone significantly improves parameters of cardio-
vascular risk in lupus-prone mice.

Attenuation of inflammation pathways and immune
dysregulation with idebenone treatment in murine
lupus. Spleen size, a parameter of murine lupus disease activity,
was reduced following treatment with both doses of idebenone,
with the low-dose group showing significant differences com-

pared to the control diet group (Figure 4A). There were no sig-
nificant differences in total splenic T cell numbers between the
idebenone and control diet groups (Figure 4B). Similarly, there
were no significant changes in the numbers of double-negative
T cells (CD4-CD8-) (Figure 4C). However, when the matura-
tion and activation status of T cells was assessed, treatment
with low-dose idebenone significantly reduced the numbers of
effector memory T cells (CD44+CD62L-) (Figures 4D-E) and
effector memory CD4+ T helper cells (Figure 4F and Supple-
mentary Figure 4 [http://onlinelibrary.wiley.com/doi/10.1002/
art.41128/abstract]). In contrast, high-dose idebenone did not
affect the proportions of spleen cells significantly when com-
pared to the control diet. There was no difference in the num-
bers of other splenic cell subsets, including B cells, plasma cells,
naive B cells, marginal zone B cells, plasmablasts, plasmacy-
toid dendritic cells, monocytes, and neutrophils, between the
control diet and either dose of idebenone (see Supplementary
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Figure 4.

Idebenone decreases spleen size, reduces the number of effector memory T cells, and modulates inflammatory gene expression

in mice with lupus. A, Size of the spleens relative to total weight in MRL/lor mice and control Mpd mice. B-F, Percentage of splenic T cells
(CD45+CD3+) (B), double-negative (DN) T cells (CD45+CD3+CD4-CD8-) (C), memory T cells (CD45+CD3+CD4+CD8-CD44+CD62L-) (D),
effector memory T cells (CD45+CD3+CD44+CD62L-) (E), and effector memory CD4+ T helper cells (CD45+CD3+CD4+CD8-CD44+CD62L-)
(F). Results in A-F are the mean + SEM of 10 mice/group. G and H, Expression of representative type | interferon-regulated genes,
proinflammatory cytokines, and inflammasome-related genes in splenocytes from MRL/pr mice treated with the low-dose (G) or high-dose
(H) idebenone diet. Gene expression is measured as the fold change in the idebenone groups adjusted for the control diet group (normalized
to a value of 1 [broken horizontal line]). Results are the mean + SEM of 4 mice per group. * = P < 0.05; * = P < 0.01; ** = P < 0.001; *** =
P < 0.0001, by Mann-Whitney U test. NS = not significant.
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Figure 5 [http://onlinelibrary.wiley.com/doi/10.1002/art.41128/
abstract]). These results suggest that idebenone preferentially
reduces the number of effector memory CD4+ T cells in mice
with lupus, and that the effect differs between doses of the
compound.

Gene expression analysis of splenocytes showed that
selected type | IFNs and type | IFN-regulated genes and other
proinflammatory genes (such as Tnf and /16) were not significantly
modified by treatment with low-dose idebenone, whereas spleno-
cyte expression of /18, lI17a, and /I1B was significantly decreased
(Figure 4G) as compared to the control diet. The high-dose ide-
benone diet significantly inhibited splenocyte expression of /18,
Pycard, IL17a, Ifna, Ifnb, and lI6, whereas it significantly induced
splenocyte expression of 112b, Tnf, and Mpo (Figure 4H), when
compared to the control diet.

These findings were supported by the findings in
NZM2328 mice, in which treatment with low-dose idebenone
also significantly reduced splenomegaly and decreased sple-
nocyte gene expression of Ifnal, Mx1, lI6, II1B, and lI10 (see
Supplementary Figures 3A and F [http://onlinelibrary.wiley.
com/doi/10.1002/art.41128/abstract]). These results indicate
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that idebenone may modify inflammatory gene expression in
lupus-prone mice.

Modulation of mitochondrial metabolism with ide-
benone treatment in lupus-prone mice. We quantified
the modulation of mitochondrial metabolism by idebenone in
mouse splenocytes and BM-derived neutrophils using a Sea-
horse Analyzer. In both the splenocytes (Figures 5A-C) and
neutrophils (Figures 5E-G), low-dose idebenone significantly
enhanced mitochondrial basal respiration (Figures 5A and E),
maximal respiration (Figures 5B and F), and ATP production
(Figures 5C and G) as compared to the control diet. Trends
were similar in the high-dose idebenone group, but differences
compared to the control diet did not reach statistical signifi-
cance (Figures 5A-C and E-G).

Low-dose idebenone increased the ratio of mitochondrial
gene:nuclear gene (16S:B2m) transcription compared to the
control diet, whereas conversely, this ratio was decreased with
high-dose idebenone (Figure 5D). Overall, these results suggest
that mitochondrial immunometabolism is improved by idebenone
treatment in lupus-prone mice.
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Figure 5. Mitochondrial immunometabolism is modulated by idebenone. A-C and E-G, Mitochondrial metabolism was analyzed in
splenocytes (A—C) and bone marrow—derived neutrophils (E-G) from MRL/jor mice receiving the control or idebenone diets. Mice were analyzed
for basal respiration (A and E), maximal respiration (B and F), and ATP production (C and G) (n = 10 mice/group). D, The ratio of transcription
of the mitochondrial gene 76S to that of the nuclear gene B2m was analyzed by quantitative reverse transcription—polymerase chain reaction
in splenocytes from MRL/[or mice (n = 10 mice/group). Results are the mean + SEM. * = P < 0.05; ** = P < 0.01, by Mann-Whitney U test.

OCR = oxygen consumption rate.
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Figure 6. Idebenone modulates spontaneous murine and human
neutrophil extracellular trap (NET) formation and murine mitochondrial
reactive oxygen species (ROS) synthesis. A, Ex vivo spontaneous and
ionophore (A23187)-induced NET formation in neutrophils, quantified
by Sytox plate assay at 2 hours poststimulation, from the bone
marrow (BM) of MRL/Jpr mice receiving the control or idebenone diets
and control MpdJ mice. B, Mitochondrial ROS synthesis, determined
as the ratio of MitoSox to Picogreen fluorescence, in BM-derived
neutrophils from each group of mice. Results in A and B are the
mean + SEM of 10 mice per group. * = P < 0.05; ** = P < 0.001;
= P < 0.0001, by Mann-Whitney U test. C-F, Assessment of
NET formation in human lupus low-density granulocytes (LDGs)
(C and D) compared to normal-density granulocytes (NDGs) (E
and F) in the presence of idebenone treatment (10 uM) (D and
F) or absence of idebenone treatment (C and E), as quantified
by immunofluorescence after 2 hours of incubation. Images are
representative of 3 different patients analyzed. Green fluorescence
indicates neutrophil elastase, and blue fluorescence indicates
DNA. The upper panels in C-F are single fluorochromes, and
the bottom left panel shows the merged fluorescence. Original
magnification x 40.

To further characterize the pathways modulated by idebenone
in murine lupus, we measured the specific activity of mitochondrial
complex Il in splenic extracts. We found mitochondrial complex
Il activity to be enhanced in splenocytes from MRL/jor exposed

to low-dose idebenone compared to the control diet. This effect
in the low-dose idebenone group was inhibited by both of the
mitochondrial complex ll-specific inhibitors tested, malonate and
TTFA (see Supplementary Figure 6 [http://onlinelibrary.wiley.com/
doi/10.1002/art.41128/abstract]).

Modulation of NET formation with idebenone treat-
ment in lupus-prone mice and human patients with SLE.
The capacity of idebenone to modulate antioxidants and immu-
nometabolism could potentially modify the amount of mROS
that is synthesized by myeloid cells. Since mROS are implicated
in pathogenic NET formation (2), we quantified this process ex
vivo in BM-derived neutrophils from idebenone-treated mice after
euthanasia (Figure 6A). Spontaneous NET formation by neutrophils
from MRL/jor mice was significantly decreased in the high-dose
idebenone-treated mice but not in the low-dose idebenone—treated
mice, as compared to the control diet group (Figure 6A), while no
differences in ionophore-induced NET formation were observed.

Similarly, synthesis of MROS in MRL/Jpor mouse neutrophils
was significantly decreased in the high-dose idebenone group but
not in the low-dose idebenone group (Figure 6B) compared to
the control diet. These results suggest that mROS production is
enhanced in murine lupus neutrophils, and that idebenone can
modulate NET formation by, at least in part, reducing mROS
generation.

The in vitro effect of idebenone on NET formation was also
analyzed in neutrophils from human patients with SLE. We have
previously described a pathogenic neutrophil subset in patients
with SLE, referred to as lupus LDGs, which are primed to form
NETs in an mROS-dependent manner, whereas NET formation
in normal-density granulocytes (NDGs), which are less prone
to NETs, occurs independent of mROS (2). Treatment with ide-
benone significantly inhibited spontaneous NET formation by
lupus LDGs, whereas it did not affect this process in NDGs
(Figures 6C-F). These observations suggest that the beneficial
effects of idebenone are operational when dysfunctional/inflamed
cells are exposed to it, and that human lupus neutrophils could be
modulated by this drug.

DISCUSSION

A key role of mitochondrial dysfunction in the pathogenesis
of lupus and other autoimmune diseases has been suggested
(2,21-24). The results of the present study further support the
notion that the use of compounds that modulate mitochondrial
function and also act as antioxidants may attenuate lupus-
associated organ damage and immune dysregulation associ-
ated with this disease. Importantly, idebenone was well-tolerated
and modified the rate of survival in these murine lupus models.
Some aspects of lupus immune dysregulation, organ damage,
and immunometabolism were similarly modified by both doses
of idebenone, while other aspects were differentially modulated
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by only 1 of the 2 doses tested or showed opposite effects.
This suggests that the putative pleiotropic roles of idebenone in
immune function, inflammation, tissue repair/fibrosis, and oxida-
tive damage may be, in several instances, dose-dependent, and
this should be taken into consideration for potential future studies,
both preclinical and clinical.

With regard to regulation of immune responses, idebenone
treatment led to a decrease in the number of effector memory
CD4+ T cells in MRL/Jpr mice. The mechanisms by which ide-
benone specifically modifies the number of these T cells is unclear
and could be either direct (through effects on cell metabolism
that impact the phenotype/differentiation of these cells) or indirect
(through reduction of cytokines that impact their development)
(25-27). Despite the reduction in activated T cells as a result of
idebenone treatment, autoantibody levels were not affected by
this compound. The reason for these differential effects on specific
cell subsets remains unclear, and could potentially be related to
the timing of administration, to distinct effects on subsets of T cells
involved in direct stimulation of B cell function, or to lack of a direct
impact on autoreactive B cells and/or long-lived plasma cells.

Of note, endothelium-dependent vasorelaxation significantly
improved with idebenone administration. Since endothelial dys-
function, vasculopathy, and premature atherosclerosis occur at an
increased frequency in human patients with SLE, these findings
suggest that idebenone could have potential beneficial effects in
vascular health in this disease (28-30). This is also emphasized
by the observation of decreased cardiac lipid peroxidation by ide-
benone, a phenomenon that may also promote enhanced vascu-
lar health (31).

Recent findings have implicated inflammasome activation in
the pathogenesis of murine and human SLE and in vasculopathy
(32). Idebenone down-regulated mRNAs of components of the
inflammasome pathway and reduced the expression of mature IL-
18 in the mouse kidney tissue. As one of the putative mechanisms
of action of idebenone is through its ability to bypass the dysfunc-
tional mitochondrial complex |, it may dampen enhanced mROS
synthesis and subsequent inflammasome activation (33). Indeed,
both splenocytes and neutrophils showed improved mitochon-
drial function in animals treated with low-dose idebenone. Impor-
tantly, idebenone had an inhibitory effect on NET formation in
proinflammatory neutrophil subsets from lupus patients, but not in
other neutrophil subsets not considered to play a major role in SLE
pathogenesis. This could be reassuring when considering testing
this or similar compounds in SLE patients in the future, since the
drug may preferentially target aberrant immune cell subsets. Ide-
benone has been reported to be safe in the treatment of human
patients with a variety of conditions associated with mitochondrial
dysfunction, at doses that are 6-225 times higher than the doses
used in this study. This provides a good therapeutic rationale to
potentially test this drug in SLE patients in the future (34).

Another potentially immunomodulatory effect of idebenone
in SLE could be secondary to the reduction of IL-17 expression

in the spleen and kidneys. Blockade of the IL-17 pathway has
been reported to reduce renal disease and immune dysregu-
lation in murine and human SLE (35-38). The observation that
idebenone modulated renal involvement in 2 mouse models of
SLE imply that targeting mitochondrial dysfunction can have
pleiotropic effects on organ damage or would have high rel-
evance to this disease. Again, the effects on histopathologic
features in the kidney varied between the 2 doses of idebenone
and the mouse model studied, indicating that future studies
should focus on further characterizing the effects of this com-
pound on tissue repair and fibrosis/evolution to end-stage renal
disease. Low-dose idebenone significantly reduced the expres-
sion of /170 in NZM2328 mice; this finding may be relevant in
the context of the putative role of IL-10 in the pathogenesis of
SLE (39).

In summary, the results of this study indicate that idebenone
improves immune dysregulation, organ damage, vasculopathy,
and mitochondrial function in murine SLE through pleiotropic
effects on the immune compartment, immunometabolism, and
tissue damage. Our study suggests that targeting mitochondrial
dysfunction should be further explored as a putative strategy in
lupus and potentially other autoimmune conditions.
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Outcome-Based Disease Classification in Systemic Sclerosis

Svetlana I. Nihtyanova,' & Alper Sari,” Jennifer C. Harvey,' Anna Leslie,' Emma C. Derrett-Smith,’
Carmen Fonseca,' Voon H. Ong," and Christopher P. Denton'

Objective. To describe the associations between autoantibodies, clinical presentation, and outcomes among
patients with systemic sclerosis (SSc) in order to develop a novel SSc classification scheme that would incorporate
both antibodies and the cutaneous disease subset as criteria.

Methods. Demographic and clinical characteristics, including cutaneous subset, time of disease and organ com-
plication onset, and autoantibody specificities, were determined in a cohort of SSc subjects. Survival analysis was
used to assess the effect of the autoantibodies on organ disease and death.

Results. The study included 1,325 subjects. Among the antibody/skin disease subsets, anticentromere anti-
body-positive patients with limited cutaneous SSc (IcSSc) (n = 374) had the highest 20-year survival (65.3%), lowest
incidence of clinically significant pulmonary fibrosis (PF) (8.5%) and scleroderma renal crisis (SRC) (0.3%), and lowest
incidence of cardiac SSc (4.9%), whereas the frequency of pulmonary hypertension (PH) was similar to the mean
value in the SSc cohort overall. The anti-Scl-70+ groups of patients with IcSSc (n = 138) and patients with diffuse
cutaneous SSc (dcSSc) (n = 149) had the highest incidence of clinically significant PF (86.1% and 84 %, respectively,
at 15 years). Anti-Scl-70+ patients with dcSSc had the lowest survival (32.4%) and the second highest incidence of
cardiac SSc (12.9%) at 20 years. In contrast, in anti-Scl-70+ patients with IcSSc, other complications were rare, and
these patients demonstrated the lowest incidence of PH (6.9%) and second highest survival (61.8%) at 20 years.
Anti-RNA polymerase antibody—positive SSc patients (n = 147) had the highest incidence of SRC (28.1%) at 20
years. The anti-U3 RNP+ SSc group (n = 56) had the highest incidence of PH (33.8%) and cardiac SSc (13.2%) at
20 years. Among IcSSc patients with other autoantibodies (n = 295), the risk of SRC and cardiac SSc was low at
20 years (2.7% and 2.4%, respectively), while the frequencies of other outcomes were similar to the mean values in
the full SSc cohort. Patients with dcSSc who were positive for other autoantibodies (n = 166) had a poor prognosis,
demonstrating the second lowest survival (33.6%) and frequent organ complications.

Conclusion. These findings highlight the importance of autoantibodies, cutaneous subset, and disease duration
when assessing morbidity and mortality in patients with SSc. Our novel classification scheme may improve disease
monitoring and benefit future clinical trial designs in SSc.

INTRODUCTION

Autoantibody testing has become an essential part of the
assessment of patients with systemic sclerosis (SSc). The most com-
monly observed and strongly scleroderma-specific antibodies are the
anticentromere antibodies (ACAs), anti~topoisomerase | (anti-topo |;
anti-Scl-70) antibodies, and anti-RNA polymerase (anti-RNAP) anti-
bodies, which, together, are found in 50-80% of SSc patients (1,2).
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The majority of studies that have demonstrated associations
between autoantibodies and organ disease have been cross-
sectional and have provided sparse information on the timing
of the development of organ complications (11). In a previous
study, we demonstrated time-dependent effects of anti—topo |
antibodies on the hazard of clinically significant PF (12). Some
studies have suggested that anti-RNAP+ SSc patients tend to
develop PF later in the disease course, in contrast to SSc patients
with anti—topo | antibodies, in whom PF is an early complication
(13,14). A major caveat for these types of analyses would be
that the disease duration differs between subjects at study entry,
which could significantly bias the estimation of time to event (15).

Similarly, skin thickness and change in the modified Rodnan
skin thickness score (MRSS) over the disease course vary sub-
stantially among SSc patients (16,17). While several reports have
described change in the MRSS over time and its role in SSc risk
stratification, those studies tended to use a small number of skin
assessments, often at fixed time points (17-19). Even when muilti-
ple MRSS assessments are analyzed, the mathematical modeling
approaches generally assume constant change in skin thickness,
i.e., linear association between time and MRSS (20,21). Since it
is widely accepted that the MRSS trajectory is nonlinear, the tim-
ing of assessment is very likely to be an important predictor of
both the absolute MRSS and the subsequent change in MRSS
(22). Autoantibodies are associated strongly with MRSS changes,
and frequencies of the hallmark SSc antibodies are very different
in patients with the diffuse cutaneous (dcSSc) subtype, whose
MRSS scores are initially high compared to those with milder skin
disease (16,23).

SScis arare disorder with substantial clinical and serologic het-
erogeneity. Several authors have proposed classification schemes for
the disease based on the varying extent of skin involvement (24,25),
although patients are still most commonly classified into either the
dcSSc or limited cutaneous SSc (IcSSc) subset, as proposed by
LeRoy and colleagues in 1988 (26). Subdividing SSc cases into
more than 2 cutaneous subsets does not improve risk stratification
(27). Conversely, autoantibodies are a very strong predictor of organ
involvement; therefore, a combination of autoantibodies and the skin
subset of SSc could substantially refine risk stratification (17,28,29).

Thus, inthe present study, we used a large, well-characterized
cohort of patients with SSc to describe the associations between
autoantibodies and changes in skin thickness over time, the fre-
quency and timing of organ complications, and survival among
SSc patients. Based on our observations, we propose a simple
classification scheme for SSc that incorporates both antibodies
and the cutaneous disease subset into the classification criteria.

PATIENTS AND METHODS

Cohort selection. All patients fulfilled the American Col-
lege of Rheumatology/European League Against Rheumatism
2013 classification criteria for SSc (30). We included patients

with disease onset between January 1, 1995 and December
31, 2007 for all analyses of time to organ complications and
death. As the definition of clinically significant PF included pul-
monary function test (PFT) results, we aimed to avoid bias in
the estimation of timing of this complication by including only
subjects who had undergone at least 1 PFT within the first 3
years after disease onset. For the analysis of the changes in
skin thickness score over time, we focused on patients with
dcSSc and at least 1 MRSS assessment. In order to increase
the number of subjects, we did not set any restrictions on the
time of disease onset for this group.

This project was conducted in compliance with the Decla-
ration of Helsinki. Data used were obtained through 2 studies,
involving collection of routine data and samples from patients seen
in our center. The 2 studies have been approved by the London-
Hampstead and London-Fulham Research Ethics Committees.

Disease characteristics and outcome definitions.
Disease onset was defined as the time of first occurrence of a
non-Raynaud’s symptom of SSc, as recalled by the patient or
as observed by a physician. Skin thickness was assessed using
the MRSS (score range 0-51). Cutaneous subset was defined
as limited (IcSSc) when skin thickening did not extend proximally
to the elbows and knees; otherwise, the subset was defined as
diffuse (dcSSc) (26). Patients were recorded as having PF if this
diagnosis was confirmed on high-resolution computed tomogra-
phy (HRCT). PF was considered clinically significant if 1 of the fol-
lowing criteria were fulfilled: 1) forced vital capacity (FVC) <70%
predicted; 2) FVC <80% and a documented absolute decline
in the FVC of >15%; 3) diffusing capacity for carbon monoxide
(DLco) <70%, with no history of pulmonary hypertension (PH)
or development of PH in the 3 years after DLco dropped below
70%; or 4) DLco <80% and a documented decline in DLco of
>15%, with no history of PH or development of PH in the 3 years
after DLco dropped below 70%.

PH was defined as a mean pulmonary artery pressure of
>25 mm Hg at rest, with pulmonary artery wedge pressure of
<15 mm Hg on right-sided heart catheterization. This included
patients in group 1 (those with connective tissue disease—
associated pulmonary arterial hypertension) and group 3 (those
with interstitial lung disease—associated PH). Cardiac sclero-
derma was defined as hemodynamically significant arrhythmias,
pericardial effusion, or congestive heart failure (left ventricular
ejection fraction below 50%) requiring specific treatment, in the
absence of other known cardiac causes. Scleroderma renal cri-
sis (SRC) was defined as new-onset systemic hypertension of
>150/85 mm Hg and a documented decrease in the estimated
glomerular filtration rate of >30% or confirmed features of SRC
on renal biopsy. Details on the distribution and assessment
of autoantibodies are available in the Supplementary Patients
and Methods (Autoantibodies section) and Supplementary
Tables 1 and 2 (available on the Arthritis & Rheumatology
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web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41153/
abstract).

Autoantibody associations. For the analysis of associa-
tions between antibodies and morbidity/mortality, we focused on
SSc-specific antibodies (ACAs, anti-topo |, anti-RNAP, anti-U3
RNP, anti-PM/Scl). Patients who were positive for >1 antibody
were included in the antibody group that was specific to SSc.
Patients positive for antinuclear antibodies (ANA+) and negative for
anti—extractable nuclear antigen (ENA-) formed a separate group.
Patients who carried any other defined antibodies (U1 RNP, Th/
To, SL, Ku, Jo-1, Ro, La, XR, PL-7, heterogeneous nuclear RNF,
and Sm antibodies) as well as ANA- patients were included in the
group classified as “other.”

Classification development. For the development of
this novel SSc classification, subjects were divided into 14 initial
subgroups by antibody specificity (ACAs, anti—topo |, anti-RNAR,
anti-U3 RNP, anti-PM/Scl, ANA+ENA-, or other autoantibodies)
and skin subset (diffuse or limited). The end points of interest were
survival and cumulative incidence of organ complications at 5, 10,
15, and 20 years from disease onset; these were calculated for
each subgroup. Within each end point, subgroups were ranked in

terms of survival/cumulative incidence of organ disease estimates,
and the subgroups that showed similar ranking in multiple end
points were then merged.

Statistical analysis. Survival was analyzed using Kaplan-
Meier (KM) survival estimates, while the incidence of organ com-
plications was calculated using both the 1 — KM estimate and
the cumulative incidence function (CIF) estimate, accounting for
competing risks. The KM method works under the assumption
of noninformative censoring, which does not hold in those cases
where death occurs before an organ complication has developed,
and may therefore result in overestimation (31). For that reason,
the 1 — KM estimate and the CIF estimate accounting for death
as a competing risk were compared. Discreet-time hazard rates
were calculated within intervals of 12 months over the follow-up,
in order to assess the timing of highest rates of death and organ
complication development. The effect of antibody specificities
on the hazards was assessed using Cox proportional hazards
regression analysis. Proportionality of hazards assumption was
tested using log-log plots, plots of Scaled Schoenfeld residuals,
comparison between observed KM and Cox model-predicted
survival, and through the incorporation of time-varying effects in
the models. Linear mixed-effects models were used to assess

Table 1. Characteristics of the cohort overall and by organ complications and cutaneous disease

subset”
Clinically significant ~ dcSSc skin
Overall cohort  pulmonary fibrosis cohort
(n=1,325) cohort (n = 654) (n =581)
Follow-up, mean + SD years 123+56 11.2+58 122+79
Age at onset, mean + SD years 46.8 £13.6 478 +13.1 44.0+13.8
Male, no. (%) 222 (16.8) 112 (17.1) 131(22.6)
dcSSc subset, no. (%) 476 (35.9) 329 (50.3) 581 (100)
Overlap syndromes, no. (%) 262 (19.8) 14(17.4) 102 (17.6)
Autoantibody subset, no. (%)
Anticentromere 391 (29.5) 139 (21.3) 17 (2.9)
Anti-topoisomerase | (21.7) 157 (24.0) 178 (30.6)
Anti-RNA polymerase 149 (11.3) 113 (17.3) 161 (27.7)
Anti-U3 RNP 56(4.2) 34(5.2) 39(6.7)
Anti-PM/Scl 56 (4.2) 27 (4.1) 27(4.7)
Othert (16.2) 95(14.5) 79 (13.6)
ANA+ENA- 196 (14.8) 103 (15.8) 95 (16.4)
ANA- 58 (4.4) 28 (4.3) 24.(4.7)
Organ complications, no. (%)
Pulmonary fibrosis, any 575 (43.4)t 326 (49.9) 316 (54.4)8
Clinically significant pulmonary fibrosis 520 (39.3)+ 308 (47.1) -
Pulmonary hypertension (groups 1 and 3)9| 172 (13.0) 84 (12.8) 54(9.3)
Pulmonary arterial hypertension 134 (10.1) 64 (9.8) 34(5.9)
Cardiac scleroderma 63 (4.8) 41 (6.3) 43 (7.4)
Scleroderma renal crisis 94.(7.1) 63(9.6) 84 (14.5)
Death, no. (%) 441 (33.3) 257 (39.3) 189 (32.5)

* dcSSc = diffuse cutaneous systemic sclerosis; ENA-

anti-extractable nuclear antigen negative.

T Includes anti-U1 RNP, anti-Th/To, anti-SL, anti-Ku, anti-Jo-1, anti-Ro, anti-La, anti-XR, anti-PL-7, anti-
heterogeneous nuclear RNP, and anti-Sm, as well as patients who were antinuclear antibody negative

(ANA-).

¥ Missing pulmonary fibrosis data for 10 (0.8%) of the patients.

§ Missing pulmonary fibrosis data for 11 (1.9%) of the patients.

9 Group 1 comprised patients with connective tissue disease-associated pulmonary arterial hypertension,
and group 3 comprised those with interstitial lung disease-associated pulmonary hypertension.
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associations between autoantibody specificities and changes in
the MRSS over time.

RESULTS

Cohort description. Of the 1,354 SSc patients who met the
inclusion criteria, 29 did not have information on antibody specificity
and were therefore excluded from the analysis. The demographic and
clinical characteristics of the remaining 1,325 subjects are summa-
rized in Table 1. For 10 patients (0.8%), information on the presence
of PF was missing. In 115 patients (8.7%), we found multiple autoan-
tibody specificities. Nine patients had dual SSc hallmark antibodies.
Three patients were ACA+ and anti—topo I+, 2 were ACA+ and anti—
U3 RNP+, and 1 was ACA+ and anti-PM/Scl+; all of these patients
were classified into their respective non-ACA antibody group, since,

in all cases, ACAs were not detected on the first serology testing.
In 2 patients, the antibody specificity had switched from anti~topo
I to anti-RNAP at a later stage of their disease; these patients were
classified as anti~topo I+. One patient was anti-RNAP+ and anti-PM/
Scl+, but the anti-PM/Scl positivity was very weak, and therefore the
patient was classified as anti-RNAP+.

Autoantibodies and survival. Survival of patients in the
full SSc cohort at 5, 10, 15, and 20 years from disease onset was
91.8%, 82.2%, 67.5%, and 53.8%, respectively. Survival at these
time points was much lower among patients with dcSSc (84.4%,
72%, 53.9%, and 39.7%, respectively) compared to patients with
IcSSc (95.8%, 87.7%, 74.6%, and 61%, respectively; P < 0.001). The
patients who carried ACAs had the highest survival, while the group
of patients who were ANA+ENA- had the lowest survival (Table 2

Table 2. Survival estimates and estimates of cumulative incidence of organ complications within each antibody subgroup of patients

with systemic sclerosis at different time points after disease onset*

Clinically significant Pulmonary Cardiac Scleroderma
pulmonary fibrosis hypertension scleroderma renal crisis Survival,

Subgroup, time point 1-KM CIF 1 - KM 1 - KM CIF 1-KM CIF KM
Anticentromere

5years 75 75 5.0 5.0 13 13 0.8 0.8 96.1

10 years 8.4 8.3 10.2 10.0 1.6 1.6 0.8 0.8 89.3

15 years 8.4 83 14.6 14.0 2.4 2.3 0.8 0.8 783

20 years 8.4 83 224 209 53 4.8 0.8 0.8 64.7
Anti-topoisomerase |

5 years 80.3 79.3 1.1 1.1 3.6 36 47 4.6 91.0

10 years 85.0 83.2 6.1 5.5 6.2 6.0 56 5.5 80.3

15 years 87.0 84.7 11.4 9.8 101 9.0 6.4 6.1 60.1

20 years 87.0 84.7 13,3 111 11.5 10.0 6.4 6.1 46.5
Anti-RNA polymerase

5 years 341 334 4.6 4.4 1.4 1.4 233 233 88.0

10 years 44.0 421 10.0 9.4 2.3 2.2 251 249 74.6

15 years 469 445 16.0 14.6 2.3 2.2 29.0 281 62.6

20 years 469 445 26.8 233 2.3 2.2 29.0 281 471
Anti-U3 RNP

5 years 19.2 17.9 6.0 57 9.2 9.1 11.3 11.0 85.4

10 years 19.2 17.9 19.9 17.7 13.8 13.2 11.3 11.0 76.0

15 years 243 21.5 38.6 33.8 13.8 13.2 1.3 11.0 66.0

20 years 243 21.5 38.6 33.8 13.8 13.2 13 11.0 60.5
Anti-PM/Scl

5years 40.7 40.7 2.0 2.0 1.9 19 3.8 3.8 98.2

10 years 40.7 40.7 41 4.0 19 19 58 58 96.1

15 years 50.6 498 1.1 10.1 19 1.9 5.8 5.8 68.5

20 years 50.6 498 111 10.1 19 1.9 5.8 5.8 58.8
ANA+ENA-

5 years 56.8 53.4 47 43 39 37 10.6 10.4 82.8

10 years 56.8 534 7.6 6.8 47 43 10.6 10.4 69.7

15 years 56.8 53.4 203 16.3 6.0 52 10.6 10.4 53.2

20 years 56.8 53.4 27.0 20.8 6.0 52 10.6 10.4 39.0
Other antibodiest

5years 515 515 4.7 4.6 3.7 3.6 35 3.5 95.9

10 years 55.8 55.6 10.7 10.2 43 4.2 4.1 4.1 86.0

15 years 57.8 574 18.8 175 51 4.9 4.1 41 737

20 years 57.8 574 276 24.7 51 49 4.1 4.1 56.0

* Values are the percentage of patients. KM = Kaplan-Meier; CIF = cumulative incidence function; ENA- = anti-extractable nuclear antigen

negative.

t Includes anti-U1 RNP, anti-Th/To, anti-SL, anti-Ku, anti-Jo-1, anti-Ro, anti-La, anti-XR, anti-PL-7, anti-heterogeneous nuclear RNP, and

anti-Sm, as well as patients who were antinuclear antibody negative (ANA-).
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Associations of autoantibodies with survival estimates and incidence of organ complications over time in patients with systemic

sclerosis. A and B, Kaplan-Meier (KM) survival estimates (A) and smoothed hazards of death over time (B) in subgroups by antibody specificity.
C and E, 1 — KM estimates of cumulative incidence of clinically significant pulmonary fibrosis (C) and pulmonary hypertension (E) in subgroups
by antibody specificity. D and F, Smoothed hazards of clinically significant pulmonary fibrosis (D) and pulmonary hypertension (F) over time
in subgroups by antibody specificity. ACA = anticentromere antibodies; anti-topo | = anti-topoisomerase | antibodies; anti-RNAP = anti-RNA
polymerase antibodies; ANA+ = antinuclear antibody positive; ENA— = anti-extractable nuclear antigen negative. Information on the numbers
at risk at the different time points is available in Supplementary Figures 4-6 (see the Arthritis & Rheumatology web site at http://onlinelibrary.

wiley.com/doi/10.1002/art.41153/abstract).

and Figure 1A). The hazard of death appeared to gradually increase
over time for the majority of antibody groups, although among anti—
U3 RNP+ patients, this declined over time (Figure 1B).

Thus, we fitted an extended Cox proportional hazards
model to allow for time-varying effects of the antibodies (Table 3).
The data in this model showed that even though anti-U3 RNP+
patients had a higher hazard of death compared to the other

antibody groups in the earlier years of disease, long-term survival
was better and the hazard of death was lower in the later years of
disease. Conversely, anti-PM/Scl+ subjects appeared to be at
a very low risk of death in the first 10 years of disease, whereas
the risk of death increased significantly and became higher
than in the other antibody groups in the second decade of the
disease.
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Table 3. Cox proportional hazards models for associations of outcomes with each autoantibody

subgroup*
Outcome, autoantibody subgroup HR 95% Cl P
Clinically significant pulmonary fibrosis
Anti-topo | Referent
ACA 0.048 (0.026-0.089) <0.001
Anti-RNA polymerase 0.303 (0.216-0.425) <0.001
Anti-U3 RNP 0141 (0.066-0.301) <0.001
Anti-PM/Scl 0.350 (0.193-0.633) 0.001
ANA+ENA- 0.487 (0.354-0.669) <0.001
Other 0.458 (0.328-0.639) <0.001
Pulmonary hypertension
Anti-U3 RNP Referent
ACA 0.420 (0.237-0.742) 0.003
Anti-topo | 0.271 (0.141-0.523) <0.001
Anti-RNA polymerase 0.499 (0.254-0.983) 0.044
Anti-PM/Scl 0.221 (0.073-0.665) 0.007
ANA+ENA- 0.473 (0.247-0.906) 0.024
Other 0.562 (0.305-1.036) 0.065
Cardiac scleroderma
Anti-U3 RNP Referent
ACA 0171 (0.069-0.426) <0.001
Anti-topo | 0.535 (0.238-1.202) 0130
Anti-RNA polymerase 0.149 (0.040-0.562) 0.005
Anti-PM/Scl 0114 (0.014-0.915) 0.041
ANA+ENA- 0.351 (0.135-0.911) 0.031
Other 0.294 (0.114-0.763) 0.012
Scleroderma renal crisis
Anti-RNA polymerase Referent
ACA 0.025 (0.008-0.080) <0.001
Anti-topo | 0.187 (0.104-0.335) <0.001
Anti-U3 RNP 0.367 (0.155-0.869) 0.023
Anti-PM/Scl 0178 (0.055-0.578) 0.004
ANA+ENA- 0.363 (0.211-0.624) <0.001
Other 0.132 (0.062-0.283) <0.001
Death
Anti-U3 RNP Referent
ACA 0172 (0.065-0.454) <0.001
Anti-topo | 0.424 (0.166-1.085) 0.074
Anti-RNA polymerase 0.609 (0.223-1.666) 0.334
Anti-PM/Scl 0.078 (0.016-0.382) 0.002
ANA+ENA- 0.909 (0.358-2.306) 0.840
Other 0.206 (0.073-0.580) 0.003
Antibody x time interactiont
ACA x time 1.013 (1.004-1.022) 0.005
Anti-topo | x time 1.010 (1.001-1.019) 0.023
Anti-RNA polymerase x time 1.007 (0.998-1.017) 0.136
Anti-PM/Scl x time 1.020 (1.008-1.032) 0.001
ANA+ENA- x time 1.007 (0.998-1.015) 0148
Other antibodies x time 1.014 (1.004-1.023) 0.004

* The group with the highest associated hazard has been used as the referent in the calculation
of each hazard ratio (HR). 95% Cl = 95% confidence interval; anti-topo | = anti-topoisomerase |;
ACA = anticentromere antibody; ANA+ = antinuclear antibody positive; ENA- = anti-extractable

nuclear antigen negative.

T Antibody interaction with time since disease onset.

Associations between autoantibodies and cumula-
tive incidence and timing of organ complications. Clini-
cally significant pulmonary fibrosis. A subgroup of 654 patients
who had PFT results available within the first 3 years after dis-
ease onset was included in the analysis of incidence of clini-
cally significant PF (Table 1). Among these patients, 308 (47.1%)
developed clinically significant PF, with the majority developing

it within the first 5 years from disease onset (1 — KM estimate
44.8%) and with a much lower incidence rate thereafter (48.3%
at year 10 and 50.3% at year 15, and no additional cases after
15 years). Cutaneous subset was strongly associated with the
development of clinically significant PF, with 5-year, 10-year, and
15-year cumulative incidence rates of clinically significant PF of
37.4%, 39.3%, and 41.2%, respectively, in patients with IcSSc
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compared to 52.5%, 58.0%, and 60.1%, respectively, in patients
with deSSc (P < 0.001).

Analysis within the autoantibody subgroups confirmed the
very low risk of clinically significant PF among ACA+ subjects, and
the remarkably high risk among anti—topo I+ patients, the majority
of whom ultimately developed this organ complication over time
(Table 2). Rates of clinically significant PF among anti-RNAP+
patients were higher than those in ACA+ patients, but still much
lower than those seen in anti—topo |+ patients. Even after 20 years
of follow-up, the cumulative incidence of clinically significant PF
among anti-RNAP+ patients was about one-half that seen in anti—
topo I+ patients (Table 2 and Figure 1C).

Comparison between the 1 — KM estimate and the CIF esti-
mate accounting for death as a competing risk revealed some
small differences. The 1 — KM calculation overestimated the inci-
dence of clinically significant PF in the later stages of the disease
by ~2% among anti-topo I+ and anti-RNAP+ patients, and by 3%
among anti—-U3 RNP+ and ANA+ENA- patients (Table 2).

The hazard of clinically significant PF development in the
overall SSc cohort peaked in the second year from disease
onset, and this observation was replicated in the antibody
subgroup analysis (Figure 1D). Among anti-topo I+ patients,
the hazard of clinically significant PF was 30% in year 1 and
45.7% in year 2, peaked at 57.4% in year 3, and went down
sharply thereafter. Although it was much lower among ACA+
patients, the hazard of clinically significant PF in this antibody
subgroup was highest in the second year from disease onset
(1.5%, 5.5%, and 0.8% in years 1, 2, and 3, respectively). In
anti-RNAP+ patients, the hazard of clinically significant PF also
peaked in year 2 (12.3%, 13.1%, and 5% at years 1, 2, and
3, respectively) and declined thereafter. For the remaining anti-
body subgroups, the hazard of developing clinically significant
PF at 1, 2, and 3 years from the time of SSc onset was 3%,
10%, and 3.9%, respectively, in anti-U3 BRNP+ patients, 11.8%,
34.2%, and 6.3%, respectively, in anti-PM/Scl+ patients, 17.1%,
26%, and 25.9%, respectively, in ANA+ENA- patients, and
15%, 27.7%, and 17.8%, respectively, in the combined group
of patients with other antibodies. Cox regression analyses con-
firmed that, compared to anti—topo | antibodies, the presence
of other antibodies lowered the hazard of clinically significant
PF, and the presence of ACAs was associated with the greatest
reduction in the hazard of clinically significant PF (Table 3).

Pulmonary hypertension. Cumulative incidence of PH in the
full SSc cohort at 5, 10, 15, and 20 years from disease onset
was 4%, 9.2%, 16.2%, and 22.6%, respectively. Incidence of
PH at 5, 10, 15, and 20 years was nearly identical between the
2 cutaneous subsets (4.1%, 9.5%, 16.5%, and 22.7%, respec-
tively, in patients with IcSSc versus 3.7%, 8.5%, 15.6%, and
22.3%, respectively, in patients with dcSSc; P = 0.981).

Autoantibody specificity was strongly associated with the
risk of PH, and the highest incidence was observed among anti—
U3 RNP+ patients, while there was very little difference among

patients with other antibodies (Table 2 and Figure 1E). Death as
a competing risk had an effect on the estimates of PH incidence
in most antibody subgroups, with the greatest overestimation
seen among anti-U3 RNP+ and ANA+ENA- subjects, in whom
the incidence of PH at 15 and 20 years from disease onset was
overestimated by ~5% with the 1 — KM estimate compared to the
CIF estimate. The hazard of PH was very low in the first years from
disease onset, and for most patients, it varied between 1% and
2% per year from year 3 onward, with some gradual increase dur-
ing the later stages of disease, generally after 10 years (Figure 1F).
Anti—topo I+ and anti-PM/Scl+ patients had the lowest hazard of
PH development, while the hazard of PH among ACA+ patients
was similar to the mean value in the cohort overall (Table 3). Equiv-
alent results were obtained when the data were reanalyzed with
only pulmonary arterial hypertension (group 1 PH) included as
an end point (see Supplementary Patients and Methods [Organ
Complication Associations section], Supplementary Figure 1, and
Supplementary Tables 3 and 4 available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41153/abstract).

Cardiac scleroderma. Cardiac involvement was a rare com-
plication, affecting fewer than 5% of the cohort, with 1 — KM es-
timates of cumulative incidence of cardiac SSc at 5, 10, 15, and
20 years of 2.9%, 4.1%, 5.4%, and 6.8%, respectively. Patients
with dcSSc had a significantly higher incidence of cardiac SSc
at 5, 10, 15, and 20 years compared to patients with IcSSc (1 —
KM estimate 6.2%, 8.6%, 10%, and 10%, respectively, among
patients with dcSSc versus 1.2%, 1.8%, 3.1%, and 4.9%,
respectively, among patients with IcSSc; P < 0.001). Autoanti-
bodies were significantly associated with cardiac SSc develop-
ment, and the 2 with the strongest positive association were
anti-U3 RNP and anti—topo | (Table 2 and Supplementary Figure 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41153/abstract). Com-
parison between the 1 — KM and CIF estimates of cardiac SSc
development did not reveal any substantial differences (Table 2).
Except for anti-topo | antibodies, all other antibodies were asso-
ciated with a significantly reduced hazard of cardiac SSc devel-
opment as compared to anti-U3 RNP+ patients (Table 3). There
was no clear association between disease duration and cardiac
SSc development, and hazards fluctuated over time, with car-
diac complications developing both in early disease and in late
disease.

Scleroderma renal crisis. More than 90% of the patients
with SRC developed this complication within 5 years from SSc
onset (1 — KM estimate at 5, 10, and 15 years 6.5%, 7.1%, and
7.6%, respectively, with no cases after 14 years), and 9 of 94
patients had SRC at presentation. SRC was much more com-
mon among patients with dcSSc (1 — KM estimate at 5, 10, and
15 years 14.1%, 15.5%, and 17.4%, respectively) than among
patients with IcSSc (1 — KM estimate 2.4% at 5 years and 2.5%
at 10 years, with no SRC cases after year 7; P < 0.001).
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Autoantibodies demonstrated significant associations with abstract). As this was a very early complication, the estimation of
SRC development, with the highest hazard seen in anti-RNAP+ cumulative incidence of SRC was not affected by death as a com-
subjects and the lowest in ACA+ subjects (Table 3 and Sup- peting risk (Table 2). For all antibody groups, the hazards of SRC
plementary Figure 3, available on the Arthritis & Rheumatology were highest in the first year of disease, except in the anti-PM/

web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41153/ Scl+ group, the majority of whom developed SRC in years 5 and 6.
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Figure 2. A and B, Modified Rodnan skin thickness score changes over time in the entire cohort of patients with systemic sclerosis (SSc) (A)
and in subgroups by autoantibody specificity (B). In A, the thick line represents the model-predicted average skin score; the thin lines and dots
represent individual patient skin scores from patients with multiple and single skin score assessments, respectively. C-F, Kaplan-Meier (KM)
survival estimates (F) and 1 — KM estimates of cumulative incidence of pulmonary fibrosis (C), pulmonary hypertension (D), and scleroderma
renal crisis (E) in the 7 new classification groups. The groups are defined in the key in D. The group of “Other” antibodies includes anti-U1 RNP,
anti-Th/To, anti-SL, anti-Ku, anti-Jo-1, anti-Ro, anti-La, anti-XR, anti-PL-7, anti-heterogeneous nuclear RNP, and anti-Sm, as well as patients
who were antinuclear antibody negative (ANA-). Anti-topo | = anti-topoisomerase | antibodies; anti-RNAP = anti-RNA polymerase antibodies;
ENA- = anti-extractable nuclear antigen negative; ACA+ = anticentromere antibody positive; L = limited cutaneous SSc; D = diffuse cutaneous
SSc. Information on the numbers at risk at the different time points is available in Supplementary Figures 7-10 (see the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41153/abstract).
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Autoantibodies and skin changes over time. The
cohort included in the analysis of skin score changes over
time consisted of 581 patients with dcSSc (Table 1). At least 3
MRSS assessments were available from 413 subjects (71.1%),
2 were available from 88 subjects (15.2%), and 1 was available
from 80 subjects (13.8%). The first MRSS assessment was
performed within 3 years from disease onset for 383 subjects
(65.9%).

The mean + SD MRSS at 12 months from disease onset
was 24.2 + 9.2 (95% confidence interval 23.3-25.2), and this
gradually declined, with the scores following a nonlinear tra-
jectory (MRSS = 24.2 — 2.5 x years + 0.13 x years® — 0.002 x
years®; P < 0.001 for all parameters). Thus, improvement in skin
thickness scores was greater in earlier disease, with a mean
drop in the MRSS of 2.3 between years 1 and 2, 2.1 between
years 2 and 3, 1.9 between years 3 and 4, 1.6 between years
4 and 5, and 0.8 between years 9 and 10 (Figure 2A and
Supplementary Table 6, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41153/abstract). There was a moderately strong, negative
association between the MRSS at 1 year and drop in MRSS

over time (correlation coefficient —0.6), suggesting that higher
initial skin thickness scores are associated with greater subse-
quent improvement.

Autoantibodies showed a significant association both with
the baseline MRSS and with the change in MRSS over time. At 1
year from disease onset, the highest mean MRSS was observed
in ANA+ENA- patients (mean MRSS 25.5) and anti-RNAP+
patients (mean MRSS 25). Compared to ANA+ENA- patients, the
mean MRSS was 24.3 in anti-topo |+ patients (P = 0.421), 21 in
anti-U3 RNP+ patients (P = 0.041), 19.6 in anti-PM/Scl+ patients
(P =0.022), and 23.3 in patients with other antibodies (P = 0.216).
Over subsequent years, the greatest improvement was observed
in ANA+ENA- and anti-RNAP+ patients, in whom the mean drop
in the MRSS between year 1 and year 5 was 9.4 units and 9.1
units, respectively. The mean drop in the MRSS was 6.4 in anti—
topo I+ patients (P = 0.004 for anti—topo |+ x time interaction versus
ANA+ENA- x time interaction), compared to a mean drop in MRSS
of 6 in anti-U3 RNP+ patients (P = 0.029), 6.9 in anti-PM/Scl+
patients (P = 0.206), and 7.9 in patients with other antibodies (P =
0.265). This followed a nonlinear trajectory, with a greater reduction
in the MRSS in earlier years (Figure 2B and Supplementary Table 8,

Table 4. Cumulative incidence function estimates of organ complications and Kaplan-Meier estimates of all-cause mortality in the final

7 classification groups of patients with SSc*

Classification group

Outcome, ACA+  Anti-topo I+  Anti-topo |+ Anti-U3  Other antibodies  Other antibodies
time point lcSSc [cSSc dcSSc Anti-RNAP+ RNP+ lcSSc dcSSc

Clinically

significant PF

5years 7.7 82.2 777 334 179 499 50.2

10 years 8.5 82.2 84.0 421 17.9 52.8 50.2

15 years 8.5 86.1 84.0 44.5 215 539 53.8

20 years 8.5 86.1 - 44.5 21.5 53.9 53.8
Pulmonary

hypertension

5 years 51 0.8 1.4 4.4 5.7 4.2 39

10 years 10.3 41 7.0 9.4 177 8.6 6.1

15 years 13.9 6.9 12.5 14.6 33.8 18.5 1.1

20 years 204 6.9 15.3 233 33.8 243 16.4
Cardiac

scleroderma

5years 14 0.0 7.0 1.4 9.1 1.0 7.6

10 years 1.7 1.6 101 2.2 13.2 14 8.4

15 years 24 5.0 12.9 2.2 13.2 24 8.4

20 years 4.9 7.0 12.9 2.2 13.2 24 8.4
Scleroderma

renal crisis

5 years 0.3 3.0 6.2 233 11.0 2.7 141

10 years 0.3 3.8 7.0 24.9 11.0 2.7 15.6

15 years 03 3.8 8.3 28.1 11.0 2.7 15.6

20 years 03 3.8 8.3 281 11.0 2.7 15.6
Mortality

5years 41 3.0 14.6 12.0 14.6 4.2 18.5

10 years 10.7 10.9 28.0 254 24.0 12.9 317

15 years 209 26.4 51.9 374 34.0 284 52.1

20 years 34.7 38.2 67.6 529 39.5 43.8 66.4

* Cumulative incidence function estimates were calculated for each outcome accounting for death as a competing risk. Values are the
percentage of patients. SSc = systemic sclerosis; ACA+ = anticentromere antibody positive; [cSSc = limited cutaneous SSc; anti-topo I+ =
anti-topoisomerase | positive; dcSSc = diffuse cutaneous SSc; anti-RNAP+ = anti-RNA polymerase positive; PF = pulmonary fibrosis.
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available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41153/abstract).

Proposed classification of SSc using autoantibod-
ies and skin subset as criteria. We calculated KM esti-
mates of all-cause mortality and 1 — KM estimates for the
incidence of organ complications in the original 14 groups of
patients classified by autoantibody specificity and cutaneous
disease subset (see Supplementary Table 10, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41153/abstract). Merging all subgroups that
had similar rankings within different end points resulted in 7 final
classification groups. Five of those groups included patients with
SSc-specific antibodies, while the last 2 groups had all remaining
patients with other antibodies, including ANA+ENA— and ANA—-
subjects (Table 4 and Figures 2C—F).

ACA+ IcSSc group. The group of ACA+ patients with IcSSc
was the largest (n = 374, 28.2% of the cohort). These patients
had the highest survival, lowest incidence of clinically significant
PF and SRC, very low incidence of cardiac SSc, and an inci-
dence of PH similar to the mean value in the total cohort.

Anti~topo I+ IcSSc group. The group of anti-topo I+ pa-
tients with 1cSSc consisted of 138 subjects (10.4% of the co-
hort). Although the incidence of clinically significant PF among
these patients was extremely high, other complications were
rare, and they had the lowest incidence of PH and second high-
est survival of all 7 groups.

Anti~topo I+ dcSSc group. The subjects in the anti—topo I+
deSSc group (n = 149, 11.3% of the cohort) had the worst prog-
nosis, since they had the lowest survival and the second highest
incidence of cardiac SSc of all groups. The incidence of clinically
significant PF was almost identical to that among anti—topo |+
|cSSc patients.

Anti-RNAP+ group. As expected, anti-RNAP+ SSc patients
(n=147,11.1% of the cohort) had the highest incidence of SRC.
However, they had the lowest incidence of cardiac scleroderma,
while the incidence of other organ complications and survival
were similar to the mean values in the total cohort.

Anti-U3 RNP+ group. Only 4.2% of the cohort (n = 56) was
included in the group of anti-U3 RNP+ SSc patients. Although
long-term survival among these subjects was higher than the
mean value in the total cohort, they had the highest incidence of
PH and cardiac SSc.

Other antibodies 1cSSc group. The group of IcSSc patients
with other antibodies (n = 295, 22.3% of the cohort) had a low
overall risk of SRC and cardiac SSc, while the frequencies of other
outcomes were similar to the mean values in the total cohort.

Other antibodies dcSSc group. Conversely, the group of
dcSSc patients with other antibodies (n = 166, 12.5% of the
cohort) had a poor prognosis, with the second lowest survival
and above average rates of clinically significant PF, cardiac scle-
roderma, and SRC.

DISCUSSION

Herein we have described a large, single-center cohort of
patients with SSc, focusing on the effect of autoantibodies on the
timing of organ complication development and disease prognosis.
Our observations confirm that double SSc-specific autoantibody
positivity is extremely rare (<1% of the cohort). These findings
highlight the importance of careful and accurate antibody analysis
to inform patient monitoring and prognosis.

Although it is often suggested that ACA positivity is strongly
predictive of the development of PH, there is in fact very little evi-
dence in the literature to support this, and studies either have
been based on enriched cohorts or have not used robust defi-
nitions for PH (6,32-34). We found no evidence to indicate an
association between ACAs and PH. The incidence of PH in the
ACA+ group was similar to the mean value in the SSc cohort over-
all. We confirmed the strong association between ACAs and low
incidence rates of other major organ-based complications and
mortality, suggesting that ACA positivity in SSc patients is a good
prognostic sign.

Similarly, good outcomes were observed in anti-PM/Scl+
subjects, who overall demonstrated a low incidence of PH,
SRC, and cardiac SSc, although approximately one-half of these
patients did develop clinically significant PF within the first 15
years of disease (35). Mortality rates, although low in the first 10
years of disease, appeared to increase faster than among the
other antibody groups in the second decade of disease, possibly
being related to the progression of clinically significant PF or to the
development of malignancies (36).

As expected, anti-topo | antibody positivity was associated
with a substantial risk of clinically significant PF, with no difference
in incidence between the cutaneous subsets. Despite this finding,
the long-term prognosis was strikingly different between IcSSc
and dcSSc patients with this antibody, with much better survival
and low risk of other organ complications among IcSSc patients
(29).

Anti-U3 RNP+ patients had the highest incidence of both
PH and cardiac scleroderma, which is consistent with the find-
ings in previously published studies (4,5). This antibody group also
had very high mortality rates in the early stages of the disease,
although long-term survival was among the highest, suggesting
that patients with this antibody are at much higher risk in the first
10 years of disease.

Our analysis clearly demonstrated that there is no difference
in the timing of clinically significant PF development between
patients with different antibodies. In all groups, the hazards peaked
within the first 3 years and rapidly declined thereafter. Hazards for
SRC peaked even earlier, within the first year of disease. Con-
versely, the hazard of PH was very low early on and gradually
increased, especially in the second decade. For all antibody sub-
groups, except anti-U3 RNP, the hazard of death was low initially
and gradually increased over time. In anti-U3 RNP+ patients, the
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hazard of death showed an early peak, suggesting that patients
with this antibody would require more active management early in
the disease course.

Skin involvement is an important aspect of SSc morbidity,
and a large proportion of clinical trials have utilized the MRSS as
a primary end point. Spontaneous improvement in the MRSS
occurs in the majority of dcSSc patients, and we demonstrated
that, at a group level, the MRSS declines over time. The great-
est improvement is early in the disease, while during later stages,
there is little change. Similar to previous studies, we found a neg-
ative association between the change in MRSS and both base-
line MRSS and disease duration (21). We also confirmed that skin
change was significantly associated with autoantibodies, with
higher skin scores in early disease observed in anti-RNAP+ and
ANA+ENA- patients, while at the same time, those groups expe-
rienced greater improvement and had lower mean MRSS scores
compared to patients with the other antibodies in the later stages
of disease. Antibody specificities only partly explained the changes
in MRSS, with considerable residual variance even after account-
ing for antibodies and their interaction with time (see Supplemen-
tary Tables 6 and 8 [http://onlinelibrary.wiley.com/doi/10.1002/
art.41153/abstract]).

Our study had several important limitations. There was a rela-
tively small number of patients who had at least 1 MRSS assess-
ment within the first 12 months of disease, which could explain
why an initial increase in the MRSS was not observed in the
overall cohort and, indeed, only a very small number of patients
had deterioration in the MRSS. Nevertheless, a sensitivity anal-
ysis demonstrated that the results remained similar when only
subjects with the first MRSS <3 years after disease onset were
analyzed (see Supplementary Tables 7 and 9 and Supplemen-
tary Figures 11 and 12 [http://onlinelibrary.wiley.com/doi/10.1002/
art.41153/abstract]).

We could not use HRCT scans to assess the severity of PF
as the imaging for a number of patients was performed prior to the
introduction of electronic imaging storage or was done in another
hospital. However, since the severity of PF was determined on the
basis of PFTs, even when HRCT had not been done, the absence
of clinically significant PF could be reasonably assumed, based on
preserved and stable lung function. When HRCT information was
not available to confirm the presence of PF, and the PFT results
showed abnormalities, we considered this to be missing data. As
a result, it is likely that we underestimated the overall presence of
PF (any degree) among the study subjects, but the estimate of clin-
ically significant PF incidence should be comparatively accurate.

To avoid immortal time bias, we included an incident cohort
with disease onset during a fixed time window. In addition, the
tendency for severe cases to be referred early means that it is
unlikely that our cohort was biased toward patients with milder
disease, who would survive long enough to be seen in a specialist
center.

Some of the autoantibodies (anti-U3 RNP, anti-Th/To) were
defined on the basis of indirect immunofluorescence (IIF) analy-
sis with no confirmatory test, and SSc-specific antibody testing
may not be available in some hospitals, where physicians may
only receive a result reporting a nucleolar pattern on IIF. For that
reason we repeated the analysis of associations between autoan-
tibodies and end points according to the subclassifications ACA+,
anti-topo I+, anti-RNAP+, ANA+ with nucleolar pattern, and
other (see Supplementary Table 5 [http://onlinelibrary.wiley.com/
doi/10.1002/art.41153/abstract]).

By combining autoantibody specificity and extent of skin
involvement, we propose a simple classification for SSc in which
patients are classified into 1 of 7 groups. This enables more pre-
cise risk stratification of patients, compared to the simple division
into dcSSc and IcSSc, and reflects widespread opinion that the
current subset classification fails to take account of the variabil-
ity of organ-based complications (37). Techniques to test for the
more common and SSc-specific antibodies are available to most
rheumatologists, and cutaneous subset is easy to determine,
which makes this classification easy to apply in everyday clinical
practice. Patients could be classified at their initial visit and would
remain in the same group, even if other characteristics of the
disease subsequently change. Once validated in other cohorts,
this classification could be used to inform prognosis and disease
monitoring in routine practice and for cohort enrichment in event-
driven clinical trials.
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Spontaneous Pulmonary Hypertension Associated
With Systemic Sclerosis in P-Selectin Glycoprotein

Ligand 1-Deficient Mice

Rafael Gonzéalez-Tajuelo,’ Maria de la Fuente-Fernandez,' Daniel Morales-Cano,” Antonio Mufioz-Callejas,’
Elena Gonzalez-Sanchez," Javier Silvan,’ Juan Manuel Serrador,’? Susana Cadenas,” Bianca Barreira,”
Marina Espartero-Santos,' Carlos Gamallo,' Esther F. Vicente-Rabaneda,' Santos Castafieda,’

Francisco Pérez-Vizcaino,? Angel Cogolludo,? Luis Jesus Jiménez-Borreguero,® and Ana Urzainqui’

Objective. Pulmonary arterial hypertension (PAH), one of the major complications of systemic sclerosis (SSc), is
a rare disease with unknown etiopathogenesis and noncurative treatments. As mice deficient in P-selectin glycopro-
tein ligand 1 (PSGL-1) develop a spontaneous SSc-like syndrome, we undertook this study to analyze whether they
develop PAH and to examine the molecular mechanisms involved.

Methods. Doppler echocardiography was used to estimate pulmonary pressure, immunohistochemistry was
used to assess vascular remodeling, and myography of dissected pulmonary artery rings was used to analyze
vascular reactivity. Angiotensin Il (Ang 1l) levels were quantified by enzyme-linked immunosorbent assay, and
Western blotting was used to measure Ang Il type 1 receptor (AT,R), AT,R, endothelial cell nitric oxide synthase
(eNOS), and phosphorylated eNOS expression in lung lysates. Flow cytometry allowed us to determine cytokine
production by immune cells and NO production by endothelial cells. In all cases, there were 4-8 mice per exper-
imental group.

Results. PSGL-17" mice showed lung vessel wall remodeling and a reduced mean + SD expression of pulmonary
AT,R (expression ratio [relative to B-actin] in female mice age >18 months: wild-type mice 0.799 + 0.508 versus
knockout mice 0.346 + 0.229). With aging, female PSGL-17" mice had impaired up-regulation of estrogen re-
ceptor a (ERa) and developed lung vascular endothelial dysfunction coinciding with an increase in mean + SEM
pulmonary Ang Il levels (wild-type 48.70 + 5.13 pg/gm lung tissue versus knockout 78.02 + 28.09 pg/gm lung
tissue) and a decrease in eNOS phosphorylation, leading to reduced endothelial NO production. These events
led to a reduction in the pulmonary artery acceleration time:ejection time ratio in 33% of aged female PSGL-17""
mice, indicating pulmonary hypertension. Importantly, we found expanded populations of interferon-y—-producing
PSGL-17" T cells and B cells and a reduced presence of regulatory T cells.

Conclusion. The absence of PSGL-1 induces a reduction in Treg cells, NO production, and ERa expression and

causes an increase in Ang Il in the lungs of female mice, favoring the development of PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare and progres-
sive disease that mainly affects women. PAH is characterized by
hypertrophic distal pulmonary vascular remodeling resulting from
endothelial dysfunction, dysregulated vascular smooth muscle
cellproliferation, andinflammation, which together promote medial
thickening of puimonary arteries and luminal obliteration (1). These
pathologic events increase pulmonary vascular resistance and
pulmonary artery pressure (PAP), leading to an increased hemo-
dynamic load on the right ventricle (RV). The RV adapts with a
compensatory increase in wall thickness and contractility (2,3).
PAH develops in 7-12% of patients with systemic sclerosis (SSc),
constituting a leading cause of death (4-6). Indeed, SSc is a major
cause of connective tissue disease (CTD)-associated PAH (4).

Several molecular mechanisms have been implicated in the
control of pulmonary pressure and are dysregulated in PAH. Pul-
monary artery endothelial cells (ECs) from patients with idiopathic
PAH produce reduced amounts of nitric oxide (NO) (4). Angioten-
sin Il (Ang Il) plays a major role in the control of blood pressure and
vascular tone in peripheral blood vessels (7-9). In this context, the
binding of Ang Il to Ang Il receptor 1 (AT,R) induces vasoconstric-
tion, while binding to AT,R triggers vasodilation (7). Thus, elevated
levels of renin, angiotensin-converting enzyme (ACE), Ang II, and
AT,R have been observed in experimental models as well as in
patients with pulmonary hypertension (PH) (10-12).

P-selectin glycoprotein ligand 1 is a leukocyte receptor res-
ponsible for the initial contacts between white blood cells and
endothelium. PSGL-1 interacts with P-, E-, and L-selectin,
allowing leukocyte tethering and rolling before extravasation to the
inflammatory foci (13). The PSGL-1-P-selectin interaction triggers
atolerogenic program in human monocyte-derived dendritic cells,
which drive Treg cell generation (14). Accordingly, disease exac-
erbation has been described in PSGL-1-deficient (PSGL-17")
mice in different experimental inflammatory models (15-19).
More importantly, PSGL-1~~ mice progressively develop an auto-
immune syndrome which shares multiple features with human
SSc, such as autoantibody production, dermal fibrosis, and vas-
cular damage (15).

Given that PSGL-17" mice develop an autoimmune syn-
drome similar to SSc, and that there are not good mouse models
for SSc associated with PAH (SSc-PAH), we questioned whether,
as a part of the scleroderma-like syndrome, these mice develop
PH. Interestingly, Doppler echocardiography is now considered
a validated noninvasive method to assess the systolic pressure
in the pulmonary artery and right ventricle (20,21). The reduction
in the ratio of pulmonary artery acceleration time (PAAT) to ejec-
tion time (ET) is associated with high PAP in humans and in mice
(20-23). In the present study, we analyzed the lungs and heart of
PSGL-17" mice, finding pulmonary small vessel remodeling and
increased PAP in female mice, and we examined the possible
molecular events implicated in this phenotype.

MATERIALS AND METHODS

Animals. C57BL/6 PSGL-1"" mice were kindly provided by
Dr. M. K. Wild and Dr. D. Vestweber (Max Planck Institute for Molec-
ular Biomedicine, Minster, Germany). Wild-type (WT) C57BL/6
mice were obtained from The Jackson Laboratory and were back-
crossed with PSGL-17" mice. Mice were kept in pathogen-free
conditions at the Animal Facility of the School of Medicine, Univer-
sidad Auténoma de Madrid and the Animal Facility of the Centro
Nacional de Investigaciones Cardiovasculares. Mice were killed by
cervical dislocation, and internal organs were extracted for analy-
sis. All experiments and breeding were performed in accordance
with national and institutional guidelines for animal care (EU Direc-
tive 2010/63/EU for animal experiments). The experimental proce-
dures were approved by the Director General de Medio Ambiente
of Madrid (ref. PROEX 69/14 and PROEX 162/15).

Immunohistochemistry and vessel wall thickness cal-
culation. Immunohistochemistry analysis using antibody against
murine a-smooth muscle actin (a-SMA) was performed in paraffin-
embedded lung sections. Small blood vessel (diameter <50 pm)
wall thickness was calculated by measuring the internal and total
vessel diameter of anti-a-SMA-stained lungs and calculating
the vessel wall area occupied by the vessel wall using Imaged
(National Institutes of Health). Vessels were clustered according to
their diameter, and the mean wall thickness area was calculated.

Transthoracic Doppler echocardiography and Fulton
index calculation. All transthoracic echocardiography mea-
surements were obtained with an echocardiography system (VEVO
2100; Visualsonics) and an 18-38 -Hz ultrasound probe. Chest hair
was removed with hypoallergenic depilatory cream, and animals
were anesthetized with a continuous influx of 2% isoflurane with an
oxygen flow rate of 1.5 liter/minute. Pulsed wave Doppler mode was
used to measure the PAAT and ET of blood flow in the pulmonary
artery at the level of the puimonary valve. The PAATET ratio was
then calculated and used as an indirect measure of systolic pulmo-
nary artery blood pressure. M-mode in transversal and longitudinal
axis was used to measure the systolic and diastolic left ventricular
internal diameters (LVIDs) and the longitudinal length of the LV. LV
end systolic volume (LVESV) and LV end diastolic volume (LVEDV)
were estimated as follows: LVESV = (7/[2.4 + systolic LVID]) x
systolic LVID®; LVEDV = (7/[2.4 + diastolic LVID]) x diastolic LVID®.
The ejection fraction was then calculated as the ratio (LVEDV -
LVESV):LVEDV. Diastolic function was assessed using analyses of
transmitral blood flow by pulsed wave Doppler. E wave (early ven-
tricular filing) and A wave (late ventricular filling caused by atrial con-
traction) velocity were measured, and the E/A ratio was calculated.

Systemic pressure measurements. Systemic arterial
pressure was measured using a BP-2000 system (Visitech Sys-
tems), and data were analyzed with BP-2000 Analysis Software.
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Eighteen-month-old female WT and PSGL-17" mice were sub-
jected to pressure measurement for a week for protocol habit-
uation. Next, consecutive measurements were obtained over
5 days, and the mean systolic pressure value was calculated.

Vascular reactivity. Murine puimonary arteries were care-
fully dissected free of surrounding tissue and cut into rings (1.8-
2 mmin length). Vessel segments were mounted on a wire myograph
in Krebs physiologic solution. Buffer solutions were continuously
bubbled with 21% O,, 5% CO,, and 74% N, (PO,% 17-19 kPa)
(24), and stretched to a transmural pressure equivalent to 30 mm
Hg. Contractility was recorded with an isometric force transducer
and a displacement device coupled with a digitalization and data
acquisition system (Powerlab). To confirm smooth muscle viability,
arteries were first stimulated by raising the K" concentration of the
buffer to 80 mmoles/liter. Thereafter, concentration-response curves
to acetylcholine (10°-10° moles/liter) and sodium nitroprusside
(107""-107° moles/liter) were performed using cumulative addition to
analyze the endothelium-dependent and endothelium-independent
vasodilatation, respectively. For the reactive oxygen species (ROS)
scavenging experiments, the concentration of superoxide dismu-
tase (SOD)—polyethylene glycal (Sigma) used was 50 units/ml.

Enzyme-linked immunosorbent assay (ELISA). The left
lung was mechanically disrupted in 1x phosphate buffered saline
(PBS). After 4 freeze/defreeze cycles to break cell membranes,
samples were centrifuged at 5,000g for 5 minutes at 4°C, and
supernatants were recovered. Ang Il concentrations were meas-
ured using an Ang Il ELISA kit (CSB-E04495 ml; Cusabio).

Western blotting. The right lung was frozen, pulverized,
and diluted in radioimmunoprecipitation assay buffer (1% Triton
X-100, 0.24M sodium deoxycholate, 0.35M sodium dodecy! sul-
fate in 1x Tris buffered saline) with protease and phosphatase
inhibitors. Lung lysates were used for Western blot assays. The
following primary antibodies were used: rabbit anti-AT,R and anti-
AT,R (1:1,000; Novus Biologicals), rabbit anti—3-actin (1:5,000;
Sigma), rabbit antivinculin (1:2,000; Sigma), mouse anti-eNOS
(1:1,000; BD Pharmingen), mouse anti—phosphorylated eNOS
Ser''”® (1:1,000; BD Pharmingen), mouse anti-estrogen receptor
a (ERa) (1:1,000; R&D), rabbit anti-ERB (1:1,000; ThermoFisher
Scientific), and mouse anti-GAPDH (1:1,000; Biolegend).

Bound antibodies were visualized by chemiluminescence
with a Luminata Forte Western HRP Substrate (Merck KGaA)
using either a horseradish peroxidase—conjugated goat anti-
rabbit or goat anti-mouse IgG secondary antibody. Band intensity
was analyzed using Imaged, and results were normalized to the
expression of B-actin, GAPDH, or vinculin, as loading controls.

Flow cytometry. Lungs were weighed, minced into ~1-mm?
pieces, and digested for 1 hour with 1 mg/ml collagenase A (Sigma),
2.5 mg/ml Dispase Il (Roche), and 40 ug/ml DNase (Sigma) in

RPMI 1640 medium. Cell aggregates and undigested pieces of tis-
sue were eliminated using a 70-um cell strainer (BD Falcon). Cells
were then washed with 25 ml of PBS, 0.5% bovine serum albumin,
5 mM EDTA, concentrated in 700 pl, and filtered through a 30-um
cell strainer (BD Pharmingen). After incubation with 1:200 Fc Block
(BD Pharmingen), cells were stained with the cocktail of surface
antibodies for 15 minutes at 4°C. Subsequently, cells were perme-
abilized with 2 ml of fluorescence-activated cell sorting (FACS) Lys-
ing Solution (BD Pharmingen) for 15 minutes, washed, and stained
for 30 minutes at 4°C with a cocktail of antibodies directed against
intracellular cytokines. For intranuclear FoxP3 staining, a fluores-
cein isothiocyanate (FITC)—-conjugated anti-mouse/rat FoxP3 stain-
ing set was used according to the instructions of the manufacturer
(eBioscience). Flow cytometry was performed using a FACSCanto
Il and FACS Diva Software (BD Pharmingen).

Cell gating strategy and flow cytometry reagents. T cells
and B cells were gated as CD45.2+CD3+CD19-/B220- and
CD45.2+CD19+CD3- or CD45.2+B220+CD3-, respectively. Neu-
trophils were gated as CD45+Ly—-6G+ and Ly—6C+ (see Supple-
mentary Figure 1, on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract).
Alveolar macrophages were gated as CD45.2+CD11c+Siglec F+,
interstitial macrophages were gated as CD45.2+MHC-II+Siglec F—
CD11c-CD11b+, and dendritic cells were gated as CD45.2+Siglec
F-MHC-II+CD11c+ (Supplementary Figure 1). The expression of
interleukin-10 (IL-10), IL-17, and interferon-y (IFNy) was analyzed in
these subsets. Lung ECs were identified as CD45.2-CD31+. Anti-
bodies used for the identification of the aforementioned cell popu-
lations were as follows: phycoerythrin (PE)}-Cy7—conjugated CD11c
(1:50; eBioscience), PE-Cy7—conjugated CD3e (1:200; eBioscience),
allophycocyanin (APC)}-conjugated CD31 (1:200; BD Pharmingen),
FITC- and BV421-conjugated CD45.2 (1:200; BD Pharmingen),
APC-Cy7—conjugated IL-17A (1:200; BD Pharmingen), APC-
conjugated IFNy (1:50; Miltenyi Biotec), VioBlue-conjugated CD19
(1:50; Miltenyi Biotec), APC-Vio770-conjugated B220 (1:50; Miltenyi
Biotec), PerCP-Cy5.5-conjugated IL-10 (1:100; BioLegend), Gr-
1- and APC-conjugated Ly-6G/Ly-6C (1:100; BD Pharmingen),
APC-conjugated CD11b (1:50; Miltenyi Biotec), PerCP-Vio 700-
conjugated major histocompatibility complex class Il (MHC-II) (1:100;
Milttenyi Biotec), and PE-conjugated Siglec F (1:100; BD Pharmin-
gen). CountBright absolute counting beads (Invitrogen) were used for
the quantification of absolute cell numbers.

Intracellular NO evaluation. After blocking and surface
molecule staining (CD45 and CD31), cells were washed and incu-
bated with the NO-sensing fluorescent probe diaminorhodamine-
4M acetoxymethyl ester (DAR-4M AM) (5 um; Sigma) in PBS
for 30 minutes at 37°C. Finally, cells were fixed and analyzed
with a FACSCanto Il cytometer. Cells that were not incubated
with the probe were used as negative controls for fluorescence.
Two groups of cells could be distinguished according to the
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fluorescence levels at Em 580 nm. The fold change in the DAR-4M
AM mean fluorescence intensity (MFI) for ECs from WT mice and
PSGL-1"" mice was calculated as the ratio of the MFI obtained in
each mouse in relation to the average MFI for all WT mice analyzed.

Statistical analysis. Statistical significance between 2 groups
was calculated using Student’s 2-tailed t-test for parametric var-
iables and the Mann-Whitney U test for nonparametric variables.
Statistical significance between 3 groups was calculated using one-
way analysis of variance (ANOVA) with the Bonferroni post hoc test.
For dose-dependent relaxation studies, statistical significance was
calculated using two-way ANOVA. P values less than 0.05 were
considered significant. All statistical analyses were performed using
SPSS, version 15.0 (IBM).

RESULTS

Altered echocardiographic parameters consistent with
PH in PSGL-1"" mice. Given the elevated rate of death in PSGL-17""
mice after reaching 1 year of age (15), echocardiography was used
to measure the PAAT.ET ratio (Figure 1A), an indirect evaluation of
pulmonary pressure. Since preliminary data suggested differences
in the PAAT:ET ratio between WT and PSGL-1"" mice, follow-up
transthoracic Doppler echocardiography was performed on WT

A FEMALE WT

t (ms)

and PSGL-17" litermates between 1.5 and 18 months of age. A
recurrent tendency toward a reduced PAAT:ET ratio was observed
in female PSGL-17~ mice from 3 months of age (Figure 1B). Con-
sidering that a group of 3 female PSGL-1"" mice (33% of all female
PSGL-1"" mice) died between 15 and 18 months of age, we dif-
ferentiated between the dead and survivor groups. The group of
PSGL-1"" mice that died prematurely showed increased PAP,
detected by a reduced PAAT.ET ratio, compared to WT mice and to
the surviving group of PSGL-17" mice (Figure 1B). PSGL-17" mice
that survived maintained a PAATET ratio below that observed in WT
mice. In contrast, both male WT and male PSGL-17~ mice exhibited
similar PAAT:ET ratios throughout the experiment (Figure 1C).

No differences in the gjection fraction and the E/A ratio were
found between the 3 groups (Supplementary Figures 2A and B,
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract).
In addition, systolic arterial pressure and the PAAT:ET ratio were
measured in another cohort of aged female WT and PSGL-17""
mice, and WT and KO mice showed similar systolic arterial pres-
sure (Supplementary Figure 2C).

Remodeling of pulmonary small vessels in PSGL-1""
mice. The presence of puimonary vascular remodeling that could
explain the increase in pulmonary pressure was analyzed. Immuno-
histochemical staining, using an antibody against a-SMA, of lung
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Figure 1. Development of pulmonary hypertension with aging in female PSGL-1

>

= mice. A, B-mode showing the echocardiographic plane

used for Doppler pulmonary flow acquisition (left), and representative Doppler pulmonary artery flow of female wild-type (WT) mice (middle) and
PSGL-1-knockout (KO) mice (right). B, Longitudinal study of the pulmonary artery acceleration time:ejection time (PAAT:ET) ratio between 1.5 and
18 months of age in female WT mice (n = 4), surviving female PSGL-1"" mice (n = 6), and female PSGL-1"" mice that died prematurely (n = 3).
C, Longitudinal study of the PAAT:ET ratio between 1.5 and 18 months of age in male WT mice (n = 6) and male PSGL-1"" mice (n = 6). Results
are representative of 3 replicate experiments. Values are the mean + SD. * = P < 0.05, WT versus surviving PSGL-17" mice; ### = P < 0.005, WT
versus dead PSGL-17" mice; $ = P < 0.05, surviving PSGL-17" versus dead PSGL-1"" mice, all by one-way analysis of variance with Bonferroni
post hoc test. AA = ascending aorta; PV = pulmonary valve; PA = pulmonary artery.


http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract

PSGL-1 AND PULMONARY HYPERTENSION 481

Ofemale WT
[ female PSGL-1 KO

100 - dek |m~,
80 - r
60 -

-
5 é éég%

<10 10-20 20-30 30-40 40-50

100 e

so-ﬁ;‘llm R

= HlaThogs

<10 10-20 20-30 30-40 40-50
Diameter (uum)

Vessel wall area (%of total area)
(=]

Figure 2. Vascular remodeling in pulmonary small vessels from female PSGL-17" mice. A, Representative photomicrographs of anti-
a-smooth muscle actin-immunostained lung sections from mice ages 1.5-3 months and >18 months. B, Percentage of vessel wall area in
<50-pm-diameter pulmonary blood vessels in mice ages 1.5-3 months (top) and >18 months (bottom). Fewer than 150 vessels were analyzed
for each age group (n = 5-7 per group). Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines
within the boxes represent the median, and the lines outside the boxes represent the 10th and 90th percentiles. * = P < 0.05; *** = P < 0.005,
by Student’s 2-tailed t-test. See Figure 1 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41100/abstract.

sections from female WT and PSGL-1"" mice revealed a thicker fully relax both WT and PSGL-1"" mouse arterial rings (Figure 3C).
medial wall of small vessels in PSGL-1"~ mouse lungs (Figure 2A). Conversely, vascular reactivity did not differ between mesen-
Quantification demonstrated a significant increase of the relative teric arterial rings of PSGL-17" and WT littermates (Supplemen-
wall area in almost all groups of PSGL-1"" mouse vessels, inde- tary Figures 3A and B, http://onlinelibrary.wiley.com/doi/10.1002/
pendent of age (Figure 2B). art.41100/abstract), which suggests that the endothelial dysfunc-
tion is restricted to the pulmonary circulation. The inhibition of ROS
Decreased endothelial NO-dependent relaxing res- production by addition of SOD did not restore the relaxation capa-
ponse in pulmonary arteries of aged female PSGL-1"" mice. bility of PSGL-17~ mouse lung arteries, thus ruling out the notion of
Vascular reactivity in pulmonary and mesenteric arterial rings was NO scavenging by ROS (Supplementary Figure 3C).
assessed using wire myography. When compared to female WT
littermates, pulmonary arteries isolated from female PSGL-1"" mice Reduced pulmonary endothelial NO production and
showed increased vasoconstriction in response to 80 mM KCl eNOS phosphorylation in aged female PSGL-1"" mice. To
(Figure 3A). The vasodilating response to acetylcholine was impaired understand the molecular mechanisms responsible for the impaired
in PSGL-17"" mouse arterial rings (Figure 3B); however, the addition EC-dependent relaxation of pulmonary arteries, NO production by
of an external NO donor (sodium nitroprusside) was sufficient to ECs was assessed. The percentage of NO-producing lung ECs
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Figure 3. Vascular response to vasoconstrictor and vasodilator agents. A, Contractile response to KCI in pulmonary arterial rings obtained
from female mice >18 months of age. Symbols represent individual mice; bars show the mean + SEM. B and C, Vasodilating response to
acetylcholine (Ach) (B) and sodium nitroprusside (SNP) (C) in pulmonary arterial rings obtained from female mice >18 months of age. Values are
the mean + SEM. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test (A) and by two-way analysis of variance (B). AEP = active effective
pressure (see Figure 1 for other definitions).
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Figure 4. Quantification of nitric oxide (NO) production and assessment of endothelial cell nitric oxide synthase (eNOS) phosphorylation.
A, Dot plots of diaminorhodamine-4M acetoxymethyl ester (DAR-4M AM) signal in female mice >18 months of age. Highly positive population
is shown to the right of the internal vertical line. B and C, Percentage of lung endothelial cells producing moderate (B) or high (C) amounts of
NO measured in WT and PSGL-1"" female mice >18 months of age. D, Fold change of mean fluorescence intensity (MFI) for the NO-sensing
probe DAR-4M AM measured in lung endothelial cells of female WT and PSGL-17~ mice >18 months of age (n = 4-6 per group). E, Western blot
showing eNOS expression in the lungs of female mice >18 months of age (left) and densitometric quantification (right). Vinculin was used as a
loading control. F, Western blot showing phosphorylated eNOS expression in the lungs of female mice >18 months of age. G, Angiotensin Il (Ang Il)
concentration in lung lysates from mice (n = 5 per group). H, Immunoblots showing Ang Il type 2 receptor (AT,R) expression in the lungs of mice (n
= 7-8 per group) and densitometric quantification. 3-actin was used as a loading control. In B-E, G, and H, symbols represent individual mice; bars
show the mean + SEM (B-E and G) or the mean + SD (H). * = P < 0.05; ** = P < 0.01, by Mann-Whitney U test. See Figure 1 for other definitions.

was reduced in aged female PSGL-1"" mice (Figures 4A-C), were not observed in 3-month-old female mice (Supplemen-

although this was significant only within the highest NO-producing tary Figures 4A-C, http://onlinelibrary.wiley.com/doi/10.1002/art.
EC subset (Figure 4C). Additionally, the MFI for the NO-sensing 41100/abstract). Remarkably, although eNOS protein expression
probe DAR-4M AM was lower in lung ECs from aged PSGL-17"~ was measured in lung lysates and no differences were found
mice than in those from aged WT mice (Figure 4D). These changes between female WT and PSGL-1"" mice (Figure 4F), reduced lev-
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1176 gctivator site were found

" mice (Figure 4F).

els of eNOS phosphorylation at the Ser
in the lung lysates of aged female PSGL-1

Increased pulmonary levels of Ang Il and reduced
expression of AT,R in aged female PSGL-1"" mice. No
differences were found in the pulmonary concentration of Ang I
between young female WT and PSGL-17~ mice; however, the
mean + SEM Ang Il concentration was significantly higher in

>

BAL

aged female PSGL-17" mice (78.02 + 28.09 pg/gm lung tissue)
than in aged female WT mice (48.70 + 5.13 pg/gm lung tissue)
(Figure 4G). In contrast, Ang |l levels in aged males were similar
between the 2 genotypes (Figure 4G).

Regarding Ang Il receptors, the mean + SD expression of
AT,R was lower in both young and aged female PSGL-17~ mice
than in WT mice (expression ratio [relative to 3-actin] in young WT
3.983 + 1.765 versus young KO 2.266 + 1.045; in aged WT
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Figure 5.

Immune system analysis of the lungs of female wild-type (WT) and PSGL-17" mice. A, Absolute numbers of immune cell populations

isolated from the bronchoalveolar lavage (BAL) fluid of female WT and PSGL-17" mice. B, Absolute numbers of immune cell populations found
in the whole lungs of female WT and PSGL-1~" mice. C, Absolute numbers of interferon-y (IFNy)-positive cells obtained from the whole lungs
of female WT and PSGL-1~"~ mice. D, Percentage of interleukin-10 (IL-10)- and IFNy-producing cells in the B cell and T cell populations and the
frequency of Treg cells (FoxP3+) in the CD4+ T cell subset in lungs isolated from mice (n = 4-6 per group). Symbols represent individual mice;
bars show the mean + SEM. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test with Bonferroni post hoc test. AM = alveolar macrophages;

M® = interstitial macrophages; DC = dendritic cells; Neut. = neutrophils.
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0.799 + 0.508 versus aged KO 0.346 + 0.229) (Figure 4H), whereas
no differences in expression were found for AT,R in any case
(Supplementary Figure 4D, http://onlinelibrary.wiley.com/doi/10.
1002/art.41100/abstract).

Increased IFNy-producing T cells, B cells, and mac-
rophages and reduced Treg cells in the lungs of aged
female PSGL-1"" mice. Because PSGL-1 is a leukocyte
receptor, the pulmonary immune system was analyzed in female
WT and PSGL-17" mice. The total number of CD45+ cells was
increased in the bronchoalveolar lavage (BAL) fluid and lung tissue
of young and aged female PSGL-1"" mice (Figures 5A and B).
Deeper analysis showed that the BAL fluid in young female mice
had higher numbers of alveolar macrophages and neutrophils,
and aged female mice had an increased number of neutrophils
(Figure 5A). In the lung tissue, female PSGL-1"" mice showed
increased numbers of neutrophils and T cells at a young age and
an increased number of neutrophils when elderly (Figure 5B).

Because IFNy has been associated with vascular dysfunction
(25,26), the presence of IFNy-producing cells was analyzed in the
lung tissue. Interestingly, IFNy-producing interstitial macrophages
and T cell populations were increased in the lung tissue of young
female PSGL-17" mice, and the IFNy-producing T cell subset was
increased in aged female PSGL-1"" mice (Figure 5C and Sup-
plementary Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.41100/abstract). Notably, the analysis of B cell and T cell
populations in the lung tissue showed that aged female PSGL-17""
mice had reduced percentages of IL-10-producing T cells and
increased IFNy-producing T cells and B cells (Figure 5D and
Supplementary Figure 5), while the percentage of IL-17—-producing
populations was similar in WT and KO mice (Supplementary
Figures 5A and B). Importantly, the percentage of Treg cells was
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highly reduced in the T cell population, which increased the Th1/
Treg cell balance in the lung tissue of aged female PSGL-17" mice
(Figure 5D and Supplementary Figure 5A).

Reduced ERa expression in aged female PSGL-1""
mice. To elucidate the molecular mechanisms responsible for the
sex bias implicated in the development of pulmonary hypertension
in female PSGL-1"" mice, the expression of estrogen receptors
was quantified in lung lysates. Aging induced a reduction in the
expression of ERB in a genotype- and sex-independent manner,
with no differences between WT and KO mice (Figures 6A-C). In
contrast, ERa expression increased with aging in female WT mice
but not in female PSGL-17" mice, while aging did not affect the
expression of ERa in males, and no differences between male WT
and PSGL-17"" mice were found (Figures 6D-F).

DISCUSSION

PAH is a particularly severe life-threatening complication
of some CTDs that leads to RV remodeling, right heart failure,
and premature death (27). Although many efforts have been
made in searching for an efficient treatment for PAH, no curative
therapy is available. Our work shows that female mice deficient
in PSGL-1 exhibit reduced expression of pulmonary AT,R and
thickened small vessel walls. With aging, female PSGL-17" mice
show increased pulmonary levels of Ang Il, which coincides with
decreased eNOS phosphorylation and reduced NO production by
lung ECs and leads to RV dysfunction and death. Interestingly,
aged female PSGL-1"" mice have impaired ERa up-regulation.

The increase in relative wall vessel area in lung vasculature
has been described as a histologic marker of PAH in both ani-
mal models and patients (1,4,27) and is thought to be one of the
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Figure 6. Analysis of estrogen receptor 3 (ERB) and ERa expression in the lungs of mice. A-C, Western blot (A) and quantification of the
expression of ERP in the lungs of female (B) and male (C) wild-type (WT) and PSGL-1"" mice. D-F, Representative Western blot (D) and
quantification of the expression of ERa in the lungs of female (E) and male (F) WT and PSGL-17~ mice. Symbols represent individual mice; bars
show the mean + SEM. * = P < 0.05; ** = P < 0.01, by Mann-Whitney U-test.
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first events that occurs in the development of PAH (2,12). The
vascular remodeling observed in PSGL-17~ mice might cause an
increase in the lung vascular resistance to blood flow, the main
consequence of which would be the elevation of pressure in the
pulmonary artery.

Transthoracic Doppler echocardiography is a noninvasive
diagnostic tool for patients with suspected PAH, providing infor-
mation not only about diagnosis but also about the causes or con-
sequences of PAH (27,28). This method has been validated for
estimating PAP in PAH patients and in rat and mouse models (20—
23,29) and is becoming increasingly more relevant in murine mod-
els of heart diseases (30). Using this echocardiography modality,
and in accordance with the pulmonary vessel remodeling, we found
areduced PAATET ratio in the pulmonary arteries of 3-month-old
female PSGL-17" mice, suggesting that PSGL-17" mice are
susceptible to PH at young age. Importantly, female PSGL-17""
mice had preserved ejection fraction and E/A ratio, indicating
that the incremental increase in PAP was not a consequence
of an alteration in LV systolic/diastolic function or an elevated
systemic arterial pressure, which suggests primary PAH.

Reduced expression of AT,R, together with increased Ang
concentration, reduced eNOS phosphorylation at Ser''”, and NO
production by ECs, was foundin the lungs of aged female PSGL-17""
mice. This might explain the higher contractility and reduced relax-
ation capability of lung arteries at this age, which ultimately leads
to an elevated flow resistance and then to increased pulmonary
pressure and a reduced PAATET ratio. In this context, pentraxin
3, a soluble ligand of P-selectin that interferes with the PSGL--
1-P-selectin interaction (31,32), induced endothelial dysfunction
and increased blood pressure (32), suggesting that PSGL-1 bind-
ing to P-selectin may be involved in the maintenance of correct
endothelial function and integrity.

Molecular systems involved in the control of vascular tone,
such as endothelin 1, Ang I, and NO, have been described as
being altered in several animal models and in patients with PAH
(4,7,27). In our model, we found elevated lung concentrations
of Ang Il in aged female PSGL-1"" mice. Thus, hypoxic and
monocrotaline-treated rats showed increased Ang Il and AT,R
levels (11,33,34), and patients with PAH showed higher levels
of pulmonary Ang Il due to increased activity of ACE, as well
as increased expression and signaling of AT,R, resulting in aug-
mented vascular smooth muscle cell (VSMC) proliferation (35).
Inhibitors of the renin—angiotensin—aldosterone system (RAAS)
have been shown to have an effect in reducing PAP and other PAH
signs in some animal models and in pilot studies with small patient
cohorts, highlighting the role of RAAS in the pathology of PAH.
For example, treatment with losartan (AT,R antagonist) or capto-
pril (ACE inhibitor) was able to reduce mean PAP, RV hypertrophy,
and lung VR in rats exposed to hypobaric hypoxia for 14 days
(85,36). Although no differences in ACE expression were found in
the lungs of female WT and PSGL-17" mice, the increased levels
of pulmonary Ang Il found in aged female PSGL-1"~ mice might

be explained by enhanced ACE activity, which has previously been
reported in patients with PAH and in animal models (35,37).

NO is a critical regulator of vascular homeostasis, not only by
modulating vascular tone but also by controling VSMC prolifera-
tion and migration and leukocyte adhesion to endothelium (27,38).
Accordingly, reduced NO production by PSGL-1"~ mouse lung
ECs, together with a reduction of eNOS phosphorylated on Ser''"
in lung lysates, suggests an impairment of eNOS activation (39).
Interestingly, the reduction of NO is not due to NO sequestering by
ROS. It has been reported that an increase in Ang Il could lead to
eNOS uncoupling, which results in reduced NO production (25).

Several studies have highlighted the relevant role of inflam-
mation and the immune system in endothelial dysfunction
(25,26,40). Importantly, the Treg cell population is reduced and the
balance between effector cells in each leukocyte subset is altered
in aged PSGL-1"" mice, as previously described in the colon and
skin of these mice (15,16). In this context, it was observed that
vascular dysfunction in aortic ECs can be mediated by inflam-
matory monocytes and natural killer cells producing IFNy and IL-
12 in an Ang Il-dependent manner (25,26). A similar mechanism
could be operating in the pulmonary vasculature of female PSGL-
17~ mice, in which aging increases IFNy production in B cells
and T cells as well as pulmonary Ang Il levels that can account
for the endothelial dysfunction with the ensuing reduction in the
endothelial NO. Moreover, we found a reduction in the lung Treg
cell population. In this regard, hypoxic mice treated with Treg cells
showed reduced RV systolic pressure and Fulton index scores,
accompanied by a reduction of the expression of proinflammatory
cytokines (41). Furthermore, patients with CTD-associated PAH
showed reduced numbers of circulating Treg cells, illustrating the
importance of this T cell subset in the pathogenesis of PAH (42).

The mechanisms that mediate sex bias in pulmonary hyper-
tension have not yet been described. It has been suggested
that17(3 estradiol exerts vasoprotective actions through both
ERa and ERB (43). In ECs, ERa promotes eNOS phosphoryla-
tion in a phosphatidylinositol 3-kinase— and Akt-dependent man-
ner (44-48). In addition, treatment with Ang Il promotes vascular
adhesion and migration of leukocytes, which can be abolished
through treatment with 173 estradiol (49,50) and exacerbated
by incubation with L-N®-nitroarginine methyl ester (51). Moreover,
coculture with Treg cells induces the up-regulation of ERa and
ERPB in human cardiac microvascular ECs and increases culture
supernatant concentrations of plasma prostacyclin and IL-10
(52). In female PSGL-1"" mice, the reduction in the percentage
of Treg cells could explain why the pulmonary levels of ERa were
not increased with aging, declining at the same time as the phos-
phorylation of eNOS and NO production. Our data also indicate
that the increase in ERa expression along with aging may prevent
the increase of Ang Il in female WT mice, which has recently been
described in the context of hepatic ischemia-reperfusion injury
(53). Notably, ERa expression in males is not regulated by aging,
suggesting that it is not as crucial in males as in females to control
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Ang Il elevation and to increase NO production. These observa-
tions may explain why female PSGL-1"" mice develop PAH. Since
PSGL-1 might participate in the control of ERa expression with
aging, it would be of great interest to understand the molecular
mechanisms implicated.

Our findings demonstrate that, with aging, female PSGL-17"
mice develop PH as part of an SSc-lke autoimmune syndrome.
Our study highlights the importance of leukocyte—endothelium inter-
actions for the maintenance of vascular homeostasis in lungs and
protection against PAH. Leukocytic deficiency of PSGL-1, which
interacts with P-selectin and E-selectin on the surface of activated
endothelium, reduces the presence of Treg cells in the lungs and the
expression of ERa in females and also promotes endothelial dysfunc-
tion characterized by reduced vasodilation response due to impaired
NO production. This impairment in endothelial function leads to vas-
cular remodeling, PH, and, ultimately, premature death in mice.
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Multicenter Prospective Study of the Efficacy and

Safety of Combined Immunosuppressive Therapy With
High-Dose Glucocorticoid, Tacrolimus, and
Cyclophosphamide in Interstitial Lung Diseases
Accompanied by Anti-Melanoma Differentiation-Associated
Gene 5-Positive Dermatomyositis
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Objective. Interstitial lung disease (ILD) accompanied by anti-melanoma differentiation—associated gene 5 (anti-
MDA-5)-positive dermatomyositis (DM) is often rapidly progressive and associated with poor prognosis. Because
there is no established treatment, we undertook this study to prospectively evaluate the efficacy and safety of a com-
bined immunosuppressive regimen for anti-MDA-5-positive DM patients with ILD.

Methods. Adult Japanese patients with new-onset anti-MDA-5—-positive DM with ILD (n = 29) were enrolled at
multiple study centers from 2014 to 2017. They were treated with a regimen of high-dose glucocorticoids (GCs),
tacrolimus, and intravenous cyclophosphamide (IV CYC). Plasmapheresis was used if a patient’s condition wors-
ened after the regimen started. The primary end point was 6-month survival, which was compared between this
group of patients and a historical control group (n = 15) consisting of anti-MDA-5-positive DM patients with ILD who
received step-up treatment (high-dose GC and stepwise addition of immunosuppressant). Secondary end points
were 12-month survival rate, adverse events, and changes in laboratory data.

Results. The combined immunosuppressive regimen group showed significantly higher 6-month survival rates than
the step-up treatment group (89% versus 33%; P < 0.0001). Over a period of 52 weeks, improvements in anti-MDA-5
titers, serum ferritin levels, vital capacity, and chest high-resolution computed tomography scores were observed.
The combined immunosuppressive regimen group received IV CYC nearly 20 days earlier with shorter intervals
and tended to receive plasmapheresis more often than patients undergoing step-up treatment. Cytomegalovirus
reactivation was frequently observed over 52 weeks.

Conclusion. A combined immunosuppressive regimen is effective for anti-MDA-5-positive DM patients
with ILD. Plasmapheresis can be used for additional effect in intractable disease. Patients should be carefully
monitored for opportunistic infections during treatment.

INTRODUCTION

Idiopathic inflammatory myopathies (IIMs) are heterogeneous
autoimmune diseases that affect skeletal muscle and various
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organs, including the skin, lungs, heart, and joints. IIMs have
been categorized on the basis of clinical phenotype or histo-
pathologic characteristics; however, recent studies have focused
on the utility of myositis-specific autoantibodies (MSAs) for
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subcategorization of lIMs and corresponding clinical management
(1). Clinically amyopathic dermatomyositis (CADM) is defined as
a manifestation of typical skin lesions of dermatomyositis (DM)
with few or no features of myopathy. Anti-melanoma differentia-
tion—associated gene 5 (anti-MDA-5) antibody, an MSA, is report-
edly strongly associated with CADM (2). Anti-MDA-5-positive
DM/CADM patients often exhibit rapidly progressive interstitial
lung disease (ILD), which results in substantial mortality due to
respiratory failure (3,4). Rapidly progressive ILD in patients with
anti-MDA-5—positive DM/CADM is more frequent in Asian pop-
ulations than in European or American populations (39-71% ver-
sus 22-57%) (3-10); furthermore, anti-MDA-5 is one of the most
important prognostic factors in DM/CADM patients with ILD in
Asia. The source of rapidly progressive ILD has not been fully clar-
ified, but is thought to be affected by genetic susceptibility and
environmental factors (11-14).

A standard treatment for rapidly progressive ILD in patients
with anti-MDA-5—positive DM/CADM has not yet been estab-
lished. The 6-month survival rate of patients undergoing conven-
tional treatment with glucocorticoids (GCs) alone or a combination
of GCs and additional immunosuppressants (step-up therapy)
is 28-66% in Asian patients (1,3,7). Failure of these treatments
seems to be partly related to rapid progression of alveolar damage
before achieving sufficient immunosuppression. Recently, some
case reports have suggested that a combined immunosuppres-
sive therapy might be efficacious; this type of therapy includes
high-dose GCs, calcineurin inhibitors (CNIs), and intravenous
cyclophosphamide (IV CYC), which are administered beginning in
the early phase of rapidly progressive ILD with DM/CADM (15-18).
In addition, we have observed the effectiveness of such combina-
tion therapy in the early stage of rapidly progressive ILD in Japa-
nese patients with anti—-MDA-5-positive DM/CADM, compared to
those receiving step-up therapy (75% versus 29%) at our hospital
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(1). However, there has not been a prospective trial examining
the efficacy and safety of this combination therapy. Therefore, we
conducted a single-arm clinical trial to assess the efficacy and
safety of a combined immunosuppressive regimen comprising
high-dose GCs, tacrolimus, and IV CYC for anti-MDA-5-positive
DM/CADM with ILD. To the best of our knowledge, this is the
first prospective trial involving DM/CADM patients with ILD and a
particular MSA, anti-MDA-5, who show relatively uniform clinical
characteristics and pathophysiology.

PATIENTS AND METHODS

Design overview. This study was conducted at 5 hospitals
between July 1, 2014 and August 31, 2017. Figure 1 outlines the
study design. In this clinical study, anti—-MDA-5—positive DM/CADM
patients with ILD who were treated with a combined immunosup-
pressive regimen (high-dose GCs, tacrolimus, and IV CYC) were
compared to an existing historical control group, which comprised
patients who were treated with step-up treatment (control group A:
high-dose GCs were initially used and immunosuppressants were
added stepwise based on deterioration of the patients’ clinical con-
ditions). An additional historical control group of patients who were
treated with a combined immunosuppressive regimen without
plasmapheresis prior to this study (control group B) was compared
to the group of patients who participated in this prospective study.

DM was diagnosed in accordance with the criteria developed
by Bohan and Peter (19); CADM was diagnosed when patients
had typical cutaneous lesions of DM without clinical evidence of
myositis and with minimal or no increase in serum creatine kinase
(CK) levels, as described previously (20,21). The diagnosis of ILD
was based on respiratory symptoms, physical examinations,
chest high-resolution computed tomography (HRCT) findings,
and pulmonary function tests. Patients were eligible to be enrolled
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Figure 1. Study participants and combined immunosuppressive regimen. A, Flow diagram of the study participants. B, Combined

immunosuppressive therapy regimen for anti-melanoma differentiation—associated gene 5 (anti—-MDA-5)-positive dermatomyositis (DM)/
clinically amyopathic dermatomyositis (CADM) patients with rapidly progressive interstitial lung disease (ILD). High-dose prednisolone (PSL),
oral tacrolimus (TAC), and intravenous cyclophosphamide (IV CY) were used in combination. GC = glucocorticoid.

in the study if they were diagnosed as having definite, probable,
or possible DM or CADM with ILD—without immunosuppressive
treatment—before admission to one of the registered hospitals.
Serum anti-MDA-5 was detected by immunoprecipitation (IP)
assay using *S-labeled Hel.a cells and confirmed by anti-MDA-5
enzyme-linked immunosorbent assay (ELISA; Mesacup). Patients
with the following conditions were excluded: active tuberculosis,
active hepatitis B virus infection, cancer, and patients <16 years
of age. The follow-up period was 52 weeks. This study was con-
ducted in accordance with the Declaration of Helsinki and its
amendments, and it was approved by the ethics committee at
each institution and registered in the University Hospital Medical
Information Network (UMINOOOO14344). Written informed consent
was obtained from all patients prior to enroliment.

Combined immunosuppressive regimen. The com-
bined immunosuppressive regimen consisted of prednisolone,
tacrolimus, and IV CYC. The treatment was initiated soon after
a patient received a diagnosis of DM or CADM with ILD (Fig-
ure 1). Prednisolone was initially administered at 1 mg/kg/
day for 4 weeks; thereafter, the existing dose was reduced
by 10% every 2 weeks when the dose was >30 mg daily and
every 2-4 weeks when it was <30 mg daily. Tacrolimus was
adjusted to retain 12-hour blood trough levels within the range
of 10-12 ng/ml. IV CYC was initiated at 500 mg/m? of body
surface area biweekly, then gradually increased to a maximum
of 1,000 mg/m? of body surface area; this was implemented

with the goal of a nadir leukocyte count of 2,000-3,000/ul
or a 50% reduction from baseline. After the sixth administra-
tion of IV CYC, the interval was extended to 4-8 weeks. The
intended number of IV CYC administrations was 10-15.
Additional therapy was permitted when a patient’s condition
worsened to the point of requiring oxygen administration during
treatment; such therapy included plasmapheresis. Plasmapheresis
was performed 1-3 times per week for 3-13 consecutive weeks.
During plasmapheresis, 1-1.3 volumes of plasma per session
were removed, then replaced with an equivalent amount of fresh
frozen plasma (FFP-LR480; Nisseki) or 5% albumin (Albuminar-5;
CSL Behring KK). On the day of IV CYC treatment, extracellular
fluid (Uromitexan) and mesna (Shionogi & Co.) were injected into
the patients to prevent hemorrhagic cystitis (22). During treatment,
the patients underwent regular monitoring of serum cytomegalo-
virus (CMV) antigenemia and [3-p-glucan. Trimethoprim/sulfameth-
oxazole (TMP/SMX) was used for prophylaxis for Pneumocystis
jiroveci pneumonia (PCP) (23). Patients were treated with antiviral
drugs at an early stage if they were positive for CMV antigene-
mia or showed symptoms due to reactivation of CMV. Patients
were treated in the outpatient department after their disease was
in remission and their prednisolone dosage was <0.5 mg/kg/day.

Step-up treatment group as a historical control
group. We included a historical control group consisting of anti—
MDA-5—-positive DM/CADM patients with ILD who were treated
with a step-up protocol between August 1, 2001 and December
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31, 2008 at Kyoto University Hospital (control group A). Anti—
MDA-5 antibody levels were retrospectively measured using pre-
served patient sera.

Combined immunosuppressive regimen group with-
out plasmapheresis as a historical control group. We
included an additional historical control group consisting of
anti-MDA-5-positive DM/CADM patients with ILD who received
a combined immunosuppressive regimen of high-dose GCs,
cyclosporin A, and IV CYC, without plasmapheresis, between
September 1, 2008 and February 28, 2013 at Kyoto University
Hospital (control group B).

Outcome measures: primary and secondary end
points. The primary end point was 6-month survival rate, which
was compared between the combined immunosuppressive reg-
imen group and the historical control groups. Secondary end
points included the following: 12-month survival rate, adverse
events, changes in respiratory function, and changes in HRCT
scores and laboratory data (i.e., serum ferritin level and anti—
MDA-5 titer) during treatment courses.

Clinical and standard laboratory data. Baseline clin-
ical characteristics, including laboratory data, were recorded at
the time of admission. After admission to a hospital, electromy-
ography, as well as muscle and skin biopsies, were performed
as soon as possible. Chest HRCT and laboratory tests, including
blood analysis and urinalysis, were performed at baseline and at
4, 8,12, 16, 24, and 52 weeks after the initiation of treatment;
blood gas tests were performed at baseline and at 12, 24, and
52 weeks, and respiratory function was tested at baseline and
at 12 and 24 weeks. Blood tacrolimus trough levels were meas-
ured after 12 hours by chemiluminescent enzyme immunoassay
(ARCHITECTTMIi1000; Abbott).

Adverse events. Adverse events associated with the study
medication were recorded during the observation periods. Renal
disorder during the treatment course was defined as an increase
in the level of serum creatinine to >1.5-fold greater than the base-
line level (24).

Detection of anti-MDA-5 antibody in IP assay. MSAs
in sera were determined by IP assay, as previously described (3).
Briefly, 10 pl of patient sera was mixed with 2 mg of protein A-
Sepharose CL-4B (GE Healthcare) in 500 ml of IP buffer (10 mM
Tris HCI [pH 8.0], 500 mM NaCl, 0.1% Nonidet P40) and incu-
bated on a rotator device for 2 hours at 4°C. Subsequently, the
lgG-coated Sepharose was washed, then suspended in 400 ml
of IP buffer for polypeptide studies. Hela cells (2 x 107) in 100
ml of methionine-free medium were labeled with 18.5 MBq of
%3-methionine (Perkin Elmer) overnight at 37°C; they were then
sonicated in 2 ml of IP buffer, and the supernatant was recovered

by centrifugation. Antibody-coated Sepharose beads were mixed
with 100 ml of *S-methionine-labeled Hel.a cell extracts, then
rotated at 4°C for 2 hours. Subsequently, Sepharose beads were
washed 5 times, then suspended in sodium dodecyl sulfate sam-
ple buffer; polypeptides were then fractionated by 6.5% sodium
dodecy! sulfate—polyacrylamide gel electrophoresis and detected
by autoradiography.

Anti-MDA-5 antibody ELISA. Anti-MDA-5 titers were
measured by ELISA according to the instructions of the manufac-
turer; these measurements were performed at baseline and at 4,
8, 12, 16, 24, and 52 weeks after the initiation of treatment (2). The
cutoff value was 32 units/ml as determined by receiver operating
characteristic analysis (25).

Interpretation of chest HRCT images and scores.
Chest HRCT scans of the patients were evaluated by trained pul-
monologists (KT and TH) in a blinded and independent manner, in
accordance with a previously reported classification (26-28). First,
the pulmonologists classified chest HRCT results into the following
patterns: usual interstitial pneumonia (UIP), probable UIP, nonspe-
cificinterstitial pneumonia (NSIP), organizing pneumonia (OP), NSIP
with OP, or unclassifiable by chest HRCT. Second, the pulmonolo-
gists scored chest HRCT findings including airspace consolidation,
ground-glass attenuation, and interlobular septal thickening and/
or reticular opacity in each of 6 zones (upper, middle, and lower
on both sides) during the treatment courses. Interobserver disa-
greement was resolved by consensus. Interobserver correlations
between the 2 pulmonologists, determined using Spearman’s rank
correlation coefficient, were 0.79 (P < 0.0001) for airspace consol-
idation, 0.36 (P = 0.002) for ground-glass attenuation, and 0.73
(P < 0.0001) for interlobular septal thickening and/or reticular opacity.

Statistical analysis. The Mann-Whitney U test, Student’s
t-test, and Fisher’s exact test were performed in order to assess
associations of clinical features between groups. Survival was cal-
culated from the date of the initial diagnosis to the date of death by
any cause. Cumulative survival rates were estimated by Kaplan-
Meier analysis; the log rank test was also used to compare sur-
vival rates. Pearson’s correlation coefficient was used to examine
the correlation between blood tacrolimus concentration and renal
function. P values less than 0.05 were considered significant.
P values for multiple comparisons were adjusted using the Bon-
ferroni method. Statistical analyses were performed using JMP
Pro 12 software (SAS Institute).

RESULTS

Clinical features of anti-MDA-5-positive DM/CADM
patients with ILD. We enrolled anti-MDA-5-positive DM/
CADM patients with ILD who visited any of the 5 registered hos-
pitals (N = 29) (Figure 1). Two patients were withdrawn from the
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treatment regimen because their treatment differed from that of
the prescribed regimen during the observation period: administra-
tion of IV CYC was considerably delayed for 1 patient, and IV CYC
was changed to infliximab for the other patient. We established a
historical control group in which patients (n = 15) received step-up
treatment of immunosuppressants (control group A). When these
2 groups were compared, there were no significant differences
in age, sex, serum CK levels, cutaneous symptoms, or muscle
symptoms (Table 1). The diffusing capacity for carbon monoxide
percent predicted was higher in the combined immunosuppres-
sive regimen group. The vital capacity percent predicted and the
forced expiratory volume in 1 second/forced vital capacity did not
differ between the 2 groups. In HRCT assessments, OP or unclas-
sifiable patterns were mainly observed in both groups. The HRCT
scores did not differ between the 2 groups. The levels of serum
ferritin, lactate dehydrogenase (LDH), and anti-MDA-5 were ele-
vated in both groups, relative to standard values.

Next, treatment was compared between the 2 groups.
GCs were used for all patients in both groups. However, GC
doses were slightly lower in the step-up treatment group. CNI,
IV CYC, and combinations of these were used less frequently in
the step-up treatment group (see Supplementary Table 1, on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41105/abstract). Patients in the combined regi-
men group received a mean + SD of 9.37 + 1.57 IV CYC treat-
ments. In IV CYC-treated patients, the dose of cyclophosphamide
was similar between the 2 groups (Supplementary Figure 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract); however,
the intervals between IV CYC treatments tended to be longer in
the step-up group than in the combined regimen group. Further-
more, we compared the timing of treatment initiation between the
2 groups: the duration from hospitalization to the beginning of IV
CYC and CNI was nearly 20 days longer in the step-up treatment
group, compared to that in the combined immunosuppressive
regimen group (Supplementary Table 2, Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract).
The periods from disease onset to the administration of GC, IV
CYC, and CNI tended to be longer in the step-up treatment group
than in the combined immunosuppressive regimen group, but this
difference was not statistically significant. When a patient’s condi-
tion worsened, additional treatment was applied.

Plasmapheresis tended to be used in more patients in the
combined immunosuppressive regimen group than in the step-up
treatment group (31% versus 7%), although this difference was
not statistically significant (Supplementary Table 1, http://onlin
elibrary.wiley.com/doi/10.1002/art.41105/abstract). During the
combined immunosuppressive treatment, 11 patients exhibited
worsened hypoxemia and required oxygen; of these, 9 patients
received plasmapheresis (Supplementary Table 1). These patients
received a mean = SD of 11.6 + 3.95 plasmapheresis treatments,
over a mean + SD of 45.6 + 21.0 days. Among the 11 patients, 6

Table 1. Clinical features of the patients at the time of enrollment*

Combined
immuno- Step-up
suppressive treatment
regimen group control group
(n=29) (n=15)
Diagnosis, no. (%)
DM 14.(48) 9 (60)
CADM 15(52) 6 (40)
Onset type, no. (%)t
Acute 8(30) 3(20)
Subacute 15 (56) 7 (47)
Chronic 4.(15) 5(33)
Female sex, no (%) 19 (66) 12 (80)
Age, years 53.4+135 57.6+9.08
BMI, kg/m? 211 +3.06 21.3+318
Heliotrope rash, no. (%) 13 (46) 7 (54)
Gottron'’s sign, no. (%) 28(97) 13(87)
Skin ulcer, no. (%) 7 (24) 4(57)
Proximal muscle 13 (46) 8(53)
weakness, no. (%)
CK, units/liter 284.7 +324.6 357.3+484.3
Ferritin, ng/ml 689.7 £+ 973.9 1428.4 +1895.7
LDH, units/liter 390.6 +138.9 410 + 145.2
Creatinine, mg/dl 0.58 + 0.11 06+0.2
CRP, mg/dl 147 +2.04 15+16
ESR, mm/hour 448 +229 51.9+27.8
KL-6, units/ml 689.7 +973.9 951.7 +818.5
SP-D, ng/mll 64.6 +57.2 54.8 +40.5
Pao,, mm Hg 80.3+139 76.0+79
Anti-MDA-5, units/ml 205.0 +46.3% 1719+313
VC, % predicted 78.8 £ 16.1 84.2+£10.8
FEV./FVC 82.6 £8.40 89.6 +14.7
DLco, ml/minute/mm Hg 16.0+10.4 1M1+£29
DLco, % predicted 62.0 +£ 14.98 446 +13.7
HRCT patterns, no. (%)9]
NSIP and OP 3(11) 1(11)
OP 11 (39) 5(56)
Unclassifiable 14 (50) 3(33)
Total HRCT score 10.8 £ 6.64 12.4 £ 9.69
Airspace consolidation 3.87+3.63 3.24+249
Ground-glass 4.67 £2.97 6.99 + 6.59
attenuation
Interlobular septal 2.25+3.08 218 +3.18

thickening and/or
reticular opacity

* Except where indicated otherwise, values are the mean + SD. DM =
dermatomyositis; CADM = clinically amyopathic dermatomyositis;
BMI = body mass index; CK = creatine kinase; LDH = lactate dehy-
drogenase; CRP = C-reactive protein; ESR = erythrocyte sedimenta-
tion rate; KL-6 = Krebs von den Lungen 6; SP-D = surfactant protein
D; anti-MDA-5 = anti-melanoma differentiation-associated gene 5;
VC = vital capacity; FEV,/FVC = forced expiratory volume in 1 second/
forced vital capacity; DLco = diffusing capacity for carbon mon-
oxide; NSIP = nonspecific interstitial pneumonia; OP = organizing
pneumonia.

t Acute = within 1 month; subacute = 1-3 months; chronic = >3
months.

¥ P=10.03 versus step-up treatment control group, by Mann-Whitney
U test.

§ P = 0.045 versus step-up treatment control group, by Mann-
Whitney U test.

9 High-resolution computed tomography (HRCT) findings were ob-
tained using data on 28 patients in the combined immunosuppres-
sive regimen group and 9 patients in the step-up treatment control

group.
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patients treated with plasmapheresis and 2 patients treated with-
out plasmapheresis survived for >6 months.

Primary and secondary outcome measures. Signif-
icant improvements in 6-month and 12-month survival rates
were observed in the combined immunosuppressive regimen
group compared to the step-up treatment group (89% versus
33% and 85% versus 33%, respectively; both P < 0.0001)
(Figure 2A). All survivors recovered to a state in which oxy-
genation was not required. Serum levels of C-reactive pro-
tein (CRP), LDH, Krebs von den Lungen 6 (KL-6), and ferritin,
as well as anti-MDA-5 titers, vital capacity percent predicted,
and chest HRCT scores gradually improved in the combined
immunosuppressive regimen group (Figure 3). All deaths were
due to exacerbation of ILD; however, infections such as CMV
reactivation (n = 3), PCP (n = 2), and sepsis (n = 2) seemed
to trigger the ILD exacerbation (Supplementary Table 3, http://
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onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract).
PCP occurred in patients who had stopped prophylactic
TMP/SMX due to its adverse effects. In the exacerbated state of
ILD just before death, 3 patients (75%) showed very high levels
of ferritin. In the step-up treatment group, 10 of the 15 patients
died. Exacerbation of ILD was the cause of death in all patients.
Several infections were observed during the course of treatment
in both surviving and deceased patients, but there were no sig-
nificant differences between groups with respect to the rates of
infections (Supplementary Table 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.41105/abstract).

The step-up treatment group (control group A) was subdi-
vided into 3 groups based on the number of drugs administered
within 7 days (0, 1, or 2 of the following: GC, CNI, and IV CYC)
or 52 weeks (1, 2, or 3 of the following: GC, CNI, and IV CYC)
after admission to hospitals (Figures 2B and C). A higher number
of drugs started within 7 days was associated with increased
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Figure 2. Overall survival in anti-MDA-5-positive DM/CADM patients (n = 29 in the prospective regimen group; n = 15 in control group A [no
drugn=3,1drugn=38,2drugsn=4at 7 days; 1drugn =4, 2 drugs n =5, 3 drugs n = 6 within 52 weeks]). A, Survival rates in the prospective
regimen group (combined immunosuppressive regimen group) and control group A (step-up treatment group). * = P < 0.0001 versus the
prospective regimen group. B, Survival rates stratified according to the number of drugs administered within 7 days after hospital admission. C,
Survival rates stratified according to the number of drugs administered within 52 weeks after hospital admission. D, Effect of additional treatment
with plasmapheresis on survival rates. In the prospective regimen group, patients received the combined immunosuppressive regimen with or
without plasmapheresis. In control group A (n = 15), patients received step-up treatment without plasmapheresis. In control group B (n = 17),
patients received the combined immunosuppressive regimen without plasmapheresis. Cumulative survival rates were analyzed by Kaplan-Meier
test. Plus signs represent censored patients in the prospective regimen group. See Figure 1 for definitions.
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Figure 3. Laboratory data and respiratory function (A) and chest high-resolution computed tomography (HRCT) scores (B) in the combined
immunosuppressive regimen group during the treatment course. Data are presented as box plots, where the boxes represent the 25th to 75th
percentiles, the lines within the boxes represent the median, and the lines outside the boxes represent the minimum and maximum. * = P <
0.0125; ™ = P < 0.0167, by Student’s paired t-test with Bonferroni adjustment. Dotted lines show cutoff values. Anti-MDA-5 = anti-melanoma
differentiation—-associated gene 5; CRP = C-reactive protein; KL-6 = Krebs von den Lungen 6; VC = vital capacity.

survival. Analysis of the subgroups that were classified based on
the number of drugs administered during the 52-week follow-up
period showed that survival rates in control group A increased in
the following order (from lowest to highest): triple therapy (GC,
CNI, and IV CYC), monotherapy (GC), and dual therapy (GC and
CNI/IV CYC); survival in the prospective regimen group was high-
est compared to any subgroup of control group A.

Effectiveness of plasmapheresis. To analyze the effec-
tiveness of plasmapheresis, we compared the prospective
regimen group (GC, tacrolimus, and IV CYC) in which plasma-
pheresis was allowed as an additional treatment to historical
control group B that was treated with the regimen (GC, cyclo-
sporin A, and IV CYC) and without plasmapheresis. There were
no differences in baseline clinical features of patients or drug
usage between the 2 groups (Supplementary Tables 5 and 6,
http://onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract).
The length of the period from hospital admission to the initiation
of GC, CNI, and IV CYC did not differ between these 2 groups.
However, the length of the period from disease onset to the initi-
ation of these treatments was longer in the prospective regimen
group than in historical control group B (Supplementary Table 7,
http://onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract).
Six-month and 12-month survival rates tended to be higher in

the prospective regimen group than in historical control group
B (89% versus 71%I[P < 0.09] and 85% versus 71%[P < 0.17],
respectively) (Figure 2D).

Comparison between surviving and deceased pa-
tients in the combined immunosuppressive regimen
group. When the deceased patients (n = 4) and the surviving
patients (n = 23) in the combined immunosuppressive regimen
group were retrospectively compared, cutaneous ulcer was
more frequently observed in the deceased patients (75% ver-
sus 13%; P = 0.02) (Supplementary Table 8, http://onlinelibr
ary.wiley.com/doi/10.1002/art.41105/abstract).  Respiratory
function and the period from disease onset to the initiation of
treatment did not differ between the 2 groups. Laboratory val-
ues were compared between surviving patients and patients
who died, and levels of ferritin (mean + SD 459.9 + 516.3 ng/
ml versus 2,050.3 + 1,772.7 ng/ml; P = 0.16), CRP (0.77 +
1.2 mg/dl versus 2.7 = 1.1 mg/dl; P = 0.01), CK, and LDH
before treatment tended to be higher in the deceased patients.
During the treatment course, levels of ferritin and CRP were
persistently higher in the deceased patients (Supplementary
Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.41105/
abstract). Total or airspace consolidation chest HRCT scores
showed improvement in surviving patients.
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Adverse events during treatment. No severe adverse
events directly caused death among the patients in this study.
However, some opportunistic infections, insomnia, renal dysfunc-
tion, and electrolyte abnormalities were observed (Tables 2 and 3).
While antibiotics were more frequently used in the step-up treatment
group, there were no differences with respect to bacterial infection
between the combined immunosuppressive regimen group and the
step-up treatment group. CMV reactivation was more frequently
observed in the combined immunosuppressive regimen group;
soon after CMV reactivation was determined, patients were treated
with antiviral drugs until serum CMV antigenemia was ameliorated.
There was no difference in the frequency of PCP, even in patients
who stopped using TMP/SMX for prophylaxis.

In both groups, abnormalities in electrolytes were observed.
In particular, hyponatremia after IV CYC treatment was often
observed; some patients experienced muscle pain (data not
shown). To prevent reduction of bone density due to long-term
administration of GCs, activated vitamin D and/or bisphospho-
nates were typically used. Jaw osteomyelitis or jaw bone necrosis
was observed in 2 patients in the combined immunosuppressive
regimen group; both stopped bisphosphonate use. In addition,

Table 2. Adverse events during immunosuppressive treatment*

Combined
immuno- Step-up
suppressive treatment
regimen group control group
(n=27) (n=15)
Infection (total) 23(85) 12 (80)
Bacterial infection 10(37) 5(33)
[@Y\% 23(85)T 5(33)
HSV/NZV 2(7) 2(13)
Candidiasis 15 (56) 5(33)
Aspergillus 2(7) 0 (0)
PCP 3(11) 2(13)
Other fungal infections 1(4) 2(13)
Use of antibiotics 13 (48) 12 (80)
Prophylaxis of PCP with 24 (89) 12 (80)
TMP/SMX
Diabetes mellitus 19 (70) 8 (53)
Hyperglycemia 20 (74) 14.(93)
Hyperlipidemia 24 (89) 13(87)
Insomnia 22 (81) 10(67)
Compression fracture 14 0(0)
Femoral head necrosis 1(4) 0 (0)
Hypertension 9(33) 5(33)
TMA 2(7) 0(0)
Hemorrhagic cystitis 4(15) 0(0)
Electrolyte abnormality 24(89) 13(87)
Hyponatremia 22 (81) 12 (80)
Hypokalemia 14.(52) 4(27)
Hyperkalemia 12 (44) 9 (60)
Jaw osteomyelitis/jaw 2(8) 0 (0)

bone necrosis

* Values are the number (%). CMV = cytomegalovirus; HSV/VZV =
herpes simplex virus/varicella-zoster virus; PCP = pneumocystis
pneumonia; TMP/SMX = trimethoprim/sulfamethoxazole; TMA =
thrombotic microangiopathy.

t P = 0.0015 versus step-up treatment control group, by Fisher's
exact test.

Table 3. Alteration of estimated glomerular filtration rate (eGFR;
ml/minute/1.73 m?) during treatment course

eGFR, mean + SD

Combined Step-up
immunosuppressive treatment
regimen group control group
(n=29) (n=15)
Baseline 98.1+239 97.4+265
52 weeks 753 +15.7 67.7+20.2
p* 57x10° 0.025

* By Student's paired t-test.

femoral head necrosis occurred in 1 patient, which was mani-
fested as reduction of body weight. Hemorrhagic cystitis occurred
in 4 patients in the combined immunosuppressive regimen group.
In 1 patient, several viruses were examined, and adenovirus was
detected as the cause of cystitis. IV CYC treatment was discontin-
ued in all 4 patients in whom hemorrhagic cystitis occurred; these
patients received IV CYC 5, 7, 9, and 10 times, respectively. Over
52 weeks of treatment, renal function was slightly worsened in both
groups (Table 3 and Supplementary Figure 3, http://onlinelibrary.
wiley.com/doi/10.1002/art.41105/abstract), but there was no
significant difference between the 2 groups. Thrombotic microan-
giopathy (TMA) occurred in 2 patients; 1 of these patients experi-
enced end-stage renal failure and began hemodialysis.

We analyzed the influence of the blood tacrolimus concentra-
tion on adverse events such as infection and renal dysfunction in
the combined immunosuppressive regimen group. The mean + SD
12-hour trough level of tacrolimus during the 52-week follow-up
period was 7.64 + 3.45 ng/ml. Mean 12-hour trough levels tended
to be correlated with the rate at which creatinine increased (Pear-
son’s correlation coefficient [r] = 0.49, P = 0.02) (Supplementary
Figure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.41105/abstract).
Therefore, a high blood concentration of tacrolimus might
exhibit some influence on renal function. When we analyzed
the influence of tacrolimus concentration on adverse effects,
classifying the prospective regimen group according to the occur-
rence of adverse events (Supplementary Table 9, http://online
library.wiley.com/doi/10.1002/art.41105/abstract), there was no
significant difference in 12-hour trough levels of tacrolimus between
the 2 groups, except in patients who showed hyperkalemia.

DISCUSSION

The combined immunosuppressive regimen with high-dose
GCs, tacrolimus, and IV CYC improved survival of anti-MDA-5—
positive DM/CADM patients with ILD, and was well tolerated in
this trial. The regimen in this study involved introducing intensive
immunosuppressive treatment in the early phase of anti-MDA-5-
positive DM/CADM; an additional supportive therapy, plasma-
pheresis, was used when respiratory function deteriorated faster
than disease control could be achieved. No severe adverse events
caused death. However, opportunistic infections, such as CMV
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reactivation, were frequently observed in patients receiving the
combined immunosuppressive regimen, and such events often
triggered the exacerbation of ILD activity. Indeed, all deceased
patients in this study had experienced opportunistic infections
and subsequent exacerbation of ILD, which led to sustained
severe respiratory distress, despite appropriate treatment of infec-
tion and evidence that microorganisms had disappeared. Thus,
prophylaxis for PCP, careful monitoring of other infections (e.g., by
checking levels of CRP, CMV antigenemia, and (3-p-glucan), and
decisions regarding empirical therapeutic intervention are critical
when applying this regimen.

The early use of immunosuppressants, such as cyclosporin
A, in combination with GCs has been reported to improve sur-
vival rates in DM patients with ILD (29). In addition, combination
therapy with IV CYC, cyclosporin A, and GCs was shown to be
superior to the combination of cyclosporin A and GCs (30). In the
present study, when tacrolimus (in place of cyclosporin A) was
included as a CNI in the combined immunosuppressive regimen,
a satisfactory effect in anti-MDA-5-positive DM/CADM patients
with ILD was obtained. In this trial, the administration of immuno-
suppressants other than GCs after hospitalization occurred nearly
20 days earlier in the combined immunosuppressive regimen
group compared to the step-up treatment group. Therefore, treat-
ment delay, even of a few weeks, can greatly affect the outcome in
anti-MDA-5—positive DM/CADM patients with rapidly progressive
ILD, suggesting the importance of initiating combination therapy
with multiple immunosuppressants as soon as possible in these
patients.

Plasmapheresis can be an effective additional treatment
in patients with ILD (31). Recent studies have shown that many
types of inflammatory cytokines and chemokines, such as type
I interferon (32), interleukin-6 (IL-6) (33), IL-8, IL-10, IL-15, and
IL-18 (32-35), are elevated in the sera of DM/CADM patients
with ILD or anti-MDA-5-positive DM patients with ILD (35).
In addition, anti-MDA-5 titer has been associated with dis-
ease activity (15). In this context, we chose plasmapheresis as
an additional supportive therapy with the aim of removing the
elevated cytokines/chemokines, as well as anti-MDA-5 anti-
body, the latter of which might also contribute to the onset or
exacerbation of disease. Previously, a randomized controlled
trial showed no effect of plasmapheresis on polymyositis or
DM, but the enrolled patients were heterogeneous and the
trial end points were measurements of muscle disease activity
(86). Notably, recent case reports have indicated the efficacy
of plasmapheresis in patients with anti-MDA-5-positive rap-
idly progressive ILD (37-39). Polymyxin B-immobilized fiber
column direct hemoperfusion has also been suggested as
potentially effective for ILD in CADM or anti-MDA-5-positive
rapidly progressive ILD (40,41), although the effect was con-
troversial (42,43). In the future, prospective studies comparing
patients who undergo plasmapheresis and those who do not
are necessary.

The adverse effect of renal dysfunction showed gradual and
irreversible onset (Table 3 and Supplementary Figure 3, http://online
library.wiley.com/doi/10.1002/art.41105/abstract). It may have
been aresult of drug treatment, especially with CNI, which is known
to cause renal dysfunction, or of intensive administration of cyclo-
phosphamide. TMA occurred in 2 patients, 1 of whom showed pro-
gression of renal dysfunction despite discontinuation of tacrolimus;
in that patient, TMA resulted in end-stage renal failure. TMA can
be caused both by tacrolimus and by severe DM disease activity.
When renal function seems to deteriorate seriously, it may be nec-
essary to reduce or withdraw the potentially contributing medica-
tion. In the future, a more detailed investigation of this regimen is
needed to avoid overtreatment in patients whose disease activity
can be well controlled without such intensive immunosuppression.

There were several limitations to our study. First, this was
a historical controlled study, because the enrollment of concur-
rent controls was not possible due to ethical concerns. Sec-
ond, plasmapheresis was selected at the attending physician’s
discretion, so there may have been considerable variation in
its application. Third, there was a small number of patients
enrolled in this trial, and all were of Japanese ethnicity. Because
genetic and environmental backgrounds may contribute to the
frequency and severity of ILD in anti-MDA-5-positive patients
(11-14), it is necessary to investigate therapeutic adaptations
and potential effects in larger populations with different ethnic-
ities. Moreover, further prospective studies are needed, with
the combination of immunosuppressants arranged in accord-
ance with the classification of patients’ prognostic factors,
because the triple regimen will be overtreatment for a portion
of the anti-MDA-5—positive patients.

In summary, we showed the efficacy and safety of a com-
bined immunosuppressive regimen that included high-dose
GCs, tacrolimus, and IV CYC treatment in Japanese anti—
MDA-5-positive DM/CADM patients with rapidly progressive ILD.
Early detection of ant--MDA-5, administration of concomitant
immunosuppressants, and monitoring of infection are important.
Further investigations are needed to aid in the detailed adaptation
of the regimen, as well as to determine the efficacy of plasmaphe-
resis as an additional therapy.
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BRIEF REPORT

Impact of ILTRN Variants on Response to Interleukin-1
Blocking Therapy in Systemic Juvenile Idiopathic Arthritis

Sabrina Fuehner," Christoph Kessel,' = Helmut Wittkowski," Elke Lainka,” Melanie Baehr,?
Johannes-Peter Haas,® Gerd Ganser,” Elisabeth WeiRbarth-Riedel,” Annette Jansson,® and

Claas Hinze,'
Boris Hugle,?
Dirk Foell’

Objective. To analyze the reported association of ILTRN polymorphisms with response to interleukin-1 (IL-1)
blockade in a German cohort of patients with systemic juvenile idiopathic arthritis (JIA), and to assess the impact of
other factors on treatment response.

Methods. Sixty-one patients with systemic JIA who had received IL-1 blockade were identified within the German
Autoinflammatory Disease registry DNA biobank. Response to IL-1 blockade was assessed according to 1) the clin-
ical response (initially at least a transient response or good response compared to a poor response), 2) switch (or no
switch) to anti-IL-6 receptor therapy following IL-1 blockade, 3) achievement of clinically inactive disease within 6
months of IL-1 blockade, 4) improvement in disease activity measured using the modified Juvenile Arthritis Disease
Activity Score, and 5) achievement of a glucocorticoid-free state. In addition, basic demographic data, key features
of the disease course, laboratory data, and IL7RN single-nucleotide polymorphisms (SNPs) were assessed.

Results. Six of 7 ILTRN SNPs reported to be associated with response to anakinra therapy were analyzed. These
6 ILTRN SNPs were inherited as haplotypes. An association of ILTRN haplotypes and SNPs with response to IL-1
blockade could not be confirmed in this cohort of patients with systemic JIA. Patients who received tocilizumab
following IL-1 blockade had a longer duration from disease onset to diagnosis than those who did not receive tocili-
zumab (median 0.27 years versus 0.08 years).

Conclusion. The results of this study could not confirm an impact of ILTRN SNPs on response to IL-1 blockade
therapy with either anakinra or canakinumab in a cohort of patients with systemic JIA. However, a longer time frame
from disease onset to diagnosis was associated with poorer long-term treatment response, thereby supporting the
“window of opportunity” hypothesis that suggests improved long-term treatment response with shorter time from

disease onset to diagnosis (and treatment).
INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) is characterized by
systemic inflammation and arthritis (1). While, traditionally, gluco-
corticoids have been an important treatment option for systemic
JIA, more recently, cytokine-directed therapies targeting interleu-
kin-1 (IL-1) and IL-6 have also been employed (2). Currently, 3
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biologic agents are approved for the treatment of systemic JIA in
the European Union: anakinra, a recombinant IL-1 receptor antag-
onist (IL-1Ra), canakinumab, a human monoclonal IL-13 antibody,
and tocilizumab, a humanized monoclonal IL-6 receptor antibody
(in the US, only canakinumab and tocilizumab are approved).

The treatment response to IL-1 blockade is heterogeneous.
For example, in a randomized, controlled clinical trial of anakinra
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in patients with active systemic JIA, ~71% of patients were
considered to be responders, according to achievement of the
American College of Rheumatology (ACR) Pediatric 30 (Pedi 30)
response (3), resolution of fever, and improvement by 50% in
the levels of inflammation markers (4). In a randomized, con-
trolled trial of canakinumab, 84% of patients reached a modi-
fied ACR Pedi 30 response within 2 weeks of therapy (5). The
response rates reported from open-label cohort studies are
variable, but are generally in the range of 75-85% (6,7). The
reason for the heterogeneity of response to IL-1 blockade is
unclear. One hypothesis is that a “window of opportunity” exists,
meaning that there is a time frame early in the disease course
during which effective therapy may fundamentally improve the
long-term outcome and disease course, essentially suggesting
that earlier therapy may be associated with an improved treat-
ment response (8). More recently, it was suggested that high-
expressing ILT1RN alleles are associated with a higher risk of
nonresponse to anakinra therapy in a cohort of North Ameri-
can patients with systemic JIA (9). The ILTRN gene encodes
the endogenous IL-1Ra, of which anakinra is a modified version
(N2-L-methionyl-26-177-IL-1Ra).

In this study, we analyzed the relationship between treat-
ment response to IL-1 blockade and IL7RN variants in a cohort of
patients with systemic JIA identified from the DNA biobank of the
German Autoinflammatory Disease (AID) registry.

PATIENTS AND METHODS

Patients. The German AID registry and biobank, compris-
ing data from a total of 42 participating centers, enrolled patients
with various autoinflammatory diseases, including systemic JIA.
Enrollment into the AID registry was based on clinicians’ diagno-
ses and could take place at any time during the disease course.
For this study, the biobank was screened for patients who were
diagnosed as having systemic JIA (n = 177 in total); among these
patients, we identified those who had received anakinra and/or
canakinumab during the course of their disease (n = 92 remain-
ing), and then identified those who had a DNA sample available
(n = 61 remaining).

Assessment of treatment response. The German AID
registry includes detailed longitudinal records of individual patients
concerning disease activity and laboratory findings. The main
outcome of the study was the treatment response, which was
assessed according to 2 different parameters: 1) formal assess-
ment of the clinical response, and 2) patterns of treatment with
biologic agents.

The clinical response in patients with systemic JIA was for-
mally assessed according to the following response categories:
1) a good response, if the signs and symptoms of active disease
(fever, rash, adenopathy, hepatosplenomegaly, serositis, and
arthritis) had resolved and if the levels of inflammation markers

(C-reactive protein [CRP] and erythrocyte sedimentation rate
[ESR]) had improved by at least 50% following treatment with
anakinra and/or canakinumab, and if this response was main-
tained for at least 6 months; 2) a transient response, if there was
an initial response characterized according to the parameters of a
good response for at least 2 months but with later recurrence of
disease; or 3) a poor response, if the parameters for improvement
were not met. These treatment response criteria had been previ-
ously established for the purpose of a separate analysis of the AID
registry cohort (10).

Treatment response based on treatment patterns was
judged as follows. Patients who initiated treatment with tocili-
zumab following either anakinra and/or canakinumab therapy
were classified into 1 treatment pattern group, and patients who
did not receive tocilizumab following anakinra and/or canaki-
numab therapy were classified into the other treatment pattern
group. This approach estimates the drug survival that was sup-
posed to reflect the long-term efficacy of treatment with anakinra
and/or canakinumab, essentially a measure of patients “voting
with their feet.”

For secondary analyses, we used the following additional
improvement criteria: 1) any response, i.e., improvement of fever
(if present) and/or arthritis (if present), defined according to the
criteria used by Arthur et al (9), 2) improvement in the physician
global assessment of disease activity score by at least 30%, 50%,
70%, or 90%, 3) improvement in the modified Juvenile Arthritis
Disease Activity Score in 10 joints (JADAS-10), consisting of
the sum of the physician global assessment of disease activity
score (scale 0-10), the count of joints with active arthritis (scale
0-10), and normalized CRP level (scale 0-10; calculated as [CRP
(in mg/liter) — 10)/10, with a CRP level of <10 mg/liter representing
a score of 0), 4) development of clinically inactive disease (CID)
within 6 months of initiation of IL-1 blockade, defined according
to the CID criteria of a physician global assessment of disease
activity score of 0 (scale of 0-10), a CRP level or ESR within the
normal range, and no documentation of active arthritis, fever, rash,
adenopathy, hepatosplenomegaly due to systemic JIA, uveitis, or
morning stiffness, and 5) attainment of a glucocorticoid-free state
within 6 months of initiation of IL-1 blockade (11,12).

Genotyping. SNP genotyping was performed in the Core
Facility Genomics of the University of Munster, assessing the
following SNPs in the ILTRN gene (with indication of the high-
expressing allele in parentheses): rs55663133 (-), rs62158854 (T),
rs62158853 (C), rsb5709272 (1), rs7580634 (G), rs4251961 (1),
and rs55942804/rs555447483 (—). However, the SNP rs55942804/
rs555447483, which was also reported by Arthur et al (9), could not
be genotyped due to technical issues.

Biomarker analysis. Within the biobank of the AID
registry, the serum biomarkers S100A8/A9 and S100A12 were
routinely assessed. In addition, the biobank was queried, and
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for each of the patients in this cohort, at least 2 additional
serum samples were examined. Many of the patients had a
large number of serum samples stored within the AID reg-
istry biobank (up to 60 serum samples). For all of the avail-
able serum samples, the levels of ST00A12, a calgranulin that
shows a strong correlation with disease activity in systemic JIA
(13,14), had already been recorded. In order to achieve some
degree of standardization for each patient, the serum sample
with the highest S100A12 level and the serum sample with
lowest S100A12 level, supposedly reflecting the highest and
lowest overall inflammatory activity, respectively, for that indi-
vidual patient were examined. Luminex multiplex analysis of
the following cytokines was performed: CXCL9, IL-1[3, IL-1Ra,
IL-6, IL-17A, IL-18, and ST100A12.

Statistical analysis. Descriptive statistics concerning the
relationship between the various clinical parameters and treatment
response were calculated. The relationship between the different
ILTRN homozygous polymorphisms and treatment response was
assessed using the chi-square test. Receiver operating character-
istic (ROC) curve analysis was performed to assess the accuracy
of the continuous variables regarding outcomes. A plot of linkage
disequilibrium was prepared using the Haploview software pack-
age (Broad Institute of MIT and Harvard).

RESULTS

Patient characteristics and treatment responses.
The patient cohort consisted of 61 patients who were treated
with anakinra and/or canakinumalb during the course of their dis-
ease; 57 (93.4%) of 61 patients had received anakinra, 15 (24.6%)
had received canakinumab, and 11 (18.0%) had received both.
Of the 61 patients, 41 (67%) showed at least a transient clinical
response and 16 (26%) had a poor clinical response, while for
4 patients (7%), an assessment of the clinical response was not
available. Twenty-three patients had received/switched to tocili-
zumab, including 20 (33%) who switched following prior therapy
with anakinra and/or canakinumab, and 3 who switched prior to
receiving anakinra and/or canakinumab, meaning that 41 patients
(67%) had not switched to tocilizumab following the initiation
of IL-1 blockade (Table 1). The treatment responses in these 2
groups overlapped to some degree, as indicated by the distribu-
tion of treatment responses in Table 2.

Analysis of the basic characteristics indicated that patients
who did not experience a switch to tocilizumab had a lower dura-
tion from disease onset to diagnosis than those who had to later
switch to tocilizumab (median 0.08 years compared to 0.27 years;
P =0.02). ROC curve analysis of the duration from disease onset
to diagnosis and future switch to tocilizumab showed an area
under the ROC curve of 0.69 (95% confidence interval 0.54-0.83).
Furthermore, there were differences concerning the total duration
of follow-up between these 2 response groups (median follow-up

Table 2. Distribution of response to treatment with interleukin-1
blocking agents*

No. of responders  No. of nonre-
based on lack of  sponders based

subsequent on subsequent
Treatment tocilizumab tocilizumab Total
response therapy therapy no.
Clinical
responset
Good 33 4 37
Transient 1 3 4
Poor/absent 3 13 16
Not classifiable 4 0 4
Any responset
Yes 39 1 50
No 1 10
Not classifiable 1 0 1
PGA30 within
6 months
Yes 27 12 39
No 4 7 1
Not classifiable 10 1 11
PGAS50 within
6 months
Yes 27 8 35
No 4 1 15
Not classifiable 10 1 11
PGA70 within
6 months
Yes 21 6 27
No 10 13 23
Not classifiable 10 1 1
PGA90 within
6 months
Yes 14 3 17
No 17 16 33
Not classifiable 10 1 1
Modified
JADAS-10
score <5
within 6
months
Yes 14 1 15
No 6 15 21
Not classifiable 21 4 25
CID within
6 months
Yes 17 2 19
No 22 17 39
Not classifiable 2 1 3
Off glucocorticoid
therapy
within
6 months
Yes 20 5 25
No 13 1 24
Not classifiable 8 4 12

* PGA30 = 30% improvement in the physician global assessment of
disease activity score; JADAS-10 = Juvenile Arthritis Disease Activity
Score in 10 joints; CID = clinically inactive disease.

t A good response was defined as the resolution of signs and symp-
toms of active disease (fever, rash, adenopathy, hepatosplenomeg-
aly, serositis, and arthritis) and improvement by at least 50% in the
levels of inflammation markers (C-reactive protein and erythrocyte
sedimentation rate).

t Defined as improvement in fever (if present) and/or arthritis
(if present).



ILIRN POLYMORPHISMS AND RESPONSE TO IL-1Ra BLOCKADE

503

3.5 years in those who did not switch to tocilizumab compared to
7.5 years in those who did switch; P < 0.01).

In addition, the maximum recorded CRP and ESR values
were higher in patients who later switched to tocilizumab than
in those who did not switch (median CRP 143 mg/liter versus
74 mg/liter; median ESR 99 mm/hour versus 77 mm/hour). Other
parameters, including sex, age at onset, age at diagnosis, pro-
portion of patients treated with glucocorticoids, and the median
dose of glucocorticoids at initiation of IL-1 blockade, maximum
recorded white blood cell count, minimum recorded hemoglobin
level, and maximum recorded S100A8/A9 and S100A12 protein
levels were not different between the response groups.

IL1RN haplotypes and treatment responses. Six previ-
ously reported SNPs in the ILTRN gene were genotyped. Geno-
typing of the rs55663133, rs62158853, rs62158854, rs55709272,
rs7580634, and rs4251961 SNPs was successful in 55 patients
(90.1%), 54 patients (88.5%), 57 patients (93.4%), 60 patients
(98.3%), 58 patients (95.0%), and 61 patients (100%), respectively.
We observed that there was strong linkage disequilibrium (see
Supplementary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41130/
abstract), suggesting that the SNPs were present as haplotypes,
i.e., either homozygous (n = 22 [36.1%)]), heterozygous (n = 32
[62.5%]), or null (n = 7 [11.5%)) for the target genotypes.

We pursued analyses comparing the frequencies of the dif-
ferent genotypes across different outcomes, including 1) clinical
response, 2) subsequent switch (or no switch) to tocilizumab, 3)
improvement in the physician global assessment of disease activ-

ity score by at least 30%, 50%, 70%, and 90%, 4) achievement of
a modified JADAS-10 score of 5 or better within 6 months of IL-1
blockade, 5) achievement of CID within 6 months of IL-1 block-
ade, and 6) attainment of a glucocorticoid-free state (Table 3 and
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41130/
abstract). None of these outcomes was associated with the IL7RN

haplotype.

IL1RN alleles and treatment responses. When the pro-
portions of the individual effect alleles between the key outcomes
were analyzed, similar to that in the analysis by Arthur et al, (9),
the frequencies were not different between patients with systemic
JIA who demonstrated at least a transient response to IL-1 block-
ade and those who experienced either a poor or absent response
(see Supplementary Table 2 at http://onlinelibrary.wiley.com/
doi/10.1002/art.41130/abstract). A different grouping, i.e., com-
paring patients with a good clinical response to those with only
a transient or poor response, did not yield significant differences
in individual effect allele frequencies (see Supplementary Table 3
at http://onlinelibrary.wiley.com/doi/10.1002/art.41130/abstract).
There were also no significant differences in individual effect allele
frequencies when response was evaluated according to the second
outcome measure, i.e., patients who received tocilizumab following
anakinra and/or canakinumab therapy versus those who did not.
Furthermore, the findings did not differ when assessed according
to those patients who had received IL-1 blockade with anakinra
only (and not with canakinumab) (see Supplementary Table 4 at
http://onlinelibrary.wiley.com/doi/10.1002/art.41130/abstract).

Table 3. /L7RN haplotypes in patients with systemic juvenile idiopathic arthritis and relationship to clinical

treatment responses*

Patients with

Haplotype, no./total (%)

available
data, no. Homozygous  Heterozygous Null
Clinical response
At least transient 57 15/21 (71.4) 22/31(71.0) 4/5 (80.0)
Good 57 13/21 (61.9) 20/31 (64.5) 4/5 (80.0)
No switch to tocilizumab 61 13/22 (59.1) 22/32 (68.8) 6/7(85.7)
Any responset 60 18/22 (81.8) 27/32 (84.4) 5/6 (83.3)
Physician global assessment score
within 6 months of IL-1 blockade
Improved at least 30% 50 11/16 (68.8) 26/30 (86.7) 2/4(50)
Improved at least 50% 50 9/16 (56.3) 24/30 (80.0) 2/4.(50)
Improved at least 70% 50 8/16 (50) 17/30 (56.7) 2/4(50)
Improved at least 90% 50 6/16 (38) 11/30(36.7) 0/4 (0)
Best modified JADAS-10 score <5 36 5/12 (42) 7/20 (35) 3/4(75)
within 6 months of IL-1 blockadet
CID within 6 months of IL-1 blockade 58 9/21 (42.9) 9/31 (29.0) 1/6 (16.7)
Off glucocorticoid therapy within 6 49 1118 (61.1) 11/27 (40.7) 3/4(75.0)

months of IL-1 blockade

* Differences between the haplotypes (P values by chi-square test) were not significant for any response group.

IL-1 = interleukin-1; CID = clinically inactive disease.

T Defined as improvement in fever (if present) and/or arthritis (if present).

¥ The Juvenile Arthritis Disease Activity Score in 10 joints JADAS-10) is the sum of physician global assessment of
disease activity score (scale 0-10), count of joints with active arthritis (scale 0-10), and normalized C-reactive protein
level (scale 0-10; calculated as [CRP (in mg/liter) - 10]/10, with a CRP level <10 mg/liter representing a score of 0).
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Serum biomarkers and treatment responses. The
comparison of several serum biomarkers obtained from the bio-
bank sample with the highest serum S100A12 level for each indi-
vidual patient demonstrated that only the IL-1Ra level was different
between the different response groups. In analyses with treatment
response defined as at least a transient clinical response or accord-
ing to a treatment pattern of not switching to tocilizumab, those
who were designated as responders had higher serum IL-1Ra
levels (see Supplementary Table 5 at http://onlinelibrary.wiley.com/
doi/10.1002/art.41130/abstract). The other biomarkers measured
did not differ between the response groups.

Further analysis of nonparametric correlations between the
different biomarkers across all samples tested indicated a sub-
stantial degree of correlation between the levels of most of the
biomarkers, but not for IL-1Ra (see Supplementary Figure 2 at
http://onlinelibrary.wiley.com/doi/10.1002/art.41130/abstract).
Subsequently, the database was further queried in order to deter-
mine whether patients were receiving anakinra therapy at the time
of serum sampling. Indeed, many of the patients were receiving
anakinra at the time of sampling. Measured IL-1Ra serum levels
were, on average, approximately an order of magnitude higher in
patients receiving anakinra therapy (see Supplementary Figure 3
at http://onlinelibrary.wiley.com/doi/10.1002/art.41130/abstract),
indicating that the measured IL-1Ra levels likely represent the
presence of anakinra, i.e., recombinant IL-1Ra. Assessment of
IL-1Ra serum levels measured both in the individual samples with
the highest ST00A12 serum levels and in those with the lowest
S100A12 serum levels did not demonstrate any correlation with
the different IL7RN haplotypes (data not shown).

DISCUSSION

In this real-world cohort of well-characterized German patients
with systemic JIA who had received IL-1 blockade with anakinra
and/or canakinumab, we cannot confirm an association of 6 IL1RN
gene polymorphisms or the IL7RN haplotype with various defini-
tions of an adequate treatment response. Such an association
was previously reported by Arthur et al for 7 ILTRN gene polymor-
phisms in a small cohort of US patients with systemic JIA who had
received anakinra therapy (9). Although we were unable to geno-
type 1 of the reported 7 SNPs (rs55942804/rs555447483) due to
technical issues, we do not believe that this had an impact on our
conclusions, the reason being that this SNP generally is part of
the same strongly conserved haplotype as the other 6 SNPs. The
data previously presented by Arthur et al (9) support a compelling
hypothesis. On the one hand, higher-expressing ILTRN alleles, i.e.,
higher endogenous IL-1Ra production, may be associated with a
lower risk of developing systemic JIA. On the other hand, once
systemic JIA is present, it carries a higher risk of nonresponse to
treatment with anakinra (recombinant IL-1Ra).

It is unclear as to why such an association was not seen in this
German cohort. Interestingly, whereas an association of the differ-

ent IL1RN SNPs with risk of systemic JIA was seen in several of the
systemic JIA cohorts (from the US, UK, Turkey, Italy, Brazil, Argen-
tina, Canada, and Spain) reported by Arthur et al (9), most promi-
nently, for rs55663133, we did not observe any association in the
German cohort. Therefore, it is possible that genetic risk factors for
systemic JIA and for treatment nonresponse vary in different pop-
ulations. Clearly, systemic JIA is very heterogeneous, both pheno-
typically—for example, ranging from a rather benign condition with
a monophasic disease course to a serious condition with chronic
destructive arthritis or complicated by life-threatening macrophage
activation syndrome-and genetically, as outlined by Arthur et al (9).
In the cohort described in the study by Arthur et al, the patients
were not characterized in more detail, so that further comparisons
with our cohort are not feasible. Furthermore, whereas 38 patients
were evaluated in the study by Arthur et al (9), the cohort was
somewhat larger, comprising 61 patients, in the present study.

Considering other potential predictors of nonresponse to
therapy with IL-1 blockade, there is some indication that patients
with a long-term nonresponse, based on a subsequent switch to
IL-6 blockade with tocilizumab, have a longer duration from onset
of symptoms to diagnosis when compared to those with a persis-
tent response (median 0.27 years compared to 0.08 years). This
observation supports the “window of opportunity” hypothesis, i.e.,
early diagnosis (and treatment) may positively influence the long-
term outcome of the disease (8). However, we did not observe a
significant association of duration from onset to diagnosis and a
different measure of treatment response (clinical response).

While we attempted to correlate serum IL-1Ra levels with 1)
the different ILTRN SNPs, and 2) treatment response, this was
fraught with difficulty. First, an association of the different SNPs
with serum IL-1Ra levels was not observed. Second, while higher
IL-1Ra serum levels were detected, this was most likely attribut-
able to the ongoing treatment with anakinra in these patients,
since the assay used does not distinguish between the endoge-
nous IL-1Ra and anakinra (N2-L-methionyl-26-177-IL-1Ra), i.e.,
the analyte of interest represents the active treatment that was
given to many of the patients.

Our study has several limitations. Some of the patients had a
disease onset after the age of 16 years, and therefore they did not
fulfill the International League of Associations for Rheumatology
criteria for systemic JIA (15). However, these criteria are a sub-
ject of controversy, and potentially more appropriate criteria have
been suggested (16,17). The present study focuses on a cohort
of patients with variable duration of follow-up, which may have an
impact on the treatment outcomes; for example, a patient with a
much longer disease course may have a higher chance to receive
tocilizumab following IL-1 blockade. We were unable to extract
more formal response criteria from the registry, such as the modi-
fied ACR Pedi 30 response criteria or the complete JADAS criteria,
each of which have been used in controlled clinical trials. This was
because some of the criteria, such as patient global assessment of
disease activity (5), were not recorded.
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Nevertheless, from a clinical standpoint, we believe that
our assessment of treatment response, i.e., clinical response
concerning systemic inflammation and drug survival, was valid.
Because patients were often not enrolled in the registry early
during the disease, the laboratory data recorded in the registry
almost certainly do not represent the most prominent changes,
since such data are often present at the onset of disease; there-
fore, conclusions on the impact of certain laboratory abnormalities
on treatment outcomes are very limited. Furthermore, assessment
of serum cytokine levels, including IL-1Ra, is presumably strongly
influenced by multiple factors, such as degree of systemic inflam-
mation and current medications (18), for which we did not control;
therefore, based on our current data, it would not be possible to
draw conclusions on the effect of ILTRN SNPs on IL-1Ra expres-
sion. It would be desirable to extend genetic studies to cohorts
that could be better characterized and prospectively followed up.

In summary, despite the limitations mentioned, in this Ger-
man cohort of patients with systemic JIA treated with IL-1 block-
ade, we could not find any evidence of an impact of IL7RN SNPs
on treatment response to IL-1 blockade. In contrast, this study
provides evidence of a “window of opportunity” in this cohort, i.e.,
improved long-term treatment response with shorter time from
disease onset to diagnosis (and treatment, presumably).
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Immune checkpoint inhibitors in preexisting auto-
immune disease: comment on the article by Tison et al

To the Editor:

We read with great interest the article by Tison et al, profil-
ing the safety and efficacy of immune checkpoint inhibitor (ICl)
treatment in individuals with cancer and preexisting autoim-
mune disease (1). In this nationwide, multicenter cohort study,
with the largest study population other than the one reported
by Kehl et al (2), the occurrence of flare of preexisting auto-
immune disease and/or other immune-related adverse effects
(IRAEs) was frequent but mostly manageable without the need
to discontinue use of ICIs. However, some issues should be
addressed.

First, a previous study based on a relatively small sample size
indicated differences in flare rates among patients with preexisting
autoimmune diseases of different systems (i.e., rheumatologic,
dermatologic, endocrine, neurologic), and the occurrence of flare
was more likely in patients with rheumatologic disorders (14 of
27 [52%)) (3). Therefore, we propose that the authors should
additionally classify preexisting autoimmune disease according to
system and subsequently assess differences in the rate of flare
among systems. The results could be interesting and may be of
clinical value.

Second, some important missing messages should be pre-
sented. During the median follow-up of 8 months, a flare of the
preexisting autoimmune disease was reported in 53 patients,
and 42% of patients experienced IRAEs not related to their pre-
existing autoimmune disease. We suggest the median time to
flare (with range or interquartile range) and the rate of IRAEs in
the overall cohort, including patients without preexisting auto-
immune disease, should be reported to provide more clinically
relevant data.

Third, there seem to be 2 mistakes in the Results section,
under the “Flare of preexisting autoimmune disease” heading.
Tison et al stated “A flare of the preexisting autoimmune disease
was reported in 53 patients (47%), and 84% of the flares were
similar to previous flares. Of the 50 patients for whom Common
Terminology Criteria for Adverse Events grades were available, the
flare was mild for 35 patients (70%) but severe in 15 (30%).” We
believe that 84% is incorrect and it should be 83% (if there were
44 patients) or 85% (if there were 45 patients). The total number of
patients experiencing mild and severe flare is 50 (100%), but Tison
and colleagues reported there were 53 patients who experienced
flare.

506

Arthritis & Rheumatology
Vol. 72, No. 3, March 2020, pp 506-510
© 2019, American College of Rheumatology

Wen-hui Xie, PhD

Zhuo-li Zhang, MD, PhD
Peking University First Hospital
Beijing, China

1. Tison A, Quéré G, Misery L, Funck-Brentano E, Danlos FX, Routier E,
et al. Safety and efficacy of immune checkpoint inhibitors in patients
with cancer and preexisting autoimmune disease: a nationwide multi-
center cohort study. Arthritis Rheumatol 2019;71:2100-11.

2. Kehl KL, Yang S, Awad MM, Palmer N, Kohane IS, Schrag D. Pre-
existing autoimmune disease and the risk of immune-related adverse
events among patients receiving checkpoint inhibitors for cancer.
Cancer Immunol Immunother 2019;68:917-26.

3. Menzies AM, Johnson DB, Ramanujam S, Atkinson VG, Wong ANM,
Park JJ, et al. Anti-PD-1 therapy in patients with advanced melanoma
and preexisting autoimmune disorders or major toxicity with ipilimum-
ab. Ann Oncol 2017;28:368-76.

DOI 10.1002/art.41139

Reply

To the Editor:

We thank Drs. Xie and Zhang for their interest in our study on
the safety and efficacy of ICls in patients with cancer and preexist-
ing autoimmune disease.

First, the authors suggested classifying preexisting autoim-
mune diseases according to systems in order to assess if rheumatic
disorders were more likely to flare with ICls. Such trends have been
reported in other studies (1,2), with the limitation that the highest per-
centage of preexisting autoimmune diseases in the cohorts studied
were rheumatic disorders (n = 27 [52%)] in ref. 1 and n = 25 [45%)]
in ref. 2). This trend was also reported in other series (3,4). In Table
3 of our article, we presented the percentage of flares according to
the 5 main preexisting autoimmune diseases in our cohort (84 of
112 patients [75%)]), dominated by rheumatic disorders (rheumatoid
arthritis, polymyalgia rheumatica/giant cell arteritis, spondyloarthri-
tis). Other preexisting autoimmune diseases were heterogeneous
and with a small sample size for each system, which does not allow
firm conclusions. For example, both the respiratory system and
the neurologic system were represented by 3 patients (pulmonary
sarcoidosis and 1 myasthenia gravis, 1 multiple sclerosis, and 1
autoimmune hypophysitis), and the hematologic system was rep-
resented by only 2 patients. Furthermore, several preexisting auto-
immune diseases had systemic features (4 patients with systemic
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Figure 1. Flare/immune-related adverse effect (IRAE)—free survival at immune checkpoint inhibitor (ICI) initiation in patients with active or
inactive preexisting autoimmune disease (PAD) (A) and in patients receiving ongoing or no immunosuppressive (IS) treatment (B).

lupus erythematosus, 3 with systemic sclerosis, 2 with antineutrophil
cytoplasmic antibody—associated vasculitis, 1 with antiphospholipid
syndrome, and 1 with dermatomyositis), precluding their classifica-
tion in a single organ system. For these reasons, we consider it more
meaningful to classify the diseases according to the diagnosis, with
a larger sample size, even if a classification by system might add
clinical value. Interestingly, more flares were reported in the psoriasis
group in our cohort, and 50% of patients with inflammatory bowel
disease (IBD) experienced a flare, compared to lower flare frequen-
cies reported in other retrospective cohorts (1-4). IBD represented a
larger sample size in our cohort.

Second, the authors inquired about the median time before
a flare/IRAE occurrence. Considering only the first course of ICI
treatment, the median time before the worst flare was 6.6 weeks
(range 0-183), and the median time before the worst grade IRAE
was 9.6 weeks (range 0.6-137), which was consistent with safety
data on ICl in the general population (5,6). Weber et al reported
a median time to treatment-related select AEs ranging from 5.0
weeks for skin AEs to 15.1 weeks for renal AEs (6). Notably there
were no differences in our cohort in worst flare/IRAE-free survival
in patients with active versus inactive preexisting autoimmune dis-
eases at baseline, or in ongoing versus No iMmMunosuppressive
therapy at baseline (P = 0.526 and P = 0.814; Figures 1A and B).

Third, Xie and Zhang asked about the median time before IRAE
in patients without preexisting autoimmune disease. Since our cohort
included only patients with a preexisting autoimmune disease at ICI
initiation, we can only respond based on current available literature.
In a prospective study, Danlos et al reported a higher frequency of
IRAE grade >2 in the preexisting autoimmune disease group ver-
sus the group of patients without preexisting autoimmune disease
(44% versus 29%), and IRAE-free survival was significantly shorter in
patients with preexisting autoimmune diseases (median 5.4 months
versus 13 months, P = 2.1 x 107 (7). In a recent systematic litera-
ture review performed to inform ongoing European League Against
Rheumatism recommendations, the median time of exposure to ICI

was 120 days for patients without preexisting autoimmune diseases
experiencing de novo arthritis, 60 days for patients with polymyalgia
rheumatica—like syndrome, and 25 days for patients with myositis
(Kostine M, et al: unpublished observations).

Last, Xie and Zhang were concerned about the numbers
reported in the section entitled “Flare of preexisting autoimmune
disease.” We reported a flare of preexisting autoimmune disease in
53 patients (47 %), in which 43 of 51 (84%) were similar to previous
flares. There were indeed missing data on this for 2 patients. With
regard to patients experiencing mild and severe flares a similar
explanation applies, with data missing for 3 of 53 patients.
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CHRU Brest

Brest, France

Marie Kostine, MD, PhD
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The first epidemiologic perspective on takotsubo syndrome
in patients with Takayasu arteritis and its impact on
inpatient outcomes: comment on the report by Lim et al

To the Editor:

Takayasu arteritis (TAK) is a chronic inflammatory condi-
tion of large blood vessels primarily affecting the aorta and its

Table 1.

main branches (1). Although more prevalent in Asians, it has
a worldwide distribution. Increased oxidative stress perpetu-
ating the inflammatory response and activity of matrix met-
alloproteinases are commonly proposed mechanisms for the
occurrence of TAK (2). The persistent inflammatory response
in TAK can lead to involvement of the pulmonary/coronary
artery or myocardium (3). Takotsubo (stress) cardiomyopathy
(TC) has been recently reported to result in poor outcomes,
comparable to those associated with acute coronary syn-
drome (4). A variety of risk factors make certain individuals
more susceptible to TC and adversely influence outcome (5).
Recently, Lim et al presented the first report describing TC in
a patient with TAK (6). The epidemiology of TC in patients with
TAK and outcomes in patients with coexistent TC and TAK
have not been reported.

Hospital admissions with, and outcomes of takotsubo cardiomyopathy in, patients with versus those without coexistent Takayasu arteritis*

All takotsubo
cardiomyopathy

Takotsubo cardiomyopathy Takotsubo cardiomyopathy
without Takayasu arteritis

with Takayasu arteritis

(n=156,506) (n=156,428) (n=78) P
Age at hospitalization, median (IQR) years 68 (58-77) 68 (58-77) 66 (52-73) 0.004
Female 87.0 87.0 93.6 0.082
Race 0.030
White 82.5 82.5 92.5
Nonwhite 17.5 175 -1
Nonelective admission 90.9 90.9 100.0 0.005
Location/teaching status of hospital 0.001
Rural 7.2 7.2 -1
Urban non-teaching 329 329 50.2
Urban teaching 60.0 60.0 38.0
Region of hospital 0.001
Northeast 19.5 19.5 -t
Midwest 26.3 26.3 38.5
South 333 333 24.6
West 209 209 30.5
Comorbidities
Hypertension 63.0 63.0 56.5 0.230
Diabetes, uncomplicated 18.6 18.6 -1 0.191
Diabetes, chronic complications 31 3.1 -1 0.085
Dyslipidemia 43.3 433 38.0 0.385
Prior MI/PCI/CABG 13.8 13.8 19.2 0.166
Smoking 31.5 31.5 433 0.022
Peripheral vascular disease 8.0 8.0 19.7 <0.001
Congestive heart failure 18.2 18.2 19.7 0.817
Chronic obstructive pulmonary disease 279 279 44.4 0.001
Any psychiatric disorder 51.0 51.0 75.2 <0.001
In-hospital outcomes
All-cause in-hospital mortality 47 47 -t 0.474
Cardiogenic shock 53 53 =it 0.672
Arrhythmia 29.0 29.0 18.8 0.058
Venous thromboembolism 3.5 35 =if 0.090
Stroke 2.2 2.2 -t 0.01
Respiratory failure 174 17.4 30.6 0.002
Intubation/mechanical ventilation 18.8 18.8 30.6 0.007
Routine discharge 58.6 58.6 423 <0.001
Transfer to other facility (SNF, ICF, etc.) 194 19.4 19.7 <0.001
Home health care 14.2 14.1 320 <0.001
Length of stay, median (IQR) days 4 (2-8) 4(2-8) 4(2-7) 0.209

Total hospital charges, median (IQR) dollars 38,413 (22,411-72,885)

38,396 (22,411-72,866) 49,730 (37,331-79,789) 0.048

* Except where indicated otherwise, values are the percent. IQR = interquartile range; M| = myocardial infarction; PCI = percutaneous coronary
intervention; CABG = coronary artery bypass grafting; SNF = skilled nursing facility; ICF = intermediate care facility.
T Data not reported per privacy guidelines (https://www.hcup us.ahrg.gov/db/publishing.jsp), because total number of hospitalizations was <11.
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Using the National Inpatient Sample (2007-2014) and Inter-
national Classification of Diseases, Ninth Revision, Clinical Mod-
ification codes, we identified TC (code 429.83)- and TAK (code
446.7)-related hospitalizations among adults and the frequency
of TAK among patients with TC. Baseline characteristics and out-
comes of TC-related hospitalizations with TAK versus other triggers
were analyzed. This is the first study to explore the epidemiology
of TC in patients with TAK and outcomes in hospitalized patients.

The prevalence of TAK among all TC-related hospitalizations
was 0.05% (78 of 156,506) (Table 1). The proportion of women in
the TC-TAK cohort was higher than that in the non-TAK TC cohort
(93.6% versus 87.0%), although the difference did not reach sta-
tistical significance. A female predilection in both conditions could
be the reason for this observation (5). The TC-TAK cohort was
younger (median age 66 years [interquartile range 52-73] versus
68 years [interquartile range 58-77]; P = 0.004) and had a higher
proportion of patients who were white (92.5% versus 82.5%;
P = 0.03) and whose admission was not elective (100% versus
90.9%; P = 0.005).

We observed a higher prevalence of peripheral vascular dis-
ease (19.7% versus 8.0%; P < 0.001) and smoking (43.3% ver-
sus 31.5%; P = 0.02) in the TC-TAK cohort. Smoking-induced
endothelial dysfunction and platelet activation can lead to early
atherosclerosis. Endothelial dysfunction is believed to be a key
factor in coronary microvascular dysfunction, which also plays
a role in the pathogenesis of TC (5). These shared pathologic
mechanisms, including atherosclerosis, endothelial dysfunction,
and hypercoagulability state, could be the key reasons for the
susceptibility to TC among patients with TAK. We also found a
higher frequency of psychiatric disorders (75.2% versus 51.0%;
P < 0.001) in the TC-TAK cohort, as reported earlier in TC patients
(5). Patients with mood disorder and anxiety may have intensified
sympathetic responses to stressors, making them susceptible to
stress-related cardiac dysfunction and poor outcomes (5). The
frequency of chronic obstructive pulmonary disease (COPD) was
higher in the TC-TAK cohort (44.4% versus 27.9%; P = 0.001),
possibly due to increased risk of pulmonary artery involvement
and chronic/recurrent alveolar hemorrhage in TAK. Respiratory
failure and COPD exacerbations are also known triggers of TC
(5), which likely explains the observed high burden of respiratory
failure (30.6% versus 17.4%; P = 0.002) and use of mechanical
ventilation (30.6% versus 18.8%; P = 0.007).

There was no significant difference in all-cause mortality
between the groups (P = 0.47); however, the TC-TAK cohort had
a higher frequency of stroke (P = 0.01). Among TAK patients, a
high burden of stroke has been reported earlier (~12%) (1). The
atherosclerotic changes and activation of the coagulation cas-
cade causing a thromboembolic state can contribute to stroke
events in these patients. TAK patients remain more vulnerable
to infections owing to glucocorticoid and immunosuppressive
treatment, leading to sepsis, pneumonia, or cellulitis necessi-
tating prolonged hospitalization (1). High complication rates and

greater need for diagnostic/therapeutic modalities in the TC-
TAK cohort could have amplified health care costs and resource
utilization (1).

In conclusion, the frequency of TAK was 0.05% among all
TC-related admissions. The TC-TAK cohort showed a higher fre-
quency of stroke, respiratory failure/mechanical ventilation, and
health care resource utilization as compared to the non-TAK TC
cohort. This study highlights the possible role of TAK and other
chronic inflammatory states in the development and worse
prognosis of TC.
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Reply

To the Editor:

The comments from Dr. Desai et al regarding the epidemiol-
ogy and outcomes of TC in patients with TAK, following our recent
report of the first-described case of TC with concomitant TAK, are
of interest. Cardiac involvement is a major cause of morbidity and
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mortality in TAK (1=3). Any structure of the heart can potentially
be affected, with predominant involvement of the ascending aorta
leading to aortic aneurysm with aortic regurgitation, coronary vas-
culitis, and myocarditis leading to dilated cardiomyopathy. Nearly
half of the patients with TAK have cardiac involvement at some
point during the course of their disease (4-6). It has been esti-
mated that up to 60% of TAK patients have angiographic evidence
of coronary artery involvement, but with symptoms evident in only
5-20% (1-3). Vascular inflammation is the main mechanism of
coronary arteriopathy. In addition, premature atherosclerosis sec-
ondary to hypertension and chronic inflammation may play con-
tributory roles (6). Up to 50% of TAK patients are reported to have
myocardial involvement, but interestingly, the majority are asymp-
tomatic. Increased expression of perforins and major histocom-
patibility complex molecules within inflammatory lesions suggests
that cell-mediated cytotoxicity may be one of the mechanisms of
injury (7). Our patient had moderate aortic regurgitation and arterio-
graphic abnormalities involving the thoracic aorta, right brachioce-
phalic trunk, left common carotid, left subclavian artery, and main
and bilateral pulmonary arteries—only discovered at the time of
presentation with asthma.

The pathophysiology of TC is not completely understood.
While it was previously thought to be a consequence of direct
catecholamine effects on the coronary circulation as well as cat-
echolamine toxicity to the myocardium (8-10), the role of inflam-
mation, and possibly autoimmunity, in TC has been increasingly
recognized (11,12). Circulating T cells are generally tolerant to
cardiac antigens, such as cardiac myosin and cardiac troponin
I, as self-reactive T cells undergo negative selection during the
maturation process in the thymus. However, some autoreactive
T cells may be incompletely deleted during thymic development
and can recognize cardiac self antigens (13,14). In the setting of
catecholamine-induced myocardial damage exposing these car-
diac antigens, these autoreactive T cells can recognize cardiac self
antigens and activate an immunologic response cascade against
the cardiomyocytes, resulting in global cardiac dysfunction, con-
tributing to the development of TC.

Given the epidemiologic overlap between TAK and TC
as described by Desai et al, the low prevalence of TAK among
more than 156,000 TC-related hospitalizations between 2007
and 2014 is surprising. This can potentially be explained by the
immunosuppressive treatment used in TAK. Patients receiving
immunosuppressive therapy may not mount such an exagger-
ated inflammatory response to catecholamine-induced myocardial
damage, thus protecting against the development of full-blown TC.

The intersection of cardiology and rheumatology is a rich area
for basic science and clinical investigation. Exposure to classic
presentations of cardiac and rheumatic syndromes, as well as an

understanding of cardioimmunology, are essential for cardiologists
and rheumatologists.
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ACR Meetings

State-of-the-Art Clinical Symposium
March 27-29, 2020, New Orleans

Pediatric Rheumatology Symposium
April 29-May 2, 2020, New Orleans

For additional information, contact the ACR office.

Applications Invited for Arthritis Care & Research
Editor-in-Chief (2021-2026 Term)

The American College of Rheumatology Committee on Jour-
nal Publications announces the search for the position of Editor,
Arthritis Care & Research. The official term of the next Arthritis
Care & Research editorship is July 1, 2021-June 30, 2026; how-
ever, some of the duties of the new Editor will begin during a tran-
sition period starting April 1, 2021. ACR/ARP members who are
considering applying for this prestigious and rewarding position
should submit a nonbinding letter of intent by May 4, 2020 to the
Managing Editor, Maggie Parry, at mparry@rheumatology.org, and
are also encouraged to contact the current Editor-in-Chief, Dr. Marian
Hannan, to discuss details. Initial contact should be made via e-mail
to Hannan@hsl.harvard.edu. Applications will be due by June 15,
2020 and will be reviewed during the summer of 2020. Applica-
tion materials are available on the ACR web site at https://www.
rheumatology.org/Portals/0/Files/ACandR-Editor-Application-
Instructions.pdf.

ACR 2020 State-of-the-Art Clinical Symposium

Join the ACR in New Orleans for rheumatology’s premier
weekend symposium, complete with cutting-edge clinical best prac-
tices and emerging trends, without taking time from work! What'’s
new in 20207 The first full day of the 2020 meeting kicks off with a
wellness yoga session to help you avoid physician burnout and get
a healthy jumpstart to the weekend. Cap off the day in New Orleans

style with Cocktails & Cases, an event designed to encourage dis-
cussion and networking. You'll also be able to participate in a lively
panel discussion after each group session. Experience the exception-
al educational programs yourself, March 27-29 in New Orleans, LA.
Advance registration ends March 11. After March 11, you may regis-
ter on-site. To take advantage of special housing rates, reserve your
room by March 6. Visit rheumatology.org/Learning-Center/Educational-
Activities to learn more and register.

ACR 2020 Pediatric Rheumatology Symposium

Join your pediatric colleagues from across the country at the
Pediatric Rheumatology Symposium (PRSYM), a scientific meeting
dedicated exclusively to pediatric rheumatology. In 2020, PRSYM
is being held in New Orleans for the first time ever! The most
cutting-edge pediatric rheumatology research will be on display in
the poster hall, where a variety of abstracts will provide enlightening
content to bring back to your team. Get an interactive learning ex-
perience with panel discussions, as well as several key networking
opportunities. Take part in the exciting educational programs, April
29-May 2 in New Orleans. Register by March 4 for early-bird rates or
by April 15 for advance registration rates, or register on-site. Reserve
your room early to take advantage of special rates (until April 8). Vis-
it rheumatology.org/Learning-Center/Educational-Activities to learn
more and register.

Education Programs

Precision Medicine in Autoimmunity. March 11-13,
2020, Denver, CO. Expert speakers will present scientific and
clinical advances related to precision medicine in rheumatoid
arthritis, juvenile inflammatory arthritis, systemic lupus erythematosus,
psoriasis and psoriatic arthritis, ankylosing spondylitis, inflammatory
bowel disease, myositis, and scleroderma, and on checkpoint inhibitors
and immune-related adverse events, influence of lifestyle factors on au-
toimmunity, and patient-reported outcomes. Registration fee is $475.
For additional information, visit the web site www.precisionmedicineau-
toimmunity.org.
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