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

Treatment With Bortezomib Improves Mouse
Posttraumatic Osteoarthritis

Although rheumatologists know that
osteoarthritis (OA) isassociated with high
levels of catabolic factors and inflamma-

tory cells in the joint
p- 244 space and the soft tissues
I  surrounding the joint, the
mechanism behind this presentation is not
known. In this issue, Wang et al (p. 244)
report that experimental posttraumatic
knee OA is associated with several fea-
tures, including decreased synovial lym-
phatic drainage, increased number of M1
macrophages, and enhanced inflammatory
gene expression by lymphatic endothelial
cells (LECs).

BTZ may represent a
new therapy for the
restoration of synovial
lymphatic function
In subjects with
posttraumatic knee OA.

The investigators began their study by
injecting a vascular endothelial growth
factor receptor 3 (VEGFR-3) neutralizing
antibody into the joints of mice with post-
traumatic knee OA. They found that anti-
VEGFR-3 reduced synovial lymphatic
drainage and accelerated joint tissue dam-
age. When they looked more closely at the
synovia LECs from the mouse OA joints,
they saw that the LECs had dysregulated
inflammatory pathways and expressed high
levels of inflammatory genes. They also
found that the number of M1 macrophages
was increased in the knee joints of mice
with posttraumatic OA and noted that these

A

Synovium

Figure 1. M1 macrophages accumulate adjacent to lymphatic vessels in the synovium of mice with posttraumatic
osteoarthritis (OA). Frozen sections of OA mouse knees (30 pm thick) at 5 weeks post-meniscal ligamentous injury
were immunostained with antibodies against podoplanin (PDPN) (red) for lymphatic vessels (a), F4/80 (green)
for pan-macrophages (b), or inducible nitric oxide synthase (iINOS) or CD206 (purple) for macrophage subsets
(c). M1 macrophages (A) were defined as F4/80+iNOS+ cells (a—d), and M2 macrophages (B) were defined as
F4/80+CD206+ cells (g—1). Confocal microscopy was used for z-section imaging to obtain 20—25 consecutive images
(e and k) with a step-width of 1 pum. PDPN+ lymphatic vessels (red) and M1 or M2 macrophages (purple) were
detected by Amira to generate 3-dimensional (3-D) images (f and I) in a SurfaceGen module. Arrows in f indicate
M1 cells near lymphatic vessels in a 3-D image. Original magnification x 20 in a—d and g—j; x 60 ine, f,k,and 1.

macrophages likely promoted the expres-
sion of inflammatory genes by LECs.

The researchers then treated the mice
with intraarticular administration of bort-
ezomib (BTZ) and found that BTZ was
able to block the expression of inflam-
matory genes by LECs, increase synovial

lymphatic drainage, and decrease the num-
ber of M1 macrophages. Treatment with
BTZ also decreased cartilage loss. These
results demonstrate that BTZ may repre-
sent a new therapy for the restoration of
synovial lymphatic function in subjects
with posttraumatic knee OA.
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Long-Term Clinical Outcomes of Childhood-Onset Lupus

In this issue, Groot et al (p. 290) report data
from alarge cohort of adultswith childhood-
onset systemic lupus erythematosus (SLE).

Theirs is the first study to
p- 290 describe disease manifes-
I tations over time, as well
as long-term damage and health-related
quality of life (HRQoL). The investigators
found that these patients developed signif-
icant damage at a young age and experi-
enced impaired HRQoL (relative to the
overall Dutch population) without achieving
drug-free remission. These findings indicate
that childhood-onset SLE has a substantial
impact on futurelife.

Theresearchers evaluated 111 patients
with childhood-onset SLE who had a
median disease duration of 20 years. The
majority of patients (91%) was female
and most were white (72%). The patients
tended to have low disease activity, and
71% of patients received prednisone,

=1 No damage
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Figure 1. Childhood-onset systemic lupus erythematosus—
related damage defined by a Systemic Lupus International
Collaborating Clinic§American College of Rheumatology
Damage Index score of =1. Number of patients with and
without damage, by disease duration category.

hydroxychloroquine (HCQ), and/or other
disease-modifying antirheumatic drugs.
When theinvestigators examined disease
presentation over time, they found that most
of the new childhood-onset, SLE-related

manifestations developed within 2 years
of diagnosis. After approximately 5 years,
manifestations such as myocardial infarc-
tions began to occur. Over time, most
patients (62%) experienced damage that
occurred primarily in the muscul oskel etal,
neuropsychiatric, and renal systems. Patients
often experienced significant medical events
at ayoung median age as follows: cerebro-
vascular accidents (20 years), renal trans-
plants (24 years), replacement arthroplasties
(34 years), and myocardial infarctions (39
years). When the investigators performed
amultivariate logistic regression analysis,
they found that damage accrual was asso-
ciated with disease duration, antiphospho-
lipid antibody positivity, and hypertension.
In contrast, current HCQ monotherapy was
associated with a Systemic Lupus Inter-
national Collaborating Clinics/American
College of Rheumatology Damage Index
(SDI) score of zero.

Sustained Minimal Disease Activity Protects Patients
With PsA From Subclinical Atherosclerosis

In this issue, Cheng et al (p. 271) report
the results of their prospective cohort
study, designed to investigate the effects of

271 achieving minimal disease
|

activity (MDA) on the

progression of subclinical
atherosclerosis and arterial stiffness in
patients with psoriatic arthritis (PsA). This is
thefirstlongitudinal study to demonstrate that
effective control of systemic inflammation
in patients with PsA is associated with less
progression of subclinical atherosclerosis
as compared to individuals who did not
achieve sustained MDA (sMDA). The study
included 90 patients with PsA (mean *
SD age 50 + || years) who completed 24
months of follow-up. More than half of
the patients (63%) achieved MDA at 12
months, but fewer (46%) achieved sMDA.
While subclinical atherosclerosis and
arterial stiffness were similar between
the MDA and non-MDA groups, achieving
sMDA had a protective effect on plaque
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Figure 1. Proportion of subjects achieving minimum disease activity across the study period.

progression, mean intima-media thickness,
and augmentation index values.

The results supportthe recommendation
that once MDA is achieved in patients
with PsA, it should be maintained for an

extended period. Such an approach prevents
progression of carotid atherosclerosis
and arterial stiffness and is essential even
in patients who do not have traditional
cardiovascular risk factors.
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Suppressive Regulation of MFG-E8 of Latent
Transforming Growth Factor [3—Induced Fibrosis
via Binding to o Integrin: Significance in the
Pathogenesis of Fibrosis in Systemic Sclerosis

Fujiwara et al, Arthritis Rheumatol 2019;71:302-314.

CORRESPONDENCE
Sei-ichiro Motegi, MD, PhD: smotegi@gunma-u.ac.jp

B FibroticlesionsinSS¢ SUMMARY L . .

<o 0 Vasculopathy precedes the onset of fibrosis in systemic sclerosis
/| J A<= .  Vasculopathy-induced (5Sc) and may be a primary eventlln the pgthogeneas of
o. dJV§fUﬂCf!0ﬂ i SSc. The serum and dermal expression of milk fat globule—
e 1O  of pericytesand cs © associated protein with epidermal growth factor— and factor
"'\:,. . B Vlll-like domains (MFG-E8) is reduced in SSc patients. MFG-E8

? 9 “\‘ inhibits latent transforming growth factor 3 (TGF3)—induced
o i expression of type | collagen, a-smooth muscle actin (a-SMA),
S e i and CCN2 by the interaction with the RGD domain of av

MFG-E8 ‘ : integrin in fibroblasts. Fujiwara et al found that in bleomycin-
Porent 'o' _ Active form induced fibrosis and TSK mouse models of SSc, deficient
TGFB \ J TGFB i expression of MFG-E8 enhanced both pulmonary and skin

fibrosis, and administration of recombinant MFG-E8 (rMFG-E8)
i significantly inhibited dermal fibrosis. These results suggest that
i vasculopathy-induced dysfunction of pericytes and endothelial
i cells (ECs), the main secretory cells of MFG-E8, may be
i associated with the decreased expression of MFG-E8 in SSc and
: may contribute to the pathogenesis of SSc. Integrin-modulating
Type| collagen, i therapy, such as the administration of rMFG-E8, could hold
gaMcea : promise for the treatment of fibrosis in SSc.

_ TGF receptor

avps
integrin

KEY POINTS

* There is decreased expression of MFG-E8 in the serum as well as the ECs and pericytes of lesioned skin in SSc patients.

* Recombinant MFG-E8 inhibits TGFf-induced and fibrosis-related gene/protein expression in SSc fibroblasts by binding to o integrin.

* In bleomycin-induced fibrosis and TSK mouse models of SSc, deficient expression of MFG-E8 significantly enhances both pulmonary
and skin fibrosis.

* Administration of rMFG-E8 significantly inhibits bleomycin-induced dermal fibrosis in mice.
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Clinical Connections

Recognition of Amino Acid Motifs, Rather Than
Specific Proteins, by Human Plasma Cell-Derived
Monoclonal Antibodies to Posttranslationally
Modified Proteins in Rheumatoid Arthritis

Steen et al, Arthritis Rheumatol 2019;71:196-209

CORRESPONDENCE
Vivianne Malmstrom, PhD: vivianne.malmstrom@ki.se

¥ . Plasmacells . KEY POINTS
JC)C)E ) )ENT) * Monoclonal antibodies were generated from
"/ js NN individual plasma cells from RA synovial fluid; 4%
DE)O)E))e)T) : (4 of 93) were ACPAs.
—/C/C /T H
S ACPA * All 4 ACPAs were found to be cross-reactive to
T : several citrullinated (cit) proteins and large
S P+ 44 : numbers of peptides by recognition of distinct
S+ amino acid motifs.
SIS/ /ENE) :
Monocio;aiigﬁAj * Despite the observed cross-reactivi.ty, only | of the
cross-reacﬂwty ACPAs promoted osteoclastogenesis.

k 3e ross-reactivity

* Half of the ACPAs also cross-reacted with
carbamylated peptides.

motif A

L Cross-reactivity
: motif B

o ad L

Pwele

Cross-reactivity

oy e

SUMMARY

Anti—citrullinated peptide antibodies (ACPAs) are a hallmark of rheumatoid arthritis (RA) and can preceed clinical
diagnosis. Early bone loss has been linked to ACPA status even in the absence of joint inflammation. In order to
investigate the precise reactivity of ACPAs, Steen et al used single-cell technology and expressed recombinant
antibodies from RA-derived plasma cells (PCs).They identifed several highly mutated ACPAs that were not clonally
related. In contrast to classical antibody responses, reactivity was observed toward linear citrulline-containing
amino acid motifs, resulting in pronounced protein and peptide cross-reactivity. This cross-reactivity could also
extend to lysine residues converted to homocitrulline (carP) by the process of carbamylation. One of the identified
ACPAs promoted bone resorption in vitro. Overall, these data suggest that citrulline-reactive B cells do not share
the same differentiation history, Ig reactivity, or pathologic functions.
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EDITORIAL

To Eat the Elephant

Michael D. Lockshin

In this issue of Arthritis & Rheumatology, Hanly et al and
the Systemic Lupus International Collaborating Clinics (SLICC)
report that 1.5% of patients with systemic lupus erythemato-
sus (SLE) experience an episode of psychosis within 3 years of
diagnosis (1). Psychosis occurs early and is transient. Patients
usually fully recover. They rarely relapse.

In presenting this information, the article shifts no paradigms
about central nervous system (CNS) SLE, but it does provide an-
swers to some common questions, and it offers lessons about
clinical research that transcend the article’s face message. This
study answers the what, who, and when epidemiologic ques-
tions about psychosis in SLE but not the who or why questions
about biologic mechanisms or treatment.

To answer what, the authors adopted the American College
of Rheumatology (ACR) definition of psychosis, made more strin-
gent by exclusion of patients whose psychosis is primary or re-
active, due to depression or cognitive decline, or associated with
prescribed or illicit drugs. Their data did not change, nor were
meant to change, the definition. There are no objective criteria
for psychosis, and other physicians may diagnose it differently.
Nonetheless, the ACR definition reflects consensus within the
rheumatology community; the SLICC physicians used standard-
ized terms and procedures to assure the quality of their study.

The authors do provide data to answer the who question
about psychosis in SLE. Patients with psychosis are more often
young, male, and of African ancestry than are patients without.
This finding is not surprising—experienced clinicians might have
guessed the result—but it does, for the first time, provide strong
documentation for a field that otherwise lacks good information.
The authors’ answer to the when question is that psychosis
occurs early during the course of SLE, and not later, for rea-
sons unknown. The authors do not offer an answer to the where
question. However, having conducted their study in 31 centers
in 10 countries, they imply that SLE psychosis, equally distribut-
ed throughout the world, is not driven by regional factors.

Answers to the epidemiologic questions help physicians de-
termine whether psychosis occurs because of, or is coincidental
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to, SLE. Although the authors do not ask this question directly,
they do provide data from which one can impute an answer. In
their report, the incidence of acute psychosis during the first year
after an SLE diagnosis is 383/100,000, aimost 40-fold higher than
the rate in a general population (2). The number is so large that
psychosis in an SLE patient must be attributable to the illness.
SLE psychosis is rare, therefore challenging to study. The
article nicely demonstrates how a collaborative group like SLICC
overcomes the problem. The authors agreed, a priori, on con-
sensus definitions and procedures; they committed a large
amount of personal and administrative effort; and they followed
up their patients for long periods of time. In doing so they were
able to put an important new description of SLE psychosis into
the public domain, as they have done before with other CNS and
non-CNS SLE syndromes (3). Continuous collaboration, over
long periods of time, is important. Descriptive studies have value.
The article illustrates the manner in which hypothesis genera-
tion and hypothesis testing complement each other. In hypothesis
generation, investigators identify heterogeneity within a population,
find elements that change simultaneously, then hypothesize rea-
sons for the association of the changes. In hypothesis testing, in-
vestigators select homogeneous representatives from a population,
introduce a variable that they hypothesize will alter a stable factor,
and measure the induced change. Hypothesis generation deter-
mines the boundaries of SLE psychosis and creates a common vo-
cabulary; hypothesis testing interrogates the mechanisms of psy-
chosis to develop a go-forward plan that can change patient care.
Regarding hypothesis generation, in the mid-20th cen-
tury Dubois posited that SLE neurologic syndromes share a
common pathogenesis and treatment (4). Using descriptive
data, Sergent et al showed that different CNS syndromes re-
spond differently to the treatment Dubois’ proposed and so,
likely, have different pathogeneses (5). Kassan and Lockshin
used newly available computed tomography scan evidence to
propose a roadmap for distinguishing among CNS SLE syn-
dromes (6). From that roadmap, Singer and Denburg proposed
preliminary diagnostic criteria for CNS SLE (7). In 1999 an ACR
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committee led by Matthew Liang, building on that proposal
and using a more formal process, developed the nomencla-
ture and case definitions that we use today (8). In the ensuing
decades many descriptive studies have shown that the many
different syndromes of CNS SLE occur in different demograph-
ic groups and in different clinical circumstances, and that they
have different imaging, anatomic pathologies, and prognoses.

With boundaries among CNS SLE syndromes now cleanly
drawn, investigators use contemporary technology to ask the how
and why questions of the hypothesis tester. New dynamic contrast-
enhanced magnetic resonance imaging (MRI), functional MR, posi-
tron emission tomography scanning, and analyses of brain anatomy
and metabolism increase our ability to study normal and abnormal
brain function (9,10). Improved technologies in the fields of molecu-
lar immunology, blood-brain barrier function, and cognitive function
(11), and new concepts like microglial metabolism and pruning (12),
are beginning to demystify the complexity of CNS SLE.

Today'’s studies are still mostly descriptive, but they generate
hypotheses testable in mouse models. Admittedly, a confused
mouse with a genetic or induced illness similar to but not precisely
like human SLE is not a fully convincing proxy for a hallucinating,
convulsing, demented, or hemiparetic human. Nonetheless, when
hypotheses generated from well-described human syndromes are
tested in mice, sometimes startlingly new findings or off-the-wall
treatment suggestions appear—for instance, the idea of treating
CNS SLE with angiotensin-converting enzyme inhibitors (13).

While it is hard to predict where the future will lead, ma-
jor advances seem likely soon. CNS SLE research is still most-
ly phenomenology, but, when descriptive clinical science joins
hypothesis testing in mice or men, paradigms are likely to shift.
The epidemiologic description of SLE psychosis is a good start.
CNS SLE is the huge elephant sitting upon our dinner plate. If
the best way to eat that elephant is to take the first small bite, the
tastiest bit might be the acute, transient psychosis that occurs in
patients with new-onset SLE.
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EDITORIAL

Ustekinumab Fails to Show Efficacy in a Phase Il
Axial Spondyloarthritis Program: The Importance of

Negative Results
Philip Mease

In this issue of Arthritis & Rheumatology, Deodhar et al
report negative phase Il study results for ustekinumab in
axial spondyloarthritis (SpA) (1). Ustekinumab is an interleukin-12
(IL-12)/IL-283 inhibitor approved for the treatment of psoriasis,
psoriatic arthritis (PsA), and Crohn’s disease. PsA has close clin-
ical and genetic associations with axial SpA, including genetic
association with variants in the IL-23 receptor signaling pathway.
In addition, ustekinumab demonstrated promising results in a
phase Il open-label proof-of-concept study among 20 patients
with ankylosing spondylitis (AS). In this previous study, ustekin-
umab at 90 mg was given subcutaneously (SC) at baseline
and at weeks 4 and 16, and 65% of patients met the Assess-
ment of SpondyloArthritis international Society criteria for 40%
improvement in disease activity (achieved an ASAS40 response)
at 24 weeks (2). Many other outcomes also favored ustekinu-
mab, including reduced evidence of inflammation on magnetic
resonance imaging (MRI). These results suggested that ustekin-
umab’s benefits may be comparable to those of tumor necrosis
factor (TNF) and IL-17 antagonists, 2 classes of agents approved
for use in AS. Thus, the negative results of the phase Il trial came
as a real surprise, notwithstanding that the earlier study was not
placebo controlled.

The phase Ill program for ustekinumab was well designed
and comprehensive. Three different studies were undertaken:
one in patients with radiographic axial SpA (otherwise known
as AS) who were naive to biologic therapy; a second in patients
with radiographic axial SpA who were intolerant of (or whose dis-
ease was refractory to) a single TNF inhibitor (TNFi); and a third in
patients with nonradiographic axial SpA who had an inadequate
response to nonsteroidal antinflammatory drugs and could
have been exposed to a single TNFi. These are now standard
populations for a phase lll program in axial SpA. Patients were
randomized to receive either 45 mg or 90 mg ustekinumab or
placebo administered SC. Sample size estimates for all 3 studies
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were chosen to achieve 90% power to detect treatment differ-
ences between ustekinumab and placebo for the primary end
point at a significance level of 0.05. Estimates of 40% achieving
an ASAS40 response in the treatment group and 20% in the
placebo group were used for power calculation.

What was demonstrated? At 24 weeks in study 1, the
ASAS40 responses in the placebo, 45 mg ustekinumab, and
90 mg ustekinumab arms were 28.4%, 31.0%, and 28.1%, re-
spectively, showing no separation between treatment arms and
placebo. Other measures, including spine MRI, showed no sig-
nificant separation between the treatment arms and placebo.
Based on these negative results, the decision was made to stop
the whole phase Il study program; thus, studies 2 and 3 were
not completed. Results for patients in those studies who did
complete 24 weeks showed a similar lack of difference between
placebo and treatment arms.

Did biomarker analysis shed any light on the results? In
study 1, several analytes at baseline were either correlated with
disease activity according to the Ankylosing Spondylitis Disease
Activity Score (ASDAS) (3) or elevated compared with matched
healthy controls. Critically, however, neither Th17 cytokines
(IL-17A, IL-17F, IL-22, and IL-23) nor Th1 cytokines (interfer-
on-y [IFNy] and IL-12p70) were dysregulated at baseline in AS
patients compared with healthy controls. In study 2, with the
TNFi-experienced population, there were greater elevations of
inflammatory cytokines compared with study 1, including statis-
tically significant elevations of IL-17A, matrix metalloproteinase
3 (MMP-3), and MMP-9, but not of IL-17F, IFNy, or IL-12p70.
In study 1, MMP-3, serum amyloid A, and IL-8 declined with
ustekinumab treatment, but these changes were not correlated
with any clinical change. The negative results raise many ques-
tions. How could the apparently positive results from the open-
label trial be so different from those of the controlled phase I
trials”? Why would a drug that has a modulating role in both the
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Th1 and Th17 pathways have no apparent effect on disease ac-
tivity in axial SpA, while having a good effect in psoriasis and
PsA? Why is a drug that inhibits IL-23, which acts upstream
from IL-17, not effective in axial SpA when IL-17 inhibition is?
Could there be a biologic explanation? Or is it a problem with the
patient population or trial conduct?

There are 2 initial points to comment upon. The first is the
importance of obtaining placebo-controlled trial data in rheu-
matic diseases in which there are many subjective components
(e.g., pain, global disease activity, and fatigue) that can influence
the results of outcome measures, especially in an open-label
trial. This lesson is well understood by rheumatic disease trialists,
including those who performed the open-label study of ustekin-
umab simply to get some signal about efficacy, as well as those
in the phase Il program. In hindsight, it might have been prudent
to perform a phase I, placebo-controlled, dose-ranging study
to gain further confidence before proceeding into phase lll, but
the findings in the open-label study were robust enough that |
suspect the drug manufacturer and its advisors were reasonably
confident to proceed directly into phase lll. The possibility that
the doses and dose frequency used were not high enough could
have been addressed in such a study, a point acknowledged by
the authors.

The second point is the high placebo response rate in study
1, which contributed to the inability to separate treatment from
placebo statistically. If we look at the ASAS40 response in place-
bo arms of other trials, instead of 28%, we see 16% and 15%,
respectively, in the certolizumab and golimumab 24-week data,
the most recent TNFi trials, and we see 18% in the TNFi-naive
secukinumab AS population at 16 weeks. Reasons for such a
high placebo response rate would be speculative, but these
could include considerations about the study population, and
one should keep in mind that the elements that comprise the
ASAS40 are all patient-reported. However, the fact that there
was no separation from placebo in MRI score in the 45 mg group
and minimal separation in the 90 mg group suggests that there
was little signal even from more objective markers.

What about potential biologic explanations? An important
cautionary tale about the potential effectiveness, or lack there-
of, of an IL-23 inhibitor is the recently published negative trial
of risankizumab in AS. Risankizumab inhibits IL-23, but not
IL-12, by binding to the p19 subunit of the IL-23 molecule. It
has shown effectiveness in psoriasis and PsA. At week 12,
ASAS40 response rates were 25.5%, 20.5%, and 15.0% in the
18 mg, 90 mg, and 180 mg risankizumab groups, respectively,
and 17.5% in the placebo group (4). Ustekinumab inhibits IL-23
via binding to its p40 subunit, also present on IL-12, thus block-
ing both cytokines. Although they have different mechanisms,
both drugs block IL-23, which appears to be the prominent
mechanism for their efficacy in psoriasis and PsA. A role of IL-23
is to stimulate the activity of Th17 cells, which have IL-23 recep-
tors on their surface. These cells in turn produce a number of

different cytokines, including IL-17A, which is targeted by IL-17A
inhibitors such as secukinumab, which is approved for the treat-
ment of AS. It stands to reason that by blocking IL-23 upstream
from the production of IL-17, not only might there be some direct
effect of IL-23 inhibition on axial SpA, but also there would be an
indirect effect by at least partial inhibition of IL-17 downstream.
Conversely, it is becoming apparent that IL-23 inhibition bene-
fits patients with inflammatory bowel disease (IBD), while IL-17
inhibition is ineffective or may even worsen IBD, suggesting that
treatment effect may depend on which tissue is being targeted.

A recent European League Against Rheumatism abstract
is illustrative of this point (5). Stavre et al injected SKG mice,
which are prone to an SpA phenotype, with curdlan, which stim-
ulates production of TNF, IL-23, and IL-17. At the ankle, exuber-
ant enthesophytes formed that were associated with increased
expression of up-regulators of transforming growth factor  and
Whnt-3a genes. In contrast, in the spine, vertebral erosion but not
new bone formation occurred in association with increased ex-
pression of aryl hydrocarbon receptor upstream regulators. The
point of citing this study is not that it directly relates to apparent
lack of efficacy of IL-23 inhibition in the spine, but rather that
there could be differing biologic mechanisms operating in spinal
sites of inflammation as compared to peripheral joints and en-
theses, resulting in differential responses to IL-23 inhibition in the
periphery and the spine.

Another potential explanation for the negative results is that
in axial SpA there is production and proinflammatory activity
of IL-17 independent of IL-23, perhaps derived from innate yd
T cells or other innate lymphocytes, which is driving disease
pathogenesis independent of Th17 cell stimulation by IL-23.
Translational studies suggest that mechanical load and stress re-
sponse of ligament and tendon insertions through prostaglandin
E, activation of group 3 innate lymphoid cells can generate
IL-17A production independent of IL-23-activated Th17 cell
production of IL-17A (6). Further illustrating this independence,
Deodhar et al cite a study in which differential effects of IL-23 and
IL-17 have been demonstrated in gut membrane integrity (7). An
additional possibility is that IL-23 may play a role in a different
stage of disease (e.g., during the initiation phase of the disease
but not in established disease). Might a higher magnitude of IL-
23 inhibition be necessary in the spine than in the periphery?
Further dose-ranging investigation would be necessary to test
this hypothesis. These and other hypotheses could explain lack
of or diminished effectiveness of IL-23 inhibition while IL-17 in-
hibition continues to be effective. A further point is that baseline
biomarkers of the Th1 and Th17 pathways were not elevated in
study 1, although it is important to note that there may not be a
correlation between serum levels of these cytokines and tissue-
level expression of them.

Whatever the reason or reasons, whether biologic
mechanisms, high placebo response rate, inadequate dose, or
combination thereof, we now have 2 axial SpA studies of IL-23
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inhibitory drugs which have shown negative results. There is cur-
rently an axial SpA trial underway with tildrakizumab, an IL-23p19
inhibitor. We await with interest the results of this trial to learn
whether it too demonstrates a negative result, or, for reasons to
be determined, shows otherwise. Publication of these negative
studies is important to further our understanding of the complex
immunologic mechanisms of diseases such as axial SpA and to
help us appreciate their differences from related conditions such
as PsA, psoriasis, and IBD, as well as to provide evidence for
effective and ineffective treatment pathways.
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INTRODUCTION

Interstitial lung disease (ILD), a group of diffuse parenchy-
mal lung disorders classified together based on specific clin-
ical, radiologic, and histopathologic features, is often associ-
ated with significant morbidity and mortality and is a common
manifestation in connective tissue disease (CTD) (1). ILD often
arises within the context of a specific exposure or is associated
with an underlying CTD. The CTDs are a spectrum of systemic
autoimmune disorders with significant clinical heterogeneity
characterized by immune-mediated organ dysfunction, and the
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lung is a frequent target. All CTD patients are at risk of develop-
ing ILD, and those with systemic sclerosis (SSc), polymyositis/
dermatomyositis (PM/DM), and rheumatoid arthritis (RA) are at
particularly high risk (1,2). ILD may develop at any point in the
natural history of CTD, is most frequently identified in the set-
ting of an established CTD, and may also be the first clinically
apparent manifestation of occult CTD. Determining whether a
patient has a diagnosis of CTD-associated ILD is important,
as this knowledge may impact treatment decisions, guide sur-
veillance for other concomitant clinical features, and help with
assessment of prognosis (3).
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The intersection of CTD with ILD is complex and fraught with
areas of controversy and uncertainty. There are numerous gaps
in our understanding of why certain CTD populations are more
likely to develop ILD, but certain phenotypic risk factors have been
identified. In RA, these include older age, cigarette smoking, male
sex, rheumatoid factor positivity, anti—citrullinated protein antibody
(ACPA) positivity, and more severe articular disease (4-6). In SSc,
autoantibodies are the most reliable predictor of ILD, with anti-Scl-
70 being one of the strongest (7). In PM/DM, autoantibody profiles
also are useful predictors of ILD, especially antisynthetase antibod-
ies (e.g., Jo-1, PL-7, PL-12), anti-PM/Scl antibody, and anti-mela-
noma differentiation—associated protein 5 antibody (8-10). Knowl-
edge of reliable risk factors for ILD development in other CTDs is
lacking. Since the advent of computed tomography (CT), it has
been possible to characterize ILD with greater precision than pre-
viously (11,12), yet significant gaps remain with respect to reliable
determinants of the prevalence of ILD among patients with CTD,
and there is controversy surrounding whether to implement early
detection strategies in these patients.

Perhaps the greatest unmet needs for ILD in CTD are in the
realm of therapeutics. Few effective therapies exist, most deci-
sions about management are based on experience rather than
evidence, and there remains a desperate need for well-designed
multicenter clinical trials of both existing and novel agents (13).

With a desire to highlight key areas needing scientific and ther-
apeutic focus in CTD-associated ILD, in 2017 the Association of
Physicians of Great Britain and Ireland and the American College of
Rheumatology supported a multidisciplinary panel of international
clinician-scientists from pulmonology, rheumatology, thoracic radi-
ology, and lung pathology specialties with interests and expertise
in ILD to convene a 1-day summit on CTD-associated ILD. The
goals of the summit were to highlight key clinical and research
aspects of CTD-associated ILD, identify unmet needs, and outline
future research goals in this complex intersection of diseases. In
this report we detail the proceedings of this summit, which were
anchored around 5 domains: 1) clinical, 2) biomarkers, 3) diag-
nostic imaging and histopathology, 4) treatment and clinical trials
design and outcome measures, and 5) translational research.

Clinical domain

Statement of the problem and current understand-
ing. ILD is among the leading causes of morbidity and mortality
in patients with CTD (1,2). Our understanding of ILD in the setting
of CTD is challenged by a combination of factors including the
systemic nature of the patients’ rheumatologic disease. Patients
with CTD-associated ILD, compared to those with idiopathic pul-
monary fibrosis (IPF), present with a greater degree of heteroge-
neity and marked variability in natural history. IPF is a devastating
progressive fibrosing ILD associated with a high burden of mor-
bidity and mortality (14). A clinical diagnosis of IPF is made only
after careful interpretation of integrated clinical, radiologic, and

often lung histopathologic data. Classification of IPF is restricted
to those individuals with a lung injury pattern of usual interstitial
pneumonia (UIP) based on high-resolution CT (HRCT) scanning
or surgical lung biopsy, after all known etiologies for UIP—such
as underlying CTD—have been evaluated and excluded (14).
Patients with CTD may have a mix of inflammatory and fibrotic ILD
along with multicompartment lung involvement including airways,
pleural, and pulmonary vascular disease, which may confound
determination of the etiology of their respiratory impairment and
potential responses to therapy. Furthermore, the ability to predict
progression of ILD in CTD is challenging as some patients develop
ILD that is mild and nonprogressive, while others have a more pro-
gressive course with unrelenting decline in function as seen in IPF.

Optimal care of patients with CTD-associated ILD requires
collaboration and close interaction by the rheumatology and
pulmonology communities. Rheumatologists have begun to
improve their surveillance for lung involvement in patients with
CTD, though clear guidelines (and training) have been lack-
ing. Puimonologists evaluating patients with ILD have become
more attuned to the demographic, historical, and phenotypic
features that may suggest an underlying CTD, though their
level of expertise with that evaluation varies widely. Our under-
standing of natural history has been limited mostly to prospec-
tive observational studies and retrospective analyses, but clini-
cal, pulmonary physiologic, and radiologic data emerging from
prospective trials may identify those patients at highest risk for
developing ILD and those who are candidates for treatment
and participation in clinical trials (15). While there has been
greater emphasis on a multidisciplinary approach to patient
care and education of physicians, effective collaboration
between pulmonologists and rheumatologists still falls short
due to practical reasons including interest, limited expertise in
this area, and availability of and access to ancillary resources.
Collective experience and a recent study demonstrate that
collaborative efforts can be effective in enhancing patient care
(16,17).

Challenges and unmet needs. One of the challenges
in CTD-associated ILD is that the prevalence of ILD among
different groups of patients with CTD varies so widely (Table 1),
with the highest estimated prevalence rates noted among
patients with SSc and those with PM/DM (1,2,18). Severity of
disease is most notable in patients in whom ILD is predomi-
nantly fibrotic such as patients with UIP as is seen in RA, with
mortality rates comparable to those of IPF (6,19,20). While
prevalence may define the frequency of ILD in any given CTD,
focusing on the severity of disease based on features identified
by chest imaging, with pathologic correlation when histologic
data are available, may offer greater insight into prognosis
compared to a focus on any specific CTD, and may thus guide
decision-making with regard to treatment and inclusion in clin-
ical trials.
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Table 1. Connective tissue disease—associated interstitial lung disease: estimated prevalence rates, lung injury patterns, and clinical presentation*

CTD Estimated prevalence of ILDT ILD pattern Frequency CTD is occult
Polymyositis, dermatomyositis, 40% NSIP with OP, NSIP, OP, UIP Often
antisynthetase syndrome
Rheumatoid arthritis 10% clinical, 30% subclinical UIP, NSIP, OP Less often
Sjogren’s syndrome 40% NSIP, UIP, LIP Less often
Systemic sclerosis 30-40% clinical, 80% NSIP, UIP Less often
subclinical
Systemic lupus erythematosus 8-12% DAH, NSIP ILD is infrequent
Interstitial pneumonia with 100% NSIP, OP, NSIP with OP, UIP, Always

autoimmune features

LIP

* CTD = connective tissue disease; ILD = interstitial lung disease; NSIP = nonspecific interstitial pneumonia; OP = organizing pneumonia; UIP =
usual interstitial pneumonia; LIP = lymphocytic interstitial pneumonia; DAH = diffuse alveolar hemorrhage.

t From refs. 1, 2, 6, 18, 45, 76, and 77.

Efforts to identify CTD patients with ILD or those who are
at risk of developing ILD require an approach to screening that
has the dual objectives of identifying early-stage disease and
more specifically identifying those at greatest risk for progres-
sion and functional decline. Our present approaches do not
allow us to fulfill either of those screening goals effectively,
though emerging evidence suggests a framework for screening.
In RA for example, as highlighted in a recent high-level review
(6), the pattern of UIP predominates in most series (6,20,21),
and certain phenotypic features (older age, male sex, history
of smoking, and ACPA positivity) that may predict a higher risk
for ILD have been identified in retrospectively studied cohorts.
However, prospective data are only now being gathered to test
and validate predictive models that may allow selective and
targeted screening efforts (22-26). In RA there is a suggestion
that pulmonary physiologic data can predict decline, though it
is unclear whether this can serve as the sole screening strategy
(27). In SSc and PM/DM, retrospective studies have identified
phenotypic, autoantibody, radiologic, and pulmonary physio-
logic data that identify patients at increased risk for ILD and
for mortality (28-30). Such understanding has led to the devel-
opment of algorithms utilizing a combination of HRCT and
pulmonary physiologic data to assess severity of disease and
offers insights into assessment of prognosis (28-30). Screen-
ing strategies that identify ILD are important in view of evidence
indicating that immunosuppressive treatment produces mod-
est benefits. Data on utilization of antifibrotic drugs approved
for use in IPF are not available, but these agents are being
investigated in ongoing prospective trials.

Proposed future directions. A clearer understanding of
long-term historical data will require multicenter cooperation using
prospective databases that encompass phenotypic, pulmonary
physiologic, radiologic, genomic, and proteomic data that may
help elucidate factors that can best predict which patients are at
risk for ILD and for progressive disease. Heightened awareness
and recognition that lung disease is common among patients

with CTD should lead to creative and sustained efforts to improve
education of rheumatologists regarding clinical features of lung
disease and utilization of pulmonary physiologic data to facilitate
prompt and appropriate referral, and to forge closer collaborations
with pulmonology colleagues. For the pulmonologist, dedicated
education and training is needed to aid in recognizing important
clinical and historical features that indicate a diagnosis of a CTD
and to gain better understanding of autoimmune serologies in
the evaluation in patients with ILD. Much of this can be accom-
plished by greater cooperation between the academic societies of
the two disciplines, utilizing existing educational opportunities but
also creating additional learning modalities such as case-based
online educational modules. Finally, enhanced fellowship training
in both disciplines with elective rotations in one another’s specialty
during fellowship, and encouragement of collaborative pulmonary
and rheumatology fellowship opportunities, will also enhance rec-
ognition of these disorders and will hopefully improve the care of
patients with CTD-associated ILD.

Biomarker domain

Current understanding and unmet needs. Biomarkers
refer to a category of objective medical signs that correlate with
certain aspects of normality or abnormality and may be defined
as “a characteristic that is objectively measured and evaluated as
an indicator of normal biologic processes, pathogenic processes,
or pharmacologic responses to a therapeutic intervention” (31).
Given the heterogeneity of ILD complicating CTD, the identifica-
tion of biomarkers is an important endeavor. However, to date
there are no validated biomarkers for CTD-associated ILD.

Diagnosis of CTD-associated ILD is currently limited to the
use of clinical data including history, physical examination, pul-
monary function testing, and data from lung imaging and histo-
pathologic studies. In order for biomarkers to become impor-
tant tools for clinical practice, the specific measures should be
accessible, reproducible, accurate, and clinically useful. Obtain-
ing samples must be feasible, and the risk acceptable. While
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biomarkers in ILD studies may be obtained from lung tissue and
bronchoalveolar lavage (BAL) fluid, biomarkers obtained from
peripheral blood would be far better given ease of access, con-
venience, and cost factors. At the same time, analysis of tissue
or BAL fluid from the site of pathophysiologic activity in the lungs
is a potentially more promising route for discovering ILD-relevant
biomarkers than analysis of the blood. This is especially the case
when other organ involvement in a systemic disease contributes
to the overall heterogeneity of measured signals in the blood,
thereby potentially confounding or limiting interpretation of a
serologic finding (e.g., rheumatoid factor, antinuclear antibody,
erythrocyte sedimentation rate).

Several challenges need to be met before the acquisition
of valid biomarkers for CTD-associated ILD can become a real-
ity. A systematic review using an NCBI search strategy with the
terms “interstitial lung disease,” “connective tissue disease,”
and “biomarker” was used in preparation for this summit. Case
reports, case series, studies with inappropriate design or patient
populations, pediatric studies, and studies with <20 cases were
excluded from the analysis. The Outcome Measures in Rheuma-
tology (OMERACT) filter was applied to evaluate articles for truth-
fulness, feasibility, and discriminatory ability (32,33). Articles were
also subjected to analysis of whether the proposed biomarker
measured an appropriate target domain (34). There were only 23
articles that passed these initial stages.

Candidate biomarkers have been identified in a number of
the studies fulfilling the search criteria and passing the OMERACT
filter. Chen and colleagues reported a strong association between
the presence of ILD in RA patients and elevated peripheral
blood levels of matrix metalloproteinase 7 (MMP-7) and interfer-
on-y-inducible protein 10 (CXCL10) as measured by multiplex
enzyme-linked immunosorbent assay (ELISA). This association
was confirmed in 2 independent Chinese RA cohorts. The authors
subsequently validated their findings using a different quantitative
platform (sandwich ELISA) in a separate cohort of RA patients
from the US (22). Further work by Doyle and colleagues demon-
strated that a regression model composed of several clinical vari-
ables could be used to identify both clinically evident ILD and sub-
clinical ILD in 2 independent RA cohorts (25). This association was
significantly improved with the addition of the peripheral blood bio-
markers MMP-7, surfactant protein D (SP-D), and activation regu-
lated chemokine/CCL18. In the Scleroderma Lung Study (SLS I),
analysis of serum Krebs von den Lungen 6 and SP-D in peripheral
blood demonstrated significant associations with parenchymal
lung disease in SSc patients with ILD (35).

BAL also has proven utility in the assessment of alveolitis
in SSc. Schmidt et al compared the levels of alveolar cytokines
in 32 SSc patients, by multiplex ELISA (36). They found higher
levels of interleukin-7 (IL-7), IL-4, IL-6, IL-8, and CCL2 in BAL
fluid from patients who had ILD. However, their observations
were limited by the small sample size of the cohort. Though
potential biomarkers for CTD-associated LD from different

sources including peripheral blood and BAL have been studied
in patient cohorts, to date the use of these biomarkers has not
been adopted in everyday practice. Further prospective studies
are clearly needed.

Overall, the current evidence in support of specific candidate
biomarkers consists predominantly of results obtained from rel-
atively small retrospective or cross-sectional studies with limited
power. Most published studies have been conducted at single-
center academic institutions and results may not be broadly
applicable. Furthermore, given the clinical heterogeneity of CTD-
associated ILD, it is likely that no single biomarker will have utility
in diagnosis and prognosis, or act as a measure of disease pro-
gression and response to therapy.

Proposed future directions. A number of future direc-
tions are proposed to address these unmet needs and chal-
lenges in CTD-associated ILD biomarker development (Fig-
ure 1). Ideally, biomarkers will be used to achieve a number
of specific aims in CTD-associated ILD. They may facilitate
screening or diagnosis to identify individuals at high risk of
developing ILD, or alternatively to identify those with early, pre-
clinical disease. In addition, biomarkers may be used to risk-
stratify patients at baseline and assess prognosis. They may
provide data on disease progression and/or response to ther-
apy. Furthermore, they may serve as surrogate markers for use
as clinical trial end points or as tools to provide mechanistic
pathophysiologic insight. Biomarker studies in other forms of
ILD, namely IPF, have led to significant ongoing improvements
in our understanding of the pathophysiology of pulmonary
fibrosis (37-39), and these data exemplify the types of stud-
ies that may be considered in future investigations addressing
CTD-associated ILD.

In conclusion, the development of accurate and practical
biomarkers for diagnosis, prognosis assessment, analysis of dis-
ease progression, and evaluation of treatment response in CTD-
associated ILD is an important research endeavor with consid-
erable implications related to clinical trials and clinical practice.
Further deliberations by multidisciplinary stakeholders are needed
to determine the best course for the future development of CTD-
associated ILD biomarkers.

Diagnostic imaging/histopathology domain

Imaging. Current understanding. CT imaging of the
chest plays a critical role in identifying and characterizing CTD-
associated ILD and in longitudinal follow-up when ILD is present.
Its use must also be balanced against longer-term risk associat-
ed with radiation exposure. In addition to ILD, clinically important
findings that may be identified on CT include features that indi-
cate airways, pulmonary vascular, or pleural disease. Any pattern
of ILD may occur in any of the CTDs, and the estimated preva-
lence of specific patterns varies by disease (40-42) (Table 1). CT
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Figure 1. Proposed future investigative directions for the development of connective tissue disease—associated interstitial lung disease
biomarkers. DLco = diffusing capacity for carbon monoxide; FVC = forced vital capacity; HRCT = high-resolution computed tomography; BALF =

bronchoalveolar lavage fluid.

can reveal asymptomatic lung disease in a substantial proportion
of patients with CTD, and these changes may progress slowly
over time (Figure 2).

Unmet needs. The utility of CT in screening for early CTD-
associated ILD is unknown. If ILD is present, we do not know
how to identify patients in whom it is likely to progress, and
optimal follow-up and treatment of patients with early changes

A | JL

remains unclear. Quantitative methods are increasingly being
used for determining the extent of disease evidenced on CT,
and have been used to document decreases in the extent of
CTD-associated ILD in clinical trials (43,44). However, a stand-
ardized quantitative approach has not yet been developed,
and the sensitivity of these techniques in identifying short-term
longitudinal change is unknown.

Figure 2. Progression of interstitial lung abnormalities in a patient with systemic sclerosis, as demonstrated by computed tomography. The

image on the right was obtained 3 years after the image on the left.
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Proposed future directions. There is a critical need for as-
sembly of prospective cohorts of well-characterized patients
with SSc, RA, and PM/DM/antisynthetase syndrome who would
undergo CT at enrollment, with follow-up scanning at specific
intervals. This could be achieved through a multi-institutional
network, and perhaps by collaboration with industry to share
CT scans performed in the context of clinical trials. Specifical-
ly, achievement of the following could yield valuable insights: 1)
elucidation of the relationship between CT-determined pheno-
type (UIP, nonspecific interstitial pneumonia [NSIP], organizing
pneumonia, lymphocytic interstitial pneumonia) and progression
of CTD-associated ILD or response to treatment, 2) elucidation
of the relationship between baseline extent of abnormality on
quantitative CT and both short-term and medium-term outcome
(death, progression, improvement), and 3) development and
validation of techniques for phenotyping and quantifying CTD-
associated ILD.

Histopathology. Current understanding. The decision on
whether histologic examination of the lung would be useful in
cases of CTD requires an analysis of potential benefit versus risk
of an invasive procedure. Microscopic examination of surgical
lung biopsy specimens from patients with CTDs often shows
histologic clues indicating that the etiology is of an autoimmune
nature (Table 2) as opposed to the findings being idiopathic or
the result of other disease (45-47). Some of these histologic
features (e.g., fibrosis) have been shown to be related to prog-
nosis, but none have been influential in determining treatment
decisions (48-50). These cases often do not fit into a single his-
tologic category when using the criteria for idiopathic interstitial
pneumonia (IIP), and instead show overlapping features of 2 or
more entities (51). The risk of mortality from surgical lung biopsy
was recently evaluated. In 2 large series in the US and the UK
(62,53), the 30-day mortality rate with elective surgical lung bi-
opsies was 1.5% and 1.0%, respectively. However, in the US se-
ries, the risk of death was 6.0% in patients with CTDs. The odds
ratio for 90-day mortality in patients with CTD was similar to that
in the overall cohort in the UK study. The risk of mortality was in-
creased in patients who were being treated with glucocorticoids.

Table 2. Histologic features associated with underlying connective
tissue disease

Prominent lymphoid aggregates with germinal center
formation

Increased lymphocytic inflammation with plasma cell
infiltrates

Overlapping features of peripheral honeycombing with
central fibrosis

Involvement of multiple pulmonary compartments (interstitial
disease with additional small airway, vascular, or pleural
disease)

Nonspecific interstitial pneumonia pattern with additional
organizing pneumonia

Figure 3. Surgical lung biopsy specimen from a patient with known
connective tissue disease—-associated interstitial lung disease (ILD) in
whom the ILD was progressing typically, showing a mixed pattern
of subpleural and centrilobular fibrosis with prominent lymphoid
aggregates. Bar = 1 mm.

Whether to obtain a surgical lung biopsy depends on the clin-
ical situation, and several frequently encountered scenarios were
considered, and consensus reached, by the summit participants:
1) A patient has known CTD, has been shown clinically and/or
radiologically to have ILD, and the ILD is progressing typically (Fig-
ure 3). In this case, the participants recommended not obtaining a
biopsy because the results would not alter the treatment strategy.
2) A patient has certain clinical or serologic features suggesting
possible CTD-associated ILD but does not meet established cri-
teria for a CTD. In this case, the consensus was that a biopsy
may be performed to assess whether specific histologic features
support the presence of an autoimmune ILD (e.g., “interstitial
pneumonia with autoimmune features”) that might impact treat-
ment strategies. 3) A patient has a known CTD but has an atyp-
ical clinical picture suggesting hypersensitivity pneumonitis, has
drug-induced lung toxicity, or has an atypical radiologic pattern.
In this case, the participants agreed that biopsy may be indicated

Figure 4. Surgical lung biopsy specimen from a patient with
rheumatoid arthritis treated with biologic agents who developed
nodular ground-glass opacities seen on computed tomography. The
biopsy demonstrates granulomatous Pneumocystis pneumonia.
Bar = 400 pm.
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in order to differentiate between hypersensitivity pneumonitis,
drug toxicity, or an infectious etiology (Figure 4) rather than CTD-
associated ILD.

The availability of antifiorotic therapies raises the question of
whether a biopsy may reveal certain histologic features that would
guide therapy (e.g., whether a CTD patient with a UIP pattern of
fibrosis should be offered antifibrotic therapy). However, there are
currently no available data to answer this question.

Proposed future directions. The recent advances with the
technique of cryobiopsy (54)—and wider application of this in-
novative procedure—may provide valuable insights into lung
histopathology in CTD-associated ILD. However, as recently
emphasized by an international cryobiopsy working group (55),
the technique has not yet been standardized, and its place in
the diagnostic algorithm of ILD remains to be defined. In part,
this reflects concerns over the diagnostic yield and safety of the
procedure, along with the rapid spread of the technique with-
out safety or competency standards (55). Another limitation and
concern regarding cryobiopsy is the substantial procedural var-
iability among centers and interventional pulmonologists (55).
Usual practice is not to perform a surgical lung biopsy in “typi-
cal” scenarios as discussed above, but the advent of cryobiop-
sy may change this paradigm by providing a safer and easier
approach to obtaining parenchymal lung tissue. It remains to be
seen whether cryobiopsy will become a common procedure in
the evaluation of ILD, but if it does, we would anticipate that
access to far greater numbers of histopathologic samples in
CTD-associated ILD will allow for a greater understanding of the
correlations between lung injury patterns on HRCT and histo-
pathology. Cryobiopsy might also lead to insights into whether
specific autoimmune histopathology features are more predictive
of underlying CTD and could help with refining of the histopatho-
logic criteria for interstitial pneumonia with autoimmune features
(45). We anticipate a need for approaches based on imaging or
histopathology to optimize treatment strategies, i.e., antiinflam-
matory versus antifibrotic therapies—and having more access to
lung tissue should enhance such approaches as histopathologic
findings remain the gold standard to define presence of fibrosis.

Treatment/clinical trials domain

Statement of the problem and current understand-
ing. The clinical management of CTD-associated ILD is challeng-
ing, as 1) the natural history remains poorly understood though
with significant recognized disease and individual patient het-
erogeneity, 2) there are no approved therapies, and 3) with the
exception of recent clinical trials in SSc-associated ILD (44,56,57),
there has been a paucity of interventional clinical trials. A simi-
lar dilemma existed in IPF, but over the last decade the perfor-
mance of multiple large multicenter clinical trials in IPF led to a
much better understanding of the disease trajectory, and to the
availability of approved antifiorotic therapy. There are significant

challenges to embarking on large clinical trials in CTD-associated
ILD, but the substantial unmet need, especially in RA-associated
and SSc-associated ILD, is a powerful incentive for overcoming
these obstacles.

Phenotypic heterogeneity and natural history diver-
sity. In clinical trials the goal is to recruit subjects with diseases
of uniform pathobiology and natural history (i.e., homogeneity).
However, the CTD-associated ILDs have complex systemic man-
ifestations, multicompartment pulmonary disease, and a highly
variable natural history. Their interstitial component can be clas-
sified according to the recognized pathologic patterns of the IIPs
(568). The most common histologic patterns associated with CTD
are NSIP and UIP, but any of the pathologic patterns can occur.
Given that the systemic disease in CTD is immune driven, there is a
rationale to believe that humoral and T cell-directed inflammatory
processes contribute to the lung injury. However, many patients
with CTD-associated ILD develop progressive ILD despite treat-
ment with a variety of immunomodulatory agents that control the
underlying disease.

Some CTD patients have clear symptoms of lung disease
at the time of ILD diagnosis. Others have “subclinical” disease,
i.e., radiologic findings suggestive of ILD in the absence of symp-
toms, and some have no evidence of lung disease at the time of
the CTD diagnosis, but are at risk of developing ILD. There are
no consensus guidelines that define either subclinical or clinically
overt ILD in this context. Any potential definition would have to
include subjective reports (symptom scores), chest imaging with
qualitative and quantitative HRCT scoring, and pulmonary physi-
ology assessment. For instance, subclinical CTD-associated ILD
could be defined according to a threshold in extent and pattern
of abnormality on HRCT in the setting of normal pulmonary phys-
iology and the absence of respiratory symptoms. Clinically overt
CTD-associated ILD could be defined as HRCT-detected abnor-
mality plus lung function impairment or decline and/or respiratory
symptoms. This potentially offers a unique opportunity to initiate
clinical trials for all “stages” of disease and therein generate much-
needed natural history data.

Proposed future directions. One option to improve study
subject homogeneity is to pool subjects based on the underlying
pathologic pattern of the ILD rather than the specific CTD (e.g.,
grouping patients with a UIP pattern of disease regardless of the
underlying CTD). A limitation to this approach is that biopsy is
infrequently performed in CTD-associated ILD, so the pathologic
pattern cannot always be confirmed. Even when a biopsy is per-
formed, a “classic” UIP histologic pattern is relatively uncommon,
and “mixed” patterns are frequent. The radiologic pattern seen on
HRCT of the chest is often used as a surrogate for lung biopsy,
and thereby to classify the type of CTD-associated ILD. This is
common practice in the IIPs based on consensus criteria, and it
seems intuitively attractive to extrapolate this HRCT classification
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to CTD-associated ILD. However, HRCT patterns have not been
as robustly correlated with pathology in CTD-associated ILD. The
relationship between HRCT patterns and disease progression is
reasonably well established in idiopathic disease (e.g., a UIP pat-
tern is associated with a worse outcome than a non-UIP pattern),
but comparative studies in CTD-associated ILD are scarce. There
is a pressing need for longitudinal HRCT-based studies in CTD-
associated ILD. Presently, it may be more practical to perform
trials according to the underlying CTD and subsequently stratify
according to HRCT pattern.

With regard to natural history diversity, an attractive investi-
gational model would be to enroll unselected patients with CTD
into a multicenter longitudinal observational cohort, in which
both incident and prevalent cases at all stages could be stud-
ied (Figure 5). In isolation, unbiased observational cohort studies,
though informative, can be difficult to perform and fund. A thera-
peutic intervention study is more likely to be attractive and is easy
to justify in clinically overt CTD-associated ILD, but in patients
who have subclinical ILD or are at risk for ILD the justification is
more nuanced. A number of these at-risk patients will develop
ILD, but the proportion and time scale are uncertain. Moreover,
some of these patients are likely to already be receiving treatment
for extrapulmonary features of their CTD. Such a trial design was,
however, recently applied in a phase Il study of anti-IL-6 antago-
nist treatment of patients with early SSc and elevated acute-phase
reactant levels (59). Treatment, in the context of a trial, could only
be justified if the intervention is known to have low risk of harm.
Mycophenolate mofetil (MMF) is a commonly used immunosup-
pressant in various CTD-associated ILDs. In early diffuse SSc, it
is used for management of skin fibrosis, although there are dif-
ferences among practices. Consideration can be given to case—
control or longitudinal observational cohorts to assess the incident
cases of ILD in patients who have been treated with MMF versus
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Figure 5. Suggested disease population stratification, and
corresponding primary trial outcome, for interstitial lung disease (ILD)
clinical trials in patients with connective tissue disease.

those who have not, accounting for covariates such as duration of
disease, ethnicity, autoantibody status, and geographic distribu-
tion. The safety profile is good, and a randomized controlled trial
of MMF for primary prevention of ILD in at-risk patents with CTD
may be ethically justifiable.

Addressing systemic manifestations. \Well-executed
clinical trials demand a defined standard of care. For subjects
at risk for developing CTD-associated ILD and those with sub-
clinical ILD, this would be “no-treatment” for the underlying ILD.
While there are currently no approved drugs for CTD-associated
ILD, there are ongoing late-phase trials with pirfenidone and
nintedanib, drugs currently approved for IPF, that include patients
with clinically significant CTD-associated ILD. Many clinicians pre-
scribe glucocorticoids and/or other immunomodulatory drugs,
commonly cyclophosphamide (CYC), MMF, or azathioprine, for
CTD-associated ILD. In rapidly progressing CTD-associated ILD,
which can occur in DM, for example, these and other agents are
accepted as appropriate therapy. A similar case may be made for
SSc-associated ILD, in which there is some prospective trial evi-
dence of efficacy of CYC and MMF (44,57), especially in specific
subgroups. Thus, while placebo-controlled studies may still be
ethically viable for patients with CTD-associated ILD, the fact that
routine care often includes immunomodulatory therapies makes
such trial design more difficult to successfully recruit patients for
and implement. Trial stratification methodology could be utilized to
ensure the veracity of results.

End points for clinical trials in CTD-associated
ILD. Trial end points are often dependent on the phase of
study and study aims. For subjects recruited into a trial for
CTD patients at risk for ILD, the end point would be the
development of subclinical or clinically overt ILD, as defined
a priori. There have been few efficacy trials in the setting of
clinically overt CTD-associated ILD, and primary end points
are not well established. In IPF, mortality, while clinically rel-
evant, does not appear to be a feasible primary end point
(60). Because the association between decline in forced vital
capacity (FVC) and subsequent death is high, change in FVC
is now the established primary end point in IPF efficacy trials
and has been recognized by regulatory agencies as a surro-
gate for mortality. In contrast to IPF, our understanding of the
behavior of CTD-associated ILD within a trial setting, in terms
of change in lung function, hospitalization, and mortality, is
very limited. It is unlikely that studies in CTD-associated ILD
powered on a mortality end point could be practically per-
formed. There are data to confirm that change in FVC corre-
lates with mortality in CTD-associated ILD as it does in IPF
(27,61), but hospitalization rates are unknown. Tools, such as
blood biomarkers and/or risk scores to improve the ability to
determine “predicted events” during the period of observa-
tion, would be invaluable.
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In the absence of an established relevant single end point, a
composite “event-driven” end point may be a tempting solution,
comprising, for example, >10% decline in FVC, >15% decline in
diffusing capacity for carbon monoxide, hospitalization, and/or
death (62,63). However, the use of composite end points pres-
ents its own difficulties that may limit interpretation of the data
(64). Finally, patient-reported outcomes (PROs), including dys-
pnea, cough, or quality of life, should be considered in all efficacy
trials. The OMERACT group recently provided consensus-based
domains and PROs for use in clinical trials. Although some
PRO-related instruments, such as the Mahler dyspnea index and
St. George’s Respiratory Questionnaire, have been validated via
clinical trials (SLS-I and Il) (65) and observational cohort studies,
many have not. Therefore, ongoing and future trials should proac-
tively validate outcome measures. Table 3 summarizes ongoing
clinical studies in CTD-associated ILD that have been submitted
to ClinicalTrials.gov.

In conclusion, the unmet need for therapy in CTD-
associated ILD, combined with a plethora of potential antifi-
brotic drugs in industry pipelines, demands a new age of clin-
ical trials. Lessons learned from studies in IPF suggest that
recruitment of patients into well-designed studies can both
increase understanding of the natural history of disease and
lead to the discovery of effective treatments. Recruitment of
CTD patients from the full spectrum of disease, i.e., from those
at risk for ILD to those with clinically overt CTD-associated
ILD, is ambitious and would require multicenter cooperation,
but offers the potential for dramatically increasing our knowl-
edge in these understudied disorders.

Translational research domain

The purview of translational research in CTD-associated
ILD is exceptionally broad. In this section we focus on several
themes identified by summit participants as being of particu-
lar relevance due to high levels of future promise, as well as
addressable barriers to progress. The discussion will be divided
into 1) databases and bioregistries, 2) technology for precision
medicine, 3) quality of life outcome measures, and 4) animal
models.

Databases and bioregistries. Statement of the problem.
While randomized controlled trials remain the gold standard
for hypothesis-driven clinical research questions on treatment
efficacy, the information contained in clinical registries and bio-
repositories offers unique opportunities for advancing our un-
derstanding of CTD-associated ILD. Particularly in the context
of rare diseases such as CTD-associated ILD, maximizing the
use of existing registries and biorepositories will be necessary to
form the groundwork for targeted clinical trials.

Current understanding. The accumulation of real-world reg-
istry data over time provides a more dynamic and evolving picture

of disease course, which is more generalizable and relevant to the
real-world patient population (66). Targeted biologic sample re-
positories, particularly when aligned to clinical registry information,
may be used with maximal effect both to specifically inquire into
the connected contributions of genetic susceptibility, environmen-
tal, and lifestyle factors in influencing disease pathogenesis and
to develop a future individualized precision medicine approach.

Challenges and unmet needs. There are significant bar-
riers to data sharing when clinical and biologic registries are
designed within disconnected, institutional “silos of informa-
tion” or when there is no available technological platform for
data sharing between institutions at a national or international
level. Differences in defining the terms of reference of diseases
for inclusion into disease registries, or in the precise domains
of clinical information stored, prevent clinical equivalence be-
tween registry data sets, which in turn prevents the merging of
information between research groups. For biologic samples,
variations in sample collection and processing can lead to
variations in the quality of available biobanked material and
may affect their suitability for sample collaboration between
groups. This is of particular importance with rare diseases, for
which larger populations are needed to enable sufficient col-
lection of relevant material.

Proposed future directions. A more collaborative ap-
proach from the research community is needed to maximize
scientific output, with an emphasis on improved sharing of
available data and on the standardization of future data col-
lection through the formation of national and/or international
disease registries. One such effort has been recently launched
by the Pulmonary Fibrosis Foundation (PFF) with the creation
of a large network of PFF Care Centers around the US. Within
the PFF Care Network a collaborative PFF Registry was estab-
lished, which now includes >2,000 patients with diverse forms
of ILD. High-quality clinical data are being collected, there is
an accompanying biorepository, and a potentially valuable re-
search database will be available for access by independent
investigators  (https://www.pulmonaryfibrosis.org/medical-
community/pff-patient-registry).

Technology for precision medicine. Statement of the
problem and current understanding. In the pursuit of truly per-
sonalized medicine, the capacity to monitor individuals in their
unique environments should be paramount. While a number of
technologies have emerged to assess physiology (e.g., heart
rate, blood pressure), mobility (accelerometry), and even to
measure PROs on a daily basis, this technology has not ade-
quately evolved to include outcomes relevant in CTD-associated
ILD, nor has it been adopted in CTD-associated ILD research.
The thoughtful proactive development and implementation of
technology will provide a powerful new tool for research, includ-
ing the assessment of therapy and potentially direct therapeutic
interventions for CTD-associated ILD.
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Table 3. Pending or currently recruiting clinical trials in CTD-associated ILD (as of September 2018)*

Participants

ClinicalTrials. (target or
Trial name gov identifier Study type Disease entity estimated) End point
Abatacept in RA-ILD NCT03084419  Interventional RA-ILD 30 No. of participants
(APRIL) (phase Il open without significant
label) decrease (=10%) in
FVC following
abatacept treatment
Phase Il Study of NCT02808871 Interventional RA-ILD 270 Incidence of the
Pirfenidone in (phase 1) composite end point
Patients With RA-ILD of decline in FVC
(% of predicted) of
>10% or death
Bl 1199.247: Efficacy and ~ NCT02999178  Interventional Progressive 600 Annual rate of decline
Safety of Nintedanib (phase 1) fibrosing ILD in FVC (in ml) over
in Patients With including 52 weeks
Progressive Fibrosing CTD-ILD
Interstitial Lung
Disease
Bl 1199.214: ATrial to NCT02597933 Interventional SScILD 520 Annual rate of decline
Compare Nintedanib (phase 11l in FVC (in ml)
With Placebo for
Patients With
Scleroderma Related
Lung Fibrosis
Scleroderma Lung Study ~ NCT03221257  Interventional SScILD 150 Change from baseline,
[Il: Combining (phase Il) measured at
Pirfenidone With 3-month intervals, in
Mycophenolate the mean FVC
Study to Compare the NCT02896205  Interventional SScILD 60 Change from baseline
Efficacy of (phase ) in FVC at 6 months,
Mycophenolate after treatment with
Mofetil in Systemic oral mycophenolate
Sclerosis Related Early mofetil or placebo
Interstitial Lung
Disease
Abituzumab in SScILD NCT02745145 Interventional SScILD 22 Annual rate of absolute
(phase ) FVC change in
volume (in ml)
Abatacept for NCT03215927  Interventional/ Antisynthetase 20 Primary outcome
Myositis-ILD pilot study syndrome-ILD criterion for efficacy
will be the % change
in FVC from baseline
visit to week 24
between the 2
treatment arms
(standard of care/
placebo vs. standard
of care/abatacept)
Rituximab Versus NCT01862926 Interventional CTD-ILD 116 Absolute change in FVC

Cyclophosphamide in
Connective Tissue
Disease-ILD (RECITAL)

(time frame 48
weeks)

* CTD-associated ILD = connective tissue disease-associated interstitial lung disease; RA-ILD = rheumatoid arthritis-associated ILD; FVC =
forced vital capacity; SSc-ILD = systemic sclerosis-associated ILD.

Challenges and unmet needs. There are technological barri-
ers to progress. The pace of technological advancement in infor-
mation systems, including mobile technologies, has outstripped

the rate of progress seen in health care information sharing. The
academic health care community runs the risk of losing oppor-
tunities to improve and shape the quality and quantity of data
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platforms that may be used to further enrich the information avail-
able for research.

Proposed future directions. Significant opportunities exist
for the research community to influence the development of re-
search technology, including mobile technologies, to enhance
the type and quality of data collection. This could be achieved
through partnership with biotechnology and engineering research
communities, and through engagement with patient-centered
organizations to ensure that both the research community and
the patients themselves benefit from future partnerships.

Quality of life outcome measures. Statement of the
problem and current understanding. Little is understood about
the impact of CTD-associated ILD on daily living, including
quality of life (QoL). Challenges to studying and understanding
the effects of CTD-associated ILD on health-related QoL in-
clude the differing organ manifestations and effects of specific
CTDs and elucidation of the pulmonary and extrapulmonary
contributions to QoL. Nonetheless, it is critical to understand
how patients experience disease as we assess the impact of
treatments and other interventions. PRO questionnaires are
designed to assess the influence of disease on patient func-
tion and individual subjective life experience. They remain an
important outcome measure, due to both their reproducibility
in quantifying the impact of disease severity and their sensitivity
to change.

Challenges and unmet needs. The evaluation of how a
specific disease impacts QoL for patients with simultaneously
overlapping symptoms of ILD and systemic disease manifes-
tations presents clear challenges. While some rheumatic dis-
ease—specific QoL instruments, including the Systemic Sclero-
sis QOL questionnaire (67), contain domains that are specific
for respiratory manifestations of disease, others, including the
Rheumatoid Arthritis Quality of Life questionnaire (68), which
was validated using RA patients without ILD, have not been
designed to determine the specific impact of RA-associated
ILD on health-related QoL. Although efforts have been made
to validate lung-specific QoL measures such as the King’s brief
ILD questionnaire for ILD other than IPF, other measures, in-
cluding the St. George’s Respiratory Questionnaire, which was
initially designed for patients with chronic obstructive pulmo-
nary disease, have been subsequently validated for patients
with IPF but not those with CTD-associated ILD (69,70).

Proposed future directions. Future work is needed to de-
termine whether a new QoL tool should be designed, tested,
and validated in collaboration with CTD-associated ILD patients
to fully reflect all disease-specific impacts on QoL. Alternative-
ly, consideration should be given to whether an existing ge-
neric, and/or symptom-specific tool that has previously been
validated in IPF or a CTD can be tested and validated in the
CTD-associated ILD population. The establishment of a QoL
outcome measure working group is needed in order to obtain

Table 4. Summary of proposed future directions in connective tissue
disease—associated interstitial lung disease (CTD-associated ILD)

Standardized international criteria for the classification of
CTD-ILD

Deliver international guidelines that standardize clinical,
radiologic, histopathologic, and biologic parameters for
the diagnosis and classification of CTD-ILD

Defining the natural history of CTD-ILD

Deliver multicenter global clinical networks of well-defined
disease groups, encompassing longitudinal integrated
collections of phenotypic, physiologic, radiologic, ge-
nomic, and biologic data

Clinical care

Deliver multidisciplinary clinics for rheumatology, pulmon-
ology, and allied health care professionals to enhance
patient care

Cross-disciplinary clinical training

Deliver cross-disciplinary fellowship clinical training oppor-
tunities for medical graduates

Biomarker development

Deliver precision medicine-based biomarker platforms to
guide the optimal therapies to the individual patient

Early screening strategies for ILD

Develop and utilize early detection strategies that identify
ILD earlier and ultimately predict those at highest risk for
disease progression

Integration of imaging and histopathology

Generate ILD imaging repositories across the spectrum of
CTD-associated ILD that correlate with histopathologic
specimens

Refine cryobiopsy techniques to enrich the availability of
parenchymal lung tissue specimens

Clinical trials of future interventions in CTD-ILD
Validate CTD-specific trial end points

Incorporate novel technologies to validate quality of life end
points and patient-reported outcome measures

Develop and incorporate composite end points specific to
CTD-ILD

Develop an integrated clinical, radiologic, laboratory, and
biologic database solution that aligns large data sets and
allows maximum interrogation

Translational research

Form shared national/international registries with biologic
repositories

Create new, and optimize existing, quality of life measures
in CTD-ILD

Develop animal models of CTD-ILD

consensus on whether such instruments should be symptom
specific, disease specific, or generic (such as the Short Form
36 QoL questionnaire) (71). Validation testing of candidate QoL
outcome measures, with engagement of patient-centered or-
ganizations, should be performed to assess their accuracy in
determining association with disease severity and sensitivity to
change.
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Animal models. Statement of the problem, current un-
derstanding, and unmet needs. Animal models provide a crit-
ical tool in identifying relevant biologic pathways in disease as
well as providing a model to test therapeutic agents. To better
understand the pathogenesis of fibrotic lung diseases, a num-
ber of animal models have been developed. Recent advances
have allowed for the development of models to study targeted
injuries of type Il alveolar epithelial cells, fibroblastic autono-
mous effects, and targeted genetic defects (72). However,
there are few models of CTD-associated ILD. Although a mod-
el of RA-associated ILD in SKG mice has been described (73),
other animal models for CTD, including in tight-skinned mice,
either have not been characterized for lung disease or do not
manifest lung disease (74). It remains uncertain whether mu-
rine models of fibrotic lung disease, which include bleomycin-
induced, radiation-induced, or adoptive cell transfer models
of lung fibrosis (72), are sufficiently similar to human CTD-
associated ILD to be of use in identifying molecular targets for
drug development (75).

Proposed future directions. An inventory of currently ex-
isting animal models of ILD, documenting their disease equiv-
alence to specific manifestations of human CTD-associated
ILD as well as any known overlap of the recognized molecular
mechanisms of human and murine disease, is needed. Where
adequate animal models do not currently exist, funding and re-
search efforts will be needed to develop better animal models of
CTD-associated ILD that more closely reflect the human condi-
tion and are therefore relevant for disease pathway evaluation
and drug development in preclinical studies.

Summary

This document summarizes the proceedings of a
recent summit on CTD-associated ILD attended by a multi-
disciplinary panel of international clinician-scientists with
expertise in CTD-associated ILD. Key clinical aspects are
outlined, and a variety of research initiatives are proposed
(Table 4) with the aim of addressing the many unmet needs
and challenges within the complex intersection between CTD
and ILD. Our hope is that further multidisciplinary collabora-
tion around the research into and care of patients with CTD-
associated ILD will lead to greater disease awareness, earlier
disease detection and diagnosis, implementation of interdisci-
plinary treatment approaches with novel therapeutic agents,
and, ultimately, improved quality of life and outcomes for those
who are affected by these diseases.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically
for important intellectual content, and all authors approved the final version
to be published. Dr. Fischer had full access to all of the data in the study

and takes responsibility for the integrity of the data and the accuracy of
the data analysis.

Study conception and design. Fischer, Strek, Cottin, Dellaripa, Bernstein,
Brown, Danoff, Distler, Hirani, Jones, Khanna, Lee, Lynch, Maher, Millar,
Raghu, Silver, Steen, Volkmann, Mullan, O’Dwyer, Donnelly.

Acquisition of data. Fischer, Strek, Cottin, Dellaripa, Bernstein, Brown,
Danoff, Distler, Hirani, Jones, Khanna, Lee, Lynch, Maher, Millar, Raghu,
Silver, Steen, Volkmann, Mullan, O’Dwyer, Donnelly.

Analysis and interpretation of data. Fischer, Strek, Cottin, Dellaripa,
Bernstein, Brown, Danoff, Distler, Hirani, Jones, Khanna, Lee, Lynch,
Maher, Millar, Raghu, Silver, Steen, Volkmann, Mullan, O’Dwyer, Donnelly.

REFERENCES

1. Fischer A, du Bois R. Interstitial lung disease in connective tissue
disorders. Lancet 2012;380:689-98.

2. Castelino FV, Varga J. Interstitial lung disease in connective tissue
diseases: evolving concepts of pathogenesis and management. Ar-
thritis Res Ther 2010;12:213.

3. Park JH, Kim DS, Park IN, Jang SJ, Kitaichi M, Nicholson AG, et al.
Prognosis of fibrotic interstitial pneumonia: idiopathic versus colla-
gen vascular disease-related subtypes. Am J Respir Crit Care Med
2007;175:705-11.

4. Assayag D, Lubin M, Lee JS, King TE, Collard HR, Ryerson CJ.
Predictors of mortality in rheumatoid arthritis-related interstitial lung
disease. Respirology 2014;19:493-500.

5. O’Dwyer DN, Armstrong ME, Cooke G, Dodd JD, Veale DJ, Donnelly
SC. Rheumatoid arthritis (RA) associated interstitial lung disease
(ILD). Eur J Intern Med 2013;24:597-603.

6. Spagnolo P, Lee JS, Sverzellati N, Rossi G, Cottin V. The lung in
rheumatoid arthritis: focus on interstitial lung disease [review]. Arthri-
tis Rheumatol 2018;70:1544-54.

7. Steen VD. Autoantibodies in systemic sclerosis. Semin Arthritis
Rheum 2005;35:35-42.

8. Sato S, Hirakata M, Kuwana M, Suwa A, Inada S, Mimori T, et al.
Autoantibodies to a 140-kd polypeptide, CADM-140, in Japanese
patients with clinically amyopathic dermatomyositis. Arthritis Rheum
2005;52:1571-6.

9. Sato S, Masui K, Nishina N, Kawaguchi Y, Kawakami A, Tamura M,
et al. Initial predictors of poor survival in myositis-associated intersti-
tial lung disease: a multicentre cohort of 497 patients. Rheumatology
(Oxford) 2018;57:1212-21.

10. Hirakata M, Suwa A, Takada T, Sato S, Nagai S, Genth E, et al.
Clinical and immunogenetic features of patients with autoanti-
bodies to asparaginyl-transfer RNA synthetase. Arthritis Rheum
2007;56:1295-303.

11. Lynch DA. Quantitative CT of fibrotic interstitial lung disease. Chest
2007;131:643-4.

12. Lynch DA, Travis WD, Muller NL, Galvin JR, Hansell DM, Grenier
PA, et al. Idiopathic interstitial pneumonias: CT features. Radiology
2005;236:10-21.

13. Fischer A, Donnelly SC. Pulmonary fibrosis in connective tis-
sue disease (CTD): urgent challenges and opportunities. QJM
2017;110:475-6.

14. American Thoracic Society, European Respiratory Society. Amer-
ican Thoracic Society/European Respiratory Society international
multidisciplinary consensus classification of the idiopathic inter-
stitial pneumonias. Am J Respir Crit Care Med 2002;165:277—
304.

15. Khanna D, Nagaraja V, Tseng CH, Abtin F, Suh R, Kim G, et al. Pre-
dictors of lung function decline in scleroderma-related interstitial lung
disease based on high-resolution computed tomography: implica-
tions for cohort enrichment in systemic sclerosis-associated intersti-
tial lung disease trials. Arthritis Res Ther 2015;17:372.



194

FISCHER ET AL

16.

17.

18.

19.

20.

21.

22.

28.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fischer A, Richeldi L. Cross-disciplinary collaboration in connective
tissue disease-related lung disease. Semin Respir Crit Care Med
2014,;35:159-65.

Castelino FV, Goldberg H, Dellaripa PF. The impact of rheumatolog-
ical evaluation in the management of patients with interstitial lung
disease. Rheumatology (Oxford) 2011;50:489-93.

Solomon JJ, Olson AL, Fischer A, Bull T, Brown KK, Raghu G. Sclero-
derma lung disease. Eur Respir Rev 2013;22:6-19.

Strand MJ, Sprunger D, Cosgrove GP, Fernandez-Perez ER, Frankel
SK, Huie TJ, et al. Pulmonary function and survival in idiopathic vs
secondary usual interstitial pneumonia. Chest 2014;146:775-85.
Kim EJ, Elicker BM, Maldonado F, Webb WR, Ryu JH, van Uden JH,
et al. Usual interstitial pneumonia in rheumatoid arthritis-associated
interstitial lung disease. Eur Respir J 2010;35:1322-8.

Kim EJ, Collard HR, King TE Jr. Rheumatoid arthritis-associated in-
terstitial lung disease: the relevance of histopathologic and radio-
graphic pattern. Chest 2009;136:1397-405.

Chen J, Doyle TJ, Liu Y, Aggarwal R, Wang X, Shi Y, et al. Biomark-
ers of rheumatoid arthritis—associated interstitial lung disease. Arthri-
tis Rheumatol 2015;67:28-38.

Zamora-Legoff JA, Krause ML, Crowson CS, Ryu JH, Matteson
EL. Risk of serious infection in patients with rheumatoid arthritis-
associated interstitial lung disease. Clin Rheumatol 2016;35:2585—
9.

Kelly CA, Saravanan V, Nisar M, Arthanari S, Woodhead FA,
Price-Forbes AN, et al. Rheumatoid arthritis-related interstitial
lung disease: associations, prognostic factors and physiological
and radiological characteristics: a large multicentre UK study.
Rheumatology (Oxford) 2014;53:1676-82.

Doyle TJ, Patel AS, Hatabu H, Nishino M, Wu G, Osorio JC, et al.
Detection of rheumatoid arthritis-interstitial lung disease is enhanced
by serum biomarkers. Am J Respir Crit Care Med 2015;191:1403-
12.

Zhang Y, Li H, Wu N, Dong X, Zheng Y. Retrospective study of
the clinical characteristics and risk factors of rheumatoid arthritis-
associated interstitial lung disease. Clin Rheumatol 2017;36:817—
23.

Solomon JJ, Chung JH, Cosgrove GP, Demoruelle MK,
Fernandez-Perez ER, Fischer A, et al. Predictors of mortality in
rheumatoid arthritis-associated interstitial lung disease. Eur Respir J
2016;47:588-96.

Fujisawa T, Hozumi H, Kono M, Enomoto N, Hashimoto D, Nakamura
Y, et al. Prognostic factors for myositis-associated interstitial lung
disease. PLoS One 2014;9:e98824.

Goh NS, Desai SR, Veeraraghavan S, Hansell DM, Copley SJ, Maher
TM, et al. Interstitial lung disease in systemic sclerosis: a simple
staging system. Am J Respir Crit Care Med 2008;177:1248-54.
Winstone TA, Assayag D, Wilcox PG, Dunne JV, Hague CJ, Leipsic
J, et al. Predictors of mortality and progression in scleroderma-
associated interstitial lung disease: a systematic review. Chest
2014;146:422-36.

Biomarkers Definitions Working Group. Biomarkers and surrogate
endpoints: preferred definitions and conceptual framework. Clin
Pharmacol Ther 2001;69:89-95.

Boers M, Brooks P, Strand CV, Tugwell P. The OMERACT filter for
outcome measures in rheumatology. J Rheumatol 1998;25:198-9.
Kowal-Bielecka O, Avouac J, Pittrow D, Huscher D, Behrens F,
Denton CP, et al. Analysis of the validation status of quality of life and
functional disability measures in pulmonary arterial hypertension re-
lated to systemic sclerosis: results of a systematic literature analysis
by the Expert Panel on Outcomes Measures in Pulmonary Arterial
Hypertension related to Systemic Sclerosis (EPOSS). J Rheumatol
2011;38:2419-27.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Saketkoo LA, Mittoo S, Huscher D, Khanna D, Dellaripa PF, Distler
O, et al. Connective tissue disease related interstitial lung diseases
and idiopathic pulmonary fibrosis: provisional core sets of domains
and instruments for use in clinical trials. Thorax 2014;69:428-36.
Hant FN, Ludwicka-Bradley A, Wang HJ, Li N, Elashoff R, Tashkin
DP, et al. Surfactant protein D and KL-6 as serum biomarkers of
interstitial lung disease in patients with scleroderma. J Rheumatol
2009;36:773-80.

Schmidt K, Martinez-Gamboa L, Meier S, Witt C, Meisel C, Hanitsch
LG, et al. Bronchoalveoloar lavage fluid cytokines and chemokines
as markers and predictors for the outcome of interstitial lung disease
in systemic sclerosis patients. Arthritis Res Ther 2009;11:R111.
Ashley SL, Xia M, Murray S, O’Dwyer DN, Grant E, White ES,
et al. Six-SOMAmer index relating to immune, protease and
angiogenic functions predicts progression in IPF. PLoS One
2016;11:e0159878.

Jenkins RG, Simpson JK, Saini G, Bentley JH, Russell AM,
Braybrooke R, et al. Longitudinal change in collagen degradation
biomarkers in idiopathic pulmonary fibrosis: an analysis from
the prospective, multicentre PROFILE study. Lancet Respir Med
2015;3:462-72.

Noth |, Zhang Y, Ma SF, Flores C, Barber M, Huang Y, et al. Genetic
variants associated with idiopathic pulmonary fibrosis susceptibility
and mortality: a genome-wide association study. Lancet Respir Med
2013;1:309-17.

Kim DS, Yoo B, Lee JS, Kim EK, Lim CM, Lee SD, et al. The ma-
jor histopathologic pattern of pulmonary fibrosis in scleroderma is
nonspecific interstitial pneumonia. Sarcoidosis Vasc Diffuse Lung Dis
2002;19:121-7.

Tsuchiya Y, Fischer A, Solomon JJ, Lynch DA. Connective tissue
disease-related thoracic disease. Clin Chest Med 2015;36:283-97.

Yunt ZX, Chung JH, Hobbs S, Fernandez-Perez ER, Olson AL, Huie
TJ, et al. High resolution computed tomography pattern of usual in-
terstitial pneumonia in rheumatoid arthritis-associated interstitial lung
disease: relationship to survival. Respir Med 2017;126:100-4.

Kim HJ, Brown MS, Elashoff R, Li G, Gjertson DW, Lynch DA,
et al. Quantitative texture-based assessment of one-year changes
in fibrotic reticular patterns on HRCT in scleroderma lung disease
treated with oral cyclophosphamide. Eur Radiol 2011;21:2455-65.
Tashkin DP, Elashoff R, Clements PJ, Goldin J, Roth MD, Furst DE,
et al. Cyclophosphamide versus placebo in scleroderma lung dis-
ease. N Engl J Med 2006;354:2655-66.

Fischer A, Antoniou KM, Brown KK, Cadranel J, Corte TJ, du Bois
RM, et al. An official European Respiratory Society/American Tho-
racic Society research statement: interstitial pneumonia with autoim-
mune features. Eur Respir J 2015;46:976-87.

Fischer A, West SG, Swigris JJ, Brown KK, du Bois RM. Connective
tissue disease-associated interstitial lung disease: a call for clarifica-
tion. Chest 2010;138:251-6.

Leslie KO, Trahan S, Gruden J. Pulmonary pathology of the rheu-
matic diseases. Semin Respir Crit Care Med 2007;28:369-78.
Nakamura Y, Suda T, Kaida Y, Kono M, Hozumi H, Hashimoto D,
et al. Rheumatoid lung disease: prognostic analysis of 54 biopsy-
proven cases. Respir Med 2012;106:1164-9.

Solomon JJ, Ryu JH, Tazelaar HD, Myers JL, Tuder R, Cool CD,
et al. Fibrosing interstitial pneumonia predicts survival in patients with
rheumatoid arthritis-associated interstitial lung disease (RA-ILD).
Respir Med 2013;107:1247-52.

Tansey D, Wells AU, Colby TV, Ip S, Nikolakoupolou A, du Bois RM,
et al. Variations in histological patterns of interstitial pneumonia be-
tween connective tissue disorders and their relationship to progno-
sis. Histopathology 2004;44:585-96.



CTD-ASSOCIATED ILD SUMMIT

195

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

Cipriani NA, Strek M, Noth |, Gordon 10, Charbeneau J, Krishnan
JA, et al. Pathologic quantification of connective tissue disease-
associated versus idiopathic usual interstitial pneumonia. Arch
Pathol Lab Med 2012;136:1253-8.

Hutchinson JP, Fogarty AW, McKeever TM, Hubbard RB. In-hospital
mortality after surgical lung biopsy for interstitial lung disease in the Unit-
ed States: 2000 to 2011. Am J Respir Crit Care Med 2016;193:1161-7.
Hutchinson JP, McKeever TM, Fogarty AW, Navaratnam V, Hubbard
RB. Surgical lung biopsy for the diagnosis of interstitial lung disease
in England: 1997-2008. Eur Respir J 2016;48:1453-61.

Lentz RJ, Argento AC, Colby TV, Rickman OB, Maldonado F. Trans-
bronchial cryobiopsy for diffuse parenchymal lung disease: a state-
of-the-art review of procedural techniques, current evidence, and
future challenges. J Thorac Dis 2017;9:2186-203.

Hetzel J, Maldonado F, Ravaglia C, Wells AU, Colby TV, Tomassetti
S, et al. Transbronchial cryobiopsies for the diagnosis of diffuse
parenchymal lung diseases: expert statement from the Cryobiopsy
Working Group on Safety and Utility and a call for standardization of
the procedure. Respiration 2018;95:188-200.

Hoyles RK, Ellis RW, Wellsbury J, Lees B, Newlands P, Goh NS,
et al. A multicenter, prospective, randomized, double-blind, placebo-
controlled trial of corticosteroids and intravenous cyclophosphamide
followed by oral azathioprine for the treatment of pulmonary fibrosis
in scleroderma. Arthritis Rheum 2006;54:3962—-70.

Tashkin DP, Roth MD, Clements PJ, Furst DE, Khanna D, Kleerup
EC, et al. Mycophenolate mofetil versus oral cyclophosphamide in
scleroderma-related interstitial lung disease (SLS Il): a randomised
controlled, double-blind, parallel group ftrial. Lancet Respir Med
2016;4:708-19.

Travis WD, Costabel U, Hansell DM, King TE Jr, Lynch DA, Nicholson
AG, et al. An official American Thoracic Society/European Respira-
tory Society statement: update of the international multidisciplinary
classification of the idiopathic interstitial pneumonias. Am J Respir
Crit Care Med 2013;188:733-48.

Khanna D, Denton CP, Lin CJ, van Laar JM, Frech TM, Anderson ME,
et al. Safety and efficacy of subcutaneous tocilizumab in systemic
sclerosis: results from the open-label period of a phase Il randomized
controlled trial (faSScinate). Ann Rheum Dis 2018;77:212-20.

Wells AU, Behr J, Costabel U, Cottin V, Poletti V, Richeldi L, et al.
Hot of the breath: mortality as a primary end-point in IPF treatment
trials—the best is the enemy of the good. Thorax 2012;67:938-40.
Goh NS, Hoyles RK, Denton CP, Hansell DM, Renzoni EA, Maher
TM, et al. Short-term pulmonary function trends are predictive of
mortality in interstitial lung disease associated with systemic sclero-
sis. Arthritis Rheumatol 2017;69:1670-8.

Khanna D, Mittoo S, Aggarwal R, Proudman SM, Dalbeth N,
Matteson EL, et al. Connective tissue disease-associated interstitial

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

lung diseases (CTD-ILD): report from OMERACT CTD-ILD Working
Group. J Rheumatol 2015;42:2168-71.

Le Gouellec N, Duhamel A, Perez T, Hachulla AL, Sobanski V, Faivre
JB, et al. Predictors of lung function test severity and outcome in
systemic sclerosis-associated interstitial lung disease. PLoS One
2017;12:e0181692.

Collard HR, Bradford WZ, Cottin V, Flaherty KR, King TE Jr, Koch
GG, et al. A new era in idiopathic pulmonary fibrosis: considerations
for future clinical trials. Eur Respir J 2015;46:243-9.

Kafaja S, Clements PJ, Wilhaime H, Tseng CH, Furst DE, Kim GH,
et al. Reliability and minimal clinically important differences of forced
vital capacity: results from the Scleroderma Lung Studies (SLS-I and
SLS-Il). Am J Respir Crit Care Med 2017;197.

Collen MF. Clinical research databases: a historical review. J Med
Syst 1990;14:323-44.

Ruof J, Bruhlimann P, Michel BA, Stucki G. Development and valida-
tion of a self-administered systemic sclerosis questionnaire (SySQ).
Rheumatology (Oxford) 1999;38:535-42.

Whalley D, McKenna SP, de Jong Z, van der Heijde D. Quality of life
in rheumatoid arthritis. Br J Rheumatol 1997;36:884-8.

Patel AS, Siegert RJ, Brignall K, Gordon P, Steer S, Desai SR, et al.
The development and validation of the King’s Brief Interstitial Lung
Disease (K-BILD) health status questionnaire. Thorax 2012;67:804—
10.

Yorke J, Jones PW, Swigris JJ. Development and validity testing of
an IPF-specific version of the St George’s Respiratory Questionnaire.
Thorax 2010;65:921-6.

Ware JE Jr, Snow KK, Kosinski M, Gandek B. SF-36 health survey:
manual and interpretation guide. 2nd ed. Lincoln (RI): QualityMetric;
2000.

Moore BB, Lawson WE, Oury TD, Sisson TH, Raghavendran K,
Hogaboam CM. Animal models of fibrotic lung disease. Am J Respir
Cell Mol Biol 2013;49:167-79.

Keith RC, Powers JL, Redente EF, Sergew A, Martin RJ, Gizinski A,
et al. A novel model of rheumatoid arthritis-associated interstitial lung
disease in SKG mice. Exp Lung Res 2012;38:55-66.

Pablos JL, Everett ET, Norris JS. The tight skin mouse: an
animal model of systemic sclerosis. Clin Exp Rheumatol
2004;22:581-5.

Moore BB, Hogaboam CM. Murine models of pulmonary fibrosis.
Am J Physiol Lung Cell Mol Physiol 2008;294:1.152-60.

Schwarz M, King TE. Interstitial lung disease. 4th ed. Hamilton, ON,
Canada: BC Decker; 2008.

Olson AL, Brown KK, Fischer A. Connective tissue disease-
associated lung disease. Immunol Allergy Clin North Am 2012;32:
513-36.



Arthritis & Rheumatology

Vol. 71, No. 2, February 2019, pp 196-209

DOI 10.1002/art.40699

© 2018 The Authors. Arthritis & Rheumatology published by Wiley Periodicals, Inc. on behalf of American
College of Rheumatology. This is an open access article under the terms of the Creative Commons Attribution
NonCommercial License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited and is not used for commercial purposes.

Recognition of Amino Acid Motifs, Rather Than Specific
Proteins, by Human Plasma Cell-Derived Monoclonal
Antibodies to Posttranslationally Modified Proteins in
Rheumatoid Arthritis
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Objective. Antibodies against posttranslationally modified proteins are a hallmark of rheumatoid arthritis (RA), but
the emergence and pathogenicity of these autoantibodies are stillincompletely understood. The aim of this study was
to analyze the antigen specificities and mutation patterns of monoclonal antibodies (mAb) derived from RA synovial
plasma cells and address the question of antigen cross-reactivity.

Methods. IgG-secreting cells were isolated from RA synovial fluid, and the variable regions of the immunoglobu-
lins were sequenced (n = 182) and expressed in full-length mAb (n = 93) and also as germline-reverted versions. The
patterns of reactivity with 53,019 citrullinated peptides and 49,211 carbamylated peptides and the potential of the
mADb to promote osteoclastogenesis were investigated.

Results. Four unrelated anti—citrullinated protein autoantibodies (ACPAs), of which one was clonally expanded,
were identified and found to be highly somatically mutated in the synovial fluid of a patient with RA. The ACPAs rec-
ognized >3,000 unique peptides modified by either citrullination or carbamylation. This highly multireactive autoanti-
body feature was replicated for I|g sequences derived from B cells from the peripheral blood of other RA patients. The
plasma cell-derived mAb were found to target distinct amino acid motifs and partially overlapping protein targets.
They also conveyed different effector functions as revealed in an osteoclast activation assay.

Conclusion. These findings suggest that the high level of cross-reactivity among RA autoreactive B cells is the
result of different antigen encounters, possibly at different sites and at different time points. This is consistent with
the notion that RA is initiated in one context, such as in the mucosal organs, and thereafter targets other sites, such

as the joints.
INTRODUCTION

Antibodies against citrullinated antigens (anti—citrullinated
protein/peptide antibodies [ACPAS]), which were first described
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in 1998 (1,2), constitute a hallmark of the subset of patients
with rheumatoid arthritis (RA) displaying associations with dis-
tinct major histocompatibility complex class Il genes (3,4) and
with predominantly erosive disease (5,6). The presence of such
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antibodies is also part of the American College of Rheumatol-
ogy/European League Against Rheumatism 2010 classification
criteria for RA (7). These antibodies generally develop before the
onset of joint inflammation (8) in RA patients. Importantly, in vitro
and in vivo models have shown that ACPAs induce phenotypes
consistent with symptoms associated with RA, such as bone
loss and joint pain (9-11).

ACPAs also represent a class of autoantibodies to posttrans-
lationally modified (PTM) antigens, for which the actual targets of
the antibodies remain incompletely understood. Thus, a number
of citrullinated (Cit) peptide antigens recognized by ACPAs have
been identified, including citrullinated fibrinogen (12), vimentin
(13), a-enolase peptide (CEP-1) (14), type Il collagen (15), tenas-
cin-C (16), and histones (17). In addition, over recent years, anti-
bodies recognizing other protein modifications, such as carbam-
ylation (referred to as CarP) and acetylation of amino acids, have
been found to be associated with RA (18,19). These observations
have raised a number of new questions concerning the genera-
tion, specificity, and function of this group of autoantibodies in
their interactions with PTM antigens; this group is sometimes re-
ferred to as anti-modified protein antibodies, or AMPAs.

In the present study, we generated monoclonal ACPAs from
single plasma cells obtained from an inflamed joint of an anti—
cyclic citrullinated peptide (anti-CCP)—positive RA patient. These
autoantibodies were characterized in detail to assess their ge-
netic features, reactivity with large numbers of citrullinated and
carbamylated peptides, and critical functional properties.

MATERIALS AND METHODS

Cell isolation, assays, and cultures. Plasma cells
were obtained from the synovial fluid of a patient with anti-
CCP-positive RA, and antibody-secreting cells were isolated
from synovial fluid mononuclear cells using the fluorescent foci
method. In addition, single citrulline-specific B cells were sorted
by flow cytometry from the peripheral blood of other RA patients,
using an antigen-tetramer system. Further details on the syno-
vial fluid and serum samples obtained from RA patients and the
methods used for plasma cell isolation, blood-derived memory
B cell tetramer isolation, |g gene sequence analysis, cloning of
Ig genes, generation of germline-reverted antibodies, expression
and purification of monoclonal antibodies (mAb), surface plas-
mon resonance (SPR) assay, ACPA peptide array, PTM peptide
enzyme-linked immunosorbent assay (ELISA), in solution cit-
rullination ELISA, immunoprecipitation and osteoclast cultures,
and in vitro bone erosion assay are provided in Supplementary
Materials and Methods (available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40699/abstract).

Peptide ELISA. Peptide ELISAs were performed as pre-
viously described (20), with some minor modifications. The

ELISAs assessed binding to both citrulline-containing and ar-
ginine (Arg)—-containing peptides, including filaggrin, a-enolase,
vimentin, fibrinogen, and histones H4., ., H4,, ., and H3, .
All peptides assessed by ELISA are described in further detail
in Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40699/abstract. The mAb were added to the wells at a con-
centration of 5 pg/ml, which was diluted by a factor of 2 down
to 0.15 ng/ml. All reactive samples were analyzed in at least 3
independent experiments.

Full-length protein ELISA. For the full-length protein
ELISA, 10 pg/ml of fibrinogen (isolated from human plasma
[Sigmal]), recombinant vimentin (InVent), and histone H4 (in-
house produced) were diluted in phosphate buffered saline
(PBS) and coated on Nunc Maxisorp 96-well plates. The
plates were blocked with 5% milk powder in PBS and there-
after incubated for 3 hours at 37°C with citrullination buffer
(60 mM Tris, 10 mM CaCl,, 1 mM dithiothreitol, 150 mU/ml
human peptidylarginine deiminase 2 [hPAD2; Modiquest]) or
buffer control, followed by incubation with ACPAs at a con-
centration of 5 ug/ml, which was diluted by a factor of 2 down
to 0.15 ng/ml. Sequential incubation was carried out with sec-
ondary Fc-specific, horseradish peroxidase (HRP)-conjugated
anti-human IgG (Sigma) or biotin-conjugated human IgG1-Fc
(Invitrogen) plus HRP-conjugated streptavidin (Dako). This
was followed by development with SeramunBlau fast TMB
(Seramun Diagnostica), and the results were read with Spec-
tra Fluor (Tecan).

Extracellular matrix peptide microarray. Peptides
(16 amino acids in length) that covered all arginine and lysine
sites of 1,610 extracellular matrix proteins and RA-related pro-
teins (21-23) were synthesized in situ (Roche NimbleGen) as
previously described (24). Citrulline (arginine) and homocitrul-
line (lysine) variants were synthesized, resulting in 53,019 cit-
rullinated peptides and 49,211 carbamylated peptides, along
with cognate unmodified peptides (n = 70,535), yielding a total
of 172,765 unique peptides. The mAb were diluted to a con-
centration of 1 pg/ml (except mAb 1325:07EQ7, which was
diluted to 0.55 ug/ml), while synovial fluid and serum samples
were diluted 1/100.

Scanning for citrulline and homocitrulline reactivity with each
mAb was performed at a resolution of 2 um, using a NimbleGen
MS200 Scanner (Roche NimbleGen). The median fluorescence
intensities were calculated based on a peptide signal intensity
variation (spot size) of 25 pixels. The cutoff value for positive sig-
nals was determined as 5 times the fluorescence intensity of the
98th percentile of values for a set of non-ACPA mAb.

Western blotting. For Western blot analyses, full-
length proteins (same as those assessed by the full-length
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Figure 1. Reactivity pattern of monoclonal antibodies (mAb) against citrullinated proteins/peptides (ACPAs). A, Heatmaps depict ACPA mAb

reactivity (at a concentration of 5 pg/ml) with rheumatoid arthritis—associated citrulline (Cit)- and arginine (Arg)-containing peptides. Shades of
red indicate increased signal. B, Titration enzyme-linked immunosorbent assay (ELISA) curves show the dilution (1:2) in 4-14 steps of each mAb
(starting at 5 ug/ml) to citrullinated peptides. C, Binding of mAb (at 5 ug/ml) to peptides with various posttranslational modifications (PTMs) was
analyzed by ELISA, utilizing a vimentin (Vim)—-derived peptide with modifications introduced in position 7 (sequence GRVYATXSSAVR-OH, with
modification denoted by X). D and E, ELISA (D) and Western blotting (E) were used to assess mAb reactivity with full-length proteins. Antigens
(fibrinogen [Fib], vimentin, and histone H4) were treated with or without human peptidylarginine deiminase 2 (PAD2) enzyme to generate
citrullination. A concentration of 10 ug of protein was used for Western blots, and 10 pug/ml of antigen for ELISAs. Antibodies were added at 1 pg/
ml to detect binding. Arrows in E indicate the size of the a-, -, and y-chains of fibrinogen. F, Immunoprecipitation of PAD4-citrullinated full-length
fibrinogen (5 ug) from spiked Jurkat T cell line lysates with mAb 1325:01B09 (3 ug) was assessed. Stained sodium dodecyl sulfate—polyacrylamide
electrophoresis gels of coprecipitated captured proteins or purified proteins alone are shown. Purified citrullinated fibrinogen is also shown as
reduced (red) or nonreduced (non-red) to verify intact protein. Arrows indicate detected fibrinogen chains. Cit-Fil = citrullinated filaggrin; CEP-1 =
citrulline-containing a-enolase peptide; REP = arginine-containing a-enolase peptide; CarP = homocitrulline/carbamylated; Acet = acetylated
lysine; Orn = unmodified ornithine; AcetOrn = acetylated ornithine; Arg = unmodified arginine.
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protein ELISA) were solubilized in 8M urea at 1 mg/ml, and 10
pg was electrophoresed on 12.5% sodium dodecyl sulfate—
polyacrylamide electrophoresis gels, followed by blotting to a
nitrocellulose membrane (GE Healthcare). Thereafter, the blots
were incubated overnight at 37°C in citrullination buffer with
150 mU/ml hPAD2 (Modiquest) or with buffer control, followed
by incubation with ACPAs at 5 pg/ml and sequential incuba-
tion with the same secondary antibody as that used for the full-
length protein ELISA. Visualization was performed using Amer-
sham Hyperfilm.

Sequence logo visualization of the consensus pep-
tide sequences. The 4 flanking amino acids from each post-
translational residue were analyzed using the WeblLogo appli-
cation (http://weblogo.threeplusone.com/), which allowed us to
generate the consensus sequences of the surrounding amino
acids.

Statistical analysis. Differences in the number of mu-
tations and third complementarity-determining region (CDR3)
characteristics between ACPAs and non-ACPAs were deter-
mined by Mann-Whitney nonparametric test. For in vitro exper-
iments, statistically significant differences were calculated using
one-way Kruskal-Wallis test followed by Dunn’s test for multiple
comparisons. P values less than or equal to 0.05 were consid-

ered significant. GraphPad Prism (version 7.0c) was utilized to
calculate and visualize the statistical data.

RESULTS

Production by RA synovial fluid plasma cells of
antibodies that recognize multiple PTM peptides and
proteins. Plasma cells isolated from cryopreserved synovial flu-
id cells from a patient with RA exhibited spontaneous secretion of
IgG, as identified by the fluorescent foci method (25). Sequences
from paired IgG heavy- and light-chain variable regions from 182
plasma cells were generated, and of these, 93 were expressed
as recombinant mAb at concentrations of >1 ug/ml; these 93
recombinant mAb were selected for further investigation.

Screening by peptide ELISA revealed that 4 of these mAb
(1325:01B09, 1325:04C03, 1325:05C06, and 1325:07E07)
showed citrulline reactivity (to peptides Cit-Vim,, .., Cit-Fibp,, .,
and CEP-1.,), whereas none of these antibodies reacted
with the respective arginine-containing peptides. When these
4 mAb were further investigated utilizing an ACPA peptide
microarray (26), the ACPAs all reacted against several citrulline-
containing peptides, but each showed a different reactivity pat-
tern (Figure 1A).

The results of the peptide microarray were verified and ex-
tended by ELISA for the RA candidate autoantigens Cit-Vim

60-75’

Table 1. Characteristics of the human anti—citrullinated protein mAb generated from synovial fluid plasma cells from a rheumatoid arthritis

patient*

mADb 1325:01B09

mADb 1325:04C03

mADb 1325:05C06 mADb 1325:07E07

Distribution, no. isolated 1/182 3/182 1/182 1/182
cells/total

Genetic profile
Vi, IGHV4-38 IGHV1-2 IGHV4-39 IGHV4-39
Vi IGLV1-44 IGKV1-5 IGLV1-51 IGLV3-21
Isotype 1gG1 1gG2 1gG1 NA
y-chain CDR3 CATDGEGVLFDEW CARTNFSPFRHW CAKLGCSGGGCYFDFDYW CARLDPFDYW
Light-chain CDR3 CAVWDDDLSGVVI CQQYNGPSETF CGTWDSSLSAGLF CQVYDRKTDHQVF

Reactivity profile, uM affinity
Cit-Fil,, 5., 42 23 13 NA
Cit-Fibp,, ., 20 NB NB NA
Cit-Vimg, . NA 25 NB NA
CEP-1, ,, NB NB 50 NA
Arg-Fibp., ., NB NB NB NA
Arg-Vim,, . NA NB NB NA
REP-1 NB NB NB NA

5-21

* Genetic information on the variable (V) regions was generated from Immunogenetics V-Quest. Affinities were determined from surface
plasmon resonance steady-state affinity measurements with biotinylated peptides immobilized and monoclonal antibodies (mAb) in solu-
tion at a maximum concentration of 100 pM (mAb 1325:01B09) or 50 pM (mAb 1325:04C03 and 1325:05C06). Lack of binding was defined as
a sensogram showing such low affinity that no equilibrium constant could be determined. NA = not analyzed; CDR3 = third complementarity-

determining region; Cit-Fil
citrullinated vimentin,, _.;
arginine-containing vimentin

= citrullinated filaggrin

307-324 307-324"

CEP-1

5-21

60-75"

5-21"

Cit-Fibp,, ., = citrullinated fibrinogen B, .,; NB = no binding; Cit-Vim =
= citrullinated a-enolase peptide
REP-1, ,, = arginine-containing a-enolase peptide

60-75
Arg-Fibp,, ., = arginine-containing fibrinogen B, .,; Arg-Vim, .. =

5-21°
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Cit-Fibpy, . Cit-Fil,., ., Cit-H4,, , Cit-H4, _ Cit-H3, _ , and
CEP-1,_,,, demonstrating that some of the citrulline peptides
were detected at an mAb concentration as low as 5-10 ng/ml
(Figure 1B and Supplementary Figure 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40699/abstract). The equilibrium constants
(KDs) for binding to selected citrulline peptides were deter-
mined by SPR assay (of note, mAb 1325:07E07 was not ana-
lyzed by SPR assay because of the limited amounts obtained in
our expression system). The steady-state affinities between the
ACPAs and the peptide antigens were consistently low, with all
KD values in the uM range (Table 1 and Supplementary Figure
2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract), even
for antibody—peptide interactions that were positive by ELISA

at antibody concentrations in the ng/ml range (Figure 1B).

Ability of monoclonal ACPAs to cross-react with
other PTM antigens. As other PTM peptides, in addition to
those maodified by citrullination, have been proposed to gener-
ate epitopes recognized by autoantibodies in RA (18,19), the
4 plasma cell-derived ACPAs were also investigated for bind-
ing to synthetic peptides, which had additional PTMs based
on a common backbone amino acid sequence derived from
vimentin. In this analysis, only 1 of the Cit-Vim-reactive mAb,
1325:04C03, but not mAb 1325:07E07, cross-reacted with
the CarP-Vim peptide (Figure 1C), whereas the 2 other mAb
(1325:01B09 and 1325:05C06) were negative for both the
Cit-Vim and CarP-Vim peptides (Supplementary Figure 3A,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract). No
reactivity toward acetylated peptides or peptides with other
modifications was seen.

Cross-reactivity of monoclonal ACPAs with various
citrullinated and carbamylated peptides. To investigate
the cross-reactivity of the monoclonal ACPAs in greater detail,
and also to detect reactivity with additional target peptides, a
multipeptide array was designed. This custom-made array con-
sisted of peptides from 1,610 different extracellular matrix and
RA-related proteins (21-23), i.e., potential targets for autoan-
tibodies. Arginine- and lysine-containing peptides were dupli-
cated with a citrulline respective homocitrulline (the PTM amino
acid generated by carbamylation) version, which thus generat-
ed an array of 53,019 citrullinated, 49,211 carbamylated, and
70,535 unmodified peptides.

The reactivity patterns of the 4 RA synovial fluid plas-
ma cell-derived monoclonal ACPAs were investigated, and
all showed extensive reactivity to citrullinated peptides
(Figures 2A-D and Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40699/abstract). Two of these

mAb (1325:01B09 and 1325:05C06) also showed robust
signals for carbamylated peptides. The reactivity toward
native, unmodified target peptides was consistently low, at
<0.06% (Figures 2A-D and Supplementary Table 2). Thus,
it may be concluded that the cross-reactivity of these mAb
was exclusively confined to PTM peptides. Overall, only
0.14% of all detected citrulline peptides were shared by all
4 mAb (Figure 2E, left panel). The mAb 1325:04C03 had the
most distinct repertoire, with 32% of its reactivity being with
uniquely detected citrullinated peptides. The homocitrulline-
reactive mAb 1325:01B09 and 1325:05C06 demonstrated
2.7% shared carbamylated target peptides (Figure 2E, right
panel).

The monoclonal ACPAs together covered 28% of the citrul-
linated targets and 30% of the carbamylated targets that were
recognized by the RA synovial fluid (polyclonal IgG [pAb]) from
the same patient (Supplementary Figure 4C, available on the Ar-
thritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40699/abstract).

We next analyzed synovial fluid and serum samples ob-
tained 10 years later from the same RA patient. The patient
had untreated chronic RA at both time points. A stable reactiv-
ity pattern was seen for PTM peptide reactivities (especially for
citrullinated peptides) at both time points, with only a moderate
number of new peptides (range 7.1-9.8%) being recognized
at the second time point (Supplementary Figures 4D and E). In
contrast, a large fraction of carbamylated peptides that were de-
tected at the first time point were not detected at the 10-year
follow-up (44% in synovial fluid and 58% in sera), implying that
these reactivities were not as stable as those toward citrullinat-
ed peptides (for which 22% of the citrulline peptides in synovial
fluid and 30% of the citrulline peptides in sera were detected at
the first time point only). The 200 highest-binding PTM peptides
for each mAb, as well as for the pAb in synovial fluid and sera
of the same patient, all contained never before—described pep-
tide targets for the ACPAs (Supplementary Tables 3-8, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40699/abstract) as well as reactivity
against previously known RA targets such as vimentin and fi-
brinogen.

To confirm our finding that the high multireactivity of the
ACPAs was not restricted to a single patient, we next tested
2 mADb that were generated from citrulline-selected memory
B cells isolated from the peripheral blood of 2 other RA pa-
tients (27) (Supplementary Figure 5 and Supplementary Table
2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract).
These independently generated ACPAs displayed extensive
citrulline multireactivity. The ACPAs from 1 of the patients also
detected multiple carbamylated peptides at levels of reactivity
comparable to those observed for the synovial plasma cell-
derived ACPAs described above.


http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract

MOTIF RECOGNITION OF ACPA MONOCLONAL ANTIBODIES 201

+1 42 +3 +4

Citrulline reactivity Homocitrulline reactivity
A 40 4 s
s %G
[}
£ 1000 ;:] o OM .=
0 : i -

o
8 : z

- =

(=T

e <

o

o)

—

B * a-enolase
™ _ ; = vimentin
I=3- == =« fibrinogen
O z +1 42 42 +4 + collagen Il
g = P -+ histone H4
o = CILP
(9] ECM peptides
[52]

-

sl

[{e]
o
Q +1 42 +3 +4
Tp]
Q
o
o~
™
—
iy i 1000 i
o 4.3 24 +1+2+3+4 =
2 2 ool 8 0.05 0.00
S 2 = 99.9 0.09
te} E:‘ 100 - o !
b, LA ce 200 #d6 0ss B
~ 100 1000 10000 100 1000 10000

Cit MFI CarP MEI

1325:05C06 1325:07E07
1325:01B09 ig:]“ 1325:05C06
32% 38%
(2266) (1359)

1325:01B09 1325:04C03

Figure2. A broad repertoire of posttranslationally modified peptides are detected by mAb against ACPAs, and the mAb have distinct consensus
sequence recognition. The mAb 1325:01B09, 1325:04C03, 1325:05C06, and 1325:07E07 were analyzed on an array of 53,019 citrullinated,
49,211 carbamylated, and 70,535 cognate unmodified (wild-type [wt]) peptides. Peptides (16 amino acids in length) were synthesized on the
array, and reactivity with 1 ug/ml antibody (0.55 ug/ml for mAb 1325:07E07) was analyzed. A-D, The mean fluorescence intensity (MFI) of the
modified (citrullinated or carbamylated) peptide is shown relative to the MFI of the cognate unmodified peptide. Various colors indicate peptides
derived from some previously described rheumatoid arthritis—related antigens. Dotted lines show the cutoff for reactivity based on values for
non-ACPA controls. Numbers in the quadrants are the percentage of detected peptides. Insets, Citrulline (Cit) and homocitrulline (CarP) amino
acid positions in the consensus sequence motif are shown, as determined using WebLogo versions 3.5.0. and 3.6.0. E, Overlapping peptides
with citrulline recognition by mAb 1325:01B09, 1325:04C03, 1325:05C06, and 1325:07EQ7 are shown (left), and the Venn diagram shows
overlapping carbamylated peptides detected by mAb 1325:01B09 and 1325:05C06 (right). Numbers in parentheses indicate the number of
overlapping peptides, and percentages are the fraction of all detected peptides in that section. Arg = arginine; Lys = lysine; CILP = cartilage
intermediate layer protein; ECM = extracellular matrix (see Figure 1 for other definitions).
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Overrepresentation of glycine residues in consen-
sus epitopes of monoclonal ACPAs, but with distinct
features for each mAb. The consensus sequences recog-
nized by the mAb (Figures 2A-D and Supplementary Figure 5)
and the pAb in the sera and synovial fluid samples from the same
patient (Supplementary Figures 4A and B) were assessed using
a WeblLogo analysis. Among the mAb, a clear and shared mo-
tif was apparent for mAb 1325:01B09, mAb 1325:05C06, and
the comparator ACPAs generated from the peripheral blood of 2
other RA patients, with a dominant glycine residue in position +1
(Figures 2A and C and Supplementary Figure 5). A glycine resi-
due in position +1 was also the dominant consensus sequence
for citrulline recognition of pAb in synovial fluid and sera from the
same patient (Supplementary Figures 4A and B), suggesting that
this is a dominant specificity. The mAb 1325:01B09 also had a
similar consensus epitope for CarP recognition (Figure 2A). In
contrast, the mAb 1325:05C06 CarP consensus epitope was
different, in that it preferred a glycine in the —1 position (Fig-
ure 2C), and mAb 37CEPT2C04 had a lysine in the +4 position
(Supplementary Figure 5). The mAb 1325:04C03, which only
recognized the citrullinated and not the carbamylated peptides,
displayed a consensus epitope with glycine being overrepre-
sented in position —1. Lastly, the mAb 1325:07E07, which also
only recognized citrullinated peptides, had a different preference,
with small amino acids (serine, alanine, and threonine) flanking at
the +1 position (Figure 2D).

Recognition by monoclonal ACPAs of multiple cit-
rullinated full-length protein antigens. Next, in vitro cit-
rullinated candidate full-length proteins were studied to validate
the capacity of the mAb to bind epitopes of the intact autoan-
tigens. Binding of full-length proteins correlated well with the
peptide binding of the ACPAs, according to the results of both
ELISA (Figure 1D and Supplementary Figure 6, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40699/abstract) and Western blotting (Fig-
ure 1E). An interesting feature was that mAb 1325:01B09 bound
to both the citrullinated a-chain and citrullinated p-chain of fibrin-
ogen, whereas mAb 1325:05C06 displayed reactivity restricted
to the a-chain (Figure 1E).

We could also show that the ACPAs had the potential to
detect citrullinated protein targets in complex cell lysates (Fig-
ure 1F). Consistently, no reactivity toward unmodified proteins
was detected.

Synovial ACPAs carrying more mutations, but
shorter CDR3 regions in their B cell receptor heavy
chain, compared to non-ACPAs. The 4 RA synovial fluid—
derived monoclonal ACPAs, as well as the non-ACPAs isolated
from the same donor (n = 78; 11 non-ACPA sequences were ex-
cluded from the analysis because either the heavy- and/or light-
chain sequences were of poor quality), were investigated for mu-

tation frequencies, gene usage, and CDR3 characteristics. The
ACPAs consistently displayed a large number of mutations, with
a median frequency of nonconservative replacement mutations
in the heavy-chain variable region of 19.5, as compared to 7.0 in
the non-ACPAs (P = 0.0008). Heavy-chain silent mutations were
also more numerous in the ACPAs compared to the non-ACPAs
(median frequency 11 versus 1.5; P < 0.0001) (Figure 3A). To
summarize, the total frequency of mutations in the heavy chain
was more than 3 times higher in ACPAs as compared to non-
ACPAs.

The same pattern was observed for the light-chain variable
region, with ACPAs being almost 4 times more mutated as com-
pared to non-ACPAs. In the light-chain variable region, the me-
dian frequency of replacement mutations was 16.0 in the ACPAs
as compared to 4.0 in the non-ACPAs (P = 0.0010), and the me-
dian frequency of light-chain silent mutations was 12.5 in ACPAs
and 1.0 in non-ACPAs (P < 0.0001) (Figure 3A).

Compared to non-ACPAs, the mutations in the ACPAs were
distributed within the variable region, with enrichment of replace-
ment mutations in the CDRs. However, ACPAs also carried en-
riched mutations in the framework regions (FWRs), especially in
heavy-chain FWR3 (Figure 3B).

We next assessed the features of the CDR3 in ACPAs com-
pared to non-ACPAs (Supplementary Table 9, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40699/abstract). The synovial fluid-de-
rived monoclonal ACPAs consistently had a short heavy-chain
CDRS, consisting of a median of 10 amino acids, while the
heavy-chain CDR3 of non-ACPAs had a median of 15 amino ac-
ids (P = 0.0011). In contrast, the length of the light-chain CDR3
displayed no differences, with a median of 9.7 amino acids in
the non-ACPAs as compared to 10 amino acids in the ACPAs
(P = 0.5615). Negatively charged amino acids were overrepre-
sented in ACPAs as compared to non-ACPAs in the light-chain
CDRS8 (P = 0.0002). No difference between ACPAs and non-
ACPAs could be detected with regard to the number of positive
or hydrophobic amino acids.

Presence of both citrulline-reactive and citrulline-
nonreactive clonal expansions in RA synovial fluid plas-
ma cells. Next, the phylogenetic relationships of the heavy-
chain and light-chain variable regions were investigated. Three of
the ACPAs were found to belong to the V, 4 gene family, whereas
1 of the ACPAs was of V,,1 origin (mAb 1325:04C03) (Table 1).
The variable-region gene usage was never ancestral for any of
the 4 ACPAs (Figure 3C).

The clonality of all 182 isolated Ig clones was investigat-
ed using a definition of clonality in which 2 or more single
cells generated a clonotype characterized by identical V—-(D)-J
gene usages and identical CDR3 nucleotide sequences. One
of the 4 ACPAs was clonally expanded, i.e., the sequence
coding for mAb 1325:04C03 was detected in 3 isolated
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Figure 3. Mutation characteristics and phylogenetic relationship of Ig variable regions coding for ACPAs compared to non-ACPAs. A, The
number of replacement and silent mutations in the heavy- and light-chain variable (V) regions are depicted for ACPAs (n = 6) and non-ACPAs
(n = 78). B, Distributions of mutations within the heavy- and light-chain variable regions are shown for the individual ACPAs compared to
non-ACPAs. All data was extracted from the Immunogenetics V-Quest database. Differences in the fraction of replacement mutations in
the framework regions (FWRs) and complementarity-determining regions (CDRs) were calculated by Mann-Whitney nonparametric test. C,
Phylogenetic relationships for heavy-chain and light-chain sequences are shown. Antibodies binding to citrullinated antigens (ACPASs) are
indicated in red, whereas non-ACPAs are indicated in blue. Antibody sequences with unknown reactivity are labeled in black. The phylogenetic
trees were generated utilizing Phylogeny.fr with MUSCLE alignment and visualized by FigTree. ** = P < 0.01; ™ = P < 0.001; *** = P < 0.0001.

See Figure 1 for other definitions.

antibody-secreting cells, which corresponded to 1.6% (3 of
182) of the isolated plasma cells. The variable regions of the
other 3 ACPAs could only be detected in single cells (0.5%)
(Table 1). Five additional clonalities were identified within the
plasma cells in the non-ACPA group, and 1 additional clone

was found within the unexpressed sequences, i.e., with un-
known reactivity. Intriguingly, 1 of the non-ACPA expanded
clones was found in 8 individual cells (4.4% of all isolated
cells). In total, 11.4% of the generated IgG sequences were
expanded.
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Reduced or lost citrulline

reactivity in germline-

reverted ACPAs. New sets of recombinant antibodies were

constructed from the RA synovial

fluid—derived plasma cells,

in which the heavy and light chains of the monoclonal ACPAs
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were reverted to their predicted germline sequences. Two of
the antibodies (MAb 1325:01B09 and 1325:05C06) complete-
ly lost their reactivity when converted back to germline (G + G
in Figures 4A and B). However, the germline mAb 1325:07E07
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Figure 4. Binding pattern of the mAb with variable regions reverted to germline. A-D, Left, Heatmap summaries show ACPA peptide array
antibody binding to the different citrullinated peptides (A-C) or PTMs (D). Right, Titration ELISA dilution curves show mAb (at different dilutions)
binding to selected peptides. M + M = fully mutated antibody; G + G = fully germline antibody; M + G = heavy-chain mutated and light-chain
germling; G + M = heavy-chain germline and light-chain mutated; X + M = heavy-chain unrelated (different V,, gene, third complementarity-
determining region length, and other ACPAs) and light-chain mutated; F + F = framework regions converted to germline in heavy and light
chains. In the ACPA peptide array, the mAb were analyzed at 5 pg/ml, and the ELISA titration curves start at an mAb concentration of 5 pg/ml
and were diluted one-half in 12 steps. See Figure 1 for other definitions.
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maintained citrulline reactivity, although at a reduced level, as
compared to the fully mutated antibody (Figure 4C). Germline
mAb 1325:04C03 did not express functional antibodies in our
system, and thus could not be investigated.

Variations between ACPAs in the contributions of
heavy- versus light-chain mutations to antigen recogni-
tion. As a further investigation of the molecular basis for citrul-
line recognition, we produced converted and chain-exchanged
recombinant antibodies with germline-reverted (G) sequences in
either only the heavy chains or only the light chains.

For mAb 1325:01B09, there was a strong dependency on
the light-chain mutations for citrulline recognition. The citrulline

reactivity was thus sustained in the variant, where only the heavy
chain was converted back to germline, while the mutations
were retained in the light chain (G + M in Figure 4A). In contrast,
all reactivity diminished in the opposite chain—-exchanged
version (heavy chain mutated and light chain germline) (M + G
in Figure 4A).

Since this mAb displayed many mutations in the FWRs (Fig-
ure 3B), an additional construct was produced in which only the
FWRs were reverted to germline, with mutations in the CDRs
remaining. This construct displayed citrulline reactivity without
any loss in sensitivity (F + F in Figure 4A).

A similar pattern of reactivity was found for the chain-
exchanged variant mAb 1325:05C086, with a strong dependence
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Figure 5. Effects of the 4 ACPA mAb on osteoclast differentiation and bone erosion. Top, Osteoclast differentiation in the presence of the 4
mADb (or control antibody [Ctrl]) was measured using a combination of tartrate-resistant acid phosphatase (TRAP) staining and >3 nuclei per cell
(representative examples shown in upper panels). Effects of the 4 mAb on artificial bone erosion were investigated using a previously described
in vitro assay (10) (representative examples shown in lower panels). Bottom, The effects of the 4 ACPA mAb (at 2 different concentrations) on
osteoclast numbers and bone erosion in peripheral blood samples from several rheumatoid arthritis donors are summarized, showing the fold
increase in osteoclast numbers and bone resorption. Results are the mean + SEM of 1-6 samples per group. * = P < 0.05; ** =P < 0.01; ** =
P < 0.001, by Kruskal-Wallis test followed by Dunn’s test for multiple comparisons. See Figure 1 for other definitions.
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of the light-chain mutations for its peptide reactivity. The citrulline
binding was more profoundly reduced in this variant construct
(Figure 4B), implying that the dependency was less absolute.

To further understand the function of the heavy chain of the
2 mAb in which only the mutations in the light chain contribut-
ed to citrulline binding, we next exchanged the original heavy
chain to unrelated heavy-chain sequences, and thus addressed
the contributions of various V,, genes, CDR3 lengths, or other
investigated ACPA heavy chains. Interestingly, none of these
combinations generated any citrulline binding, indicating that the
original heavy-chain V-D-J rearrangement (even if germline) is
essential for the citrulline binding for mAb 1325:01B09 and mAb
1325:05C06 (X + M in Figures 4A and B).

The mAb 1325:07E07 had the interesting feature of retain-
ing some citrulline binding for the germline-converted mAb. No-
tably, the heavy chain of germline-converted mAb 1325:07E07
was more important than the light chain for binding (Figure 3C).
The variant with germline light chain, as compared to the fully
mutated 1325:07EQ07, demonstrated stronger citrulline binding
for the chain-exchanged antibody (mAb 1325:07E07 M + G]
versus mAb 1325:07EQ7 [M + M] in Figure 4C), and also ob-
tained reactivity with the peptides with PTMs CarP and acetylat-
ed ornithine (Figure 4D).

For mAb1325:04C03, only the germline heavy-chain con-
struct, and not constructs with germline light chain, was produc-
tive. Based on the reactivity of the expressed mAb, we conclude
that hypermutations of the light chain may not contribute signif-
icantly to the citrulline binding for this antibody (Supplementary
Figure 7, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40699/abstract).

Differential functional effects of monoclonal ACPAs
on osteoclasts. The investigated monoclonal ACPAs had sev-
eral features in common, such as high mutation frequencies and
overlap in reactivities, and yet they also displayed essentially
unique patterns of citrulline and homocitrulline reactivity with pep-
tides and/or full-length proteins. To further understand whether
these differences could result in different functions, we tested the
4 antibodies in an in vitro assay for antibody-dependent effects
on osteoclastogenesis and in vitro bone destruction (10).

Of the 4 tested antibodies, mAb 1325:04C03 promoted os-
teoclastogenesis (P = 0.0049 at a concentration of 10 ug/ml) and
increased erosion of an artificial bone surface (P = 0.0005 at a
concentration of 10 pg/ml), whereas no such stimulatory effects
were seen for the other 3 monoclonal ACPAs (Figure 5). Instead,
mAb 1325:05C06 displayed an inhibitory effect on osteoclast-
mediated bone erosion in vitro (P = 0.0221 at a concentration of
1 pg/ml, P = 0.0067 at a concentration of 10 pg/ml), but without
a concomitant effect on osteoclast numbers (P = 0.9 at a con-
centration of 10 pg/ml) (Figure 5). Notably, polyclonal IgG ACPAs
from RA patients have been shown to exert effects on osteoclast
activation that were similar to those of mAb 1325:04C03 (10).

DISCUSSION

A major finding from our study of spontaneous production
of antibody-secreting cells from the active RA joint was that the
ACPAs are both highly specific and refined for recognition of
PTMs, mainly citrullination, while at the same time they display
extensive, but still partly unique, cross-reactivity patterns that are
dependent on linear consensus sequences rather than distinct
proteins. We also demonstrated that these features are confined
neither to cells from inflamed joints nor to disease-modifying an-
tirheumatic drug—naive disease, as we could replicate the exten-
sive cross-reactivity also for citrulline-reactive B cells from the
peripheral blood of additional RA patients.

We are intrigued by our finding that the combination of
high numbers of somatic mutations and broad cross-reactivity
against thousands of PTM peptides, and at least several PTM
proteins, differed from what has been described for most pre-
viously investigated autoantibodies associated with organ-
specific and systemic autoimmune diseases (28-31). For the
presently investigated ACPAs, we hypothesize that multiple T
cell-dependent selection processes with somatic |g mutations
may happen sequentially, for example, in germinal center-like
structures located in mucosal tissues, in lymphoid organs, and
in joints. Such germinal center—like structures have previously
been described in these sites in RA patients (32-36). In addition,
there are indications that immune responses toward citrullinated
antigens may be initiated in mucosal tissues, for example, in the
lungs. It will thus be very interesting to further analyze the emer-
gence of somatic mutations at these different sites in order to
better understand the mechanisms behind the development of
the somatically hypermutated ACPAs described in the inflamed
joints of patients with established RA.

Concerning the T cells that may have provided help to the
generation of the B cells/plasma cells in this study, we note that
some of the ACPA targets (a-enolase, vimentin, and fibrinogen,
as well as cartilage intermediate layer protein) overlap with well-
defined HLA-DRB1*04:01-associated T cell epitopes studied
in ACPA+ RA (37,38). The difference in the underlying germinal
center reactions, as compared to classic autoimmune reactions,
would be that different PTM proteins in different organs may
contribute to a consecutive selection of B cells that ultimately
mature into plasma cells in the inflamed joint.

Another striking feature of ACPAs, both on a serologic and
monoclonal level, is the recently discovered accumulation of mu-
tations that introduces N-linked Fab glycosylation sites (39,40).
Indeed, ACPAs (including the ones described herein) have been
verified to carry Fab glycosylations in both their heavy- and light-
chain variable regions (39), and it is possible that this confers an
advantage in the B cell selection process that partly compen-
sates for the relatively low affinities observed.

Although the affinities of our ACPAs were found to be in the
uM range, the ELISAs were also effective in mAb concentra-
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tions down to the ng/ml range, thus ensuring that we detected
antigen recognition and not classic polyreactivity. We also ac-
knowledge that the measured affinities may not properly reflect
the binding strength for targeted modified intact proteins in vivo.
Furthermore, consistent with this notion, not all peptides in the
extracellular matrix array should be regarded as physiologic tar-
get antigens for ACPAs, until further validated. Importantly, the
autoantigenic peptides/proteins we used in our ELISAs and
Western blots all originated from in situ identification of citrullina-
tion in serum and synovial fluid samples from RA patients.

The presently described monoclonal ACPAs all showed con-
sistent and clear specific reactivity with citrullinated peptides and
intact proteins in several assays in which we used low concentra-
tions of the respective antibodies. This is true also for another set
of recently published monoclonal ACPAs (27), from which 2 were
also used in the validation experiment of our large peptide array
(see Supplementary Figure 5 [http://onlinelibrary.wiley.com/
doi/10.1002/art.40699/abstract]). Previously, studies utilizing hu-
man monoclonal ACPAs (41-43)*, including those from our own
laboratory, have used single and more limited detection systems
and often high concentrations of the antibodies, which may yield
false-positive responses. Such false-positive signals may stem
from specific types of polyreactive antibodies, which are common
in systemic lupus erythematosus (44). These may very well be
overrepresented in RA as well, and such reactivities, although
potentially pathogenetically relevant, are very different from those
described in the present report. In the current study, we therefore
decided to use several different approaches, including detection
of binding to intact proteins as complement to the peptide-based
assays. We thus recommmend that optimization of assays for reac-
tivity against PTM peptides/proteins will be necessary for all fu-
ture studies of ACPAs, and that some previously described anti-
bodies with reported citrulline reactivity may not fulfill the more
stringent criteria used in the present investigation. We consider
such differences to be a main explanation for the differences in
frequency of synovial B cells with citrulline reactivity in our present
study as compared to that in our previous report (41).

Concerning the potential pathogenic role of ACPAs, it is
interesting to note that 1 of them (mAb 1325:04C03), but not
the other 3 multireactive ACPAs, was able to induce osteoclast
activation and in vitro bone resorption. In addition, 1 ACPA de-
scribed by Titcombe et al (27) (which was also 1 of the validation
ACPAs [37CEPT2C04] used in our extracellular matrix peptide
array) has been demonstrated to enhance joint inflammation in
mice receiving a lipopolysaccharide challenge (27). At this point,
it is not possible to identify the precise features of these 2 ACPAs
that result in these effector functions. Instead, these observa-
tions further emphasize the importance of analyzing ACPAs at
the monoclonal level, both concerning triggering events and

*Reference 41 has been retracted since the time of initial publication of
this article.

concerning disease-causing mechanisms. The growing list of
reported monoclonal ACPAs (27,41-43,45-48) represents an
important resource for such studies.

The observation that 2 of the predicted germline ACPAs
did not recognize the investigated citrulline targets is consistent
with the findings in other studies in different disease settings
(41,49-51), and is consistent with the expected low affinity in
germline-encoded, naive, IgM-positive B cells before antigen
selection. Still, one of the constructs using the germline se-
quence of the investigated antibodies (germline-reverted mAb
1325:07E07) recognized some of the citrullinated autoantigens.

Interestingly, some of the ACPA mAb displayed a higher
light-chain somatic hypermutation dependency than heavy-
chain somatic hypermutation dependency. While the antigen-
binding surface of immunoglobulins is predominantly built
up by the interface of the light-chain and heavy-chain CDR
loops, the heavy-chain CDRs, especially HCDR3, are gen-
erally thought to be most critical for the binding in a majori-
ty of antibodies. Notably, the results of our chain-swapping
experiments showed that the ancestral heavy-chain V-D-J
rearrangement was essential, even though the binding was
independent of heavy-chain somatic hypermutations in these
particular ACPA mAb.

In summary, we have demonstrated how plasma cells from
an RA inflamed joint, as well as B cells from the circulation of
RA patients, can produce antibodies that, on the one hand,
have undergone extensive hypermutation and, on the other
hand, react with a massive number of different PTM peptides
and proteins with similar, but distinct, recognition amino acid
patterns for each of the investigated mAb. We envision that
such scenarios may also be valid for other autoimmune diseas-
es in which potentially pathogenic antibodies, which develop
over several years, may recognize different targets in different
organs. Thus, studies on cross-reactivity patterns, in particular
in the context of PTMs or other protein modifications, may pro-
vide us with new leads concerning both triggering and targeting
of B cells involved in complex inflammatory diseases like RA.
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Structural Basis of Cross-Reactivity of Anti-Citrullinated
Protein Antibodies

Changrong Ge," Bingze Xu,' Bibo Liang,” Erik Lonnblom," Susanna L. Lundstrém,’ Roman A. Zubarev,'
Burcu Ayoglu,’ Peter Nilsson,” Thomas Skogh,* Alf Kastbom,” Vivianne Malmstrom,” Lars Klareskog,”
René E. M. Toes,® Theo Rispens,” Doreen Dobritzsch,® and Rikard Holmdahl?

Objective. Anti—citrullinated protein antibodies (ACPAs) develop many years before the clinical onset of rheuma-
toid arthritis (RA). This study was undertaken to address the molecular basis of the specificity and cross-reactivity
of ACPAs from patients with RA.

Methods. Antibodies isolated from RA patients were expressed as monoclonal chimeric antibodies with mouse
Fc. These antibodies were characterized for glycosylation using mass spectrometry, and their cross-reactivity was
assessed using Biacore and Luminex immunoassays. The crystal structures of the antigen-binding fragment (Fab) of
the monoclonal ACPA E4 in complex with 3 different citrullinated peptides were determined using x-ray crystallogra-
phy. The prevalence of autoantibodies reactive against 3 of the citrullinated peptides that also interacted with E4 was
investigated by Luminex immunoassay in 2 Swedish cohorts of RA patients.

Results. Analysis of the crystal structures of a monoclonal ACPA from human RA serum in complex with citrulli-
nated peptides revealed key residues of several complementarity-determining regions that recognized the citrulline
as well as the neighboring peptide backbone, but with limited contact with the side chains of the peptides. The same
citrullinated peptides were recognized by high titers of serum autoantibodies in 2 large cohorts of RA patients.

Conclusion. These data show, for the first time, how ACPAs derived from human RA serum recognize citrulline.
The specific citrulline recognition and backbone-mediated interactions provide a structural explanation for the pro-

miscuous recognition of citrullinated peptides by RA-specific ACPAs.

INTRODUCTION

A hallmark of autoimmune diseases is the production of
autoantibodies. There has been a revival of interest in furthering
understanding of their functional roles, since these autoantibodies
precede the clinical onset in most autoimmune diseases. How-
ever, knowledge of their exact interactions with target epitopes is
very limited. Rheumatoid arthritis (RA) is one of the most prevalent
autoimmune diseases, affecting ~0.5% of the world population.
The occurrence of rheumatoid factors (RFs), i.e., antibodies self-
reactive with the Fc portion of IgG, and autoantibodies against
citrullinated proteins (ACPAs) have been found to be specific for
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RA, and both have been suggested to take part in disease devel-
opment (1-4). RFs and ACPAs appear years before the clinical
onset of RA (5,6), and both are included in the American College
of Rheumatology (ACR)/European League Against Rheumatism
2010 classification criteria for RA (7).

ACPAs are typically detected by commercial enzyme-linked
immunosorbent assay using a certain set of undisclosed cyclic
citrullinated peptides (CCPs), specifically CCP-2. Up to 70% of RA
patients are found to be anti-CCP-2 positive, and the occurrence
of ACPAs is linked to poorer prognoses (8).

A variety of citrullinated autoantigens have been characterized
and suggested to be potential ACPA targets, such as a-enolase,
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fibrinogen, filaggrin, vimentin, and type Il collagen (Cll) (9-13). Some
ACPAs may have a more antigen-specific reactivity to certain cit-
rullinated proteins, but most seem to be widely cross-reactive (14).

It is believed that both RFs and ACPAs promote the for-
mation of immune complexes, but their pathogenic roles in vivo
remain unclear. Several lines of evidence have indicated that
ACPAs may play a critical role in the pathogenesis of RA. ACPAs
have been reported to activate osteoclasts, to trigger bone
erosions via an interleukin-8 (IL-8)-dependent pathway, and to
elicit joint pain when injected into mice (15-17). ACPAs are also
capable of inducing the secretion of tumor necrosis factor from
macrophages through Fcy receptor engagement, and of mediat-
ing complement activation via both the classical and alternative
pathways (18). However, it is still unclear whether the demon-
strated pathogenic effects of ACPAs are specifically related to
their citrulline specificity or whether they could be attributed to
other intrinsic characteristics, such as Fc glycosylation (19,20).

So far, only a subtype of ACPAs cross-reactive with joint car-
tilage has been shown to be able to induce arthritis upon direct
injection into mice (21,22). Interestingly, Fc glycan sialylation of
these antibodies transforms them into protective antibodies (19).
Most ACPA-positive sera from RA patients are cross-reactive with
several different citrullinated peptides (14). However, the molecular
interactions of ACPAs with their citrullinated epitopes, clarification
of which could explain both their wide cross-reactivity and their
specificity for citrulline, are poorly understood.

To address this question, we produced several human mon-
oclonal ACPAs and characterized their binding properties. In this
study, we characterized, for the first time, the crystal structures of
the Fab fragment of 1 of these ACPAs in complex with 3 sequence-
unrelated peptide epitopes. Our results showed that at least some
ACPAs specifically recognize the citrulline residue in a manner
largely independent of the peptide epitope sequences. This find-
ing has general importance, since the autoantibody responses
to 3 citrullinated antigens, which were bound by the monoclonal
ACPA Fab fragment in the crystal complexes, reached high titers
and were found to be present at a high frequency in the serum of
patients in 2 well-characterized Swedish RA cohorts.

PATIENTS AND METHODS

Patient population. In the present study, serum samples
from 2 cohorts of RA patients were used for assessment of anti-
body reactivity by Luminex immunoassay. First, a part of the cohort
of the second Swedish Early Intervention in RA trial (TIRA-2) (23)
was used (n = 504), and as controls, we used healthy subjects from
the cohort of the Western Region Initiative to Gather Information on
Atherosclerosis (n = 285). The study protocol was approved by the
regional ethics review board in Linkkoping, Sweden.

Second, a subset of RA patients in the previously described
Swedish Epidemiological Investigation of RA (EIRA) cohort (24)
was used (n = 575), and 191 healthy subjects were used as

controls. RA in the patients in the EIRA cohort was diagnosed
according to the ACR 1987 classification criteria (25). The study
was approved by the Karolinska Institutet ethics review board.
For additional information on the study subjects and methods
used, see Supplementary Patients and Methods (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40698/abstract).

Suspension bead array. In the serum samples obtained
from RA patients, autoantibody responses were analyzed by
Luminex immunoassay, as described previously (26). The median
fluorescence intensity (MFI) was used to quantify the interaction of
serum antibody with the given peptides.

Expression and purification of chimeric antibodies.
The corresponding DNA fragments for the given antibodies were
cloned into the vector pCEP4 (Life Technologies), and then the
plasmids were cotransfected into Expi293F cells (Life Technolo-
gies) with FectoPRO DNA transfection reagent (Polyplus transfec-
tion). The chimeric antibody was purified using a 5-ml HiTrap Pro-
tein G HP affinity column (GE Healthcare Life Sciences) according
to the manufacturer’s instructions.

Preparation and purification of the chimeric E4 Fab
fragment. The E4 Fab fragment was prepared using an
ImmunoPure Fab Preparation Kit (Pierce) in accordance with the
manufacturer’s instructions. The Fab fragments for D10 and B10
were produced as described previously (27).* The Fab fragments
used for crystallization were further purified by size-exclusion
chromatography using a HiLoad 16/600 Superdex 200 column.

Crystallization, data collection, and structure deter-
mination. For the complexes, the Fab fragments in 20 mM Tris
(pH 7.4)-20 mM NaCl were mixed with the cognate peptides in
2-3 times molar excess, before crystallization. Diffraction data
were collected at the beamlines (specific data are provided in
Supplementary Table 3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/
abstract). The images were processed using XIA2 (28-30), and
scaled using the Aimless application (31) from the Collaborative
Computational Project 4 (CCP4) program suite (32).

The structure of the E4,,—CII-C-13 complex was determined
by molecular replacement using Phaser crystallographic software
(83). lterative cycles of the manual model building were carried out
using the Coot crystallographic object-oriented molecular graph-
ics toolkit (34) and translation-libration-screw crystallographic
refinement, as well as restrained refinement with Phenix or REF-
MACS5 software (35), until R-factors converged. All final models
were found to have good stereochemistry, with >96% of the res-

*Correction added 28 January 2019 after online publication: Reference
27 has been retracted since the time of initial publication of this article.


http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract

212

GEETAL

idues located in the most favored regions of the Ramachandran
plot (see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40698/abstract). The Protein Interfaces, Surfaces
and Assemblies service (available from the European Bioinformat-
ics Institute at http://www.ebi.ac.uk/pdbe/prot_int/pistart.ntml)
(36) was used to analyze molecular surfaces. The Contact appli-
cation in the CCP4 suite (32) was used to analyze peptide inter-
actions, and Phenix (37) was used for calculation of eloow angles.
Structure comparisons and root mean square deviation (RMSD)
calculations were performed with the secondary-structure match-
ing tool (38) as implemented in the Coot program. Figures were
prepared with PyMOL (39). The crystallographic coordinates and
structure factors have been deposited in the Protein Data Bank
(PDB accession codes are listed in Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract).

Statistical analysis. The nonparametric Wilcoxon’s rank
sum test was applied for analysis of differences in MFI ratio values
between RA patients and healthy controls. Reactivity of a peptide
was considered positive if the MFI ratio was above a predefined
MFI ratio threshold, defined as the median plus 5 times the median
absolute deviation of that obtained in healthy control serum. All
calculations were done in R software using several packages (40).

RESULTS

Generation and characterization of monoclonal
ACPAs. To characterize the binding profiles of ACPAs, we focused on
several reported monoclonal ACPAs (21,22,27,41) (a complete list is
provided in Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40698/abstract). Two of these autoantibodies (namely, E4 and
F3) had N-linked glycans in the variable domains that could modu-
late their binding profiles to citrullinated antigens (41,42). Therefore,
these antibodies were produced in 2 formats: as a chimeric, nongly-
cosylated (NG) antibody, and as a chimeric, glycosylated (wild-type
[WT]) antibody, by genetically fusing the constant regions (C, and
C,) of mouse IgG2b to the variable regions (V, and V) of human
E4 or F3. The Fc-glycosylation patterns were comparable between
E4 and F3, as determined by mass spectrometry (results in Supple-
mentary Figure 1, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract).

For comparison, we also analyzed 2 other previously
reported monoclonal ACPAs, designated D10 and B2. They were
originally generated from joint-derived B cells of RA patients and
were reported to bind to citrullinated peptides derived from a-eno-
lase (CEP-1), fibrinogen, and vimentin (27). They were produced
in the same mouse IgG2b—based chimeric format. In addition, we
analyzed 2 ACPAs (ACC1 and ACC4) that were generated from
mouse serum. These have been shown to be arthritogenic, based
on findings of their cross-reactivity with triple helical Cll (ACC1) or
with a citrullinated peptide derived from Cll (ACC4) (21,22).

To comprehensively map the breadth of reactivity of chimeric E4
and F3, a large set of 17-mer cyclic Cli-derived arginine-containing
peptides and the corresponding citruline-containing peptides were
synthesized (see Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40698/abstract) and examined by Luminex immunoassay. Com-
monly used citrullinated peptides derived from a-enolase (CEP-1),
fibrinogen, vimentin, and filaggrin (CCP-1) were also included (43).
A remarkable difference in reactivity was observed between the cit-
rullinated peptides and the respective arginine-containing peptides
(Figure 1A). Neither E4 nor F3 showed reactivity toward any arginine-
containing peptides. However, both E4 and F3 recognized several
citrullinated Cll peptides (CI-C-13, CI-C-23, CI-C-38, CI-C-39,
and Cll-C-48) and CEP-1. The ClI peptides CI-C-17, CI-C-27,
ClI-C-29, CI-C-49, and CII-C-54 and the Vimg, ;, peptide were only
recognized by E4, while the peptides CCP-1, Vim,_,, and CI-C-51
were solely recognized by F3, suggesting that there are qualitative
differences in cross-reactivity between E4 and F3. Notably, all of the
Cll-derived peptides recognized by both ACPAs contained a con-
served Git-Gly motif in their sequences. In addition, both the WT
and NG forms of E4 and F3 showed subtle differences of binding
strength/affinity against the same peptide. This is consistent with our
previous observation that variable-domain glycosylation was able to
modify the binding avidity to citrullinated antigens (42). In contrast, we
did not observe binding of the other 2 monoclonal ACPAs (D10 and
B2) to any constituent of the present peptide library (data not shown).

Furthermore, we measured the affinity of both E4 and F3
for CEP-1 by surface plasma resonance (SPR) imaging, using
the corresponding arginine control peptide as a reference. Our
findings revealed that E4 had a stronger affinity/avidity for CEP-1
(measured by the dissociation constant [K]; K, = 2.5 x 107M for
E4 IgG, and K, = 2.3 x 10°M for E4.,) when compared to F3
Ky = 3.5 x 10°M for F3 Ig@) (Figures 1B-D). Both D10 and B2
showed weak binding to CEP-1 (K, = 2.0 x 10"°M for D10, and
Ky = 1.0 x 10°M for B2:,,) in our SPR assay in which an empty
reference channel was used, but the specificity for CEP-1 was
totally abrogated when the arginine-containing control peptide
was used as the reference channel (results in Supplementary Fig-
ure 2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract), thus
showing that neither D10 nor B2 is a citrulline-specific antibody.

In summary, compared to F3, E4 showed a broader range
of reactivity toward citrullinated Cll peptides, but the N-glycan in
the antibody combining site did not affect its specificity. Thus, the
nonglycosylated forms of E4 (E4NG) and F3 (FBNG) were chosen
for more detailed analyses in the present study.

Overall structure of the E4 Fab and complex forms.
To identify the structural determinants of citrulline specificity and
epitope cross-reactivity of the ACPAs, we determined the crystal
structures of the E4 Fab fragment complexed with 3 distinct cit-
rullinated peptides (CII-C-13, ClI-C-48, and CEP-1) selected from
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Figure 1. Reactivity of the E4 and F3 anti—citrullinated protein antibodies toward 17-mer cyclic citrullinated type Il collagen (Cll) peptides. A, Profiles

of reactivity (measured as the mean fluorescence intensity [MFI]) of each peptide against 2 variants (glycosylated, wild-type [WT] or nonglycosylated
ING]) of E4 and F3 were analyzed in a Luminex immunoassay. A set of 108 cyclic 17-mer Cll peptides (54 citrullinated and 54 corresponding
unmodified peptides) covering the whole mature ClI, with arginine (ARG) or citrulline (CIT) centered in the sequence, was designed and used in the
assay. In addition, some other citrullinated peptides were also included. The broken red line indicates the threshold for positivity, defined as the mean
plus 2 times the SD of MFI values obtained for all 54 unmodified peptides. B-D, The affinity of varying concentrations of the E4 Fab fragment (B), E4
IgG (C), or F3 1gG (D) for a-enolase peptide (CEP-1) (measured as the dissociation constant [K,]) was determined by surface plasma resonance (SPR)
analysis. The response units (RU) in the SPR sensorgrams represent the value obtained by subtraction of the CEP-1 channel from arginine analog
channel results. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract.

our peptide library, and for comparison, we also determined the
crystal structures of E4q,, in an unbound state (Figure 2A). Pep-
tides ClI-C-13 ('CPAGEEGKXGARGEPGCA'™) (X = the citrulline in
these sequences) and Cll-C-48 ('CEAGEPGEXGLKGHRGCA')

are derived from Cll, whereas CEP-1 ('CKIHAXEIFDSXGNPT-
VECK®) is a well-characterized peptide originating from a-enolase.

The crystallographic data collection and

refinement

parameters are summarized in Supplementary Table 3 (http://
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E4Fab-ClI-C-13

E4Fab-ClI-C-48 E4Fab-CEP1

Figure 2. The crystal structures of E4¢,, and its complexes. A, Overall structures of the E4.,,, E4¢,, in complex with type Il collagen (Cll) peptides
(E4¢,,—ClI-C-13 and E4,~ClI-C-48), and E4,, in complex with a-enolase peptide (E4,,—CEP-1) are depicted, with light and heavy chains shown
in blue and gold, respectively. The peptides bound to the E4.,, are shown as sticks with carbon, oxygen, nitrogen, and sulfur atoms colored green,
red, blue, and yellow, respectively. B, The E4,, paratope and electron density observed for the bound peptides and glycerol molecules are shown.
The final 2F —F, electron density map (gray) is contoured at 1o for a 2A radius around the ligands. The F~F. map is contoured at 3¢ (green) and
30 (red). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract.

onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract). In 3
complex structures, the E4.,, adopted a characteristic Ig fold
with clearly defined electron density. Peptides CII-C-13 and
Cll-C-48 were also well defined by electron density in the
complexes, except for their terminal parts, which extended
beyond the binding site. The entire CEP-1 peptide was clearly
seen in the complex structure (Figure 2B). The Fab fragment in
the complexes with CII-C-13 and CEP-1 contained the murine
lgG2a constant region, whereas the E4 Fab fragment present in
the crystals in the unbound state and in complex with ClI-C-48
contained the murine IgG2b constant region.

Due to the differences in the constant region and/or the crys-
tal lattice, the relative orientations of the variable and constant
domains of the single E4,, in these crystals (211° and 218° per
asymmetric unit, respectively) deviated significantly from those
observed for the E4.,, in the complexes with CII-C-13 and CEP-1
(149-150° per asymmetric unit) (results in Supplementary Figures
3A and B, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract).
Pairwise superimposition of the individual (identical) constant
and variable domains of all 4 structures resulted in RMSD val-
ues of 0.2-1.0A (results in Supplementary Table 4, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.

com/doi/10.1002/art.40698/abstract). These findings indicate
that the backbone conformational similarity was high.

Molecular determinants of citrulline recognition and
cross-reactivity. The antigen-binding paratope was formed by
the heavy (H)- and light (L)—chain variable domains involving all
6 complementarity-determining regions (CDRs), with the largest
contributions coming from H3 and L1 (results in Supplementary
Table 5, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract). It
consisted of 2 narrow grooves that were connected at both ends,
and in the middle it was separated by a ridge formed by H-G102
and H-S103 from CDR H3 and L-F33 of CDR L1, thus giving it
an overall ring- or zero-like shape (Figure 3A). At one end of the
“zero,” the groove had a distinctly negative electrostatic potential,
whereas the dominating features at the other end were an ~8A
deep pocket formed by H2 (H-W48, H-S51, H-Y59), H3 (H-199,
H-N105), and L3 (L-F99) residues, flanked by a hydrophobic patch
and a patch of positive electrostatic potential (Figures 3A and B).

All 3 distinct peptide epitopes adopted a bent conforma-
tion to match the groove (Figure 2 and Supplementary Figure 3
[http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract]).
However, they showed identical conformations for the signature
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Figure 3. The E4.,, binding groove and superimposition of the crystal complexes. A, The shape and electrostatic surface potential of the
E4.,, peptide-binding groove with the bound a-enolase peptide (CEP-1) are shown. Blue and red colors indicate areas of positive and negative
surface potential, respectively. The peptide is shown as sticks. B, A magnified view of the citrulline binding pocket is shown. The heavy (H)-
chain and light (L)—chain residues lining the pocket at a distance <3.8A to the citrulline are shown as sticks with carbon atoms in blue and gold,
respectively, according to heavy- or light-chain origin. The dimensions and shape of the pocket are outlined by the semitransparent molecular
envelope of the E4,,. C, Stereochemistry views of the superimposed paratopes of the 4 E4.,, crystal structures are shown. The heavy and light
chains of the E4,, are shown in light blue (for the E4,,—CEP-1), yellow (for the type Il collagen [Cll] complex E4.,,—ClI-C-13), light green (for the
E4.,,—ClI-C-48), and pink (for the E4.,,-glycerol), whereas the bound ligands are depicted in purple (for CEP-1), orange (for Cll-C-13), green (for
ClI-C-48), and darker magenta (for glycerol molecules). D and E, Magnified stereochemistry views of the L1 (D) and H3 (E) complementarity-
determining region loops show larger structural deviations between the 4 E4,, crystal structures. Hydrogen bonds are indicated by broken lines.
GOL = glycerol. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract.

Cit-Gly motif and the directly following residue, as well as the 3 was almost identical, despite their binding to different peptide
preceding amino acids, with the long citrulline side chain being sequences (Figure 3C; see also Supplementary Table 5 and Sup-
inserted into the deep pocket. plementary Figure 3 [http://onlinelibrary.wiley.com/doi/10.1002/

Superimposition of the variable domains of the E4g,,—pep- art.40698/abstract]). The only noteworthy exception was an

tide complex revealed that the conformation of the CDR loops adjustment of the L1 loop conformation at the L-S31 position in
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the E4.,—CEP-1 complex (Figure 3D). Superimposition with the
corresponding peptide-free structure revealed that the paratope
was stably preformed in the absence of antigen, since peptide
binding induced few and very modest changes in the CDR residue
conformations (Figure 3E).

Citrulline recognition was largely mediated by formation of 3
hydrogen bonds to its side chain (Figure 3B), namely 1) between
the oxygen atom of the ureido moiety and the hydroxyl group of

H-S51, as well as the amine nitrogen of H-W48, and 2) between
1 of the ureido group nitrogen atoms and the carboxamide oxy-
gen of H-N105. Since this deep pocket is nonpolar, insertion of
a charged side chain should be energetically disfavored, thereby
explaining the strict selectivity for citrulline epitopes as compared
to arginine-containing epitopes.

Furthermore, 3 direct and 2 water-mediated hydrogen
bonds were found to be conserved in all 3 E4.,—peptide com-

Figure 4. Stereochemistry views of the interactions of the E4,, with bound ligands. The E4,, heavy and light chains are shown in gold and
blue, respectively. All residues within a 3.8A radius to the bound ligands are represented as sticks with carbon atoms in the color of the chain they
belong to and labels in black, whereas bound ligands are shown as sticks with carbon atoms and labels in green. Water molecules are depicted
as red spheres, intrapeptide hydrogen bonds as broken lines in green, and other hydrogen bonds as broken lines in black. For the a-enolase
peptide (CEP-1) complex E4.,,—CEP-1, the approximate position of the 2 CEP-1 residues not resolved in electron density is indicated by a dotted
line in green. A-C, The detailed polar interactions between E4,, and bound ligands are shown for the E4.,,~CEP-1 (A), and type Il collagen (Cll)
complexes E4.,,—ClI-C-13 (B) and E4.,,—ClI-C-48 (C). D, Interactions of E4.,, with 3 glycerol (GOL) molecules bound to the paratope are shown.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract.
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plexes (Supplementary Table 5 [http://onlinelibrary.wiley.com/
doi/10.1002/art.40698/abstract]). The citrulline interacted with
the hydroxyl group of H-Y59, the Cit-Gly motif glycine, and the
peptide residue preceding the citrulline, p(Cit-1). In addition, the
citrulline interacted with both the backbone oxygen and nitrogen
of H-G102, and the p(Cit-3) residue made water-mediated con-
tacts to the backbone groups of both H-S32 and H-G101.

Several additional polar contacts were also observed, namely
the hydrogen bonding of the Cit-Gly motif glycine to the carbox-
amide group of H-N105 (direct) and to the backbone oxygen of
H-S103 (water-mediated) that was observed in the E4.,, com-
plexes with Cll-C-13 and CII-C-48, and the water-mediated
hydrogen bonds between the p(Cit-2) and the hydroxyl groups of
H-T55 and H-T57 that were observed in the Cll-C-13 and CEP-1
complexes.

All of these polar interactions engaged peptide main-chain
atoms. Therefore, they were not epitope sequence-specific, giv-
ing rise to the strong cross-reactivity of E4.

Based on our characterization of the 3 analyzed epitopes,
CEP-1 binding showed several characteristic features not shared
by the 2 ClI-derived peptides. The entire CEP-1 sequence, except
for pE7 and pl8, was well defined in electron density (Figure 2B).
Both ends of the CEP-1 peptide were closely associated via 3
intrapeptide hydrogen bonds as well as a disulfide bridge (Fig-
ure 4A and Supplementary Figure 4, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40698/abstract). Complex formation buried
~350A%, 26542, and 690A? of the E4 heavy chain, E4 light chain,
and CEP-1 solvent-accessible surface areas, respectively (com-
pared to the corresponding areas of 260A%, 180A2, and 51042,
respectively, for the complex with ClI-C-13, and 265A%, 20042,
and 55042, respectively, for the complex with CII-C-48). For Cll-
C-13 and CII-C-48, the electron density was observed only for
residues 4-13 and 5-13, respectively (Figure 2B), with both N- and
C-termini exiting the E4,, paratope earlier than the corresponding
CEP-1 residue. This could be attributed to differences in peptide-
binding modes rather than to differences in crystal packing.

Both CII-C-13 and CII-C-48 contained a hydrophobic resi-
due, a positively charged residue, and a glycine directly following
the Cit-Gly motif (Figures 4B and C and Supplementary Figure
4 [http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract]).
The side chain of the hydrophobic residue (for ClI-C-13, pA11;
for ClI-C-48, pL11) was inserted in a relatively nonpolar side
extension of the main peptide-binding groove, whereas the long
positively charged arginine (for CI-C-13) and lysine side chains
(for Cll-C-48) interacted with an area of negative electrostatic
potential of the main groove, thus causing the exit of the p(Cit+4)
glycine and all residues following from it. The positively charged
p(Cit+3) side chains were hydrogen-bonded to the carboxyl group
of L-D52 and the backbone oxygen of L-A32 in both the E4.,—
ClI-C-48 and E4,,—CII-C-13 complexes, although directly in the
former and water-mediated in the latter.

The interactions between the E4 paratope and peptide anti-
gen were dominated by the above-described polar contacts, as
relatively few short-distance (<8.8,&) hydrophobic contacts were
observed in all 3 complexes (Supplementary Table 5 [http://
onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract]). The pri-
marily polar nature of the E4 paratope, providing numerous hydro-
gen bond donor and acceptor groups, was further highlighted by
the observation of 3 glycerol molecules originating from the crys-
tallization/cryoprotection solution in the peptide-binding groove of
the antigen-free E4.,, crystal structure (Figure 4D and Supplemen-
tary Table 5).

Structural comparisons with other ACPAs. The crys-
tal structures of 2 murine ACPAs, ACC1 (PDB accession code
5mu0) and ACC4 (PDB accession code 2w65) in complex with
citrullinated peptides, have been reported previously (21,22).
ACCH1 is a highly arthritogenic antibody that targets the citrulli-
nated C1 epitope on Cll but also cross-reacts with several non-
citrullinated epitopes on native Cll, as well as with some classic
citrullinated peptides such as CCP-2 and CCP-1. ACC4 is, on
the other hand, specific for the citrullinated ClI-C1 epitope in the
non-native, single a-chain form. Interestingly, it enhanced arthri-
tis severity when given concomitantly with another CllI-specific
antibody, M2139 (22). We also determined the crystal structures
of the human antibodies B2 and D10, which were the first to be
cloned from human RA serum and were reported to be specific
for citrulline but cross-reactive with several citrullinated peptides
(27). Both B2 and D10 were cocrystallized with full-length or
truncated versions of CEP-1, but no electron density attributable
to bound peptides was observed (Supplementary Figure 5). Fur-
thermore, neither of them showed detectable affinity for a library
of more than 150 citrullinated peptides in the binding assay. We
could therefore conclude that these are not ACPAs.

Superimposition of the E4.,,, ACC1.,,, ACC4,,, B2, and
D10g,, structures revealed significant differences in the size,
shape, and properties of their paratopes. The ACC1 paratope
is set apart from the others by being located in a deep, open-
ended cleft between the heavy- and light-chain CDR that enables
it to bind to a single a-chain of the Cll epitope, most likely bulging
out of a rigid triple-helical collagen structure (21) (Figures 5A-E).
Citrulline-versus-arginine specificity is most likely imposed by the
electrostatic properties of a nearby surface patch. In contrast, the
ACC4 paratope is located in a smaller, enclosed groove, and the
citrulline specificity is mediated by a network of hydrogen bonds
to the ureido moiety.

Since the peptide specificities of B2, and D10, are unknown,
the features of their peptide recognition could not be determined
explicitly from the current forms of their unbound crystal structures.
Notably, we did not observe a structurally similar binding pocket for
an accommodating citrulline side chain in the paratopes of both
B2, and D10, as that observed in the E4. This implies that they
lack the structural determinants of specificity for citrulline.
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Figure 5. Comparison of the E4 paratope with the ACC1, ACC4, B2, and D10 paratopes. The molecular envelopes of the respective
Fab fragments are shown. In the left panels (representing the top view) and middle panels (representing the side view), the H1, H2, and H3
complementarity-determining regions (CDRs) are shown in light blue, blue, and dark blue, respectively, and the L1, L2, and L3 CDRs are shown
in yellow, bright orange, and dark orange, respectively. The remainder of the Fab fragment is shown in white. Bound peptides are shown in
green; their N- and C-termini are indicated. The right panels show the molecular envelope, which is colored according to the electrostatic
surface potential, and bound peptides are shown as sticks colored by atom, with carbon atoms in green. A, The a-enolase peptide (CEP-1)
complex E4.,,—CEP-1. The dotted green line indicates CEP-1 residues not resolved in electron density. B, ACC1,,,—~C1-Cit365-L (Protein Data
Bank [PDB] accession code 5mu0). C, ACC4,,—C1-Cit1 (PDB accession code 2w65). D, B2.,,. E, D10,,.

In summary, based on the crystal structures of the ACPAs in
complex with citrullinated epitopes, we can conclude that citrulline
specificity may be achieved in a manner that varies slightly, either
by providing both a hydrogen-bonding partner group pattern
selective for citrulline and electrostatic surface properties that bias
against arginine, or by providing just the latter feature. However,
no conserved feature regarding the shape of the citrulline-binding
pocket can be expected.

Autoantibodies against E4-bound citrullinated pep-
tides in RA. To evaluate the prevalence of the E4-bound citrul-
linated peptides in RA patients, we selected as potential targets
the 3 representative citrullinated peptides that had been found

to cocrystallize with E4, and used a Luminex immunoassay
to measure their autoantibody levels in 2 large cohorts of RA
patients (the EIRA and TIRA-2 cohorts). In both cohorts, a sta-
tistically significant difference in antibody responses was clearly
seen between healthy controls and RA patients, with regard to
reactivity toward CEP-1, ClI-C-13, and CIlI-C-48 (Figures 6A
and B and Supplementary Table 6, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40698/abstract). In ~46% of the RA patients in
the EIRA cohort (and 51% of RA patients in TIRA-2), a response
to citrullinated ClI-C-13 was seen, which was comparable to the
frequency of reactivity toward citrullinated Cll-C-48 (40% of RA
patients in EIRA, and 44% of RA patients in TIRA-2). The sen-
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Figure 6. Autoantibody reactivity against type Il collagen (Cll) peptides ClI-13 and ClI-48, and a-enolase peptide (CEP-1). A and B, The
antibody response to the given peptides in human serum samples from rheumatoid arthritis (RA) patients and healthy controls (HCs) in the
Epidemiological Investigation of RA (EIRA) cohort (A) and the second Swedish Early Intervention in RA (TIRA2) cohort (B) was analyzed by
Luminex immunoassay. The ratio (median fluorescence intensity [MFI] raw value divided by the MFI value for the 5 least-responsive cyclic
arginine—containing peptides) was used to quantify the interaction of serum antibody with the given peptides. The red broken line indicates the
cutoff for positivity (defined as the median + 5 times the median absolute deviation of that obtained in healthy control serum). Symbols represent
individual subjects; horizontal lines with bars show the mean + SD. **** = P < 0.0001 by Mann-Whitney U test. C, Venn diagrams show the
overlapping autoantibody responses to Cll-C-13, Cll-C-48, and CEP-1 in RA patients in each cohort, as determined by Luminex immunoassay.
Values in the diagrams represent the number of peptide-responsive patients. Color figure can be viewed in the online issue, which is available

at http://onlinelibrary.wiley.com/doi/10.1002/art.40698/abstract.

sitivity for CEP-1 was higher than that for the 2 citrullinated ClI
peptides in both cohorts (68% of RA patients in EIRA, and 61%
of RA patients in TIRA-2). In addition, in the serum from ~40% of
RA patients in both cohorts, reactivity against all 3 citrullinated
peptides was seen (Figure 6C), suggesting that a significant pro-
portion of antibodies in patients with RA show a high degree of
cross-reactivity.

DISCUSSION

We provide herein the first molecular characterization of the
interactions between a human-derived ACPA and several cit-
rullinated peptides, revealing the structural basis of the citrulline
specificity and cross-reactivity of ACPAs, and explaining how both
a promiscuous binding of citrullinated epitopes and a very high
specificity of the citrulline side chain can be combined.

The crystal structures of the E4 ACPA bound to citrullinated
peptides revealed conserved interactions with the citrulline resi-
due. The citrulline is deeply inserted into a narrow pocket of the
E4.,, paratope, where it is specifically recognized by the formation
of 3 hydrogen bonds to its side chain. The nonpolar character of

this pocket biases against recognition of corresponding positively
charged arginine. Almost all of the hydrogen-bonding interactions
between the remaining epitope residues and the antibody CDR
loops engaged peptide main-chain groups, allowing for extensive
cross-reactivity.

Several studies showed that ACPA responses are highly
cross-reactive toward citrullinated antigens, regardless of their
origins (14,41,44,45). Consistent with these observations, the
Luminex screening assay using a library of CCPs derived from
Cll and classic citrullinated peptides clearly showed that both E4
and F3 could recognize several peptides whose sequences were
distinct except for the presence of a citrulline, strong preference
for a glycine as the (Cit+1) residue, and the high frequency of Gly-
X-Y repeats natively occurring in Cll. Thus, the flanking residues
of citrulline, in conjunction with specific recognition of the citrulline
side chain, are most likely the determining factors in the reactivity
of these ACPAs, rather than being attributable to a dependence
on conserved amino acid sequence features.

The structures of E4,, in both its antigen-free and peptide-
bound forms provide valuable insights into the molecular mecha-
nisms of antigen recognition. Peptide binding induced only minor
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changes in the E4 paratope structure, which is largely preformed
and relatively static. Thus, the significant cross-reactivity of E4
with epitopes that are very diverse in sequence appears not to be
dependent on the flexibility/adjustability of the CDR loop confor-
mation. By comparing the conformation of the 3 peptides bound
to E4 in the crystals with their native forms (i.e., Cll and a-enolase),
we found that they indeed undergo substantial conformational
rearrangements upon binding to E4. The fact that the peptide
conformation is essential for autoantibody reactivity is a finding
that has been observed previously (44,46,47).

E4 engages a key region (i.e., the 2-3 amino acids flanking
the central citrulline residue on both sides) of the peptide that pre-
dominantly determines specificity but leaves the distal positions
open to more diversity. Importantly, the primarily polar interactions
involving peptide main-chain atoms could be identified as the
major determinant of the cross-recognition of diverse citrullinated
peptides by E4. Nevertheless, E4 or F3 still bound only to a subset
of citrullinated peptides in our Luminex immunoassay. This indi-
cates that the other physical characteristics of the peptide, such
as neighboring residues flanking the citrulline, could influence the
ACPA recognition that was previously investigated (48).

Characterization of the crystal structures of the E4,—peptide
complexes confirmed that the Cit-Gly motif is essential for recog-
nition. It was reported that only the peptides containing the Cit-
Gly motif showed significant antibody reactivity in the serum of RA
patients, and that the substitution of glycine with residues harboring
small side chains could reduce antibody reactivity (44,45,48). The
preference for glycine at the (Cit+1) position is due to the steric hin-
drance imposed by the antibody residues at this position. In addi-
tion, the less spatial restriction due to the lack of a side chain allows
glycine to occur frequently in the turn region of the polypeptide
chain, which was seen for all 3 peptides in the crystal structures.

The same citrullinated peptides (CI-C-13, CII-C-48, and
CEP-1) bound by monoclonal E4 in crystal complexes were also
recognized by high titers of antibodies in 2 large well-characterized
RA cohorts, thus confirming the clinical relevance of these pep-
tides. As shown in Figure 6C, in the majority of RA patients, anti-
body reactivity to all 3 peptides was seen, suggesting that E4-like
ACPAs are frequent in these patients. Notably, preferable binding
to one particular peptide was seen in the RA serum, suggesting
that nonoverlapping ACPAs are present. More importantly, the
extensive intramolecular hydrogen bond formed by CEP-1, main-
taining an overall favorable conformation for ACPA binding, leads
to a higher sensitivity of CEP-1 compared to that of CI-C-13 and
ClI-C-48, both of which lack an intramolecular hydrogen bond.
This corroborates the observation that the cyclic CEP-1 structure
was fully visible in the crystal structures, while only one-half of the
sequences from CII-C-13 and CII-C-48 were visualized.

In summary, we have provided a molecular explanation for the
most significant antibody—-antigen interactions associated with the
development of RA. These findings may explain the promiscuous
and specific recognition of citrullinated peptides by ACPAs.
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Role of Anti-Fractalkine Antibody in Suppression of
Joint Destruction by Inhibiting Migration of Osteoclast
Precursors to the Synovium in Experimental Arthritis
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Objective. To elucidate the role of the fractalkine (FKN)/CX,CR1 pathway in joint destruction in rheumatoid arthritis.

Methods. We examined the effect of treatment with anti-mouse FKN (anti-mFKN) monoclonal antibody (mAb) on
joint destruction and the migration of osteoclast precursors (OCPs) into the joint, using the collagen-induced arthri-
tis (CIA) model. DBA/1 mice were immunized with bovine type Il collagen to induce arthritis, and then treated with
anti-mFKN mADb. Disease severity was monitored by arthritis score, and joint destruction was evaluated by soft x-ray
and histologic analyses. Plasma levels of joint destruction markers were assessed by enzyme-linked immunosorbent
assay. FKN expression on endothelial cells was detected by immunohistochemistry. Bone marrow—derived OCPs
were labeled with fluorescein and transferred to mice with CIA, and the migration of the OCPs to the joints was then
analyzed.

Results. Both prophylactic and therapeutic treatment with anti-mFKN mAb significantly decreased the arthritis
and soft x-ray scores. Plasma levels of cartilage oligomeric matrix protein and matrix metalloproteinase 3 decreased
after treatment with anti-mFKN mAb. Histologic analysis revealed that anti-mFKN mAb inhibited synovitis, pannus
formation, and cartilage destruction, as well as suppressed bone damage, with a marked reduction in the number of
tartrate-resistant acid phosphatase-positive osteoclasts. Anti-mFKN mAb strongly inhibited the migration of bone
marrow—derived OCPs into the affected synovium.

Conclusion. Anti-mFKN mAb notably ameliorates arthritis and joint destruction in the CIA model, as well as inhib-
its migration of OCPs into the synovium. These results suggest that inhibition of the FKN/CX,CR1 pathway could be

a novel strategy for treatment of both synovitis and joint destruction in rheumatoid arthritis.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
that is characterized by synovitis, progressive bone erosion,
and cartilage destruction. A hallmark of RA is the rapid recruit-
ment of leukocytes to the site of inflammation. Additionally, pa-
tients with active RA exhibit elevated levels of activated periph-
eral leukocytes, especially monocyte/macrophages, which may
contribute to the immunopathogenesis of RA (1). In addition, RA
is exacerbated and perpetuated by proinflammatory cytokines,
including tumor necrosis factor (TNF) and interleukin-6 (IL-6),

'Kana Hoshino-Negishi, MS, Tomoya Nakatani, Yoshikazu Kuboi, MS, Miyuki
Nishimura, AS, Yoko Ida, AS, Jungo Kakuta, MS, Akiko Hamaguchi, Minoru Kumai,
Tsutomu Kamisako, BA, Wataru lkeda, PhD, Naoto Ishii, PhD, Nobuyuki Yasuda,
PhD, Toshio Imai, PhD: KAN Research Institute, Inc., Kobe, Japan; 2Masayoshi
Ohkuro, PhD: Tsukuba Research Laboratories, Eisai Company Ltd., Tsukuba,
Japan; *Fumihiro Sugiyama, PhD: University of Tsukuba, Tsukuba, Japan.

222

which are produced primarily by monocyte/macrophages and
play a critical role in the pathogenesis of joint inflammation and
destruction (2,3). Several biologic agents are widely used to
relieve RA symptoms, and notable examples of these include
anti-TNF agents. However, up to 30% of RA patients either
do not respond to existing medications or must discontinue
treatment, typically because of adverse effects or limited drug
efficacy (4). Moreover, systemic suppression of TNF may be
associated with the development of serious infections (5).
Chemokines and their receptors orchestrate tissue-specific
and cell type-selective trafficking and retention of leukocytes (6).
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Elevated levels of several chemokines have been detected in the
synovial tissue and synovial fluid of RA patients (7). CX,CL1/frac-
talkine (FKN) is a membrane-bound chemokine with a chemo-
kine/mucin hybrid structure and a transmembrane domain (8).
The unique structure of FKN allows it to work as an adhesion
molecule when it is in the membrane-bound form, and as a
chemoattractant when it is in the soluble form; transformation
into the soluble form follows cleavage of FKN by ADAM-10 or
ADAM-17 (9). FKN promotes extravasation of circulating leu-
kocytes by binding to its receptor, CX,CR1, through integrin-
independent and -dependent mechanisms (10). Synovial fluid
and serum FKN concentrations are increased in patients with
RA, compared with osteoarthritis patients and healthy controls.
In addition, serum FKN concentration correlates with disease se-
verity in patients with RA (11).

Increased expression of FKN is exhibited in activated en-
dothelial cells and fibroblasts in patients with RA, as well as in
rat models of arthritis (12,13). CX,CR1 is expressed on mono-
cyte/macrophages, osteoclast precursors (OCPs), cultured RA
fibroblast-like synoviocytes (FLS), effector CD4+ T cells and Kill-
er CD8+ T cells, and dendritic cells (DCs) (12—-15). Multinucleat-
ed giant osteoclasts are bone-resorbing cells that differentiate
from OCPs, which differentiate from the monocyte/macrophage
lineage that is derived from bone marrow cells (16). RANKL,
which is derived from osteoblasts and activated synovial fibro-
blasts, binds to RANK, its specific membrane-bound receptor,
on OCPs/pre-osteoclasts, whereby OCPs/pre-osteoclasts be-
gin differentiation into osteoclasts (17). FKN induces the migra-
tion of OCPs and monocyte/macrophages expressing CX,CR1
positivity, as well as the differentiation of osteoclasts in vitro
(15,18).

Therefore, the interaction between FKN and CX,CR1 may
play an important role in inflammation due to monocyte/mac-
rophage infiltration and in the regulation of OCPs and their differ-
entiation to osteoclasts. In a previous study, an anti-FKN-neu-
tralizing monoclonal antibody (mAb) reduced the migration of
inflammatory cells into the synovium in a bovine type Il collagen-
induced arthritis (CIA) mouse model in vivo (14). However, the
precise mechanisms of the FKN/CX,CR1 pathway in the pathol-
ogy of RA, especially those of bone and cartilage destruction,
have not yet been elucidated. In the present study, we investi-
gated the role of the FKN/CX,CR1 pathway in a mouse model of
CIA using an anti-mouse FKN (anti-mFKN) mAb, with emphasis
on the mechanism of joint destruction.

MATERIALS AND METHODS

Animals. All animal studies were approved by the Animal
Ethics Committee at Eisai Company/KAN Research Institute and
conducted in accordance with their Laboratory Animal Welfare
guidelines. Male DBA/1 mice (5-6 weeks old) were obtained
from Charles River Japan. Mice were reared within a Japan

Health Sciences Foundation—accredited animal facility, and they
were group-housed under controlled conditions with a constant
temperature (23°C [+ 3°C]) and humidity (55% [+ 5%)]), on a 12-
hour light/dark cycle, with ad libitum access to water and stand-
ard pelleted food.

Antibodies and reagents. Monoclonal antibody against
mFKN was generated from Armenian hamsters that were immu-
nized with recombinant mFKN (R&D Systems) using a standard
method at KAN Research Institute. The clone 5H8-4 was select-
ed as an anti-mFKN-neutralizing mAb that was highly specific to
mFKN, as determined by enzyme-linked immunosorbent assay
(ELISA) with a panel of mouse chemokines, and by chemotaxis
assay using mouse CX,CR1 (mCX,CR1)-expressing cells (14).
Hamster IgG (used as a control) was generated from Armenian
hamsters immunized with dinitrophenol (DNP). For flow cytom-
etry, the clone L2D11 was selected as an anti-mCX,CR1 mAb
that was highly specific to mCX,CR1 (Nishimura M, et al, un-
published observations). An isotype-matched control IgG was
purchased from Jackson ImmunoResearch. For flow cytome-
try and immunohistochemical analysis, the following antibodies
were used: Alexa Fluor 488-conjugated rat anti-mouse CD115
mADb (AFS98; BiolLegend), allophycocyanin—Cy7-conjugated rat
anti-mouse CD11b mAb (M1/70; eBioscience), rat anti-mouse
RANK mAb (LOB14-8; Bio-Rad), goat anti-mFKN polyclonal
antibody (pAb) (R&D Systems), rat anti-mouse CD31 mAb
(890; BiolLegend), and goat anti-cathepsin K pAb (Santa Cruz
Biotechnology).

An Alexa Fluor 647 protein labeling kit was purchased from
ThermoFisher Scientific for the labeling of goat anti-cathepsin
K pAb. A Phycolink R-Phycoerythrin conjugation kit was pur-
chased from ProZyme for the labeling of the anti-mCX,CR1
mAb. To detect primary antibodies, secondary antibodies
from Jackson ImmunoResearch were used. A mouse CD115
MicroBead kit was purchased from Miltenyi Biotec. A CellTrace
5,6-carboxyfluorescein succinimidyl ester (CFSE) cell prolif-
eration kit (ThermoFisher Scientific) was used for cell labeling.
For cell cultures, recombinant mouse macrophage colony-
stimulating factor (M-CSF) and RANKL were purchased from
R&D Systems; RPMI 1640 medium (ThermoFisher Scientific), fe-
tal bovine serum (FBS; Nichirei Biosciences), 2-mercaptoethanol
(2-ME), and sodium pyruvate (both from ThermoFisher Scientific)
were also used for cell culture protocols.

Induction and assessment of CIA. Bovine type Il colla-
gen (Collagen Research Center) was dissolved in 0.05M acetic
acid (3 mg/ml) and emulsified in an equal volume of Freund’s
complete adjuvant (Difco). Mice were immunized intracu-
taneously with 100 ul of the emulsion at the base of the tail.
On day 21 postimmunization, the mice were boosted with the
same amount of bovine type Il collagen, emulsified in Freund’s
incomplete adjuvant (Difco). The progression of arthritis was
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monitored continuously after the first immunization by assessing
the arthritis score (defined as the sum of scores on a scale of 0-4
for all 4 limbs and based on the swelling of the limbs, for a total
possible score of 16 for each mouse), using methods modified
from those of Seeuws et al (19) and Huang et al (20). The arthritis
score measured disease severity as follows: O = a normal joint,
without inflammation or redness; 1 = redness and swelling in 1
digit; 2 = redness and swelling in 2 digits, or redness and mild
swelling in the ankle and wrist joints; 3 = redness and swelling in
>3 digits, or moderate swelling in the ankle and wrist joints and
the paw; and 4 = severe swelling in the ankle and wrist joints and
the paw. The arthritis score for each mouse was defined as the
sum of the scores of all 4 feet.

Antibody treatment. In the prophylactic treatment study,
400 pg of hamster anti-mFKN mAb (clone 5H8-4) or control IgG
(anti-DNP mAb) was administered intraperitoneally to 8-12 mice
twice per week from the day of the first immunization. In the ther-
apeutic treatment study, when the arthritis score had reached
1-3 (early arthritis) or 6-8 (severe arthritis), mice were random-
ly assigned to receive anti-mFKN mAb or control IgG (400 ug/
mouse, 4-9 mice/group) intraperitoneally twice weekly.

Soft x-ray analysis. At the end point, mice were killed,
and radiologic analysis of all 4 limbs was performed to deter-
mine the soft x-ray score for bones of the limb (scale 0-36 per
mouse), which is the sum of 3 parameters (osteopenia, bone
erosion, and new bone formation) on a scale of 0-3. This anal-
ysis was performed for all 4 limbs in a blinded manner using
methods modified from a study by Inoue et al (21).

Measurement of plasma parameters. Plasma levels of
cartilage oligomeric matrix protein (COMP; AnaMar AB) and ma-
trix metalloproteinase 3 (MMP-3; R&D Systems) were assessed
by ELISA, according to the instructions of the manufacturers.

Histologic analysis. At the end point of the animal study,
mice were deeply anesthetized with isoflurane and perfused with
phosphate buffered saline (PBS) and 1% paraformaldehyde in
PBS. After perfusion, all 4 limbs were collected from each mouse
and postfixed with 1% paraformaldehyde in PBS at 4°C for 24
hours. After the limbs were postfixed, they were washed with
PBS and placed in 0.5M EDTA (Invitrogen) for 5 days to decalcify.
The skin, muscles, and ligaments were peeled off the limbs, and
the limb samples were cryoprotected in 10% and 20% sucrose
in PBS, then embedded in Tissue-Tek OCT compound (Sakura
Finetek). Cryosections were obtained by cutting OCT blocks of
10-pm thickness, using the method described by Kawamoto
and Kawamoto (22) (type C9 film; Leica Microsystems). Frozen
sections of the limb samples were then examined histologic-
ally. Samples were stained with 1 of the following: hematoxylin
and eosin (H&E) solution; acid phosphatase, leukocyte (tartrate-

resistant acid phosphatase [TRAP]) kit (Sigma-Aldrich); or Alcian
blue (AB)/alizarin red (AR). Using a BioRevo BZ-X710 micro-
scope (Keyence), a constant view area of the joint, centered on
the bone marrow cavity, was taken with a low-power field (10x,
20x). The number of TRAP+ cells per field was counted. TRAP+
cells were analyzed with NIS-Elements image analysis software
(Nikon) in a blinded manner, using methods modified from those
of Ono et al (23). The number of TRAP+ osteoclasts was av-
eraged for all the joints in 1 limb of each animal. To evaluate
cartilage and bone destruction, AB/AR staining was performed.
The sections were incubated in 1% AB (AB staining kit, pH 2.5)
(ScyTek). After the sections were rinsed with distilled water, they
were incubated in 0.1% AR, pH 6.0 (Wako).

Histologic scoring. Histologic scores were obtained
using H&E-stained sections (low-power field, 10x) and AB/
AR-stained sections (low-power field, 20x) via NIS-Elements
image analysis software. For histologic analysis of arthritis se-
verity, scoring was performed in a blinded manner based on a
previously described method (24). Sections were scored ac-
cording to changes in synovitis (where O = no changes, 1 =>2
cell layers, 2 = >5 cell layers, and 3 = >5 cell layers, combined
with pannus formation), changes in cartilage damage (where
0 = no changes, 1 = erosion in part of the cartilage surface,
2 = erosion of the cartilage surface and cartilage destruction,
and 3 = cartilage erosion and destruction, combined with car-
tilage covered by connective tissue), and changes in bone de-
struction (where O = no changes, 1 = bone remodeling close
to the joint capsule, 2 = bone remodeling in deeper locations,
reaching the epiphyseal plate, and 3 = deep bone remodeling
and bone degradation). In each category, joints were inde-
pendently evaluated in a blinded manner. The synovitis score,
cartilage score, and bone destruction score were averaged
for all the joints in 1 limb of each animal.

Immunohistochemistry. For immunohistochemical analy-
sis, sections were washed twice with 0.1% Triton X-100 in PBS and
blocked in Block Ace (DS Pharma Biomedical) at room temperature
for 1 hour. They were then incubated with primary antibodies at
room temperature for 2 hours, followed by 3 washes with 0.1% Tri-
ton X-100 in PBS and incubation with the following secondary an-
tibodies: fluorescein- or Cy3-conjugated anti-rabbit or anti-mouse
IgG (Jackson ImmunoResearch). Sections were then incubated at
room temperature for 1 hour, washed 3 times with 0.1% Triton X-
100 in PBS, and mounted with Prolong Gold mounting medium
(ThermoFisher Scientific). The prepared sections were analyzed by
confocal laser microscopy (Nikon A1).

Preparation and characterization of OCPs for adoptive trans-
fer. Bone marrow from normal DBA/1 mice was cultured in RPMI
1640 medium, containing 50 ng/ml M-CSF, 10% FBS, sodium
pyruvate, and 2-ME for 2 days (25). CD11b, CD115, RANK, and
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CX,CR1 expression levels on adherent cells were analyzed by flow
cytometry, based on a previously described method (26). Adherent
cells were purified using a CD115 MicroBead Kit (Miltenyi Biotec).
A CellTrace CFSE cell proliferation kit (10 uM; ThermoFisher Scien-
tific) was used to label CD115+ cells according to the instructions
of the manufacturer, thereby generating CFSE-labeled cells. These
CFSE-labeled cells were cultured in RPMI 1640 medium containing
10 ng/ml M-CSF, 25 ng/ml RANKL, 10% FBS, sodium pyruvate,
and 2-ME for 5-6 days; the cells were then stained using an acid
phosphatase, leukocyte (TRAP) kit.

Analysis of the migration of adoptively transferred
OCPs into the synovium in mice with CIA. Recipient mice
with CIA were injected intraperitoneally with 400 pg of anti-mFKN
mAb or control IgG 24 hours and 2 hours before cell transfer. CFSE-
labeled OCPs (5 x 10° were injected intravenously into the mice.
One hour or 24 hours after cell transfer, the limbs of the mice were
collected. The number of CFSE+ cells in the synovium, or the pos-
itive area of CFSE+ cells in the cathepsin K+ area within the joint,
was quantified with NIS-Elements image analysis software, and the
number of CFSE+ cells and the ratio (CFSE+ area to cathepsin K+
area) were calculated, based on a modification of a previously de-
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scribed method (27). A total of 7-8 slides from each mouse (n = 7-8
mice) were independently evaluated in a blinded manner.

Statistical analysis. Data were expressed as the mean
+ SEM. For statistical analysis, the nonparametric Kruskal-Wallis
test was performed, followed by the Mann-Whitney U test. P val-
ues less than 0.05 were considered significant. Statistical analyses
were performed using GraphPad Prism software, version 6.02
(see Supplementary Materials and Methods, available on the Ar-
thritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40688/abstract).

RESULTS

Effects of prophylactic treatment with anti-mFKN
mAb. Prophylactic treatment with anti-mFKN mAb significantly
suppressed the progression of CIA, as demonstrated by de-
creases in the arthritis score and as compared with the joints
of mice treated with control IgG (Figures 1A and E). Adminis-
tration of anti-mFKN mAb significantly reduced bone destruc-
tion compared with control IgG, as determined by soft x-ray
analysis (Figure 1B). Plasma levels of COMP, a marker of car-
tilage destruction, and MMP-3, a marker that reflects synovitis

ABJ/AR staining H  TRAP staining

F HE staining G
i £ "I'J

L |

Figure 1. Results of prophylactic treatment with anti-mouse fractalkine (anti-mFKN) monoclonal antibody (mAb) in mice with collagen-induced
arthritis (CIA). A-D, Arthritis score (A), soft x-ray score (B), plasma level of cartilage oligomeric matrix protein (COMP) (C), and plasma level of
matrix metalloproteinase 3 (MMP-3) (D) in normal mice, control IgG-treated mice with CIA, or anti-mFKN mAb-treated mice with CIA (n = 6-12
mice in each group). Values are the mean + SEM. * = P < 0.05; ** = P < 0.01 versus control lgG-treated mice with CIA. E-H, Stereomicroscopic
images of mouse limbs (E), hematoxylin and eosin (H&E) staining of joints showing pannus (arrowhead) and synovitis (arrow) (F), Alcian blue
(AB)/alizarin red (AR) staining of joints (G), and tartrate-resistant acid phosphatase (TRAP) staining of joints (H), with arrowheads indicating
TRAP+ cells. Representative images of the joints of normal mice (top), control IgG-treated mice with CIA (middle), or anti-mFKN mAb-treated
mice with CIA (bottom) are shown. Bars = 100 ym (F and H) or 50 um (G).
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Figure 2. Results of therapeutic treatment with anti-mouse fractalkine (anti-mFKN) monoclonal antibody (mAb), starting after collagen-induced
arthritis (CIA) onset. A and B, Arthritis score (A) and soft x-ray score (B) in normal mice, control IgG-treated mice with CIA, or anti-mFKN mAb—
treated mice with CIA (n = 4-9 mice in each group). Values are the mean + SEM. C-E, Representative images of the joints of normal mice (top),
control IgG-treated mice with CIA (middle), or anti-mFKN mAb-treated mice with CIA (bottom). Hematoxylin and eosin (H&E) staining of joints
(C) (arrowhead indicates pannus, arrow indicates synovitis), Alcian blue (AB)/alizarin red (AR) staining of joints (D), and tartrate-resistant acid
phosphatase (TRAP) staining of joints (E) (arrowheads indicate TRAP+ cells) are shown. Bars = 100 um (C and E) or 50 um (D). F-I, Calculated
scores for synovitis (F), cartilage destruction (G), bone damage (H), and number of TRAP+ cells in a section of joints (I) of normal mice, control

IgG-treated mice with CIA, or anti-mFKN mAb-treated mice with CIA (n = 4 mice in each group). Values are the mean + SEM. *

** = P < 0.01 versus control IgG—treated mice with CIA.

and cartilage destruction, were also significantly reduced in the
anti-mFKN mAb-treated group compared with the control IgG—
treated group (Figures 1C and D). At the joint, gene expression
levels of TNF and IL-6, markers that reflect local inflamma-
tion, were significantly reduced in the anti-mFKN mAb-treat-
ed group compared with the control IgG—-treated group (see
Supplementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40688/abstract).

To more accurately evaluate the extent of joint destruction,
pathologic analyses were performed. Histologic analysis by H&E
staining revealed that synovitis and pannus formation, which were
not seen in the normal mice, were present in control IgG—treated
mice (Figure 1F). Conversely, these same symptoms were sup-
pressed in anti-mFKN mAb—treated mice. Cartilage was also de-
graded in control IgG-treated mice compared with normal mice;
however, mice that were treated with the anti-mFKN mAb retained
cartilage and rarely exhibited destruction (Figure 1G). Furthermore,
TRAP+ osteoclasts were rarely detected in the joints of normal
mice, whereas a large number of TRAP+ osteoclasts were detect-
ed in the joints of control IgG-treated mice (Figure 1H). In contrast,
TRAP+ osteoclasts were rarely detected in the joints of anti-mFKN
mAb-treated mice.

=P < 0.05;

Effects of therapeutic treatment with anti-mFKN
mAb. To mimic therapeutic intervention in human patients with
RA, anti-mFKN mAb was administered after the onset of arthri-
tis. Therapeutic treatment with anti-mFKN mAb significantly de-
creased the arthritis score (Figure 2A) and soft x-ray score (Fig-
ure 2B) compared with treatment with control IgG. In affected
joints, histologic analysis revealed that synovitis and pannus for-
mation were inhibited in anti-mFKN mAb—treated mice compared
with control IgG—treated mice (Figure 2C). Cartilage was also de-
graded in control IgG-treated mice compared with normal mice;
however, mice that were treated with anti-mFKN mAb retained
cartilage and rarely exhibited destruction (Figure 2D). TRAP+ os-
teoclasts were scarce in the joints of normal mice, whereas a
large number of TRAP+ osteoclasts were detected in the joints
of control IgG-treated mice. In contrast, TRAP+ osteoclasts were
rarely detected in the joints of anti-mFKN mAb-treated mice (Fig-
ure 2E). Furthermore, synovitis, cartilage, and bone destruction
scores were all significantly reduced in the anti-mFKN mAb—
treated group compared with the control IgG-treated group (Fig-
ures 2F-H). Quantitative analysis showed that the reduction in
the number of TRAP+ osteoclasts in the joints of mice in the anti-
mFKN mAb-treated group compared with mice in the control
lgG-treated group was statistically significant (Figure 2I).
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Figure 3. Results of therapeutic treatment with anti-mouse fractalkine (anti-mFKN) monoclonal antibody (mAb), starting after the arthritis
score had reached 6-8. A, Arthritis score in normal mice, control IgG-treated mice with collagen-induced arthritis (CIA), or anti-mFKN mAb-
treated mice with CIA (n = 8-9 mice in each group). Values are the mean + SEM. B-D, Representative images of the joints of normal mice (top),
control IgG-treated mice with CIA (middle), or anti-mFKN mAb-treated mice with CIA (bottom). Hematoxylin and eosin (H&E) staining of joints
(B), Alcian blue (AB)/alizarin red (AR) staining of joints (C), and tartrate-resistant acid phosphatase (TRAP) staining of joints (D) (arrowheads
indicate TRAP+ cells) are shown. Bars = 100um (B and D) or 50 pm (C). E-H, Calculated scores of synovitis (E), cartilage destruction (F), bone
damage (G), and the number of TRAP+ cells in a section of joints (H) of normal mice, control IgG-treated mice with CIA, or anti-mFKN mAb-
treated mice with CIA (n = 4-9 mice in each group). * = P < 0.05; ** = P < 0.01 versus control IgG-treated mice with CIA.

We next examined the effect of therapeutic treatment with
anti-mFKN mAb on severe CIA. Anti-mFKN mAb did not de-
crease the arthritis score (Figure 3A). However, histologic analysis
revealed that synovitis, cartilage destruction, and bone damage
were clearly inhibited in anti-mFKN mAb-treated mice compared
with control IgG-treated mice (Figures 3B-D). Additionally, the
synovitis, cartilage, and bone destruction scores all decreased
significantly in the anti-mFKN mAb-treated group compared
with the control IgG—treated group (Figures 3E-G), and the num-
ber of TRAP+ osteoclasts was significantly reduced in the joints
of mice in the anti-mFKN mAb-treated group compared with
joints of mice in the control IgG-treated group (Figure 3H). Taken
together, these results indicate that anti-mFKN mAb suppressed
the destruction of the affected joints, irrespective of edema as
evaluated by the arthritis score.

Effects of anti-mFKN mAb on OCP migration into
the synovium of mice with CIA. Although FKN was scarcely
detected on synovial vascular endothelial cells in normal mice
(Figures 4A and B), it was expressed on a portion of synovi-
al vascular endothelial cells in mice with CIA (Figures 4C and
D). Bone marrow—derived cells were cultured with M-CSF, and
flow cytometry revealed that these CD11b""CD115+ cells co-

expressed RANK and CX,CR1 (Figure 5A). Furthermore, after
being purified with anti-CD115 mAb, CD115+ cells differentiated
into TRAP+ multinucleated osteoclasts when cultured with M-
CSF and RANKL in vitro (Figure 5B). Thus, we confirmed that
bone marrow-derived CD11b""CD115+RANK+CX,CR1+ cells
exhibit characteristics of OCPs. CFSE-labeled OCPs migrated
into the synovium of control IgG-treated mice after 1 hour of
transfer. In contrast, migration of these cells was strongly inhib-
ited in anti-mFKN mAb-treated mice (Figures 5C and E). In ad-
dition, 24 hours after CFSE-labeled OCPs were transferred to
control lgG-treated mice with CIA, these cells were positive for
cathepsin K and became multinuclear osteoclasts in the joints.
Conversely, cathepsin K+CFSE+ osteoclasts were rarely ob-
served in joints of mice with CIA that were treated with anti-mFKN
mADb (Figures 5D and F and Supplementary Figure 2, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40688/abstract). In order to rule out
other potential pathways involved in this mechanism of action,
we tested whether OCPs derived from CX,CR1-knockout (KO)
mice migrate into the synovium. We found reduced migration of
CX,CR1-KO mice-derived OCPs into the synovium, compared
with OCPs derived from wild-type mice (Supplementary Figure 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.40688/abstract).
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Figure4. Expression of fractalkine (FKN) on vascular endothelial cells. A, Representative image from immunohistochemistry analysis of the digits
of mice without collagen-induced arthritis (CIA). B, Enlarged view of the boxed area in A. C, Representative image from immunohistochemistry
analysis of the digits of mice with CIA. D, Enlarged view of boxed area in C. Arrows indicate CD31+FKN+ endothelial cells. FKN expression
was induced in a portion of vascular endothelial cells in the synovium of mice with CIA (C and D). Nuclear staining with DAPI appears in light
blue. Original magnification x 40 in A and C; x 100 in B and D. Bars = 100 pm in A and C; bars =50 umin B and D. B =bone; S = synovium;

JS = joint space.

DISCUSSION

In the present study, we showed that anti-mFKN mAb sup-
pressed the migration of OCPs into the affected synovium and
decreased the number of mature osteoclasts, leading to the in-
hibition of bone destruction. Furthermore, anti-FKN mAb also
inhibited synovitis and cartilage destruction. These results indi-
cate that the FKN/CX,CR1 pathway plays a critical role in joint
destruction via regulating the migration of OCPs.

OCPs express CX,CR1 and initially emerge in the synovi-
um, where they differentiate into osteoclasts at an early stage of
disease in the arthritic rat model (28). In the present study, FKN
was detected on a portion of synovial vascular endothelial cells
in the affected synovium of mice with CIA; however, it was rare-
ly detected on the synovial vascular endothelial cells of normal

mice, suggesting that FKN+ vessels might serve as the migra-
tion gateway for OCPs to access the synovium in CIA pathology.
Therefore, we examined whether anti-mFKN mAb could inhib-
it the migration of OCPs into the synovium. Transferred OCPs
were detected in the vicinity of the FKN-expressing blood vessel
in the synovium (results not shown). Importantly, the number of
migrated OCPs was clearly reduced upon administration of anti-
mFKN mADb, and a similar result was obtained when using OCPs
of CX,CR1-KO mice. In mice with CIA that were treated with
anti-mFKN mAb, the number of OCPs that differentiated into
cathepsin K+ multinuclear osteoblasts was also reduced. These
results suggest that the inhibition of progressive bone destruc-
tion by anti-mFKN mAb was, at least partially, because of the
inhibition of OCP migration into the synovium and the resulting
reduction in the number of osteoclasts.
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Figure 5. Effect of anti-mouse fractalkine (anti-mFKN) monoclonal antibody (mAb) on osteoclast precursor migration into the digits of mice
with collagen-induced arthritis (CIA). A, RANK (top) or CX,CR1 (bottom) expression on bone marrow—derived cultured CD11b""CD115+ cells.
B, Tartrate-resistant acid phosphatase (TRAP) staining of bone marrow-derived CD115+CX,CR1+ cells cultured in mouse macrophage colony-
stimulating factor and RANKL-containing medium. Bar = 300 um. C and D, Representative images from immunohistochemistry analysis of the
joints of mice with CIA. One hour (C) or 24 hours (D) after transfer of 5,6-carboxyfluorescein succinimidyl ester (CFSE)-labeled CD115+CX CR1+
cells, the synovial regions of mice with CIA were analyzed. Mice with CIA were treated with control IgG or with anti-mFKN mAb before cell
transfer. Sections are stained with anti-cathepsin K polyclonal antibody (red). Nuclear staining with DAPI appears in light blue. CFSE staining
appears in green. B = bone; 8 = synovium; BM = bone marrow. Bars = 100 um. E and F, Number of CFSE+ cells in the synovium (E) and
percent CFSE+ area in the cathepsin K+ area (F) in control IgG— and anti-mFKN mAb-treated mice with CIA. Values are the mean + SEM

(n =5-8 mice in each group). ** = P < 0.01.

Anti-mFKN mAb has been shown to inhibit differentiation of
bone marrow—derived OCPs into osteoclasts during coculture
with osteoblasts (15). Hoshino et al reported that the FKN/
CX,CR1 pathway contributes to the maintenance of OCPs (26).
Moreover, FKN provides essential survival signals to CX,CR1-
expressing monocytes, via activation of phosphatidylinositol
3-kinase (29). Therefore, the interaction of FKN and CX,CR1
may also be involved in the differentiation of OCPs into oste-
oclasts, as well as in osteoclast survival after migration to the
joints in mice with CIA. Furthermore, DCs have been reported to
transdifferentiate into highly activated osteoclasts in inflammma-
tory disorders such as RA (30). Myeloid DCs express CX,CR1;
thus, the role of these DC-derived osteoclasts in rheumatic dis-
ease and the expression of CX,CR1 in osteoclasts are topics of
great interest.

Prophylactic treatment with anti-mFKN mAb has been
shown to inhibit the onset and progression of CIA (14), and
migration of splenic F4/80+ macrophages into the synovium
through the FKN/CX,CR1 pathway has been demonstrated to
play a crucial role in arthritis initiation (31). Synovium-infiltrating
macrophages produce inflammatory cytokines and chemok-
ines, thereby inducing the migration of immune cells; the com-

bination of these factors results in the development of syno-
vitis (32,33). FLS comprise hyperplastic synovial pannus and
actively invade cartilage and bone in RA. Stimulation of FLS by
synovial fibroblast—derived FKN or inflammatory cytokines from
infiltrating macrophages up-regulates the production of MMP,
an important enzyme that contributes to matrix degradation
(12,34). Therefore, as a driving force that initiates autoimmunity
and inflammation, FLS have been recognized to play a cen-
tral role in joint destruction in RA (12). In this study, anti-mFKN
mAD also inhibited gene expression of inflammatory cytokines
in joints and suppressed synovitis and pannus formation. Fur-
thermore, anti-mFKN mAb inhibited COMP and MMP-3 pro-
duction, as well as suppressed cartilage damage. Therefore,
anti-mFKN mAb might also suppress cartilage destruction by
reducing synovitis.

Although biologics are widely used to treat RA, some pa-
tients exhibit increased risk of complications (typically, severe
infections) because of systemic administration (5,35). Several
chemokine inhibitors have previously undergone clinical trials in
RA patients; however, 2 inhibitors (SCH351125 and AZD5672),
which target CCR5 expression on Th1 cells, did not suppress
arthritis (36,37). Although CCL2 and CCR2 are representative



230

HOSHINO-NEGISHI ET AL

chemokines involved in the migration of monocyte/macrophages,
no improvement in arthritis symptoms was observed in a clini-
cal trial using the anti-CCL2 antibody (ABN 912 and MLN1202)
(38,39). Presumably, these insufficiencies in efficacy occurred
because of ligand receptor redundancy and/or compensation by
other chemokines that may bind to CCR2 and CCR5 (40). In con-
trast, FKN is the sole high-affinity ligand for CX,CR1; therefore,
redundancy may be absent from the FKN/CX ,CR1 interaction.
Joint repair and erosion healing are suspected to be rare
phenomena, despite effective treatment with TNF inhibitors
(41). Moreover, because some patients do not respond to an-
ticytokine therapy, RA treatment requires control of cartilage
and bone destruction by novel approaches (4). Treatments
with humanized anti-FKN mAb (E6011) have been investigated
in a clinical trial in RA patients (NCT02196558); these therapies
were safe and well-tolerated in patients with inadequate re-
sponses to methotrexate or to TNF inhibitors (42). In a clinical
trial of RA treatment with humanized anti-FKN mAb (E6011),
no serious adverse events (AEs) or deaths occurred; further-
more, no significant difference was observed in the incidence
or severity of dose-dependent AEs (42). Therefore, FKN/
CX,CR1 pathway inhibition, by a humanized anti-FKN mAb
(E6011), may be a safe and attractive strategy to treat both in-
flammatory synovitis and joint destruction in RA. Furthermore,
FKN and/or CX,CR1 exhibit increased expression in several
inflammatory diseases, including atherosclerotic lesions (43),
severe acute hepatitis (44), atopic dermatitis (45), asthma (46),
and systemic sclerosis (47). Therefore, the FKN/CX,CR1 path-
way may contribute to the pathogenesis of additional chronic
inflammatory diseases, providing an attractive therapeutic tar-
get for modulation of local inflammatory cell accumulation.
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Risk of Knee Osteoarthritis With Obesity, Sarcopenic
Obesity, and Sarcopenia
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Objective. Obesity, defined by anthropometric measures, is a well-known risk factor for knee osteoarthritis (OA),
but there is a relative paucity of data regarding the association of body composition (fat and muscle mass) with risk
of knee OA. We undertook this study to examine the longitudinal association of body composition categories based
on fat and muscle mass with risk of incident knee OA.

Methods. We included participants from the Multicenter Osteoarthritis Study, a longitudinal cohort of individuals
with or at risk of knee OA. Based on body composition (i.e., fat and muscle mass) from whole-body dual x-ray ab-
sorptiometry, subjects were categorized as obese nonsarcopenic (obese), sarcopenic obese, sarcopenic nonobese
(sarcopenic), or nonsarcopenic nonobese (the referent category). We examined the relationship of baseline body
composition categories with the risk of incident radiographic OA at 60 months using binomial regression with robust
variance estimation, adjusting for potential confounders.

Results. Among 1,653 subjects without radiographic knee OA at baseline, significantly increased risk of incident
radiographic knee OA was found among obese women (relative risk [RR] 2.29 [95% confidence interval {95% CI}
1.64-3.20]), obese men (RR 1.73 [95% CI 1.08-2.78]), and sarcopenic obese women (RR 2.09 [95% CI 1.17-3.73)),
but not among sarcopenic obese men (RR 1.74 [95% CI 0.68-4.46]). Sarcopenia was not associated with risk of knee
OA (for women, RR 0.96 [95% CI 0.62-1.49]; for men, RR 0.66 [95% CI 0.34-1.30]).

Conclusion. In this large longitudinal cohort, we found body composition-based obesity and sarcopenic obesity,
but not sarcopenia, to be associated with risk of knee OA. Weight loss strategies for knee OA should focus on obesity

and sarcopenic obesity.

INTRODUCTION

Obesity, a state of excess adiposity, is a major risk factor
for knee osteoarthritis (OA) (1). Prior studies of obesity and knee
OA have mostly defined obesity using anthropometric measures,
such as body weight or body mass index (BMI) (1-3). However,
anthropometric measurements are not exclusive measures of ad-
iposity but instead reflect the composite of fat, muscle, and bone
mass. Thus, it is not clear whether the effects of “BMI,” typically
interpreted as effects of obesity, are truly due to excess adiposity
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rather than to overall loading due to the combined weight of body
mass. The few studies that have examined body composition in
relation to knee OA have mostly been cross-sectional in design,
which limits one’s ability to make an inference regarding direc-
tionality of the association (4—6). To better understand how total
body mass as opposed to adiposity leads to knee OA, a longitu-
dinal study of body composition and risk of knee OA is needed.

Further, studying body composition with knee OA lends an
opportunity to examine another unique body composition state
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that cannot be well studied by anthropometric measures alone
(i.e., sarcopenic obesity). While fat and muscle mass grow in
synchrony in young healthy adults, uncoupling of the 2 process-
es can occur with aging, leading to a state of high fat mass with
relatively low muscle mass, referred to as sarcopenic obesity (7).
A number of risk factors for development of sarcopenic obesi-
ty have been identified, such as low physical activity, inflamsnma-
tion, and malnutrition, among others (7). Thus, studying body
composition allows evaluation of the additional risk posed by
the state of high adiposity and low muscle mass over that of
obesity without sarcopenia. Such insights would have novel
clinical therapeutic implications in OA given the development
and evaluation of treatments targeting sarcopenia. On the other
hand, the absence of obesity may not necessarily be associated
with reduced risk of developing knee OA, because those who
are not obese can have either appropriate muscle mass or low
muscle mass (i.e., sarcopenia). Sarcopenia itself is associated
with several adverse outcomes, including functional limitations,
but it is not known whether inappropriately low muscle mass as
reflected by sarcopenia adversely impacts the risk of developing
knee OA.

Thus, evaluating the effect of body composition on risk of
knee OA may provide more insight into the relationship of obesity
(versus that of body mass) to knee OA than traditional anthro-
pometric measurements. Therefore, the aim of this study was to
examine the longitudinal association of body composition de-
fined by the relative presence of adiposity and sarcopenia with
the risk of incident radiographic knee OA.

SUBJECTS AND METHODS

Study sample. We included participants from the Mul-
ticenter Osteoarthritis Study (MOST), a National Institutes of
Health—funded longitudinal cohort of community-dwelling older
adults with or at risk of knee OA, designed to study risk factors
for knee OA. Details of the MOST study have been published
elsewhere (8). Subjects included in this study sample were those
who were free of radiographic knee OA (defined below) at base-
line and who completed follow-up at the 60-month clinic visit.

Exposure. Fat and muscle mass were estimated from
whole-body dual x-ray absorptiometry (DXA) (Horizon DXA Sys-
tem, software version 12.0; Hologic) obtained at baseline using
a published protocol (9). Variables of fat and lean muscle mass
(referred to hereafter as muscle mass) were recorded in kilo-
grams from DXA. Sarcopenia was defined using the modified
residual method used in geriatrics research as the lowest quin-
tile of the residuals of appendicular skeletal muscle mass (sum
of absolute muscle mass of upper and lower limbs), adjusting
for age, height (in meters), and total body fat mass (in kilograms)
(10). To maintain consistency with the definition of sarcopenia,
we divided total body fat mass (in kilograms) into quintiles, and

the highest quintile was defined as obesity. Given the difference
in body composition between men and women, obesity and
sarcopenia were defined in a sex-specific manner. In a sensitiv-
ity analysis, obesity was defined by BMI >30 kg/m? instead of
by DXA-derived fat mass. Subjects were then categorized into
4 sex-specific body composition categories: 1) obese nonsar-
copenic, meeting the definition for obesity but not sarcopenia—
these subjects will be referred to hereafter as obese; 2) sarco-
penic obese, meeting the definitions for sarcopenia and obesity;
3) sarcopenic nonobese, meeting the definition for sarcopenia
but not obesity —these subjects will be referred to hereafter as
sarcopenic; and 4) nonsarcopenic nonobese, not meeting the
definitions for obesity or sarcopenia (the referent category).

Outcome. Bilateral fixed-flexion posteroanterior knee
radiographs were obtained at baseline and at the 60-month
follow-up visit. Incident (new-onset) radiographic knee OA was
defined as the presence of Kellgren/Lawrence (K/L) grade >2
in either or both knees at the 60-month follow-up visit, among
those free of radiographic knee OA at baseline (i.e., K/L grade <2
in both knees at baseline) (11).

Confounders. The following covariates were selected as
confounders based on literature review: age, height, race, physi-
cal activity measured by the Physical Activity Scale for the Elderly
(PASE) (12), smoking status, Charlson comorbidity index (13),
and history of knee injury.

Statistical analysis. We first assessed the longitudinal
relationship of fat and muscle mass at baseline as continuous
variables with the risk of incident radiographic knee OA over 60
months, using binomial regression with robust variance estima-
tion to calculate risk ratios (RRs) with 95% confidence intervals
(95% Cls). We then examined the longitudinal relationship of the
body composition categories (obese, sarcopenic obese, sarco-
penic, nonsarcopenic nonobese) defined at baseline with the
risk of incident radiographic knee OA at the 60-month follow-up
visit, using the same regression approach as described above.
We adjusted for potential confounders as described above in the
multivariable models.

In a sensitivity analysis, we defined obesity by BMI >30 kg/
m? instead of by DXA-derived fat mass, and we recategorized
subjects based on this BMI-based definition to enable compar-
ison of the results defined by body composition with the results
defined by the standard anthropometric measure of obesity used
in previous studies of knee OA. All analyses were performed in
the overall study population and then stratified by sex due to our
a priori hypothesis of effect measure modification by sex.

SAS software, version 9.3 (SAS Institute) was used to per-
form the analyses. The protocol was approved by the Institution-
al Review Board at Boston University School of Medicine and by
the MOST study review and executive committee.
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RESULTS

A total of 3,026 subjects were enrolled in the MOST
study, of whom 1,696 were included in the body compo-
sition categories (mean age 62 years, 61% women, and
mean BMI 30 kg/m?). Our final analytic cohort was 1,653
subjects who were free of radiographic OA at baseline, af-
ter excluding those subjects not completing the 60-month
visit. Among those included, 315 subjects developed inci-
dent radiographic knee OA by the 60-month follow-up vis-
it (19%). The baseline characteristics of subjects by body
composition categories (obese, sarcopenic obese, sarco-
penic, nonsarcopenic nonobese) are outlined in Table 1. The
differences in body weight, total body fat, and appendicular
skeletal muscle mass among the groups were in the expect-
ed direction.

In the multivariable adjusted analysis of fat and muscle
mass assessed as linear variables, we found greater fat mass
to be numerically and statistically associated with increased
risk of knee OA at 60 months in the overall population (RR
1.02 [95% CI 1.0-1.04]) and in women (RR 1.03 [95% CI
1.00-1.06]) when stratified by sex. In men, fat mass was nei-
ther numerically nor statistically associated with risk of knee
OA (RR 1.00 [95% CI 0.95-1.13)). Increased muscle mass was
associated with increased risk of knee OA at 60 months in the
overall population (RR 1.03 [95% CI 1.0-1.06]). When stratified
by sex, increased muscle mass was numerically but not sta-
tistically associated with increased risk of knee OA in women
(RR 1.02 [95% CI 0.98-1.06]), while it was both numerically
and statistically associated with increased risk in men (RR 1.07
[95% CI 1.01-1.13]).

In the evaluation of body composition based on fat and
muscle mass in subjects categorized as obese, sarcopenic

Table 1. Characteristics of the participants at baseline*

obese, or sarcopenic compared with the referent category of
nonsarcopenic nonobese subjects, both obese subjects (RR
2.05 [95% CI 1.56-2.68]) and sarcopenic obese subjects (RR
1.91[95% CI 1.17-3.10]) had increased risk of knee OA over 60
months (Table 2). When stratified by sex, the results in women
and men were similar. In women, compared with nonsarcopen-
ic nonobese subjects, a >2-fold increased risk of radiographic
knee OA was found in obese subjects (RR 2.29 [95% CI 1.64—
3.20]) and sarcopenic obese subjects (RR 2.09 [95% CI 1.17—
3.73)) (Table 2). Similarly, in men, compared with nonsarcopen-
ic nonobese subjects, a >70% increased risk of radiographic
knee OA was noted among obese subjects (RR 1.73 [95% CI
1.08-2.78]) and sarcopenic obese subjects (RR 1.74 [95% CI
0.68-4.46]), although the results for sarcopenic obese men did
not reach statistical significance. No significant association be-
tween sarcopenia without obesity and risk of radiographic knee
OA was noted in either the overall analysis (RR 0.87 [95% CI
0.06-1.25]) or in sex-stratified analyses (for women, RR 0.96
[95% CI 0.62—1.49]; for men, RR 0.66 [95% CI 0.34-1.30]), as
shown in Table 2.

In the sensitivity analyses in which obesity was defined by
BMI >30 kg/m? instead of by DXA-derived fat mass, we found
results similar to those in the body composition analysis, with
an increase in risk of knee OA among obese subjects (RR 1.87
[95% CI 1.46-2.40]) and sarcopenic obese subjects (RR 1.99
[95% CI 1.32-3.02]) compared with nonsarcopenic nonobese
subjects (Table 3). When stratified by sex, the risk of knee OA in
women was 87% greater in obese subjects (RR 1.87 [95% ClI
1.37-2.54]) and 60% greater in sarcopenic obese subjects (RR
1.60 [95% CI 0.93-2.77]) compared with nonsarcopenic non-
obese subjects, although the latter comparison was not statisti-
cally significant (Table 3). In men, the risk of knee OA was almost
2-fold greater in obese subjects (RR 1.92 [95% CI 1.24-3.00])

Obese Sarcopenic obese Sarcopenic Normal
(n = 244) (n=62) (n =283) (n=1,107)
Age, years 63+77 60+ 78 65+83 62 +8.0
Women, % o1 o1 61 61
Caucasian, % 83 96 92 84
PASE score, 0-573 182 +93.4 160 + 85.0 187 +95.0 185+ 86.4
Charlson comorbidity index, 0-10 07+1.2 08+1.4 05+09 0.6+11
Never smoked, % 57 55 54 56
Knee injury, % 43 43 45 41
Body weight, kg 107 +13.2 104 +16.3 76 +11.5 80 +13.1
Height, m 1.7 +£0.09 1.7+£0.10 1.7+£0.10 1.7 +£0.09
Tital body fat mass, mean (range) 45 (32-80) 46 (32-88) 27 (6-41) 26 (6-41)
g
Appendicular skeletal muscle 51 (39-74) 45 (35-63) 32 (21-46) 37 (20-56)
mass, mean
(range) kg

* Except where indicated otherwise, values are the mean + SD.

PASE = Physical Activity Scale for the Elderly.
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Table 2. Relationship of obesity, sarcopenic obesity, and sarcopenia at baseline with risk of incident radiographic knee
osteoarthritis over 5 years among community-dwelling older adults*

Sex-specific Adjusted RR
body composition category No./total no. Crude RR (95% CI)t
Overall
Obese 79/244 1.95 2.05(1.56-2.68)
Sarcopenic obese 18/62 1.75 1.91 (1.17-3.10)
Sarcopenic 35/246 0.86 0.87 (0.06-1.25)
Nonsarcopenic nonobese (referent) 183/1,101 1.0 1.00
Women
Obese 54/137 211 2.29 (1.64-3.20)
Sarcopenic obese 13/36 1.94 2.09 (1.17-3.73)
Sarcopenic 25/139 1.00 0.96 (0.62-1.49)
Nonsarcopenic nonobese (referent) 121/650 1.00 1.00
Men
Obese 25/107 1.70 1.73(1.08-2.78)
Sarcopenic obese 5/26 1.40 1.74 (0.68-4.46)
Sarcopenic 10/107 0.70 0.66 (0.34-1.30)
Nonsarcopenic nonobese (referent) 62/451 1.00 1.00

*RR = risk ratio; 95% Cl = 95% confidence interval.

t Adjusted for age, height, race, Physical Activity Scale for the Elderly score, smoking, Charlson comorbidity index,

and knee injury.

and almost 3-fold greater in sarcopenic obese subjects (RR 2.89
[95% CI 1.49-5.59)]) than in nonsarcopenic honobese subjects.
Similar to the body composition—based analyses, no significant
association with risk of radiographic knee OA was noted in sar-

copenic subjects in either the overall analysis (RR 1.03 [95% CI
0.68-1.54]) or in sex-stratified analyses (for women, RR 1.15
[95% CI 0.71-1.86]; for men, RR 0.80 [95% CI 0.38-1.67]), as

shown in Table 3.

Table 3. Sensitivity analysis with body mass index—defined obesity categories to evaluate the relationship of obesity,
sarcopenic obesity, and sarcopenia with risk of incident radiographic knee osteoarthritis over 5 years among community-
dwelling older adults*

Sex-specific Adjusted RR
body composition category No./total no. Crude RR (95% Cht
Overall
Obese 151/585 1.81 1.87 (1.46-2.40)
Sarcopenic obese 29/110 177 1.99 (1.32-3.02)
Sarcopenic 31/212 1.00 1.03 (0.68-1.54)
Nonsarcopenic nonobese (referent) 111/760 1.00 1.00
Women
Obese 98/326 1.80 1.87 (1.37-2.54)
Sarcopenic obese 16/64 1.50 1.60 (0.93-2.77)
Sarcopenic 22/114 1.16 115 (0.71-1.86)
Nonsarcopenic nonobese (referent) 771461 1.00 1.00
Men
Obese 53/259 1.80 1.92 (1.24-3.00)
Sarcopenic obese 13/46 2.49 2.89(1.49-5.59)
Sarcopenic 9/98 0.80 0.80(0.38-1.67)
Nonsarcopenic nonobese (referent) 34/299 1.00 1.00

*RR = risk ratio; 95% Cl = 95% confidence interval.
t Adjusted for age, height, race, Physical Activity Scale for the Elderly score, smoking, Charlson comorbidity index,
and knee injury.
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DISCUSSION

In this large longitudinal study of the risk of knee OA in relation
to DXA-derived body composition categories (obesity, sarcopenic
obesity, and sarcopenia), we found increased risk of radiographic
knee OA among obese women and men. Increased risk of knee
OA was also found in sarcopenic obese women and men, al-
though the results did not reach statistical significance in men.
While the relationship of anthropometrically measured obesity with
risk of knee OA is well known, this is the first longitudinal study to
demonstrate an increased risk of knee OA with body composi-
tion—based obesity and also sarcopenic obesity. Our findings have
implications for management of knee OA, such that weight loss
interventions should target both high fat mass and low muscle
mass. Similar results of increased risk with obesity and sarcopenic
obesity were noted when obesity was defined by BMI instead of
by DXA-derived fat mass and muscle mass.

The few previous studies that have examined the associa-
tion of body composition with knee OA have found conflicting
results (4-6,14). Issues with study design and lack of consis-
tency in definition of obesity and sarcopenia from body com-
position assessment (i.e., fat and muscle mass) partly explain
discordant results. For example, consistent with our results, a
cross-sectional study by Lee et al found increased prevalence
of radiographic knee OA among obese and sarcopenic obese
subjects compared with nonsarcopenic nonobese individuals
(4). Of note, sarcopenia was defined by low muscle mass, while
obesity was defined by BMI, similar to our sensitivity analysis.
In contrast, another cross-sectional study found anthropometric
measures (BMI and body weight) more strongly associated with
radiographic knee OA than fat or lean muscle mass from DXA
assessed separately (5).

Yet another cross-sectional study found increasing odds
of knee OA with increasing quartiles of BMI and fat mass, but
no association was found with lower extremity muscle mass
(6). In the same study, obese subjects with a low percentage
of lower extremity muscle mass (comparable to sarcopen-
ic obese subjects in our study) and nonobese subjects with a
low percentage of lower extremity muscle mass (comparable to
sarcopenic subjects in our study) were found to have greater
odds of radiographic OA compared with nonobese subjects
with normal lower extremity muscle mass. In contrast, obese
subjects with normal lower extremity muscle mass (akin to
obese subjects in our study) had no additional increased risk of
knee OA (6). Further, yet another study using bioimpedance for
assessment of body composition found increasing risk of severe
radiographic OA and joint space narrowing with increase in fat
and muscle mass (in separate analyses), although more var-
iability was explained by muscle mass (14). To overcome some
of the limitations of previous studies, we designed a longitudinal
study using incident radiographic knee OA as the outcome and
defined both obesity and sarcopenia based on fat and muscle

mass assessment from whole-body DXA, using definitions de-
scribed in previous studies of body composition (7,10).

Knee OA is known to affect women disproportionately, but the
reason for this gender disparity is not known. Despite the known
difference in body composition between men and women, a similar
increased risk of knee OA with adiposity for obese and sarcopenic
obese categories was noted for both sexes, although this was not
statistically significant in men. Of note, in additional analyses (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40692/
abstract), upon additionally adjusting for body weight in the muilti-
variable analysis of DXA-derived body composition categories and
risk of knee OA, the association of obesity in women attenuated
slightly, but in men the effect estimates attenuated considerably.
These results might suggest a differential effect of loading on risk
of knee OA by sex, although body weight may be problematic to
use as a surrogate marker for loading effect. Sarcopenia was not
significantly associated with risk of knee OA in men or women,
although the effect estimates in men showed a trend toward a pro-
tective effect. Our results suggest that the risk of knee OA in both
women and men is primarily conferred by adiposity, with perhaps
a lesser independent effect of muscle mass.

Adiposity confers increased risk of many diseases primar-
ily through a metabolic effect of adipose tissue products (ad-
ipokines). The role of adipokines has been demonstrated in
knee OA (15). However, there is also evidence to suggest that
increased loading across the joint in obesity leads to cartilage
damage and knee OA (16). While the present study did not pro-
vide direct evidence for a metabolic or mechanical pathway for
knee OA in obesity, it indicates the important role of adiposity
(i.e., fat mass over muscle mass).

Although ours is the first longitudinal study that we are aware
of to address this question, we acknowledge that it has limita-
tions. First, the sample size of the sarcopenic obesity category
was small, limiting our ability to precisely estimate the relation-
ship of sarcopenic obesity with risk of knee OA in men, although
all of the effect estimates were consistent in the direction and
magnitude of effect. Second, the subjects in this study were pri-
marily Caucasians; thus, these findings may not be generaliza-
ble to other racial groups, although we do not know of a biologic
hypothesis to suggest that obesity and sarcopenia have effects
that differ by race. Third, as physical activity levels can affect
body composition, the use of the PASE instrument as a measure
of physical activity level to control for its potential confounding
effects is a limitation. Fourth, a quintile-based approach used to
define obesity and sarcopenia may not be generalizable to other
populations. However, these are approaches that have been de-
veloped to study body composition, particularly the combination
of sarcopenia with obesity. Fifth, as with any observational study,
there is a possibility of residual confounding.

Our study also has several strengths. The longitudinal de-
sign allows us to infer directionality. We assessed the relative
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individual and combined effects of fat and muscle mass by
combining the categories of obesity and sarcopenia. The com-
prehensive data with validated measurement of knee OA and
whole-body DXA in large numbers of subjects constitute an ad-
ditional strength of our study.

In conclusion, body composition assessment allows for
new insights into the association of obesity with knee OA, espe-
cially the finding of increased risk conferred by sarcopenic obe-
sity. Preventive efforts may need to focus not only on reducing
obesity but also on ameliorating sarcopenic obesity to reduce
the burgeoning incidence and prevalence of knee OA.
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BRIEF REPORT

Molecular and Structural Biomarkers of Inflammation at
Two Years After Acute Anterior Cruciate Ligament Injury Do
Not Predict Structural Knee Osteoarthritis at Five Years

Frank W. Roemer,’ Martin Englund,? "= Aleksandra Turkiewicz,? André Struglics,? Ali Guermazi,?
L. Stefan Lohmander,? Staffan Larsson,? and Richard Frobell?

Objective. To determine the role of inflammatory biomarkers at 2 years post-anterior cruciate ligament (ACL)
injury to predict radiographic knee osteoarthritis (OA) and magnetic resonance imaging (MRI)-defined knee OA at 5
years postinjury, with a secondary aim of estimating the concordance of inflammatory biomarkers assessed by MRI
and synovial fluid (SF) analysis.

Methods. We studied 113 patients with acute ACL injury. Knee scans using 1.5T MRIs were read for Hoffa- and
effusion-synovitis. Biomarkers of inflammation that we assessed included interleukin-6 (IL-6), IL-8, IL-10, tumor ne-
crosis factor, and interferon-y in serum and SF, and IL-12p70 in serum. We defined the outcome as radiographic
knee OA (ROA) or MRI-defined OA (MROA) at 5 years. The area under the receiver operating characteristic curve
(AUC), sensitivity, and specificity were evaluated in models that included MRI features only (model 1), inflammation
biomarkers only (serum [model 2a] or SF [model 2b]), both MRI features and serum biomarkers (model 3a), or both
MRI features and SF (model 3b) biomarkers. Linear regression analysis was used to evaluate the association between
MRI features and SF biomarkers.

Results. At 5 years postinjury, ROA was present in 26% of the injured knees, and MROA was present in 32%. The
AUCs for ROA in each model were 0.44 (95% confidence interval [95% CI] 0.42, 0.47) for model 1, 0.62 (95% CI 0.59,
0.65) for model 2a, 0.53 (95% CI 0.50, 0.56) for model 2b, 0.58 (95% CI 0.55, 0.61) for model 3a, and 0.50 (95% CI
0.46, 0.53) for model 3b. The AUCs for MROA in each model were 0.67 (95% CI 0.64, 0.70) for model 1, 0.49 (95%
Cl1 0.47, 0.52) for model 2a, 0.56 (95% CI 0.52, 0.59) for model 2b, 0.65 (95% CI 0.61, 0.68) for model 3a, and 0.69
(95% C1 0.66, 0.72) for model 3b. The concordance between MRI and SF biomarkers was statistically significant only
for effusion-synovitis and IL-8.

Conclusion. Neither MRI-detected inflammation nor selected SF/serum inflammation biomarkers at 2 years post-
injury predicted ROA or MROA at 5 years postinjury. Concordance between MRI and SF inflammatory biomarkers
was weak.
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INTRODUCTION

Anterior cruciate ligament (ACL) injury is a common and se-
rious joint injury leading to ~200,000 ACL reconstructions each
year in the US alone (1). The purpose of ACL reconstruction is
to improve joint stability and reduce the risk of subsequent de-
velopment of knee osteoarthritis (OA) (1). However, long-term
radiographic and epidemiologic studies suggest that ACL re-
construction may not protect against the development of post-
traumatic OA, with reported OA rates varying between 10% and
90% of patients who experienced ACL injury (2-4).

Trauma-induced cytokine response and local inflamma-
tion after knee injury may be important in the development
of posttraumatic OA (5). In the Knee ACL Nonsurgical versus
Surgical Treatment (KANON) study, a randomized controlled
trial, highly increased synovial fluid (SF) levels of inflammatory
cytokines in the injured joint were observed early after trauma,
and some levels remained increased up to 5 years after injury
(5). In knees without radiographically evident OA (ROA), the
risk of cartilage loss is markedly increased when magnetic res-
onance imaging (MRI)-defined joint effusion and synovitis are
present (6). Based on these observations and given that ACL
injury leads to severe local inflammation at the time of injury,
one may argue that persistent inflammation following trauma
or surgery can potentially increase the risk of subsequent OA
development.

Thus, our primary aim in the present study was to determine
the role of inflammation at 2 years post—ACL injury in predict-
ing ROA and MRI-defined OA (MROA) in the knee at 5 years
postinjury. As a secondary aim, we examined the concordance
between inflammation as determined by MRI and biomarkers
from SF.

PATIENTS AND METHODS

KANON study and subject inclusion. We used data
from the KANON trial (International Standard Randomised Con-
trolled Trial no. 84752559 [http://www.controlled-trials.com]),
which compared a surgical treatment strategy to a nonsurgical
treatment strategy for acute ACL injuries in 121 young, active
individuals (4).

For the present analysis, we included patients with avail-
able data on inflammation biomarkers in serum or SF and MRI
at 2 years postinjury, as well as >1 of our 2 outcome measures
(ROA or MROA at 5 years), as described below. The decision
to analyze the 2-year postinjury time point in regard to inflam-
matory activity based on MRI and SF biomarkers (as opposed
to earlier time points) was due to the overarching goal of iden-
tifying patients that experience persistent or prolonged inflam-
mation. All patients exhibited acute posttraumatic inflammation
in their joints, as manifested by marked changes in imaging or
laboratory results. As we recently reported, surgery imposed a

subsequent trauma to the knee joint, with secondary inflamma-
tory peaks observed postsurgery (5).

For the prediction analysis, 113 individuals were included
in the assessments using serum biomarkers, and 78 individuals
were included in the assessments using SF; in the concordance
analysis, 81 individuals were included in the assessments using
only SF and MRI markers. The concordance analysis between
MRI markers and SF markers was performed cross-sectionally
only (i.e., at the 2-year time point). Three patients had 2-year
data but not 5-year data. Our decision to focus the concordance
analysis on SF markers and exclude serum biomarkers was
based on the fact that MRI scans, radiographs, and SF markers
all reflect local processes of the injured knee, whereas systemic
fluids such as serum reflect processes of the entire body. This
study was approved by the Regional Ethical Review Board at
Lund University.

Radiographic acquisition and assessment. Fluoro-
scopically guided frontal posteroanterior radiographs with weight
bearing, plus lateral radiographs of the tibiofemoral (TF) com-
partment and patella skyline view radiographs were obtained
at baseline and at 5 years. For the injured (index) knee, an ex-
perienced musculoskeletal radiologist (FWR), who was blinded
with regard to the treatment allocation and clinical data, graded
baseline and 5-year radiographs for osteophytes (TF and patel-
lofemoral [PF] compartments) and joint space narrowing (JSN)
(TF compartment only), according to the Osteoarthritis Research
Society International (OARSI) atlas (7). Kappa values for agree-
ment between radiographic assessments of osteophyte forma-
tion and JSN obtained using Kellgren/Lawrence (K/L) grading
(8) versus using OARSI atlas grading commonly range between
0.70 and 0.88 (9,10).

MRI acquisition. MRI was performed using a 1.5T sys-
tem (Gyroscan Intera; Philips Medical Systems). The MRI pulse
sequence protocol has been described in detail (11) and includ-
ed a sagittal 3-dimensional (3-D) fast low-angle water excitation
sequence, sagittal T2*-weighted 3-D gradient echo sequences,
a sagittal and coronal dual-echo turbo spin—echo sequence, and
sagittal and coronal short tau inversion recovery sequences.

MRI assessment. All available MRIs were read by a mus-
culoskeletal radiologist (FWR) according to the Anterior Cruciate
Ligament OsteoArthritis Scoring (ACLOAS) system (12). ACLOAS
was determined by analyzing nonenhanced MRI scans and using
an assessment of inflammation that includes whole-joint syno-
vitis based on signal changes in Hoffa’s fat pad (referred to as
Hoffa-synovitis) and a composite measure of the amount of in-
traarticular joint fluid and synovial thickening on fluid-sensitive
images (referred to as effusion-synovitis). Intracbserver reliability
(kappa) for assessment of effusion-synovitis for all time points
scored was 0.85 (95% confidence interval [95% CI] 0.78, 0.92),
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and for Hoffa-synouvitis it was 0.54 (95% Cl 0.42, 0.66). Interob-
server reliability was 0.75 (95% Cl 0.66, 0.84) and 0.60 (95% ClI
0.48, 0.72), respectively (12).

Inflammation biomarkers in serum and SF. Serum
levels and SF levels of interleukin-1p (IL-1p), IL-6, IL-8, IL-10, IL-
12p70, interferon-y (IFNy), and tumor necrosis factor (TNF) were
previously assessed in the KANON samples using a Multiplex
Human Pro-inflammatory 7-plex immunoassay (Meso Scale Dis-
covery) (5). In a large proportion of the samples, cytokine con-
centrations were below their lower limits of quantification (LLOQ)
and had high coefficients of variation (CVs) (5). For this reason,
only the data on IL-6, IL-8, IL-10, IL-12p70, IFNy, and TNF from
serum and all of these except for IL-12p70 from SF were ac-
cepted for further analysis in the present study. Values below
the LLOQ were imputed using the LLOQ value divided by 2. All
biomarker values were log, -transformed before analysis.

ROA and MROA outcome measures. To define patients
in the KANON cohort as having developed ROA after 5 years, 1
of the following 3 criteria had to be fulfiled in either the medial or
lateral TF compartment or in the PF compartment based on OARSI
grading: JSN of grade 2 or higher (TF compartment only), sum of
the 2 marginal osteophyte grades from the same compartment of
>2, or JSN of grade 1 in combination with grade 1 osteophytes in
the same compartment (TF compartment only) (13). MROA was
defined based on the criteria described by Hunter et al (14).

Analytical approach. We used 4 definitions of structural
knee OA: 1) whole-joint MROA (TF joint MROA and/or PF joint

MROA), 2) whole-joint ROA (TF joint ROA and/or PF joint ROA),
3) TF joint OA (either TF joint ROA or TF joint MROA, or both), and
4) PF joint OA (either PF joint ROA or PF joint MROA, or both).

Three predictive models were evaluated for each outcome:
model 1 that included Hoffa- and effusion-synovitis (MRI features
only), model 2 that included all inflammatory biomarkers, and mod-
el 3 that included models 1 and 2. Age and sex were included as
additional predictors in all models. Biomarkers with >70% of val-
ues below the LLOQ were included as categorical (below or above
LLOQ) in the predictive models.

We used 2 approaches for developing predictive models:
a logistic regression model with the lasso method to select pre-
dictors and, repeating the analyses using a more flexible mod-
el, classification and regression trees (CARTs) as implemented
in the Classification and Regression Training package (15). We
used repeated (10 times) 5-fold cross-validation for resampling,
and the 1-standard deviation criterion was used to select the
optimal model. The models were optimized to maximize either
the area under the receiver operating characteristic curve (AUC)
or sensitivity. The predictive accuracy of the model was assessed
with AUC, sensitivity, and specificity, reported with 95% Cls. An
additional analysis was performed including treatment (surgical
or nonsurgical) as a predictor.

To evaluate concordance between MRI inflammatory fea-
tures and SF inflammation biomarkers, we used regression
models. The MRI scores (for Hoffa- or effusion-synovitis, cat-
egorized into values of O, 1, or >2) were used as the indepen-
dent variable, and SF inflammation biomarkers were used as
the dependent variable. For the few values that were below the
LLOQ for TNF and IL-8, linear regression with log, , values of

Table 1. Imaging (MROA and ROA)-defined osteoarthritis at 5 years postinjury*

MROA ROA absent ROA present ROA missing MRI total

Whole knee

Absent 60 15 1 76

Present 22 14 1 37

Radiography total 82 29 2 113
TF jointt

Absent 71 6 1 78

Present 27 1 35

Radiography total 98 13 2 113
PF joint#

Absent 86 16 1 103

Present 3 6 1 10

Radiography total 89 22 2 113

*MROA = magnetic resonance imaging (MRI)-defined osteoarthritis; ROA = radiographic OA.

t Tibiofemoral (TF) joint MROA was defined as described by Hunter et al (14), requiring presence of a definite osteophyte and full thick-
ness cartilage loss (or either of these 2 features), in addition to 2 or more of the following features: 1) subchondral bone marrow lesion or
cyst not associated with meniscal or ligamentous attachments, 2) meniscal subluxation, maceration, or degenerative (horizontal) tear, 3)
partial-thickness cartilage loss (where full-thickness loss is not present), or 4) bone attrition.

i Definition of patellofemoral (PF) joint MROA requires presence of a definite osteophyte and partial- or full-thickness cartilage loss in at least
1 of 4 patellofemoral subregions. ROA was defined as either TF joint OA, PF joint OA, or both TF joint OA and PF joint OA.
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the biomarker was used. For IL-6, IL-10, and IFNy (with a high
proportion of values below the LLOQ), a 2-step approach was
applied. First, a logistic regression model was used to esti-
mate whether the MRI marker was associated with having bio-
marker values above the LLOQ. For values above the LLOQ, a
negative binomial regression was applied, and intensity ratios
were calculated. All statistical analyses were conducted using
Stata release 14 (StataCorp).

RESULTS

Demographic and descriptive data. The 113 individu-
als included in the prediction analyses had a mean + SD age of
26.1 + 4.9 years, 28 patients (25%) were women, and the right
knee was the injured knee in 61 cases (54%). The mean + SD
body mass index (BMI) was 24.4 + 3.2 kg/m?.

Five years postinjury, 29 patients (26%) had whole-joint ROA,
13 patients (12%) had TF joint ROA, and 22 patients (20%) had PF
joint ROA. Whole-joint MROA was seen in 37 patients (33%). Ac-
cording to subtypes, 35 patients (31%) had TF joint MROA and 10
patients (9%) had PF joint MROA. While the MRI definition of whole-
knee and TF joint OA categorized more knees as OA-positive com-
pared to the radiography definition (37 versus 29 with whole-knee
OA, respectively, and 35 versus 13 with TF joint OA), the opposite
was the case for the PF joint definition of OA, with only 10 knees

being MROA-positive and 22 having PF joint ROA (Table 1).

Two years postinjury, 22 patients (19%) had no signs
of Hoffa-synouvitis (i.e., grade 0), 58 patients (51%) had grade
1 Hoffa-synovitis, and 33 patients (29%) had grade 2 or 3
Hoffa-synovitis. Most patients (71%) did not show any signs of
effusion-synovitis at 2 years, while 26 patients (23%) had grade 1
effusion-synovitis, and 7 patients (6%) had grade 2 or 3 effusion-
synovitis.

At 2 years, there were 113 patients with serum samples
and 81 with SF samples (see Supplementary Table 1, on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40687/abstract). All patients with serum
samples and 78 of those with SF samples had corresponding
MRI-defined inflammation and at least 1 structural OA outcome
at 5 years.

Prediction of OA. The overall discriminatory accuracy of
biomarkers (models 1-3) in predicting knee OA at 5 years, ac-
cording to the aforementioned 4 definitions, was weak. In the
model maximizing AUC using logistic regression, values ranged
between from 0.44 (model 1: MRI features only predicting ROA)
to 0.69 (model 2b: SF biomarkers only predicting PF joint OA)
(Table 2).

Results were comparable in models 1-3, maximizing
sensitivity using logistic regression (Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40687/abstract).
Callibration of all models was poor (data not shown). Similar
results were obtained when using a more flexible CART model

Table 2. Discriminatory accuracy of imaging and serum/synovial fluid biomarkers at 2 years postinjury, with respect to knee OA development

SF biomarkers
only
(model 2b)

MRI features and
serum biomarkers

(model 3a)

MRI features and

SF biomarkers
(model 3b)

at 5 years®
MRI features Serum biomarkers
Outcome only only
at 5 years (model 1) (model 2a)
MROA
AUC 0.67 (0.64, 0.70) 0.49(0.47,0.52)
Sensitivity 0.03(0.01, 0.05) 0.00 (0.00, 0.00)
Specificity 0.98(0.97, 1.00) 1.00(1.00, 1.00)
ROA
AUC 0.44(0.42,0.47) 0.62 (0.59, 0.65)
Sensitivity 0.00 (0.00, 0.00) 0.01 (0.00, 0.03)
Specificity 1.00 (1.00, 1.00) 1.00 (1.00, 1.00)
TFjoint
AUC 0.68 (0.65, 0.71) 0.52 (0.50, 0.54)
Sensitivity 0.22(0.18,0.26) 0.00(0.00, 0.01)
Specificity 0.89(0.86, 0.93) 0.99(0.98, 1.00)
PF joint
AUC 0.62 (0.59, 0.65) 0.64 (0.61,0.67)
Sensitivity 0.00 (0.00, 0.00) 0.22(0.17,0.26)
Specificity 1.00 (1.00, 1.00) 0.93(0.91, 0.94)

0.56 (0.52, 0.59)
0.02 (0.00, 0.03)
0.98 (0.96, 1.00)

0.53(0.50, 0.56)
0.00 (0.00, 0.00)
1.00 (1.00, 1.00)

0.53(0.49, 0.56)
0.02 (0.00, 0.04)
0.95(0.92, 0.98)

0.69 (0.65, 0.73)
0.00 (0.00, 0.00)
1.00 (1.00, 1.00)

0.65(0.61, 0.68)
0.00 (0.00, 0.00)
1.00(0.99, 1.00)

0.58 (0.55, 0.61)
0.01 (0.00, 0.02)
1.00 (1.00, 1.00)

0.64 (0.62, 0.67)
0.13(0.10, 0.17)
0.91(0.88, 0.95)

0.65 (0.63, 0.68)
0.03 (0.01, 0.06)
0.99(0.99, 1.00)

0.69 (0.66, 0.72)
0.02 (0.00, 0.03)
0.99 (0.98, 1.00)

0.50 (0.46, 0.53)
0.00(0.00, 0.00)
1.00 (1.00, 1.00)

0.64 (0.60, 0.68)
0.14(0.10, 0.19)
0.87(0.84,0.91)

0.68 (0.64, 0.73)
0.00 (0.00, 0.00)
1.00 (1.00, 1.00)

* Data were recorded according to 4 definitions, using a logistic regression model maximizing the area under the receiver operating char-
acteristic curve (AUC). Low sensitivity is a result of poor model performance. Values in parentheses are the 95% confidence interval. SF =

synovial fluid (see Table 1 for other definitions).
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Table 3. Linear regression model results for IL-8 and TNF in SF from
patients with synovitis*

MRI-defined
synovitis grade

Log,, SF TNF, pg/ml  Log,, SF IL-8, pg/ml

Hoffa-synovitis

Grade 0 0.00 0.00
(reference)

Grade 1 -0.06 (-0.19, 0.07) -0.11 (-0.40, 0.18)

Grade 2/3 -0.09 (-0.23, 0.04) 0.06 (-0.24,0.37)

Effusion-synovitis

Grade O 0.00 0.00
(reference)

Grade 1 0.05 (-0.07,0.17) 0.26 (0.01, 0.50)t

Grade 2/3 0.10 (-0.08, 0.28) 0.43(0.05, 0.8N)t

*The coefficients represent differences in the mean log,, value of
the biomarker between subjects with different synovitis grades.
Values in parentheses are the 95% confidence interval. IL-8 = in-
terleukin-8; TNF = tumor necrosis factor; SF = synovial fluid; MRI =
magnetic resonance imaging.

t P<0.05.

maximizing the AUC (Supplementary Table 3) and maximizing
sensitivity (Supplementary Table 4). Comparable results were
observed when including a treatment variable as a predictor
(Supplementary Table 5).

Concordance between MRI and SF inflammation
biomarkers. With regard to markers assessed in SF, a statis-
tically significant association was observed only between IL-8
level and effusion-synovitis. The results of the linear regression
analysis for IL-8 and TNF are presented in Table 3. No statis-
tically significant associations were observed between IL-6,
IL-10 or IFNy and inflammatory MRI markers (Supplementary

Table 6).

DISCUSSION

In this prospective cohort of patients with acute ACL inju-
ries, selected local and systemic inflammation biomarkers de-
rived from SF, serum, and MRl at 2 years did not predict structur-
al knee OA at 5 years, regardless of treatment strategy. We used
4 outcome definitions of structural OA in 3 separate prediction
models, including MRI results only, molecular biomarkers only,
and a combination of the two.

In the same cohort, we reported a marked elevation of
aggrecan ARGS neoepitope and inflammatory biomarker con-
centrations in SF shortly after injury, with decreasing concentra-
tions over time (5). At 5 years, however, the TNF concentration
in SF still remained higher than the reference level, indicative of
extended local inflammation. A recent report from the KANON
trial described higher inflammatory biomarker concentrations in
SF from the injured knee at 4 months, 8 months, and 5 years,
among subjects randomized to undergo early ACL reconstruc-

tion, suggesting that surgery constitutes a second trauma to the
acutely injured joint (16).

Increasing evidence suggests that low-grade inflammation
plays an important role in nontraumatic OA (6,17), though the
role of inflammation in posttraumatic OA is less clear. Some au-
thors have suggested that targeting inflammation posttrauma
may have the potential to reduce the risk of OA (18).

While OA may be defined structurally, clinically, or by us-
ing both constructs, here we focused on structural OA as the
outcome. ROA is classically defined as meeting the criterion of
a K/L grade of >2. We used a simulated K/L grade based on
readings according to the OARSI atlas (7) that included the PF
joint. In addition, we applied an MRI definition of OA based on an
exercise using the Delphi method (14).

As expected, the proportion of patients with whole-joint
and TF joint MROA at 5 years was higher compared to patients
with whole-joint and TF joint ROA. However, we observed an
unexpectedly higher proportion of patients with PF joint ROA
compared to those with PF joint MROA. The explanation for
this may be multifold, but it is likely due to the fact that the
radiography definition of PF joint OA required only a minimum
sum of 2 from 4 possible marginal osteophytes, whereas the
MRI definition required the simultaneous presence of a defi-
nite osteophyte and concomitant cartilage loss in the PF joint.
Supplementary Figures 1 and 2 (http://onlinelibrary.wiley.com/
doi/10.1002/art.40687/abstract) illustrate potential causes of
the discrepancies between imaging methods, particularly for
PF joint OA.

The concordance between MRI inflammation markers and
SF cytokines, both considered to represent local inflammation,
was surprisingly weak. The only statistically significant finding
was that patients who had higher grades of effusion-synovitis
showed, on average, higher SF levels of IL-8. One possible
explanation may be our limited understanding of low-grade in-
flammation of the knee, resulting in a challenge to define and
measure the inflammation using MRI and molecular biomarkers.
The imaging measures used here are sensitive but nonspecif-
ic for inflammation, and the SF biomarkers, while considered
to indicate inflammation, may not be the ones involved in this
particular form or phase of OA. Another possible explanation
could be that MRI markers change more slowly compared to
SF cytokines.

Some limitations of our study should be noted. The
KANON trial was conducted to find clinically relevant differ-
ences between 2 treatment strategies at 2 years postinjury,
and our small sample size and relatively short follow-up limit
the ability to draw firm conclusions. Inflammatory biomarker
results were not available for all individuals, and some SF mark-
ers had a high proportion of concentrations below the LLOQ.
Other important risk factors for OA, such as meniscus injury/
surgery and osteochondral injury, were not analyzed. Despite
the use of commonly reported inflammatory biomarkers and
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well-described imaging features of inflammation and outcomes,
it is possible that markers not assessed here may provide dif-
ferent results. SF samples were not available for all patients at
2 years, which may have introduced some bias. An explanation
for unavailable samples was not recorded, but it may be due to
a patient’s refusal to undergo arthrocentesis or an unsuccessful
attempt at fluid aspiration.

Another limitation is that only 25% of our cohort were fe-
male, despite the fact that females have a high risk of ACL injury.
For this reason, we included sex as a predictor in our models.
Although some of the observed associations and 95% Cls in the
prediction analysis were >0.5, we do not interpret the range of
values included in 95% Cls as representing any clinically useful
discriminatory ability. This seemed even clearer when evaluating
the sensitivity and specificity of the models. Finally, we did not
include BMI in our models given that mean BMI in these young
patients was normal and the standard deviation small. A particu-
lar strength of this study is the inclusion of patients treated both
surgically and nonsurgically.

In our cohort of patients with acute ACL injury, inflamma-
tion at 2 years defined by MRI and selected local and systemic
inflammatory biomarkers did not predict structural OA as de-
fined by radiography and MRI at 5 years posttrauma. Addition-
ally, the concordance of inflammatory biomarkers assessed by
MRI and in SF was found to be surprisingly weak. Additional
studies with longer follow-up will be needed to more firmly
define the role of inflammation in OA development following
acute ACL injury.
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Attenuated Joint Tissue Damage Associated With Improved
Synovial Lymphatic Function Following Treatment

With Bortezomib in a Mouse Model of Experimental
Posttraumatic Osteoarthritis

Wensheng Wang, Xi Lin,?2 Hao Xu,® Wen Sun,? Echoe M. Bouta,* Michael J. Zuscik,* Di Chen,®
Edward M. Schwarz,* and Lianping Xing*

Objective. To investigate the roles of the synovial lymphatic system in the severity and progression of joint tis-
sue damage and functional responses of synovial lymphatic endothelial cells (LECs) to macrophage subsets, and to
evaluate the therapeutic potential of the proteasome inhibitor bortezomib (BTZ) in a mouse model of experimental
posttraumatic osteoarthritis (OA).

Methods. C57BL/6J wild-type mice received a meniscal ligamentous injury to induce posttraumatic knee OA.
Lymphangiogenesis was blocked by a vascular endothelial growth factor receptor 3 (VEGFR-3) neutralizing antibody.
Synovial lymphatic drainage was examined by near-infrared imaging. Joint damage was assessed by histology. RNA-
sequencing and pathway analyses were applied to synovial LECs. Macrophage subsets in the mouse synovium were
identified by flow cytometry and immunofluorescence staining. M1 and M2 macrophages were induced from mouse
bone marrow cells, and their effects on LECs were examined in cocultures in the presence or absence of BTZ. The
effects of BTZ on joint damage, LEC inflammation, and synovial lymphatic drainage were examined.

Results. Injection of a VEGFR-3 neutralizing antibody into the joints of mice with posttraumatic knee OA reduced
synovial lymphatic drainage and accelerated joint tissue damage. Synovial LECs from the mouse OA joints had dys-
regulated inflammatory pathways and expressed high levels of inflammatory genes. The number of M1 macrophages
was increased in the knee joints of mice with posttraumatic OA, thereby promoting the expression of inflammatory
genes by LECs; this effect was blocked by BTZ. Treatment with BTZ decreased cartilage loss, reduced the expression
of inflammatory genes by LECs, and improved lymphatic drainage in the knee joints of mice with posttraumatic OA.

Conclusion. Experimental posttraumatic knee OA is associated with decreased synovial lymphatic drainage,
increased numbers of M1 macrophages, and enhanced inflammatory gene expression by LECs, all of which was
improved by treatment with BTZ. Intraarticular administration of BTZ may represent a new therapy for the restoration
of synovial lymphatic function in subjects with posttraumatic knee OA.

INTRODUCTION

Osteoarthritis (OA) is characterized by the degeneration of
articular cartilage, subchondral bone sclerosis, angiogenesis,
and synovitis. Increasing evidence indicates that not only carti-
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lage, but also surrounding soft tissues (referred to as synovium
in this study) contribute to the pathogenesis of OA. Catabolic
factors, including proinflammatory cytokines, immune cells, and
proteases, are detected in OA synovium and play a critical role in
cartilage degeneration (1,2). Mechanisms or pathways by which

Shanghai, China; “Echoe M. Bouta, PhD, Michael J. Zuscik, PhD, Edward M.
Schwarz, PhD, Lianping Xing, PhD: Center for Musculoskeletal Research,
University of Rochester Medical Center, Rochester, New York; °Di Chen, PhD:
Rush Medical College, Chicago, lllinois.

Dr. Wang and Ms. Lin contributed equally to this work.

Address correspondence to Lianping Xing, PhD, Department of Pathology
and Laboratory Medicine, 601 ElImwood Avenue, Box 626, Rochester, NY
14642. E-mail: Lianping_xing@urmc.rochester.edu.

Submitted for publication November 9, 2017; accepted in revised form
August 21, 2018.


mailto:Lianping_xing@urmc.rochester.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40696&domain=pdf&date_stamp=2019-01-05

IMPROVEMENT OF OA AND SYNOVIAL LYMPHATICS BY BORTEZOMIB

245

these factors are removed from the OA synovium have not been
well studied.

The lymphatic system plays an important role in maintain-
ing metabolic and tissue fluid homoeostasis. Interstitial fluid,
immune cells, proteins, and lipids are drained by lymphatic
capillaries from the interstitial space. They are then transported
to lymph nodes, to the thoracic duct, and finally to the blood-
stream via collecting lymphatic vessels (3). Lymphatic capillar-
ies are composed of a thin layer of lymphatic endothelial cells
(LEGCs). The collecting lymphatic vessels are covered by 1 or
more layers of lymphatic muscle cells that enable vessel con-
traction, moving the lymph against gravity (4). We previously
reported that the mouse knee contains a synovial lymphatic
system that drains into the iliac lymph nodes, as demonstrat-
ed using an intraarticular (IA)-injected near-infrared (NIR) dye.
This synovial lymphatic drainage is reduced in joints with me-
niscal ligamentous injury (MLI)-induced posttraumatic OA, a
mouse model of experimental OA (5). However, it is not known
if reduced synovial lymphatic drainage is a consequence of
posttraumatic knee OA or precedes the development of post-
traumatic knee OA.

The function of lymphatic vessels is affected differently ac-
cording to the duration of inflammation (6). Increased lymphang-
iogenesis, lymphatic vessel contraction, and lymph flow occur
in areas with acute inflammation. In contrast, reduced lymphatic
vessel contraction and lymph flow occur in areas with chronic
inflammation. This may be related to the high levels of induc-
ible nitric oxide synthase (INOS) produced by macrophages and
LECs. Inducible NOS directly affects lymphatic muscle cells via
excess nitric oxide (7,8). We observed that in mice carrying the
tumor necrosis factor transgene (TNF-Tg), a model of rheuma-
toid arthritis (RA), macrophages were attached to LECs in the
collecting lymphatic vessel that drains the inflamed joints (9).
However, whether macrophages affect LEC function directly re-
mains to be determined. Effective lymphatic drainage promotes
the resolution of inflammation.

Macrophages are plastic cells. Quiescent macrophages
respond to different stimuli in vitro and will polarize to sub-
sets of M1 (proinflammatory) and M2 (antiinflammatory) mac-
rophages at opposite ends of the macrophage phenotype
spectrum. M1 and M2 macrophages have distinct gene ex-
pression profiles (10). M2 macrophages promote tumor lym-
phangiogenesis by producing vascular endothelial growth fac-
tor C (VEGF-C), the growth factor for LECs (11). Synovium of
OA patients contains both M1 and M2 macrophages (12), but
the role of these distinct macrophage populations in the lym-
phatic system under non-tumor conditions, such as in knee
OA, has not been studied.

Bortezomib (BTZ) is a proteasome inhibitor that is approved
by the US Food and Drug Adminisration for the treatment of
patients with multiple myeloma (13). BTZ inhibits proinflamma-
tory cytokines in the T cells of RA patients (14), and inhibits joint

inflammation and bone erosion in mice with adjuvant-induced
RA (15). It suppresses TNF-induced type Il collagen degrada-
tion and expression of matrix metalloproteinase 13 (MMP-13)
in human chondrocytes (16). MG132, a proteasome inhibitor
that is used in biologic research, was found to reduce cartilage
loss when applied in a prevention protocol in experimental an-
imal models of surgery-induced OA (17,18). However, whether
proteasome inhibition has a therapeutic role in OA or whether it
can be associated with improvement of synovial lymphatics is
unknown.

In the present study, we hypothesized that the progression
of posttraumatic knee OA is associated with lymphatic vessel
inflammation that is induced by M1 macrophages. This leads to
reduced synovial lymphatic drainage and facilitates joint tissue
damage, which can be attenuated by intraarticular administra-
tion of BTZ. We predicted that 1) blocking lymphatic function will
accelerate OA tissue damage, 2) OA synovial LECs will express
high levels of inflammatory genes, 3) OA synovium will have in-
creased numbers of M1 macrophages, and M1 macrophages
will affect LEC function, and 4) treatment with BTZ will reduce
tissue damage, attenuate LEC inflammation, and improve syn-
ovial lymphatic drainage. In this study, we used a mouse model
of MLI-induced posttraumatic knee OA and demonstrated an
association among M1 macrophage activity, LEC inflammation,
and synovial lymphatic drainage in the OA joints. Our findings
also demonstrated the therapeutic potential of BTZ in this post-
traumatic knee OA model.

MATERIALS AND METHODS

Experimental mouse model of posttraumatic knee
OA. Three-month-old male C57BL/6J mice were subjected to
MLI surgery to induce posttraumatic knee OA, which was car-
ried out in accordance with a standard operation procedure es-
tablished by the Center for Musculoskeletal Research (CMSR) in
Rochester, New York (5,19). Briefly, a 5-mm incision was made
on the medial aspect of the right joint, and the medial collateral
ligament was transected to open the joint space. The medial
meniscus was detached from its anterior attachment to the tibia,
and the anterior half of the detached medial meniscus was re-
moved. In sham surgery, a 5-mm skin incision was made on the
medial aspect of the left joint. Mice received sustained-release
buprenorphine to control pain.

Two experiments were conducted. In the first experiment, a
VEGFR-3 neutralizing antibody (mF4-31C1; ImClone) was used.
Mice with MLI-induced posttraumatic knee OA were treated with
the VEGFR-3 antibody (at 0.8 mg/kg by intraperitoneal [IP] in-
jection) or with IgG, starting at day 3 postsurgery, 3 times per
week for 6 weeks, based on a regimen previously used in TNF-
Tg mice (20). In the second experiment, mice with MLI-induced
posttraumatic knee OA were subjected to ultrasound imaging at
4 weeks postsurgery to obtain synovial volume (21,22). Based
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on their synovial volume values, the mice were randomized into 1
of 2 treatment groups: BTZ (0.25 mg/ml in a 5-pl IA injection) or
vehicle control (1% DMSO) weekly for 7 weeks. All animal exper-
iments were approved by the Animal Care and Use Committee
at the University of Rochester.

NIR-indocyanine green (ICG) lymphatic imaging.
NIR-ICG imaging was performed by administering an IA injec-
tion of 5 pl (0.1 pg/ul) of ICG (Akorn) into the mouse knee joints,
in accordance with the CMSR standard operating procedure
(5,23,24). The dynamics of ICG fluorescence over the entire leg
were visualized using an NIR imaging system. Briefly, the target
area was excited with NIR illumination provided by a tungsten
halogen nondichroic MR16 light bulb. A fluorescence emission
filter was placed behind the lens and in front of a high-sensitivity
1.4-megapixel CCD camera sensor. The camera, NIR excitation,
and background illumination were controlled using software de-
veloped in the LabView programming environment.

Synovial lymphatic drainage, as indicated by the percent-
age of ICG clearance, was assessed by calculating the percent-
age difference of ICG signal intensity between the 3- and 6-hour
NIR scans from the regions of interest in the knee joint after ICG
injection (24).

Histology and staining. Decalcified knee samples were
used. For paraffin sectioning, 30 consecutive 4-um-thick sec-
tions of the knee tissue were collected and evenly divided into
3 levels. One section from each of the 3 levels was stained with
Alcian blue-hematoxylin-orange G. For frozen sectioning, 10
consecutive 7-um-thick sections were collected. Sections 4 and
5 were stained with hematoxylin and eosin. An adjacent section
was subjected to double immunofluorescence staining for lym-
phatic vessels and macrophage subsets using primary antibod-
ies, including antibodies to podoplanin (PDPN) (1:200; Abcam)
for LECs, F4/80 (1:50; BioLegend) for pan-macrophages, iNOS
(1:50; Santa Cruz Biotechnology) for M1 macrophages, or
CD206 (1:100; R&D Systems) for M2 macrophages. Stained
sections were scanned with an Olympus VS120 whole-slide
imager (5).

For 3-dimensional (3-D) reconstruction, one 30-pm-thick
frozen section of the synovial tissue was stained with anti-F4/80,
anti-INOS, and anti-PDPN antibodies, while another 30-pm-—
thick frozen section was stained with anti-F4/80, anti-CD206,
and anti-PDPN antibodies, followed by scanning with an Olym-
pus FV1000 confocal microscope to collect a series of 20-25
images. Images were imported to Amira software (version 6.0)
for 3-D reconstruction.

Histomorphometric analyses. Joint tissue damage
was assessed on Alcian blue—orange G-stained sections using
the CMSR standard operating procedure. Histomorphometric
assessments of joint tissue damage included the modified Os-

teoarthritis Research International (OARSI) score for histopatho-
logic assessment of murine cartilage (25), a score for the sever-
ity of synovitis (26), and determination of osteophyte numbers
(5,19). Three sagittal joint sections from 3 levels were used for
these assessments, carried out in a blinded manner by 4 inde-
pendent observers. The mean score for the 3 levels from each
observer was calculated, and the mean score from all 4 individu-
al observers was then used. Interrater agreement for each score
was evaluated by calculating the Fleiss kappa coefficient (27).
The results indicated that there was no significant interobserver
variation (data not shown).

For the OARSI score, measurements of histopathologic
changes in the tibial and femoral surfaces were combined as 1
value (scale 0-6, where O = normal cartilage, 0.5 = loss of proteo-
glycan stain without cartilage damage, 1 = mild superficial fibrilla-
tion, 2 = fibrillation and/or clefting extending below the superficial
zone, 3 = mild (<25%) loss of cartilage, 4 = moderate (25-50%)
loss of cartilage, 5 = severe (50-75%) loss of noncalcified cartilage,
and 6 = eburnation with >75% loss of cartilage). For the synovitis
score, a subjective scoring system on a scale of 0-2 was used, in
which 0 = synovial lining that has 2-3 cell layers or a thickness of
<10 um (normal), 1 = synovial thickening with 5-10 cell layers or a
thickness of 10-20 um, and 2 = severe thickening of the synovium
with >10 cell layers or a thickness of >20 pm. For enumeration of
osteophytes, the number of osteophytes protruding from the tibial
or femoral surface to the joint space was counted.

Areas ofthejointtissue that were F4/80+ (pan-macrophages),
F4/80+iINOS+ (M1 macrophages), F4/80+CD206+ (M2 mac-
rophages), or PDPN+ (lymphatic vessels) were analyzed with
ImageProPlus software. The synovial area was segmented
manually into regions of interest. The positive staining area was
calculated as the ratio of positive staining pixels to total pixels
(green pixels for pan-macrophages, and yellow pixels for M1 or
M2 macrophages).

LECs. The mouse LEC line was provided by Dr. S. Ran
(Southern lllinois University School of Medicine, Springfield, IL).
This mouse LEC line was generated from benign lymphangiomas
induced with Freund’s complete adjuvant (28). Primary LECs
were isolated from the synovium and surrounding soft tissues of
mouse knee joints using a previously described method (illustrat-
ed in Supplementary Figure 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40696/abstract) (29). In brief, knee joints comprising the whole
tibia and femur were digested with 1 mg/ml type | collagenase.
Cells isolated from the joints were incubated with phycoerythrin
(PE)—conjugated anti-mouse PDPN antibodies (BioLegend), and
then resuspended in anti-PE microbeads (Miltenyi Biotec) and
loaded onto an MS Column. PDPN+ cells were eluted with 1 ml
MACSQuant buffer.

For characterization, the cells were stained with PE-
conjugated anti-mouse PDPN antibodies combined with biotin-
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conjugated anti-mouse lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE-1; eBioscience) antibodies or goat anti-mouse
VEGFR-3 antibodies (R&D Systems), followed by Texas Red-
conjugated streptavidin (BD Biosciences) or Alexa Fluor 488—
conjugated anti-goat antibodies. Cells were subjected to flow
cytometry (LSRII 12-color; BD Biosciences). Results were
analyzed using FlowJo software (version 7). We referred to these
PDPN+ cells as synovial LECs.

RNA sequencing, pathway analysis, and real-time
quantitative PCR (qPCR). Total RNA was extracted from
the mouse knee joints using an RNeasy Mini kit, following the
manufacturer’s protocol (Qiagen). RNA-sequencing analysis
was performed with an lllumina HiSeg2500 high-throughput
DNA sequencer. More than 1,000 genes that were differen-
tially expressed between posttraumatic OA mouse LECs and
sham-operated mouse LECs (fold change >1.5 or <0.75) were
identified. Data from the mice with posttraumatic knee OA and
their counterpart controls were independently analyzed by In-
genuity Pathway Analysis (IPA) (Qiagen). IPA analyses focused
on canonical pathways, biologic functions, and diseases. Real-
time gPCR was performed using iQ SYBR Green Supermix and
an iCycler PCR machine (a list of the sequence-specific prim-
ers used is shown in Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40696/abstract). The fold change in ex-
pression of genes of interest in mice with posttraumatic knee OA
was calculated relative to the values in sham-operated control
mice (set to a value of 1).

Cell cultures. Generation of M1 and M2 macrophages.
Bone marrow (BM) cells were isolated from wild-type (WT)
mouse tibiae and femora and cultured with macrophage
colony-stimulating factor for 3 days, to generate BM-derived
macrophages (BMMs). M1 macrophages were induced from the
BMMs using 20 ng/ml interleukin-1 (IL-1), and M2 macrophages
were induced using 20 ng/ml IL-4. The phenotypes of the M1
and M2 macrophages were confirmed by immunostaining
for F4/80+INOS+ M1 macrophages and F4/80+CD206+
M2 macrophages, as described previously (30) (results of
immunostaining are shown in Supplementary Figure 2, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40696/abstract).

Evaluation of the effect of macrophage-conditioned medi-
um on LECs. Conditioned medium was collected from M1 or M2
macrophages. LECs from a murine LEC cell line were treated
with 10%, 20%, or 40% macrophage-conditioned medium. Ex-
pression of inflammatory genes in the LECs was then examined
by gPCR.

Evaluation of the effect of BTZ on M1 and M2 macro-
phages. M1 and M2 macrophages were treated with BTZ. The
expression of effector genes by the M1 and M2 macrophages
was determined by gPCR.

Evaluation of the effect of BTZ on M1 macrophage-medi-
ated LEC inflammatory gene expression. BMMs on coverslips
were induced to obtain the M1 macrophage subset. M1 mac-
rophages were treated with BTZ or phosphate buffered saline
(PBS) as a control. LECs were separately cultured on plastic
dishes. Coverslips with BTZ- or PBS-pretreated M1 macro-
phages were transferred to the LEC culture dishes, and the cells
were cocultured and then removed from the dishes. Expression
of inflammatory genes by the LECs that were left on the plastic
dishes was examined by gPCR.

Evaluation of the effect of BTZ on LECs. LECs were treated
with BTZ or PBS. Expression of inflammatory genes by the treat-
ed LECs was assessed by gPCR.

Western blot analysis. BTZ was injected IA into the right
knee joint of mice, while the left knee joint received vehicle con-
trol. The mice were killed 4 hours later. Synovial tissue and fem-
oral cortical bone samples were harvested from the knee joints
after removal of the BM. Proteins were extracted using ubiquiti-
nation lysis buffer. Total ubiquitinated proteins were determined
by Western blotting using an anti-ubiquitin antibody (Santa Cruz
Biotechnology), with p-actin used as a loading control.

Statistical analysis. All experiments were performed at
least twice, with each yielding similar results. Data are presented
as the mean + SD. Student’s unpaired t-test was used to com-
pare 2 groups. One-way analysis of variance followed by Tukey’s
post hoc test was used to compare more than 2 groups. An X-Y
linear regression test was used for determination of any corre-
lation between ICG clearance and OARSI score. P values less
than or equal to 0.05 were considered significant.

RESULTS

Worsening of experimental posttraumatic knee OA
following neutralizing antibody blockade of lymphan-
giogenesis. To investigate the cause—effect relationship be-
tween the synovial lymphatic system and posttraumatic knee
OA, we used a VEGFR-3 neutralizing antibody to block lym-
phangiogenesis (20) in the joints of mice with MLI-induced
posttraumatic knee OA. Three groups of mice (n = 10 mice per
group) were used, including IgG-treated sham-operated mice,
lgG-treated mice with posttraumatic knee OA, and VEGFR-3 an-
tibody—treated mice with posttraumatic knee OA. The treatment
(administered IP) was started on day 3 postsurgery and given 3
times per week for 6 weeks. Synovial lymphatic drainage and
joint tissue damage (5) were then assessed (Figure 1A).

Knees from IgG-treated mice with MLI-induced OA had a
lower percentage of ICG clearance (indicative of the extent of
synovial lymphatic drainage) compared to IgG-treated sham-
operated mice, and the ICG clearance became significantly
worse in VEGFR-3 antibody-treated mice (Figure 1B). Results of
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Figure 1. Inhibition of lymphangiogenesis by vascular endothelial growth factor receptor 3 (VEGFR-3) antibody blockade exacerbates cartilage

destruction in the knee joints of mice with posttraumatic osteoarthritis (OA). A, Schematic illustration shows the experimental design, in which
wild-type C57BL/6J mice received meniscal ligamentous injury (MLI) or sham surgery, and on day 3 postsurgery were randomized to receive
treatment with anti-VEGFR-3 neutralizing antibody (R3-Ab; 0.8 mg/kg intraperitoneally [IP], 3 times/week) or IgG (placebo) for 6 weeks. B,
Sham-operated knee joints and IgG- or R3-Ab-treated knee joints of mice with OA were subjected to near-infrared dye-indocyanine green (NIR-
ICG) imaging to quantify synovial lymphatic drainage. Top, Representative images of the ICG remaining in the knee 24 hours postinjection are
shown (circled regions) to illustrate the lack of lymphatic clearance in R3-Ab-treated mice. Bottom, ICG clearance was quantified. C, Paraffin-
embedded sections of the knee joints were stained with Alcian blue—orange G (AB/OG) for histopathologic assessment. Top, Representative
micrographs are shown (bars = 0.1 mm; original magnification x 10). Bottom, Sections were assessed for OA severity using Osteoarthritis
Research Society International (OARSI) histopathologic scores. D and E, Synovitis scores (D) and osteophyte numbers (E) were compared (n =
10 mice per group). Symbols represent individual mice; results are presented as the mean + SD. * = P < 0.05 by one-way analysis of variance
followed by Tukey’s post hoc test. F, The relationship between ICG clearance and OARSI score (n = 30 mice with posttraumatic knee OA) was
determined by linear regression analysis (P < 0.05 for Pearson’s correlation coefficient).

histology showed that the MLI procedure caused cartilage loss
and fibrillation in the knee joints, both of which were more severe
in VEGFR-3 antibody-treated mice.

Morphometric analysis revealed higher OARSI scores,
synovitis scores, and osteophyte formation in IgG-treated MLI-
operated mouse knee joints than in IgG-treated sham-operated
mouse knee joints, and all 3 parameters were worse in the VEG-
FR-3 antibody-treated knee joints of mice with MLI-induced OA
(Figures 1C-E). There was a strong correlation between the per-
centage of ICG clearance and the OARSI score (R? = 0.7645;

P < 0.001) (Figure 1F). These data indicate that blocking lym-
phangiogenesis reduces lymphatic drainage and accelerates
tissue damage in the knee joints of mice with posttraumatic OA,
and that the synovial lymphatic system may play an active role in
the progression of posttraumatic knee OA.

Inflammatory phenotype of primary LECs from the
synovium of mice with posttraumatic knee OA. Lym-
phatic vessels are localized in the synovium and soft tissues,
mainly around the joint capsule, ligaments, fat pads, and mus-
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cles of a normal mouse knee (5). To determine whether LECs are
changed in the posttraumatic OA microenvironment, we puri-
fied LECs from the synovium and soft tissues with an anti-PDPN
antibody (29) (procedure outlined in Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40696/abstract).
The results of flow cytometric analysis (n = 6 mice) revealed that
80% of PDPN+ cells expressed VEGFR-3, a commonly used
specific LEC marker (31), and 14% of them expressed LYVE-1,
another LEC marker that is known to be expressed by a portion
of LECs (32-34) (Figure 2A).

RNA sequencing of the synovial LECs from sham-operated
mouse joints (n = 5) and posttraumatic knee OA mouse joints
(n = 4) revealed ~1,000 differentially expressed genes. IPA
analysis indicated that these differentially expressed genes are
involved in 12 dysregulated pathways, 9 of which contain an

Since NF-kB regulates expression of a variety of proinflam-
matory genes, we examined expression levels of the genes for
IL-1, TNF, endothelial nitric oxide synthase (eNOS), and iNOS in
synovial LECs from a separate set of mice that received either
MLI or sham surgery (n = 5 mice per group). We included the
gene for MMP-13 in this panel because it plays a critical role
in cartilage degeneration in posttraumatic knee OA. OA syno-
vial LECs had markedly increased expression of infammatory
genes (mean + SD fold change over sham, 10.58 + 1.16 for
111, 39.05 + 10.35 for Tnf, 16.34 + 0.78 for eNOS, and 13.78
+ 4.87 for INOS), while the increase in Mmp13 gene expres-
sion was moderate (fold change over sham, 4.45 + 0.44) (Fig-
ure 2C). These data suggest that LECs in the synovium of mice
with experimental posttraumatic knee OA express high levels
of inflammatory genes, a process we refer to herein as LEC

NF-kB signaling signature (Figure 2B). inflammation.
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Figure 2. Lymphatic endothelial cells (LECs) in the synovium of mice with posttraumatic knee osteoarthritis (PTOA) have an inflammatory
phenotype. Mice received meniscal ligamentous injury (to induce knee OA) or sham surgery. A, LECs were isolated from the synovium of mice
(n = 6) with an anti-podoplanin antibody (a-PDPN Ab) at 6 weeks postsurgery. Enrichment of the PDPN+ cell population was confirmed by flow
cytometry. B, RNA sequencing (RNAseq) of the PDPN+ cells was performed, revealing ~1,000 differentially expressed genes in synovial LECs
from mice with posttraumatic knee OA versus sham-operated mice (n = 4-5 mice per group). Findings from Ingenuity Pathway Analysis (IPA)
revealed 12 dysregulated pathways. C, Synovial LECs from a different cohort of mice with posttraumatic knee OA at 6 weeks postsurgery were
subjected to quantitative polymerase chain reaction to assess gene expression levels. Results are the mean + SD fold change relative to sham-
operated joints (set as 1.0) (n = 5 mice per group). * = P < 0.05 by Student’s unpaired t-test. LYVE-1 = lymphatic vessel endothelial hyaluronan
receptor 1; IL-10 = interleukin-10; LXR = liver X receptor; RXR = retinoid X receptor; NRF2 = NF-kB-repressing factor 2; TREM1 = triggering
receptor expressed on myeloid cells 1.
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Association of experimental posttraumatic knee
OA with increased numbers of M1 macrophages. We
searched potential cellular mechanisms for the LEC inflamma-
tion in posttraumatic knee OA by examining cell populations
by flow cytometry in the posttraumatic knee OA mouse joints
compared to sham-operated mouse knee joints. The synovium
of mice with posttraumatic knee OA had a significant increase in
CD3+ T cells and F4/80+ macrophages (Figure 3A). In subse-
quent experiments, we focused on macrophages, since they are

present in high numbers in knee OA and have a known role both
in OA (12) and in chronic inflammation.

Macrophages are classified into inflammatory M1 or an-
tiinflammatory M2 subsets (10). Using the F4/80+CD86+/
CD36- phenotype to define the M1 macrophage subset, and
F4/80+CD86-CD36+ to indicate the M2 macrophage subset,
we found that synovial cells from mice with posttraumatic knee
OA contained more M1 macrophages, but not M2 macrophages,
compared to synovial cells from sham-operated mice (Figure 3B).

A B
407 Cell populations (%)
*
— % M1s/F4/80+ cells % M2s/F4/80+ cells
30 *  Sham
201 1 -
* 2 8
10_% t * O ESZ.U/o
o * ¥
SOA S OA S OA OA
B220+ CD3+ F4/80+ Sham OA Sham OA

F4/80/iNOS/DAPI F4/80/CD206/DAPI

Sham

PTOA-tissue injury
Btz _,| M1 macrophages
LECs — Inflammatory factors

Dysfunction of synovial lymphatic drainage

Sham OA Sham OA Sham OA

Joint damage progression

Pan- M1 M2
Macrophages

Figure 3. Numbers of M1 macrophages are increased in the synovium of mice with posttraumatic knee osteoarthritis (PTOA). Mice received
meniscal ligamentous injury (MLI) or sham surgery, and knee joints were harvested at 6 weeks postsurgery for flow cytometry and histology. A,
Total synovial cells from sham-operated knee joints (S) or knee joints from mice with MLI-induced OA (n = 3 mice per group) were subjected to
flow cytometry to determine the percentage of B cells (B220+), T cells (CD3+), and macrophages (F4/80+). B, Percentages of M1 macrophages
(CD86+CD36-) or M2 macrophages (CD86-CD36+) in total F4/80+ macrophages were compared (n = 5 mice per group). C, Left, Frozen
sections were stained with hematoxylin and eosin (H&E). Low-magnification images show the regions of interest (original magnification x 2),
while adjacent panels are higher-magnification images of the boxed areas (original magnification x 10), to illustrate the marked increase in
F4/80+ inducible nitric oxide synthase—positive (iNOS+) M1 macrophages (yellow), but not M2 macrophages, in posttraumatic OA synovium.
Middle and right, Frozen sections were stained with a marker for pan-macrophages (F4/80+; green) plus an M1 macrophage marker (iNOS+;
red) or F4/80+ plus an M2 macrophage marker (CD206+; red). M = meniscus. Original magnification x 20. D, F4/80+ macrophages (Pan),
F4/80+iINOS+ M1 macrophages, and F4/80+CD206+ M2 macrophages were quantified (n = 5 mice per group). E, The diagram illustrates
the proposed model of the association between M1 macrophages and lymphatic endothelial cells (LECs) in posttraumatic knee OA. BTZ =
bortezomib. In A, B, and D, symbols represent individual mice; bars show the mean + SD. * = P < 0.05 by Student’s unpaired t-test.
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Immunostaining confirmed a markedly increased to-
tal of F4/80+ and F4/80+INOS+ M1 macrophages, but not
F4/80+CD206+ M2 macrophages, in OA mouse synovium com-
pared to sham-operated mouse synovium (Figures 3C and D).
Based on these data, we hypothesized that in synovium affected
by posttraumatic knee OA, development of LEC inflammation
can be attributed to the presence of M1 macrophages, which
leads to reduced synovial lymphatic drainage and the progres-
sion of tissue damage. This process in the mouse posttraumatic
OA model could be attenuated by IA administration of the pro-
teasome inhibitor BTZ (Figure 3E).

M1 macrophage promotion of LEC inflammatory
factors, and blockade by proteasome inhibitor BTZ.
To test whether M1 macrophages affect LECs in posttraumat-
ic knee OA synovium, as proposed in Figure 3E, the potential
spatial relationship between lymphatic vessels and macrophage

subsets was examined by immunostaining thick sections of the
mouse synovial tissue with antibodies for M1 macrophages, M2
macrophages, and LECs. Analysis of 3-D images of the tissue
(n = 4 mice) revealed numerous lymphatic vessels surrounded by
M1 macrophages, but not M2 macrophages (Figures 4A and B).

LECs (@ mouse LEC line) were treated with conditioned
medium from BMMs, M1 macrophages, or M2 macrophages,
and expression of inflammatory genes by LECs was examined.
Compared to BMM-conditioned medium, M1 macrophage—
conditioned medium increased II1 and iNOS levels significantly,
but the effect on Tnf and Mmp13 levels was minimal. In contrast,
M2 macrophage—conditioned medium decreased the expres-
sion of all of these genes (Figure 5A).

BTZ, a proteasome inhibitor that has been used in clinical
applications, inhibits inflammation by preventing proteasomal
degradation of the negative regulators of NF-kB (14). We found
that treatment with BTZ decreased M1 effector gene expression

Synovium

Figure 4. M1 macrophages accumulate adjacent to lymphatic vessels in the synovium of mice with posttraumatic osteoarthritis (OA). Frozen
sections of OA mouse knees (30 pm thick) at 5 weeks post-meniscal ligamentous injury were immunostained with antibodies against podoplanin
(PDPN) (red) for lymphatic vessels (a), F4/80 (green) for pan-macrophages (b), or inducible nitric oxide synthase (iINOS) or CD206 (purple) for
macrophage subsets (c). M1 macrophages (A) were defined as F4/80+INOS+ cells (a—d), and M2 macrophages (B) were defined as F4/80+CD206+
cells (g-). Confocal microscopy was used for z-section imaging to obtain 20-25 consecutive images (e and k) with a step-width of 1 um. PDPN+
lymphatic vessels (red) and M1 or M2 macrophages (purple) were detected by Amira to generate 3-dimensional (3-D) images (fand l) in a SurfaceGen
module. Arrows in f indicate M1 cells near lymphatic vessels in a 3-D image. Original magnification x 20 in a-d and g—j; x 60 in e, f, k, and I.
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in M1 macrophages, but had no effect on M2 effector gene ex-
pression in M2 macrophages (Figure 5B).

Similar to the effects of M1 macrophage—conditioned medi-
um, M1 macrophages increased inflammatory gene expression
by LECs when the M1 macrophages were cocultured with LECs
together. This was abolished when M1 macrophages were pre-
treated with BTZ (Figure 5C). Impressively, BTZ did not inhibit IL-
1-induced inflammatory gene expression if it was added directly to
LECs alone (Figure 5D). These data suggest that BTZ inhibits the
effects of M1 macrophages on LEC inflammation by mainly mod-
ulating M1 macrophage activity, without directly affecting LECs.

Effects of BTZ in reducing inflammatory gene ex-
pression by LECs, attenuating joint tissue damage, and
improving synovial lymphatic function in experimental
posttraumatic knee OA. BTZ is a drug for treating multiple
myeloma. It is given to patients by intravenous or subcutane-
ous administration. We used IA injection of BTZ into the mouse
knees because this route of administration could act mainly with-
in the joints at a high local concentration. We demonstrated that
BTZ, at a dose of 0.25 mg/kg, is optimal to inhibit proteasomal
degradation of ubiquitinated proteins in mouse synovial tissue
(Figure 6A).

A Relative expression Relative expression
(fold vs. BMMs) (fold vs. BMMs)
1.5 * * - B 10%CM
E 20%CM
1.0 (T 40%Cm
0.5
0 L =l
Tnf 1 iNOS Mmp13
LECs treated with CM from M1s LECs treated with CM from M2s
B Relative expression (fold vs. PBS)
19 * — PBS
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Figure 5. M1 macrophages promote expression of inflammatory genes by lymphatic endothelial cells (LECs), and these effects are inhibited
by treatment with bortezomib (BTZ). A, Wild-type bone marrow—derived macrophages (BMMs) were treated with interleukin-1 (IL-1) or IL-4 to
induce M1 or M2 macrophages, respectively. Cells were cultured for 24 hours to generate conditioned medium (CM). LECs from a murine LEC
cell line were left untreated (control [Ctl]) or treated with different concentrations of M1- or M2-conditioned medium for 24 hours. Expression of
inflammatory genes in LECs was determined by quantitative polymerase chain reaction (QPCR). Results are presented as the mean + SD fold
change relative to controls (set as 1.0) (n = 3 samples per group). * = P < 0.05 by analysis of variance. B, M1 or M2 macrophages were treated
with phosphate buffered saline (PBS) or BTZ for 8 hours. Expression of M1 or M2 macrophage effector genes was examined by gPCR. Results
are presented as the mean + SD fold change relative to controls (set as 1.0) (n = 3 samples per group). C, M1 macrophages were pretreated
with PBS or BTZ for 8 hours, and then cocultured with LECs for 24 hours. Expression of inflammatory genes by LECs was determined by
gPCR. Results are presented as the mean + SD fold change relative to controls (set as 1.0) (n = 4 samples per group). In B and C, * =P < 0.05
by Student’s unpaired t-test. D, LECs were treated with PBS or BTZ for 8 hours. Expression of inflammatory genes was determined by gPCR.
Results are presented as the mean + SD fold change relative to controls (set as 1.0) (n = 3 samples per group).
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Figure 6. Bortezomib (BTZ) attenuates tissue damage, improves synovial lymphatic function, and reduces lymphatic endothelial cell (LEC)
inflammation in the knee joints of mice with posttraumatic osteoarthritis induced by meniscal ligamentous injury (MLI). A, Different doses of BTZ
or 1% DMSO (vehicle [Veh] control;) were injected intraarticularly into the knee joints of wild-type mice. Levels of total ubiquitinated proteins in the
synovial tissue were examined by Western blotting at 4 hours postinjection. Cortical bone from the femur of the same joint was used as a control. B,
Schematic illustration shows the experimental design, in which wild-type C57BL/6J mice received MLI surgery, and 4 weeks later were randomized
to receive DMSO or BTZ (1 time per week by intraarticular injection for 7 weeks). C, Ultrasound (US) images of B-mode and 3-dimensional (3-D)
reconstruction indicate the synovial volume in control and BTZ-treated mice at the end of treatment. D, Changes in synovial volume (in mmq) are
compared between groups. E, Indocyanine green (ICG) signal intensity was determined in the knee joints of mice 6 hours post-ICG administration.
F, ICG clearance is compared between groups. In D and F, symbols represent individual mice; results are presented as the mean + SD. G, Frozen
synovial tissue sections were stained with Alcian blue—orange G for histopathologic assessment. Original magnification x 5. H-J, Osteoarthritis
Research Society International (OARSI) histopathologic scores, synovitis scores, and osteophyte numbers were compared between groups.
Results are presented as the mean + SD of 8-10 mice per group. K, LECs from the synovium pooled from 4 joints were subjected to quantitative
polymerase chain reaction for assessment of gene expression. Results are presented as the mean + SD of 3 repeats. The fold change in expression
was calculated relative to sham-operated, vehicle-treated mice (set as 1.0). * = P < 0.05 by Student’s unpaired t-test. NIR = near-infrared dye.

An intervention protocol was used, with treatment starting domized the mice into either the BTZ treatment group (n = 10
at 4 weeks post-MLI. Before the treatment, we performed knee mice) or the vehicle control group (n = 8 mice), based on their
ultrasound to obtain synovial volume (21,22), and we then ran- synovial volume. Mice received a weekly injection for 7 weeks.
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Before termination, the mice were subjected to knee ultrasound,
followed by NIR-ICG examination. The knees were harvested
for histology (Figure 6B). Ultrasound imaging showed increased
synovial volume in the vehicle-treated knee joints, with a mean +
SD fold increase of 1.95 + 0.35. In contrast, the increase in syno-
vial volume was much lower in BTZ-treated mouse knee joints
(fold increase 0.48 + 0.28) (Figures 6C and D).

NIR-ICG lymphatic imaging revealed that vehicle-treated
joints had significantly reduced ICG clearance (mean + SD 48 +
9%), which was restored by BTZ treatment to an ICG clearance
of 65 + 6% (Figures 6E and F). The results of histologic analyses
revealed that OARSI scores, synovitis scores, and osteophyte
numbers were decreased in BTZ-treated mouse joints com-
pared to controls (Figures 6G-J).

To determine whether BTZ reduces LEC inflammation, we
treated MLI-operated and sham-operated mice with IA admin-
istration of BTZ or vehicle control, and compared the expres-
sion levels of inflammatory genes by synovial LECs among the
groups (vehicle- and BTZ-treated sham-operated mice versus
vehicle- and BTZ-treated mice with MLI-induced posttraumat-
ic knee OA). Treatment with BTZ had no effect on LECs from
sham-operated joints, but it significantly reduced the gene ex-
pression levels of 11, Tnf, INOS, and Mmp13 in LECs from
MLI-operated joints with posttraumatic knee OA (Figure 6K).
These data indicate that BTZ attenuates joint tissue damage
and LEC inflammation and improves synovial lymphatic drain-
age in mice with experimental posttraumatic knee OA.

DISCUSSION

OA is associated with high levels of catabolic factors and in-
flamsnmatory cells in the joint space and the soft tissues surround-
ing the joint, and yet the mechanisms responsible for clearance
of these factors have not been well studied. Our previous study
showed that lymphatic drainage is reduced in the joints of mice
with MLI-induced posttraumatic knee OA, as observed following
IA administration of the NIR dye ICG (5), suggesting that there is
an association between synovial lymphatic drainage and posttrau-
matic knee OA. However, we do not know why lymphatic drainage
is reduced or whether lymphatic vessel dysfunction is a sole conse-
quence of inflammation, or if the synovial lymphatics system plays
an active role in the pathogenesis of posttraumatic knee OA. In this
study, we used mice with MLI-induced experimental posttraumatic
knee OA and demonstrated that blockage of lymphatic function in
the OA synovium resulted in increased joint tissue damage, high
expression levels of inflammatory genes by OA synovial LECs, and
increased numbers of macrophages with an M1 phenotype, which
further promoted the expression of inflammatory genes by LECs.
In addition, IA administration of BTZ decreased cartilage loss, at-
tenuated LEC inflammation, and improved lymphatic drainage in
the posttraumatic OA knee joints. Thus, BTZ may provide a new
therapy for posttraumatic knee OA, as supported by our findings

suggesting that BTZ could improve synovial lymphatic function
and protect against progressive joint degeneration in this disease.

Lymphangiogenesis requires the presence of the transcription
factor Prox1 and the growth factor VEGF-C/VEGFR-3 signaling
pathway (35,36). The VEGFR-3 neutralizing antibody has been
used to investigate the effect of lymphatic blockage on the disease
process and treatment in numerous preclinical studies, including
our own study (20). Herein, we demonstrated that VEGFR-3 block-
ade exacerbates tissue damage and reduces synovial lymphatic
drainage in mouse knee joints with MLI-induced posttraumatic OA
(Figure 1). Thus, although our study cannot prove that lymphatic
dysfunction leads to development of OA (because we treated mice
that had already received MLI surgery), we demonstrated, for the
first time, a negative association between lymphatic vessel function
and joint injury in a mouse model of experimental OA. This makes
sense, because our preliminary data previously demonstrated that
MMP-13 protein is removed from the joints into the draining lymph
nodes of mice with posttraumatic knee OA (data not shown).

The VEGFR-3 neutralizing antibody was given by IP injection.
It may affect lymphatics systemically. This is unlikely, however, be-
cause this antibody mainly blocks newly formed lymphatic vessels,
such as in tumor-induced (27) and inflamsmation-induced (20) lym-
phangiogenesis in mice. We did not find swelling or increased body
weight in VEGFR-3 antibody-treated mice. In the future, we could
damage lymphatic vessels locally using an ultrasound contrast
agent, as has been previously described (37), and then examine
its effect on the pathogenesis of OA and the clearance of catabolic
factors.

Inflammation stimulates local lymphangiogenesis, but lym-
phatic vessels in inflamed areas do not function sufficiently and
have slower lymph flow (24). Numerous lymphatic vessels are ob-
served in the synovium of mice with MLI-induced posttraumatic
knee OA, but these vessels have an impaired capacity to remove
IA-injected ICG. Synovial LECs from these mice expressed high
levels of INOS (Figure 2), a phenotype similar to that found in LECs
from TNF-Tg mice with RA (7). Lymph flow is controlled by active
and passive forces placed on collecting lymphatic vessels via lym-
phatic muscle cells (38). Alternating contraction and relaxation of
lymphatic muscle cells propels the lymph to draining lymph nodes
and eventually to the venous circulation. Inducible NOS relaxes
lymphatic muscle cells by producing an excess of nitric oxide.
Thus, LECs from knee joints with posttraumatic OA may directly
affect muscle cells by reducing their contractile function.

Another important finding of our study is that macro-
phages with the M1 phenotype promote expression of inflamma-
tory factors by LECs (Figure 5). The contribution of macrophages
or myeloid cells to lymphangiogenesis has been widely investi-
gated (39-41). Macrophages produce factors, such as VEGF-C,
to promote lymphangiogenesis (42). Depletion of macrophag-
es ablates the prolymphangiogenesis effect (43). Macrophages
may also function as precursors for lymphatic vessels, although
this hypothesis has been challenged (44-46).
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Macrophages are generally classified as proinflammatory M1
macrophages or antinflammatory M2 macrophages. M2 mac-
rophages are proangiogenic and prolymphangiogenic (11) in tumori-
genesis. However, in age-related atherosclerosis, M1 macrophages,
but not M2 macrophages, exacerbate atherosclerotic lesions (47),
suggesting that M1 macrophages mediate tissue damage in the
context of chronic inflammation. Zhang et al reported that skin mac-
rophages have a predominant M1 phenotype in Cox2-~ mice fed
with a high-salt diet. This was associated with decreased mature
lymphatic ducts, dilated lymphatic vessels, and decreased lymphat-
ic flow and lymphatic clearance (48,49). Our findings reveal another
function for M1 macrophages—involving promotion of LECs to pro-
duce inflammatory factors via soluble factors present in conditioned
medium. Currently, we do not know the identity of these soluble
factors, but IL-1 and TNF, which are highly expressed by M1 mac-
rophages, may be involved. Herein, we used cells that were induced
in vitro to M1 and M2 activation states. However, it has been recog-
nized for many years that these 2 states inadequately describe the
complexity of macrophage responses within in vivo physiologic or
pathologic conditions. Thus, more experiments, such as transcrip-
tomic and systems biology analyses, are needed to further delineate
the involvement of macrophage subsets in OA synovium.

The pathogenesis of OA involves multiple inflammatory path-
ways, and an agent that targets a single pathway, such as anti-IL-1
or anti-TNF drugs, may not be very effective (50,51). BTZ affects
the ubiquitin-proteasome pathway that controls many inflammato-
ry signaling proteins. Thus, BTZ may be more effective at inhibit-
ing inflammation. However, our study has several limitations. First,
joints contain many cell types. We do not have evidence to indicate
a direct effect of BTZ on LECs or other cell types within the joint.
We might be able to use a targeted approach by linking BTZ with
anti-PDPN antibodies to deliver BTZ to LECs.

Second, we only examined 1 regimen for BTZ treatment, e.g.,
4 weeks post-MLI and once a week administration. It is possible
that other regimens may have better effects, such as giving the
drug at an earlier stage or decreasing frequency.

Finally, we used a mouse model of experimental posttraumat-
ic knee OA. Whether BTZ has an effect on other forms of OA, such
as on age-related OA, requires additional study.

In summary, we used a combination of imaging, cell biology,
and morphology in an experimental mouse model of posttraumatic
knee OA and found that blockage of lymphangiogenesis acceler-
ates joint tissue damage. Primary LECs isolated from the synovium
of OA joints have an inflammatory phenotype, which is accompa-
nied by a high number of macrophages that express M1 markers. In
vitro, M1 macrophages promote production of inflammmatory factors
by LECs, an effect that is prevented by the proteasome inhibitor
BTZ. Treatment with BTZ attenuates cartilage loss and expression
of inflammatory factors by LECs, and improves lymphatic drainage
in OA joints. These findings suggest a possible cellular mechanism
for impaired synovial lymphatic function and a therapeutic potential
of BTZ in the joints of subjects with posttraumatic knee OA.
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Clinical Images: Osseous involvement in calcific tendinitis—unusual in the usual

The patient, a 62-year-old man, was referred to us for ongoing right shoulder pain, particularly noticeable during performance of daily tasks.
Physical examination demonstrated generalized pain with mobilization, more marked with external rotation, as well as limited abduction with
a mechanical block at 60 degrees. Magnetic resonance imaging STIR sequences (A) revealed a low-signal-intensity structure at the foot-
print of the infraspinatus muscle (arrow) with an extra- and intraosseous component resembling an hourglass. Adjacent to the intraosseous
component was hyperintensity of the bone marrow, consistent with edema, and a surrounding area of hyperintensity in the soft tissues, also
representing edema. Computed axial tomography (B) demonstrated a homogeneous calcification with a region of mild adjacent cortical
irregularity and a dense sclerotic region adjacent to the cortical area (arrow). Calcific tendinitis is a common condition caused by calcium
hydroxyapatite deposition. In its usual presentation, calcific tendinitis is easily diagnosed, generally with radiography or ultrasound imaging,
by the demonstration of calcification in classic locations (e.g., the tendon or the adjacent bursa). In exceptional cases, its imaging features
will be unusually aggressive and involve underlying bony structures. These appearances may be confused with neoplastic processes and
lead to further invasive investigations. Calcium hydroxyapatite deposition has been hypothesized to be due to decreased oxygen tension,
leading to fibrocartilaginous metaplasia and subsequent mineralization. Osseous involvement is rare. Calcium hydroxyapatite deposition in
tendons may produce focal hypervascularity, resulting in focal bone resorption at the enthesis. This process, associated with mechanical
forces, may trigger cortical changes. A similar process is thought to occur when a periosteal reaction is present. In cases in which a combi-
nation of calcification and cystic lesions appears intramedullarly, calcium deposition paired with reparative response has been hypothesized.
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Three Multicenter, Randomized, Double-Blind,
Placebo-Controlled Studies Evaluating the Efficacy and
Safety of Ustekinumab in Axial Spondyloarthritis

Atul Deodhar,’ Lianne S. Gensler,? Joachim Sieper,® Michael Clark,* Cesar Calderon,* Yuhua Wang,* Yiying Zhou,*
Jocelyn H. Leu,* Kim Campbell,* Kristen Sweet,* Diane D. Harrison,* Elizabeth C. Hsia,* and
Désirée van der Heijde®

Objective. To evaluate the efficacy and safety of ustekinumab in 3 randomized, placebo-controlled studies in
patients with axial spondyloarthritis (SpA). Studies 1 and 2 included patients with radiographic axial SpA (anti-tumor
necrosis factor [anti-TNF]-naive patients and patients with inadequate response or intolerance to anti-TNF, respec-
tively); study 3 patients had nonradiographic axial SpA.

Methods. In all 3 studies, patients were randomly assigned (1:1:1) to receive subcutaneous ustekinumab at 45 mg
or 90 mg or placebo up to 24 weeks, after which placebo-treated patients were rerandomized to receive ustekinumab
at 45 mg or 90 mg. The primary end point in studies 1 and 2 was the proportion of patients who met the Assessment
of SpondyloArthritis international Society criteria for 40% improvement in disease activity (achieved an ASAS40 re-
sponse). The primary end point in study 3 was the proportion of patients who achieved an ASAS20 response. Other
disease activity and safety measures were also evaluated. A week 24 analysis of study 1 was preplanned to deter-
mine continuation of studies 2 and 3.

Results. For study 1, the primary and major secondary end points were not met, and the study was discontinued.
As a result, studies 2 and 3 were prematurely discontinued before they were fully enrolled. For all 3 studies, neither
ustekinumab dose group demonstrated clinically meaningful improvement over placebo on key efficacy end points.
The proportion of patients experiencing adverse events in the ustekinumab groups was consistent with that in pre-
vious studies.

Conclusion. In these 3 placebo-controlled trials, efficacy of ustekinumab in the treatment of axial SpA was not

demonstrated. The safety profile was consistent with that of studies in other indications.

INTRODUCTION

Axial spondyloarthritis (SpA) is an immune-mediated sys-
temic chronic inflammatory arthritis involving the axial skeleton
that may involve peripheral joints. It is characterized by chronic
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inflammatory back pain (IBP), which typically has an insidious
onset and improves with exercise but not rest (1). Axial SpA also
manifests with sacrailiitis, spondylitis, and enthesitis, which may
lead to ankylosis (1). Extraarticular manifestations include uveitis,
inflammatory bowel disease, and psoriasis. Chronic inflamma-
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tion in axial SpA can lead to bone loss and structural damage,
including erosions and ankylosis of the sacroiliac (S) joints and
spine. This damage may lead to postural changes and mobil-
ity restriction resulting in functional impairment and decreased
health-related quality of life (2,3). Patients with axial SpA include
those with nonradiographic axial SpA (before the occurrence of
definitive structural damage to the Sl joints on radiography) and
those with radiographic axial SpA. Patients with radiographic ax-
ial SpA and those with ankylosing spondylitis (AS) belong to the
same subgroup, with slight differences in the exact definitions
(4,5) (also see below).

Nonsteroidal antiinflammatory drugs (NSAIDs) are used to
treat symptoms of axial SpA in many patients; however, con-
ventional synthetic disease-modifying antirheumatic drugs
(csDMARDs) or systemic glucocorticoids are ineffective for the
axial component. Anti—tumor necrosis factor (anti-TNF) therapies
are approved for use in AS globally and for nonradiographic axial
SpA in many countries. More recently, a monoclonal antibody
that inhibits interleukin-17A (IL-17A) was approved to treat adults
with AS (6). Although these agents show efficacy in many pa-
tients with axial SpA, some patients do not respond adequately;
thus, there is a need to target other mechanisms of action (7,8).

Axial SpA may be triggered by a combination of genetic
and environmental factors. Axial SpA is strongly associated with
HLA-B27, misfolding and accumulation of which can activate
up-regulation of IL-23 production and induction of the Th17 axis
(9). The IL-23/Th17 axis has gained attention recently as a possi-
ble inflammatory pathway for axial SpA (10,11), which suggests
that IL-23 is involved in disease pathogenesis (12,13).

Ustekinumab, a human monoclonal antibody targeting
the IL-12/23 p40 subunit, is effective in treating active psori-
asis (14,15), Crohn’s disease (16), and psoriatic arthritis (PsA)
(17-20), including inhibition of radiographic progression, and
has been shown to improve spondylitis symptoms in a sub-
group of PsA patients with physician-reported spondylitis (21).
A smalll, open-label study suggested preliminary efficacy of uste-
kinumab for the treatment of AS (8). Twenty patients with active
AS received 90 mg ustekinumab at weeks 0, 4, and 16. Clinically
meaningful improvements were noted at week 24, and signifi-
cant improvements in inflammation were observed in magnetic
resonance imaging (MRI) parameters (8). In the 3 randomized,
placebo-controlled studies reported herein, efficacy and safety
of ustekinumab were evaluated in patients with active axial SpA
(radiographic or nonradiographic).

PATIENTS AND METHODS

Study design. Two parallel, phase lll, multicenter, ran-
domized, double-blind, placebo-controlled studies evaluated
treatment with ustekinumab at 45 mg and 90 mg in patients with
active radiographic axial SpA who had an inadequate response
to or were intolerant of NSAIDs and who were naive to anti-TNF

therapy (study 1) or who were refractory (defined as having an
inadequate response or intolerance) to a single anti-TNF agent
(study 2). A third study (study 3) evaluated patients with active
nonradiographic axial SpA who had an inadequate response to
or were intolerant of NSAIDs and who could have been exposed
to a single anti-TNF agent. These studies were conducted in ac-
cordance with the principles of the Declaration of Helsinki. Each
patient gave written informed consent. An independent data
monitoring committee regularly reviewed unblinded safety data.
A list of investigators who randomized patients in the 3 trials is
provided in Appendix A.

In all 3 studies, patients were randomly assigned (1:1:1) to
receive subcutaneous (SC) administration of ustekinumab at 45
mg or 90 mg at weeks 0, 4, and 16 and then every 12 weeks or to
receive placebo at weeks 0, 4, and 16. Placebo-treated patients
were rerandomized at week 24 to receive ustekinumab at 45 mg
or 90 mg at weeks 24 and 28 and then every 12 weeks. For stud-
ies 1 and 2, at week 16, patients in all 3 treatment groups who
qualified for early escape (those with <10% improvement from
baseline in both total back pain and morning stiffness measures
at both week 12 and week 16) received open-label golimumab
at 50 mg SC at week 16 and every 4 weeks thereafter through
week 52. Final safety evaluations were to be performed at week
64 (study 2) and week 112 (study 1).

In study 3, patients in the placebo group who met early es-
cape criteria were to be rerandomized at week 16 in a blinded
manner to SC ustekinumab at 45 mg or 90 mg at weeks 16, 20,
28, and every 12 weeks thereafter through week 52. At week 24,
all remaining placebo-treated patients crossed over to usteki-
numab at either 45 mg or 90 mg at weeks 24 and 28, then every
12 weeks. All patients with inactive disease at both week 40 and
week 52 were to be rerandomized at week 52 to either keep
receiving ustekinumab or switch to placebo. The study was to
continue to week 100.

Inclusion/exclusion criteria. A central reader as-
sessed the presence or absence of radiographic sacrailiitis (ac-
cording to the modified New York criteria for AS) for all 3 studies
and the presence or absence of the ASAS/Outcome Measures
in Rheumatology MRI group criteria for defining sacroiliitis by
MRI (22) for study 3. In studies 1 and 2, eligible adult patients
(age =18 years) fulfilled the modified New York criteria for AS
(4). They also had active disease, defined as a Bath Ankylosing
Spondylitis Disease Activity Index (BASDAI) (23) >4 and a visual
analog scale score for total back pain >4 at screening and at
baseline as well as a high-sensitivity C-reactive protein (hsCRP)
level >0.3 mg/dl at screening. They also had an inadequate re-
sponse to or intolerance of a single anti-TNF agent (patients in
study 2) but were otherwise naive to biologic agents. Concom-
itant NSAIDs, glucocorticoids (<10 mg prednisone equivalent
per day), or the csDMARDs methotrexate, sulfasalazine, or hy-
droxychloroquine were permitted; however, doses of NSAIDs
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and glucocorticoids were required to be stable for >2 weeks
prior to baseline, and doses of csDMARDs were required to be
stable for >4 weeks prior to baseline. Patients with complete
ankylosis of the spine (assessed locally) were limited to 10%
of the study population. Key exclusion criteria included other
inflammatory diseases, active infection, uncontrolled concomi-
tant diseases, and pregnancy.

For study 3, adults (ages 18-50 years) were eligible if they
had active nonradiographic axial SpA that fulfilled the ASAS cri-
teria for axial SpA (5) (back pain for >3 months and disease onset
by age 45 years as well as evidence of active acute inflammation
on MRI and >1 feature of SpA or HLA-B27 positive and >2 fea-
tures of SpA) without radiographic sacroiliitis according to the
modified New York criteria for AS (4). Patients without a positive
MRI of the SI joints according to the ASAS definition required an
elevated hsCRP >0.6 mg/dl at screening. All patients had active
disease as defined in studies 1 and 2; patients could have been
exposed to 1 anti-TNF agent.

Outcome assessments. Primary and major secondary
end points. The primary end point was the proportion of patients
who met the ASAS criteria for 40% improvement in disease ac-
tivity (achieved an ASAS40 response) at week 24 in studies 1
and 2 and the proportion of patients who achieved an ASAS20
response at week 24 in study 3 (24-26). Major secondary
end points were the proportions of patients who achieved an
ASAS20 response (studies 1 and 2) and an ASAS40 response
(study 3), the proportion of patients with 50% improvement in
the BASDAI (a BASDAI50 response), change from baseline in
the Bath Ankylosing Spondylitis Functional Index (BASFI) (27),
and the proportion of patients with inactive disease according to
the Ankylosing Spondylitis Disease Activity Score using the CRP
level (an ASDAS-CRP score <1.3) (28).

Additional secondary end points. Additional secondary
end points included changes from baseline in hsCRP level and
ASDAS-CRP. A subset of patients from study 1 underwent MR
for spinal inflammation assessment using the Berlin MRI scoring
method (29) (baseline and week 24, averaged scores of 2 cen-
tral readers). During the double-blind period of studies 1, 2, and
3, serum samples were collected to evaluate ustekinumab phar-
macokinetics, antibodies to ustekinumab, and/or biomarkers.
Evaluation of the presence of antibodies to ustekinumab used
a drug-tolerant enzyme chemiluminescent immunoassay in
samples from patients who received >1 administration of uste-
kinumab and had >1 postadministration sample available.

Serum biomarkers were assayed using a Singulex system
(IL-17A, IL-17F, IL-22, and IL-23), a Meso Scale Discovery Plat-
form (matrix metalloproteinase 1 [MMP-1], MMP-3, MMP-9,
interferon-y [IFNY], IL-12p70, IL-6, IL-8, TNFa, CRP, serum amy-
loid A [SAA], soluble intercellular adhesion molecule 1, and soluble
vascular cell adhesion molecule 1), an R&D Systems Quantikine
human enzyme-linked immunosorbent assay (CXCL13), and a

Cisbio human kit (S100 calcium binding protein A12). Biomark-
ers were evaluated in a subset of patients from studies 1 and
2, and clinical responders were oversampled versus the overall
study population to increase statistical power for testing clinical
response associations.

Due to discontinuation of the study, most secondary end
points were only summarized for samples from study 1. Safe-
ty outcomes included the proportions of patients experienc-
ing treatment-emergent adverse events (AEs) and serious AEs
(SAEs) from baseline to the end of the study, along with clinical
laboratory testing.

Statistical analysis. Sample sizes of all 3 studies were
chosen to achieve 90% power to detect treatment differences
between ustekinumalb and placebo for the primary end point at a
2-sided significance level of 0.05. Sample size calculations were
based on results from a ustekinumab investigator-initiated study
and a certolizumab pegol axial SpA study (30). For study 1, the
planned sample size calculation was based on anticipating an
ASAS40 response of 40% in the ustekinumab group and 20% in
the placebo group with n = 109 for each group. For study 2, the
planned sample size calculation was based on an ASAS40 re-
sponse of 30% in the ustekinumab group and 15% in the place-
bo group with n = 161 for each group. For study 3, the planned
sample size calculation was based on the ASAS20 responses in
the ustekinumab groups versus the placebo groups: 50% versus
35% in the anti-TNF inadequate responder group and 60% ver-
sus 40% in the other group (anti-TNF—naive and anti-TNF-expe-
rienced patients) with n = 130 for each group. It was preplanned
to determine continuation of studies 2 and 3 based on the study
1 results at week 24.

For study 1, efficacy analyses were performed using the
modified intent-to-treat (ITT) population, which included all pa-
tients who received >1 dose of study medication. Primary and
major secondary end points were analyzed sequentially to con-
trol for multiplicity and were contingent on the success of the
primary analysis.

Because studies 2 and 3 were terminated early based
on study 1 results, a modified full analysis set was defined
that included patients who were anticipated to have reached
the week 24 visit. Additionally, only selected efficacy analyses
through week 24, including primary and major secondary end
points, were performed.

The following analysis rules were applied to all 3 studies. For
dichotomous responder-type end points, patients with missing
postbaseline responses or those who met treatment failure criteria
(initiating new therapies or increasing concomitant medication
doses for axial SpA or discontinuing study treatment due to lack
of efficacy) were classified as nonresponders. Patients who en-
tered early escape at week 16 were considered nonresponders
for dichotomous end points at weeks 20 and 24; measurement
values at those weeks were set as missing for continuous end
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points. The Cochran-Mantel-Haenszel chi-square test was used
to compare categorical variables. Generally, continuous param-
eters were compared using a repeated measures mixed model
analysis with treatment group, strata, baseline value, visit week,
and an interaction of treatment with visit week as independent
variables. All statistical testing was performed at a 2-sided alpha
level of 0.05. Patients who received >1 dose of study medication
were included in safety analyses.

Serum proteins for biomarker analysis were assayed at
weeks 0, 4, and 16 from a subset of patients from study 1 (n
105 in ustekinumab treatment arms [pooled dose groups], n
45 placebo-treated patients, n = 40 demographically matched
healthy controls) and study 2 (n = 41 in ustekinumab treatment
arms [pooled dose groups], n = 29 demographically matched
healthy controls), with the exception of Th17 analytes, which

were measured only at baseline in a small subset of patients (n =
29 randomized to receive ustekinumab, n = 29 healthy controls).
Significance was defined by P < 0.05 and absolute value of either
fold change >1.2 or Pearson’s correlation coefficient (r) of >0.25.

RESULTS

Patient disposition. Data were collected from July 2015
to September 2017. Patients were randomized at 58 sites in 7
countries for study 1, 114 sites in 19 countries for study 2, and
93 sites in 14 countries for study 3. The scheduled week 24
database lock and review of results for study 1 showed that the
primary and major secondary end points were not met for either
ustekinumab dose. As a result, the sponsor discontinued all 3
studies in May 2017.

Patients screened
(n = 544)

Patients randomized

(n = 347)

Patients randomized and not treated
(h=1)

Patients treated
(n = 346)

Placebo Ustekinumab 45 mg Ustekinumab 90 mg
(n=116) (n=116) (n=114)
EE—Golimumab EE — Golimumab EE—Golimumab
at Week 16 — at Week 16 — at Week 16 —
(n=26) (n=21) (n=14)
Discontinued study agent Discontinued study agent Discontinued study agent
through Week 24 (n = 3) — through Week 24 (n = 1) — through Week 24 (n = 0) |
3 Withdrew consent 1 Protocol violation I
| | Discontinued the study through
Discontinued the study through Discontinued the study through EOS (n = 108)
EOS (n =107) EOS (n=108) 97 Study discontinued
93 Study discontinued 98 Study discontinued by sponsor
by sponsor by sponsor 9 Withdrew consent
13 Withdrew consent 7 Withdrew consent 1 Lost to follow-up
1 Lost to follow-up 1 Death 1 Other
1 Due to AE
1 Protocol violation
1 I—I—I 1
Discontinued Discontinued Discontinued Discontinued Discontinued Discontinued
the study the study the study the study the study the study
agent and did agent and agent and did agent and agent and did agent and
not complete completed not complete completed not complete completed
safety FU safety FU safety FU safety FU safety FU safety FU
(n=9) (n =98) (n=8) (n = 100) (n=9) (n =99)
Completed the study Completed the study Completed the study
(n=9) (n=28) (n=16)
Figure 1. Patient disposition through week 24 for study 1 (anti~tumor necrosis factor-naive patients with ankylosing spondylitis). EE = early

escape; EOS = end of study; AE = adverse event; FU = follow-up.
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Table 1. Baseline demographic and disease characteristics of the patients in the 3 studies*

Ustekinumab

Placebo 45 mg 90 mg Combined Total
Study 1 (@anti-TNF-naive AS
patients)t
Age, years 383114 39.2+£10.5 39.5+11.3 39.3+10.9 39.0+£11.0
Men, no. (%) 101 (87.1) 93(80.2) 100 (87.7) 193 (83.9) 294 (85.0)
White, no. (%) 86 (74.1) 84 (72.4) 82 (71.9) 166 (72.2) 252 (72.8)
IBP duration, yearst 10.6 +7.8 11.2+8.2 10.5+8.3 109+ 8.2 10.8 + 8.1
Years since AS diagnosis 06.6+£70 6.3+£71 6.3£6.5 6.3+£6.8 6.4+6.8
HLA-B27 positive, no. (%) 113 (97.4) 111 (95.7) 110 (96.5) 221(96.1) 334 (96.5)
BASDAI, 0-10 74+14 74+1.3 73+1.3 73+1.3 74+1.4
ASDAS-CRP# 43+0.8 43107 43+09 43+0.8 43+0.8
ASAS components
Patient’s global assess- 75+1.6 75+1.6 76+1.4 75+1.5 75+1.5
ment of disease activity,
0-10-cm VAS
Total back pain, 0-10-cm 76+15 76+1.4 77+1.4 76+14 76+14
VAS
BASFI, 0-10 6.6+22 6.8+19 70+16 69+1.8 6.8+19
Inflammation score§ 75+17 77+15 77+15 77+15 76+1.6
hsCRP, mg/d|q| 21+21 21+22 25+31 23+27 22+25
Study 2 (AS patients with
disease refractory to
anti-TNF)T
Age, years 40.8 £ 11.7 41.4+113 415+ 11.0 415+ 11.2 41.2+£11.3
Men, no. (%) 80 (76.9) 88 (83.0) 92 (87.6) 180 (85.3) 260 (82.5)
White, no. (%) 82 (78.8) 84(79.2) 84 (80.0) 168 (79.6) 250 (79.4)
IBP duration, yearst 13.8£9.6 13.6 £ 8.1 15.3+10.8 14.5+9.6 143 +9.6
Years since AS diagnosis 7.8+6.7 91+79 9.6 £ 8.1 93+8.0 8.8+76
HLA-B27 positive, no. (%) 96 (92.3) 95 (89.6) 98 (93.3) 193 (91.5) 289 (91.7)
BASDAI, 0-10 75+13 76+1.4 75+13 76+13 75+13
ASDAS-CRP# 45+0.8 44+08 44+0.8 44+0.8 45+0.8
ASAS components
Patient’s global assess- 81+15 79+1.4 79 +1.4 79+ 1.4 8.0+1.4
ment of disease activity,
0-10-cm VAS
Total back pain, 0-10-cm 7.8+1.6 7715 7.8 +1.4 77+14 78+1.5
VAS
BASFI, 0-10 72+1.6 69+2.0 69+1.7 69+1.8 70+1.38
Inflammation score$ 78+1.8 7.8+19 7.8+1.5 7.8+1.7 7.8+1.7
hsCRP, mg/dlf| 2.8+32 2627 25+25 25+2.6 26+2.8
Study 3 (patients with
nonradiographic axial
SpA)T
Age, years 340+8.8 33.9+84 349+ 91 344 +87 343+87
Men, no. (%) 64 (55.2) 53(44.9) 63 (51.6) 116 (48.3) 180 (50.6)
White, no. (%) 98 (84.5) 99 (83.9) 104 (85.2) 203 (84.6) 301 (84.6)
IBP duration, yearst 40+4.6 43+49 52+59 48+55 45+52
Years since axial SpA 1.4+£13 1.6+£15 1.6£15 1.6+£15 1.5£15
diagnosis

HLA-B27 positive, no. (%) 89 (76.7) 93 (79.5) 95 (77.9) 188 (78.7) 277 (78.0)
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Table 1. (Cont’d)

Ustekinumab

Placebo 45 mg 90 mg Combined Total
BASDAI, 0-10 73+14 74+14 74+13 74+13 74+13
ASDAS-CRP# 3.8+09 37+09 3.8+09 3.8+09 3.8+09
ASAS components
Patient's global assess- 76+1.6 75+1.5 75+15 75+15 75+15
ment of disease activity,
0-10-cm VAS
Total back pain, 0-10-cm 75+16 75+16 76+14 76+15 76+15
VAS
BASFI, 0-10 6.1+2.2 6.2+2.0 6.2+2.0 6.2+20 6.1+2.0
Inflammation score$ 73+19 74+18 7.4 +£1.7 7.4 +£1.7 74+1.8
hsCRP, mg/dIq| 13+20 13+24 13+21 13+22 13+21

* Except where indicated otherwise, values are the mean + SD. Anti-TNF = anti-tumor necrosis factor; AS = ankylosing spondylitis; IBP =
inflammatory back pain; ASDAS-CRP = Ankylosing Spondylitis Disease Activity Score using the C-reactive protein level; ASAS = Assessment
of SpondyloArthritis international Society; VAS = visual analog scale; BASFI = Bath Ankylosing Spondylitis Functional Index; hsCRP = high-
sensitivity CRP; SpA = spondyloarthritis.

t Study 1 included a total of 346 patients (116 treated with placebo, 116 treated with 45 mg ustekinumab, and 114 treated with 90 mg
ustekinumab [total of 230 ustekinumab-treated patients combined]). Study 2 included a total of 315 patients (104 treated with placebo, 106
treated with 45 mg ustekinumab, and 105 treated with 90 mg ustekinumab [total of 211 ustekinumab-treated patients combined]). Study 3
included a total of 356 patients (116 treated with placebo, 118 treated with 45 mg ustekinumab, and 122 treated with 90 mg ustekinumab

[total of 240 ustekinumab-treated patients combined]).
1 Data missing at baseline for <2 patients.

§ Average of the last 2 questions of the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) concerning morning stiffness (0-10).

9 Normal <0.287 mg/dl.

A total of 2,062 patients were screened, of whom 1,018
were randomized and 1,017 were treated (Figure 1; also see
Supplementary Figures 1 and 2, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40728/abstract). Safety data were evaluated for treated pa-
tients, and all 346 treated patients were evaluable for efficacy in
study 1. Efficacy was evaluated in a subset of the modified ITT
population for study 2 (n = 213, 44.1% of planned sample size)
and study 3 (n = 250, 64.1% of planned sample size) as a result
of sponsor-initiated early study termination.

Overall, in studies 1 and 2, respectively, 85% and 83% of
patients were male, 73% and 79% were white, the mean age
was 39.0 and 41.2 years, and the mean duration of IBP was 10.8
and 14.3 years. In study 3 overall, 51% of patients were male,
85% were white, the mean age was 34.3 years, and the mean
duration of IBP was 4.5 years. Approximately 12% of patients
in study 3 were anti-TNF experienced. Baseline demographics
and disease characteristics are shown in Table 1. All patients in
study 1 and study 2 met the modified New York criteria for AS,
as specified in the protocol, and 92.8% and 93.7%, respectively,
met the ASAS classification criteria for radiographic axial SpA
(7.2% and 6.3% had IBP that started at or after age 45 years in
study 1 and study 2, respectively, and therefore did not formally
fulfill the ASAS axial SpA criteria).

The subset of patients included in the study 1 MRI analysis
(n = 104) was primarily male (78%) and white (98%) and had a
mean + SD age of 38.2 + 11.2 years, a mean + SD duration of

IBP of 10.0 + 8.4 years, and a mean + SD hsCRP level of 2.7
+ 2.6 mg/dl. Mean baseline ASAS20/40 response component
scores for this subset of patients ranged from 7.2 to 7.9.

Efficacy outcomes. Results for primary and major sec-
ondary end points for study 1 are shown in Figure 2 and Table 2.
Those for studies 2 and 3 are shown in Table 2. In study 1
(patients naive to anti-TNF therapy), the primary end point (an
ASAS40 response) and major secondary end points were not
achieved. At week 16, early escape criteria were met by 22%
of patients in the placebo group, 18% of patients in the uste-
kinumab 45 mg group, and 12% of patients in the ustekinumab
90 mg group. No patient met treatment failure criteria. The pro-
portions of patients who achieved an ASAS40 response in the
ustekinumab 45 mg (31%) and 90 mg (28%) groups and in the
placebo group (28%) were not significantly different (Figure 2A).
Neither ustekinumab dose group demonstrated improvement
over placebo in achieving an ASAS20 response, a BASDAIS0 re-
sponse, inactive disease according to the ASDAS-CRP (a score
<1.3), or mean change from baseline in the BASFI (Figures 2B
and C). In general, secondary efficacy and health-related quality
of life end points did not show meaningful differences between
treatment groups. However, modest improvement was noted for
the change in hsCRP level from baseline, which was generally
greater in both ustekinumab groups than in the placebo group
as early as week 4 through week 24. At week 24, mean changes
from baseline in hsCRP level were numerically higher in the
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ustekinumab-treated groups than in the placebo group (Table 2).
Additionally, in the MRI substudy, the mean change from base-
line in the Berlin MRI spine score for patients evaluated at week
24 was -0.6 for the ustekinumab 45 mg group, —1.2 for the
ustekinumab 90 mg group, and —0.5 for the placebo group.

In study 2 (patients with disease refractory to a single anti-
TNF agent), early study discontinuation prohibited valid statisti-
cal testing and formulating subsequent clinical conclusions. The
proportion of patients with an ASAS40 response (the primary
end point) in the ustekinumab 45 mg and 90 mg groups was
19% and 27%, respectively, and 12% in the placebo group.
Similar patterns were noted for major secondary end points (Ta-
ble 2). At week 24, mean changes from baseline in hsCRP level
were not numerically higher in the ustekinumab-treated groups
than in the placebo group (Table 2).

In study 3 (patients with nonradiographic axial SpA), 55%
and 49% of patients in the ustekinumab 45 mg and 90 mg
groups, respectively, achieved an ASAS20 response (the primary
end point) versus 48% in the placebo group. Similar patterns
were noted in major secondary end points (Table 2). At week 24,
mean changes from baseline in hsCRP level were numerically
higher in the ustekinumab-treated groups than in the placebo
group (Table 2).

Safety. Through the end of week 24, the proportions of
patients experiencing AEs in the ustekinumab groups were con-
sistent across treatment groups in all 3 studies (Tables 3 and 4)
and similar between the active treatment and placebo groups.
No patient died, experienced a serious or opportunistic infec-
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tion, or presented with malignancy or active tuberculosis. In all
3 studies, <2.0% of ustekinumab-treated patients had an injec-
tion site reaction; all were mild in severity.

In study 1, through week 24, 43% of patients in the place-
bo group and 40% in the combined ustekinumab groups had
>1 AE. No patient in study 1 discontinued due to AEs through
week 24 (Table 3). During this period, 2 placebo-treated patients
reported an SAE (ischemic stroke and vertebrobasilar insufficien-
cy). In the combined ustekinumab groups, 3 patients reported
an SAE (subdural hematoma, osteoarthritis, and facial paralysis).

The proportion of patients reporting AEs through week 24
for study 2 (Table 3) and study 3 (Table 4) was similar to the
proportion in study 1 (Table 3). In study 2, discontinuation due to
an AE through week 24 occurred for 1 placebo-treated patient
(back and musculoskeletal pain) and 3 ustekinumab-treated pa-
tients (worsening of AS, arthralgia, and back pain). During this
period, 3 SAEs were reported in 3 placebo-treated patients
(uterine prolapse, back pain, and myocardial ischemia), and 10
SAEs were reported in 7 ustekinumab-treated patients (upper
abdominal pain, nausea, vomiting, obesity, uterine polyp, gas-
trointestinal hemorrhage, cholelithiasis, worsening of AS, rota-
tor cuff syndrome, and cerebrovascular accident). In study 3,
1 ustekinumab-treated patient discontinued due to an AE (pus-
tular psoriasis) through week 24. During this period, SAEs were
reported for 2 placebo-treated patients (uveitis and worsening of
axial SpA) and 3 ustekinumab-treated patients (inguinal hernia,
chronic sinusitis, and ankle fracture).

For all 3 studies, through the end of the study (see Sup-
plementary Tables 1 and 2, http://onlinelibrary.wiley.com/doi/
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Figure 2. Primary and major secondary end points at week 24 for study 1 (anti-tumor necrosis factor—naive patients with ankylosing
spondylitis). A, Primary end point: the proportion of patients who met the Assessment of SpondyloArthritis international Society criteria for
40% improvement in disease activity (achieved an ASAS40 response). B, Major secondary end points: the proportion of patients who achieved
an ASAS20 response, the proportion of patients with 50% improvement in the Bath Ankylosing Spondylitis Disease Activity Index (a BASDAIS0
response), and the proportion of patients with inactive disease according to the Ankylosing Spondylitis Disease Activity Score using the
C-reactive protein level (an ASDAS-CRP score <1.3). C, Mean change from baseline in the Bath Ankylosing Spondylitis Functional Index
(BASFI). There were no significant differences between either dose group and the placebo group.


http://onlinelibrary.wiley.com/doi/10.1002/art.40728/abstract

USTEKINUMAB AND AXIAL SPONDYLOARTHRITIS 265
Table 2. Primary, major secondary, and other selected end points at week 24 in the 3 studies*
Study 2 Study 3
Study 1 (AS patients with disease (patients with nonradiographic
(anti-TNF-naive AS patients) refractory to anti-TNF) axial SpA)
Ustekinumab Ustekinumab Ustekinumab

Placebo  45mg 90 mg Placebo 45 mg 90 mg Placebo 45 mg 90 mg

(n=116) (n=116) (n=114) (n=73) (n=73) (n=67) (n=282) (n=83) (n=85)

ASAS40 33(28.4) 36(31.00 32(28.7) 9(12.3) 14.(19.2) 18 (26.9) 21(25.6) 28(33.7) 24(28.2)
response, no. (%)t

ASAS20 52 (44.8) 64(55.2) 57(50.00 20(274) 23(315) 25(373) 39 (47.6) 46 (55.4) 42 (49.4)
response, no. (%)t

BASDAIS0 32(27.6) 29(25.0) 29(25.4) 8 (11.0) 11 (15.1) 19 (28.4) 19 (23.2) 27(32.5) 22(25.9)
response, no. (%)

Inactive disease 4(3.4) 2(1.7) 3(2.6) 2(2.7) 2 (3.0) 6 (7.3) 12 (14.5) 11(12.9)
according to
ASDAS-CRP, no. (%)

Change from -11+11 -1.2+10 -11+£10 -08+10 -1.0+11 =11 +£11 -1.2+1.1 -14+14 -14+£12
baseline in (85) (95) (98) (43) (44) (42) 61 (71 (62)
ASDAS-CRP

Change from -04+17 -07+16 -09+23 -04+21 -01+20 -03+19 -04+22 -06+25 -10+27
baseline in hsCRP, (87) (95) (98) (43) (44) 43) (61) (71) (62)
mg/dl

Change from =19+21 21+23 21425 -13+£22 -17+27 22+24 -21+24 -23+26 -19+27
baseline in BASFI (88) (95) (99) (44) (44) (42) 61 (72) (63)

*Except where indicated otherwise, values are the mean + SD (no. of patients). Anti-TNF = anti-tumor necrosis factor; AS = ankylosing spon-
dylitis; SpA = spondyloarthritis; BASDAI50 response = 50% improvement in the Bath Ankylosing Spondylitis Disease Activity Index; ASDAS-
CRP = Ankylosing Spondylitis Disease Activity Score using the C-reactive protein level; hsCRP = high-sensitivity CRP; BASFI = Bath Ankylosing

Spondylitis Functional Index.

t For studies 1 and 2, 40% improvement in disease activity according to the Assessment of SpondyloArthritis international Society criteria (an
ASAS40 response) was the primary end point, and achieving an ASAS20 response was a major secondary end point. For study 3, achieving
an ASAS20 response was the primary end point, and achieving an ASAS40 response was a major secondary end point.

10.1002/art.40728/abstract), the safety profile was consistent
with what was reported through week 24 (Tables 3 and 4). In
study 1, after week 24, an additional 6 ustekinumab-treated pa-
tients reported 9 SAEs. In study 2, after week 24, an additional
3 ustekinumab-treated patients reported SAEs. In study 3, after
week 24, an additional 7 ustekinumab-treated patients reported
SAEs. Serious infections were reported for 2 patients in study 1
and 1 patient in study 3. No patient presented with malignancy
or active tuberculosis. In study 1, after week 52, 1 patient (rand-
omized to 45 mg ustekinumab then early escaped to golimum-
ab) was reported to have a fatal SAE of blunt trauma. No deaths
were reported for studies 2 or 3.

Pharmacokinetics and immunogenicity. After ad-
ministration of ustekinumab at week 0 and week 4 then every
12 weeks in study 1, serum ustekinumab concentrations were
dose proportional without evidence of accumulation in usteki-
numab concentrations over time, which was similar to prior
studies with ustekinumab in PsA. Ustekinumab concentrations
were reviewed to confirm that patients received their assigned
treatment (ustekinumab or placebo). Given the fixed dosing of
ustekinumab, median ustekinumab concentrations were gener-

ally higher in the lower body weight quartiles than in the higher
body weight quartiles. Patients with lower baseline hsCRP levels
had higher median ustekinumab concentrations than those with
higher baseline hsCRP levels. Through week 24, median usteki-
numab concentrations were lower for ASAS40 nonresponders
than for responders after receiving ustekinumab at 45 mg; how-
ever, median ustekinumab concentrations were similar between
ASAS40 responders and nonresponders for those who received
ustekinumab at 90 mg. ASAS20 and ASAS40 response rates
were consistent across the 4 trough ustekinumab concentration
quartiles.

Antibodies to ustekinumab were detected in 18% of 230
patients through week 24 using a validated drug-tolerant en-
zyme chemiluminescent immunoassay. Antibody peak titers
were generally low, with 26 (11%) of 230 patients found to be
positive for neutralizing antibodies. Patients positive for antibod-
ies to ustekinumab had similar ASAS20 responses and high-
er ASAS40 responses than patients negative for antibodies to
ustekinumab. No antibody-positive patients and 1 antibody-
negative patient had an injection site reaction through week 24.
Due to the early discontinuation, these analyses were not per-
formed for studies 2 and 3.
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Table 3. Summary of AEs through week 24 in studies 1 and 2*

Placebo/early escape

Ustekinumab 45 mg/
early escape

Ustekinumab 90 mg/
early escape

Placebo— 45 mg 45 mg— 90 mg 90 mg— Ustekinumab
PlaceboT  golimumab# onlyt golimumab# onlyt golimumabt  only combinedt
Study 1 (@nti-TNF-naive AS
patients)s
Duration of follow-up, 221 8.0 22.6 8.0 23.0 7.9 22.8
weeks
Exposure, number of 2.8 2.0 2.8 2.0 2.9 2.0 2.8
administrations
Patients with >1 AE, no. (%) 50 (43.1) 1(3.8) 46 (39.7) 4(19.0) 46 (40.4) 2 (14.3) 92 (40.0)
Patients with >1 SAE, no. (%) 2(1.7) 0 2(1.7) 0 1(0.9) 0 3(1.3)
Patients with AE leading to 0 0 0 0 0 0 0
discontinuation, no. (%)
Patients with >1 infections, 19 (16.4) 0 18 (15.5) 2(9.5) 24.(21.1) 1(7.1) 42 (18.3)
no. (%)
Patients with >1 serious 0 0 0 0 0 0 0
infections, no. (%)
Study 2 (AS patients with
disease refractory to
anti-TNF)§
Duration of follow-up, 19.4 79 19.5 8.1 19.9 8.1 19.7
weeks
Exposure, number of 2.6 2.0 2.5 2.0 2.6 2.0 2.5
administrations
Patients with >1 AE, no. (%) 47 (45.2) 2(9.5) 44 (41.5) 8 (38.1) 42 (40.0) 4(20.0) 86 (40.8)
Patients with >1 SAE, no. (%) 1(1.0) 2(9.5 2019 0 5(4.8) 0 (3.3)
Patients with AE leading to 1(1.0) 1(0.9 0 (1.9) 0 (1.4)
discontinuation, no. (%)
Patients with >1 infections, 17 (16.3) 0 16 (15.1) 3(14.3) 17 (16.2) 1(5.0) 33 (15.6)
no. (%)
Patients with >1 serious 0 0 0 0 0 0

infections, no. (%)

* Except where indicated otherwise, values are the mean. Anti-TNF = anti-tumor necrosis factor; AS = ankylosing spondylitis; SAE = serious

adverse event.

T Includes all patients, but AEs for patients who escaped early at week 16 are only counted up to week 16.

¥ Includes only patients who escaped early at week 16. AEs are counted from early escape onward.

§ Study 1 included 116 patients treated with placebo (of whom 26 escaped early), 116 treated with 45 mg ustekinumab (of whom 21 escaped
early), and 114 treated with 90 mg ustekinumab (of whom 14 escaped early). A total of 230 patients in study 1 were treated with ustekinu-
mab. Study 2 included 104 patients treated with placebo (of whom 21 escaped early), 106 treated with 45 mg ustekinumab (of whom 21
escaped early), and 105 treated with 90 mg ustekinumab (of whom 20 escaped early). A total of 211 patients in study 2 were treated with

ustekinumab.

Biomarker analysis. In study 1, 10 of 18 analytes tested
at baseline were either correlated with disease activity (ASDAS)
or were elevated compared with matched healthy controls. How-
ever, neither Th17 cytokines (IL-17A, IL-17F, IL-22, and IL-23)
nor Th1 cytokines (IFNy and IL-12p70) were dysregulated at
baseline in AS patients compared with healthy controls (see Sup-
plementary Table 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.40728/abstract). In study 2, overall, there was greater ele-
vation of inflammatory cytokines compared with study 1, includ-
ing the statistically significant dysregulation of IL-17A, MMP-3,
and MMP-9 (but not IL-17F, IFNy, or IL-12p70), which did not

reach statistical significance in study 1. Additionally, a higher fold
change of SAA, CRP level, and TNFa was observed in the co-
hort from study 2. Although overall baseline levels of IL-17A were
slightly higher in axial SpA patients enrolled in study 2 compared
with healthy controls, there was no association with clinical re-
sponse in this small sample.

In study 1, ustekinumab treatment had only a relatively mi-
nor impact on analytes at weeks 4 and 16, with only MMP-3,
SAA, and IL-8 being significantly decreased. The decreases in
these 3 analytes were independent of week 16 ASAS20 clinical
response. In summary, in these cohorts, up-regulation of acute


http://onlinelibrary.wiley.com/doi/10.1002/art.40728/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40728/abstract

USTEKINUMAB AND AXIAL SPONDYLOARTHRITIS

267

Table 4. Summary of AEs through week 24 in study 3 (patients with nonradiographic axial SpA)*

Placebo— Placebo—
ustekinumab ustekinumab Ustekinumab Ustekinumab Ustekinumab
Placebo 45 mg 90 mg 45 mg only 90 mg only only combined
(n=116)t (n=10)% (n=10)% (n=118) (n=122) (n = 260)
Duration of follow-up, 21.7 79 8.1 22.3 22.0 21.0
weeks
Exposure, number of 3.3 1.9 19 2.8 2.7 2.7
administrations
Patients with >1 AE, 52 (44.8) 1(10.0) 3(30.0) 57 (48.3) 58 (47.5) 119 (45.8)
no. (%)
Patients with >1 SAE, 2(1.7) 0 0 2(1.7) 1(0.8) 3(1.2)
no. (%)
Patients with AE 0 0 0 0 1(0.8) 1(0.4)
leading to discontin-
uation, no. (%)
Patients with >1 26 (22.4) 1(10.0) 1(10.0) 22 (18.6) 30 (24.6) 54 (20.8)
infections, no. (%)
Patients with >1 0 0 0 0 0 0
serious infections,
no. (%)

* Except where indicated otherwise, values are the mean. SpA = spondyloarthritis; SAE = serious adverse event.
t Includes all patients, but AEs for patients who escaped early at week 16 are only counted up to week 16.
¥ Includes only patients who escaped early at week 16. AEs are counted from early escape onward.

inflammatory proteins (and MMPs) was seen, but very mod-
est to no elevation of Th17/Th1 cytokines in the periphery was
observed.

DISCUSSION

The patients in these 3 randomized, placebo-controlled,
phase Il studies demonstrated significant systemic inflamma-
tory burden, as evidenced by mean disease activity scores
and elevated hsCRP levels at baseline. Patients in study 3
(those with nonradiographic axial SpA) required a positive MRI
or hsCRP >0.6 mg/dl at screening. Results from the week 24
database lock of study 1 showed no treatment effect between
ustekinumab and placebo groups across primary and major
secondary end points. Based on these results, the sponsor
discontinued all 3 studies early. Not all patients in studies 2
and 3 reached the week 24 time point when the studies were
discontinued, limiting the extent of those efficacy analyses.
The efficacy data available through week 24 of studies 2 and
3 were inconclusive; however, no consistent trends of clinically
relevant response were observed among primary and major
secondary end points.

Because no formal phase Il dose-ranging study was per-
formed, it may be questioned whether the ustekinumab doses
studied were too low to achieve clinical response in axial SpA. Me-
dian serum ustekinumab concentrations were lower for ASAS40
nonresponders compared with responders receiving the 45 mg
dose but were similar for those receiving the 90 mg dose. How-

ever, no difference was seen in ASAS20 or ASAS40 response
rates across the trough concentration quartiles. Also, studies 1
and 3 showed little difference between doses in the proportions
of patients achieving primary and major secondary end points,
with the lower dose (45 mg) having a slight numerical advantage
in study 3. In study 2, there appeared to be a dose response, but
the separation from placebo was limited, and it was not consistent
across end points. The hsCRP level in the ustekinumab groups
was modestly improved at most time points compared with pla-
cebo in studies 1 and 3, but not in study 2, which is in direct
contrast to the hint of efficacy in clinical end points seen in study
2. The MR differences from study 1 favored 90 mg slightly, while
45 mg and placebo were almost equivalent, which contrasts with
the lack of clinical benefit demonstrated. Overall, these differences
may represent chance variation over the program.

Blocking IL-12/IL-23p40 with ustekinumab has been shown
to be efficacious in plaque psoriasis, PsA, and Crohn’s disease
(14-20), in which activation of the IL-23/IL-17 pathway has been
reported (31-33). Despite both the scientific and clinical rationale
for supporting initiation of these phase Il studies of ustekinu-
mab in axial SpA, including an open-label study of patients with
AS (8) and improvement in PsA patients with physician-reported
spondylitis (21), questions remain as to why ustekinumab was
not effective. A recent review highlighted differences in axial dis-
ease in AS and PsA, suggesting that spondylitis may be driv-
en by different mechanisms in these 2 diseases (34). While the
immunopathogenesis of axial SpA remains unknown, the inter-
play of genetics (HLA-B27) with exposure to microbial triggers
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originating from the gut or skin along with dysregulated innate
and adaptive immune responses (the Th17 pathway) has been
implicated (35). Although reports of up-regulation of the Th17
pathway in the spine and joints have been published (36,37),
there is conflicting evidence regarding dysregulation of the IL-23/
IL-17 axis in the serum of AS patients (38-40). In the biomarker
subpopulation that was assayed, up-regulation of serum IL-17A
was modestly increased only in study 2, but there was no base-
line elevation in serum IL-12p70, IL-23, IFNy, and IL-17A/F in ax-
ial SpA patients compared with healthy controls in either study.
It is not clear how these findings relate to the lack of clinically
relevant efficacy of ustekinumab observed in these studies. It
should be noted that serum cytokine levels may not fully repre-
sent disease mechanisms present locally in the joints or spine.

The therapeutic success of TNF and IL-17 blockers in
controlling axial SpA disease activity suggests that the etiol-
ogy of axial SpA may involve both inflammatory and immune
mechanisms. IL-23+ and IL-17+ cells, more so than IL-12+
cells, have been observed in the spine of patients with AS (36).
Blockade of IL-12/IL-23p40 with ustekinumab did not show
efficacy in AS, but neutralization of IL-17A is clinically effective
(41), which suggests that the interplay between IL-12, IL-23,
and IL-17 is complex in axial SpA and warrants further studies
to understand the results. There may be synergistic or oppos-
ing effects of inhibiting IL-12 and IL-23 or sources of IL-17
secreted independently of Th17 cells. For example, there is
evidence to suggest that innate y& T cells secrete IL-17 inde-
pendently of IL-23 to protectively maintain the integrity of the
epithelial barrier and prevent excessive permeability after injury
(42,43). Imbalances in immunopathogenic mechanisms driven
by innate lymphoid cell populations may help explain the inef-
fectiveness of ustekinumab in axial SpA.

AEs reported in these studies were consistent with the
known safety profile of ustekinumab (15,16,19,20). Through week
24, AE rates in the combined ustekinumab groups were similar to
those in the placebo group in each study. Infections were the most
common type of AE in all 3 studies. Through the end of the study,
SAEs were reported by 3.2% of ustekinumab-treated patients, in-
cluding 3 patients (0.3%) with serious infections. There were no
opportunistic infections or malignancies during these studies.

Ustekinumab does not appear to be effective in the treat-
ment of axial SpA. Additional research is needed to better under-
stand the pathogenic mechanisms and the cytokine pathways
that manifest as axial SpA. No new safety signals were identified,
and the safety profile of ustekinumab in these populations was
consistent with that observed in other indications.
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Effect of Achieving Minimal Disease Activity on the
Progression of Subclinical Atherosclerosis and Arterial

Stiffness: A Prospective Cohort Study in Psoriatic Arthritis
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Objective. To investigate the effects of achieving minimal disease activity (MDA) on the progression of subclinical
atherosclerosis and arterial stiffness in patients with psoriatic arthritis (PsA).

Methods. A total of 101 consecutive patients with PsA were recruited for this prospective cohort study. All pa-
tients received protocolized treatment targeting MDA for a period of 2 years. High-resolution carotid ultrasound and
arterial stiffness markers were assessed annually. The primary outcome measure was the effect of achieving MDA
at 12 months (MDA group) on the progression of subclinical atherosclerosis over a period of 24 months. Secondary
objectives were to compare the changes in arterial stiffness markers over 24 months between the MDA and non-MDA
groups, as well as the changes in subclinical atherosclerosis and arterial stiffness markers in patients who achieved
MDA at each visit from month 12 through month 24 (sustained MDA [sMDA]).

Results. Ninety PsA patients (mean + SD age 50 + 11 years, 58% male [n = 52]) who completed 24 months of
follow-up were included in this analysis. Fifty-seven patients (63%) had achieved MDA at 12 months. Subclinical ath-
erosclerosis and arterial stiffness outcomes were similar between the MDA and non-MDA groups. Forty-one patients
(46%) achieved sMDA. As shown by multivariate analysis, achieving sMDA had a protective effect on plaque progres-
sion (odds ratio 0.273 [95% confidence interval 0.088-0.846], P = 0.024), and less of an increase in total plaque area,
mean intima-media thickness, and augmentation index values after adjustment for covariates.

Conclusion. Our results support the recommendation that once MDA is achieved, it should ideally be maintained
for a prolonged period in order to prevent progression of carotid atherosclerosis and arterial stiffness in patients with

PsA.
INTRODUCTION

Incidence of myocardial infarction is increased in patients
with psoriatic arthritis (PsA), rheumatoid arthritis (RA), and possi-
bly ankylosing spondylitis compared to the general population (1).
Cardiovascular (CV) risk assessment is recommended for these
patients at least once every 5 years, so that lifestyle advice and
CV disease (CVD) preventive treatment can be initiated when indi-
cated (2). Screening for asymptomatic atherosclerotic plaques by
carotid ultrasound has been recommended as part of the CV risk
evaluation in patients with RA, as the presence of carotid plaques
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is associated with poor CVD-free survival and is strongly linked
to a future diagnosis of acute coronary syndrome (3). Similar to
patients with RA, patients with PsA also had a greater burden of
subclinical carotid atherosclerosis (4-8). Increased intima-media
thickening (IMT) significantly correlated with traditional risk factors
(4-7) and disease-related parameters (4,5). Indeed, exposure
to an increased burden of inflammation is associated with more
severe atherosclerosis (9) and arterial stiffness (10) in patients with
PsA, which may be mediated by traditional CV risk factors.

PsA may predispose patients to accelerated atherosclerosis
through a number of mechanisms, including chronically elevated
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inflamsmatory cytokine levels, a higher prevalence of traditional
CVD risk factors (11), and the impact of pharmacotherapies.
Markers of disease activity, as reflected by prior use of medication,
a high erythrocyte sedimentation rate (ESR) at presentation, and
evidence of radiologic damage, were associated with increased
CV mortality in these patients (12). Thus, it is possible that effective
immunosuppression may interfere with the inflammation underly-
ing both synovitis and atherosclerosis.

In PsA, criteria for minimal disease activity (MDA) have been
developed and validated (13). Achieving MDA by these criteria
results in less radiographic damage in the long term (14). While
achieving MDA may result in significant benefits in articular dis-
ease (15), little is known about its effect on extraarticular disease,
including CVD risk. Previous studies linked the suppression of
inflamsmation using anti-tumor necrosis factor (anti-TNF) agents
with a favorable effect on carotid atherosclerosis (8,16,17) and
arterial stiffness (18) in patients with PsA. However, whether this
positive impact is specifically related to blocking TNF, or is due to
a nonspecific effect from suppression of inflammation, cannot be
differentiated. We hypothesized that abrogation of inflammation
in PsA patients achieving MDA through a protocolized treatment
strategy may prevent progression of subclinical atherosclerosis
and arterial stiffness over a period of 2 years.

PATIENTS AND METHODS

Inclusion and exclusion criteria. A total of 101 con-
secutive patients with PsA attending the outpatient clinic of
the Prince of Wales Hospital, age >18 years and fulfilling the
Classification of Psoriatic Arthritis (CASPAR) criteria (19), were
recruited into this cohort study from April 2014 to October
2015. Patients were excluded if they met any 1 of the following
criteria: 1) having a history of overt CVD (including myocardial
infarction, angina, stroke, and transient ischemic attack), 2)
taking antiplatelet agents (including aspirin, clopidogrel, etc.),
hydroxymethylglutaryl-coenzyme A reductase inhibitors (stat-
ins), or angiotensin-converting enzyme inhibitors that would
interfere with vascular outcomes, 3) having significant comor-
bidities, including severe renal impairment or severe deranged
liver function, or 4) being a woman of childbearing potential
who was pregnant, breastfeeding, or not using an effective
method of contraception. Patients were not eligible if they
were taking glucocorticoids at a dosage of >10 mg/day.

Treatment protocol. All participants received 2 years of
protocolized treatment (see Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40695/abstract), with the aim of achieving
MDA. When a patient did not achieve the treatment goal after 4
months of therapy, the treatment was escalated to the next level
according to the protocol, unless the patient declined further treat-
ment or the toxic effects of the treatment precluded this approach.

The study was approved by the Ethics Committee of the Chinese
University of Hong Kong, with written informed consent provided
by all participants. The study was conducted in accordance with
the Declaration of Helsinki.

Clinical assessments. Assessments conducted at each
visit included the following: pain, the physician’s and patient’s
global assessment, the tender joint count (TJC; 68 joints
assessed) and swollen joint count (SJC; 66 joints assessed), the
Maastricht Ankylosing Spondylitis Enthesitis Score (range 1-13)
(20), and the number of digits with dactylitis. The following instru-
ments were used to measure joint and skin disease activity: the
Bath Ankylosing Spondylitis Disease Activity Index (21), the Mod-
ified Health Assessment Questionnaire (M-HAQ) (22), the Disease
Activity Index for Psoriatic Arthritis (23), body surface area (BSA)
affected by psoriasis, and the Psoriasis Activity and Severity Index
(PASI) (24).

MDA was used for the assessment of the treatment efficacy
end point. The MDA criteria assess 7 domains, with the follow-
ing cutoffs: TJC <1, SJC <1, enthesitis count <1, skin score <1
(or BSA <3%), function score <0.5 (measured by the HAQ) (25),
patient’s global assessment <20 on a 100-mm visual analog scale
(VAS), and patient-reported pain <15 on a 100-mm VAS. If 5 of the
7 cutoffs for these domains were met, then the patient was clas-
sified as having MDA. Anthropomorphic measurements included
body height, body weight, waist and hip circumferences, and
blood pressure. The number of joints irreversibly damaged was
assessed at baseline and annually. Patient information regarding
menopausal status, smoking and drinking habits, history of dia-
betes mellitus, hypertension, dyslipidemia, overt CVD, and family
history of CVD was obtained at baseline. Treatment history was
retrieved from case notes or elicited during the clinical assessment.

Laboratory assessments and markers of inflamma-
tion. Laboratory assessments were conducted at baseline, every 4
months, and at the end of the study. These tests included complete
blood cell count, liver and renal function tests, ESR, C-reactive pro-
tein level, fasting blood glucose level, lipid profile (total cholesteral,
low-density lipoprotein cholesterol, high-density lipoprotein choles-
terol, triglycerides), fibrinogen level, and uric acid level.

Carotid IMT and plaque. Carotid IMT and plaque were
assessed at baseline, 12 months, and 24 months (7). Carotid
IMT was measured by an experienced cardiologist (QS) who was
blinded with regard to all clinical information, using a high-resolution
B-mode EPIQ7 ultrasound machine (Philips) and a Philips L12-3
30 MHz linear vascular probe (broadband linear array transducer).
The IMT was measured offline in the distal commmon carotid artery,
carotid bulb, and proximal internal carotid artery using dedicated
Philips Xcelera Cardiology Enterprise Viewer Client 4 software. The
mean and maximal IMT values of 6 arterial segments were calcu-
lated for further analysis. Plaque was defined as a localized thick-
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Table 1. Characteristics of the patients at baseline and month 24*

Baseline Month 24
(n=90) (n=90) P
Disease activity
Tender joint count, 0-68 3(1-6) 0(0-1) <0.001
Swollen joint count, 0-66 1(0-2) 0(0-1) 0.020
Damaged joint count, 0-68 2 (0-6) 3(0-9) 0.003
Dactylitis, 0-20 0(0-0) 0(0-0) 0.209
MASES enthesitis, 0-13 0(0-2) 0 (0-1) 0.841
VAS pain, 0-100 mm 35 (20-60) 10 (5-30) <0.001
Patient’s global assessment, 0-100 mm 50 (30-70) 15 (10-30) <0.001
Physician’'s global assessment, 0-100 mm 30 (15-48) 2 (0-8) <0.001
ESR, mean + SD mm/hour 29+ 22 25+18 0.034
CRP, mean + SD mg/d| 7.7 +10.6 44+64 <0.001
DAPSA, 0-64 19 (13-32) 7 (4-14) <0.001
PASI, 0-72 3.4(0.6-7.6) 1.0 (0-3.2) <0.001
HAQ total score, 0-3 0.38 (0-0.88) 0.13(0-0.5) 0.001
Achieved MDA, no. (%) 15(16.7) 62 (68.9) <0.001
Traditional CV risk factors
Body weight, mean + SD kg 69.6 £ 15.2 70.2+15.5 0.188
BMI, mean + SD kg/m’ 256+£4.8 259+48 0.142
Systolic blood pressure, mean + SD mm Hg 125+ 18 124 + 15 0.761
Diastolic blood pressure, mean + SD mm Hg 79 £ 11 77 +£10 0.095
Waist-to-hip ratio, mean + SD 0.92 £ 0.06 0.92 £ 0.07 0.522
Abdominal obesity, no. (%) 59 (65.6) 61 (67.8) 0.832
Hypertension, no. (%) 28 (31.1) 33(36.7) 0.063
Diabetes mellitus, no. (%) 11 (12.2) 15 (16.7) 0.219
Dyslipidemia, no. (%) 18 (20.0) 21 (23.3) 0.250
P\?sma total cholesterol, mean + SD mmoles/ 5.0+0.9 5.0+0.9 0.752
iter
Plzfsma HDL cholesterol, mean + SD mmoles/ 14+04 14+04 0.345
iter
P\alsma LDL cholesterol, mean + SD mmoles/ 3.0+0.8 3.0+0.8 0.639
iter
Plasma total triglyceride, mean + SD mmoles/ 1.4+09 1.5+1.0 0.122
liter
Plalsma fasting glucose, mean + SD mmoles/ 53+14 56+1.5 0.160
iter
Smoking, no. (%) 14 (15.6) 15(16.7) 0.999
Framingham Risk Score, mean + SD 9.5+8.0 11+£9.2 0.003
Medication, no. (%)
Antihypertensive drugs 20(22.2) 29 (32.2) 0.052
Oral hypoglycemic agents 8(8.9) 10 (11.5) 0.999
NSAIDs 48 (53.3) 37 (41.0) <0.001
Prednisolone 1011 0(0.0) -
csDMARDs 51 (56.7) 62 (68.9) <0.001
bDMARDs 16 (17.8) 28 (31.1) 0.010

* Except where indicated otherwise, values are the median (interquartile range). MASES = Maastricht Ankylosing Spondylitis Enthesitis Score;
VAS = visual analog scale; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; DAPSA = Disease Activity in Psoriatic Arthritis; PASI =
Psoriatic Area and Severity Index; HAQ = Health Assessment Questionnaire; MDA = minimal disease activity; CV = cardiovascular; BMI = body
mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein; NSAIDs = nonsteroidal antiinflammatory drugs; csDMARDs = con-
ventional synthetic disease-modifying antirheumatic drugs; bDMARDs = biologic DMARDs.
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ening of >1.2 mm that did not uniformly involve the whole artery.
Progression of plaque was defined as an incident plaque in a seg-
ment without plaque before or an increased number of plaques
in a segment. The reproducibility of IMT was 0.97 (7). The total
plaque area (TPA) was measured as described previously (26). The
plane for measurement of each plague was chosen by review-
ing the video of the ultrasound scan to find the largest extent of
plaque as seen on the longitudinal view. TPA was recorded as the
sum of the areas of all plaques in the right and left carotid arteries.
Reading of the ultrasound scans obtained at baseline and at fol-
low-up was performed concurrently by a single reader (ITC) who
was aware of the temporal order of the images but was blinded
with regard to the clinical data. The change in TPA was calculated
by subtracting the baseline TPA from the follow-up TPA. The intra-
observer intraclass correlation coefficient for TPA was 0.94 (27).

Pulse wave velocity (PWV) and pulse wave anal-
ysis (PWA). Arterial stiffness was measured by PWV and
the augmentation index value at baseline, 12 months, and
24 months (28). PWA was performed using a SphygmoCor
device (Vicorder; SMT Medical) with a tonometer probe at
the right radial artery. The central aortic arterial pulse wave is
transferred from the peripheral arterial pulse wave automat-
ically. Since the augmentation index value for an individual
patient varies by heart rate, it is standardized to a heart rate of
75 beats per minute. Ankle—brachial PWV was assessed non-
invasively in subjects in the supine position, with a dedicated
tonometry system (VP-2000; Omron Healthcare) as described
previously. All PWA measurements were made by the same
skilled operator (QS). Intracbserver reliability was 0.86 (28).

Outcome measures. The primary outcome measure
was the effect of achieving MDA at 12 months (MDA group)
on the progression of subclinical atherosclerosis over a period
of 24 months compared to those who did not achieve MDA
(non-MDA group). Secondary outcome measures included
1) changes in arterial stiffness markers over a period of 24
months between the MDA group and the non-MDA group and
2) changes in subclinical atherosclerosis and arterial stiffness
markers over a period of 24 months between patients who
achieved sMDA (sMDA group) and those who did not (non-
sMDA group). Sustained MDA was defined as having achieved
MDA at every visit between month 12 and month 24 (i.e.,
months 12, 16, 20, and 24). Additional analyses were per-
formed to investigate the time-averaged achievement of MDA
on vascular outcomes. The time-averaged achievement of
MDA was determined by calculating the area under the curve
of whether the patient had achieved MDA at each visit of the
total follow-up period divided by the follow-up period.

Statistical analysis. Statistical analyses were per-
formed using an SPSS version 24.0 software package.

Descriptive statistics, including frequency, percentage, mean
and SD, and median and interquartile (IQR) range, were
used for demographic and clinical variables. Comparisons
in demographic and clinical characteristics at baseline and
changes over 2 years between 2 groups were performed
using the chi-square test, independent-sample t-test, and
Mann-Whitney U test, depending on the distribution of data.
Univariate analysis was performed to look for potential var-
iables (Table 1) that may predict the changes in vascular
parameters, including IMT, PWV, augmentation index values,
and TPA and progression of plague. Chi-square tests were
performed to analyze the association between the use of non-
steroidal antiinflammatory drugs (NSAIDs), conventional syn-
thetic disease-modifying antirheumatic drugs (csDMARDs),
and biologic DMARDs (bDMARDs) and the achievement of
MDA at each clinic visit. The vascular effects of achieving
MDA at 12 months, achieving sMDA from month 12 through
month 24, or time-averaged achievement of MDA were ana-
lyzed using multivariate linear or logistic regression models
with adjustment for covariates (including the baseline covar-
iates listed in Table 1 that we associated with progression in
the vascular parameters from univariate analyses with a P
value of less than 0.1, baseline vascular parameters, and the
use of DMARDs and NSAIDs). A 2-tailed probability P value

of less than 0.05 was considered significant.

RESULTS

Atotal of 101 patients were recruited; of these, 90 patients
(mean + SD age 50 + 11 years, 57.8% male [n = 52], disease
duration 9.9 + 9.0 years) had a repeat carotid ultrasound and
augmentation index, and were included in the final analysis
for carotid plaque, IMT, and augmentation index progression,
while 87 patients had a second PWV measurement (Figure 1).

Table 1 summarizes the clinical features and traditional CV
risk factors of the patients at baseline and at month 24. Signifi-
cant improvement in disease activity was observed in the whole
cohort after 2 years. MDA was achieved by 15 (17%), 57 (63%),
and 62 (69%) of patients at baseline, at 1 year, and at 2 years,
respectively (Figure 2). No statistically significant changes in tra-
ditional CV risk factors were observed, except for an increase in
the Framingham Risk Score, which was most likely due to the
increase in age.

Treatments. The use of csDMARDs increased from 57%
at baseline and reached a peak of 75% at month 12, and then
decreased to 69% at month 24. The use of bDMARDs increased
from 18% at baseline to 31% at month 24 (Figure 3A). The use
of NSAIDs decreased at baseline from 53% to 41% at month 24.

MDA and compliance with the protocol. The proportion of
subjects reaching MDA increased progressively throughout the
study period (Figure 2). On average, MDA was achieved in 53%
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Assessed for eligibility
n=594

48 did not fulfill CASPAR criteria for PsA
226 considered not suitable for study due to other
significant comorbidities, contemplating pregnancy or
j— refuse disease modifying anti-rheumatic treatment
137 did not have any active joints
82 met exclusion criteria
29 on aspirin, 32 had IHD, 9 had CVA, 9 had
stroke, 3 of renal failure

Recruited
n=101

Lost to follow-up
n=2

Completed 2-year follow-up
n=99

Excluded from analysis due to commencement of
——1 ACEI/statin due to other comorbidities/clinical CAD/
positive coronary CT angiogram

n=9

Final analysis for carotid plaque, cIMT and Alx
n=30

Final analysis for PWV
n=87
(3 did not have PWYV done due to technical problems)

Figure 1. Study flow diagram. CASPAR = Classification of Psoriatic
Arthritis Study Group; PsA = psoriatic arthritis; IHD = ischemic heart
disease; CVA = cerebrovascular accident; ACEl = angiotensin-
converting enzyme inhibitor; CAD = coronary artery disease; CT =
computed tomography; cIMT = carotid intima-media thickness; Alx =
augmentation index; PWV = pulse wave velocity.

of the visits. Treatment was escalated to the next level in 84% of
visits when MDA was not met. The reasons for non-escalation of
treatment are summarized in Supplementary Table 1, available

80%

70%

on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40695/abstract.

MDA and treatment utilization. We next analyzed the rela-
tionship of MDA status and the use of medication at each visit
separately. Altogether, there were a total of 769 patient visits.
Among all the visits when patients were treated with bDMARDs
(n = 216), a significantly higher proportion of them had achieved
MDA (60% versus 40%; P = 0.005). Among all the visits when
patients had achieved MDA (n = 397), fewer patients required
treatment with NSAIDs (80% versus 70%; P < 0.001). Use of
csDMARDs was not significantly associated with MDA (see Sup-
plementary Table 2, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40695/abstract).

Serious a Adverse events. Seven episodes of seri-
ous adverse events (SAEs) were reported (see Supplementary
Table 3, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40695/abstract). All 7 episodes of SAEs required hospitaliza-
tion, with none of the events being life-threatening. No previously
undescribed SAEs or deaths were observed.

Achieving MDA at month 12 and progression of vas-
cular parameters over 24 months. Fifty-seven of the subjects
(63%) had achieved MDA at month 12 (MDA group). Baseline
traditional CV risk factors were similar between the 2 groups (see
Supplementary Table 2, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40695/abstract). The MDA group had lower dis-
ease activity at baseline, probably because a higher proportion of
patients was already taking bDMARDs. The prevalence of NSAID
use was significantly lower (Supplementary Table 4).

At month 24, the MDA group had significantly less progres-
sion as shown on the augmentation index, while the changes
in mean and maximum IMT, PWV, TPA, and plaque progres-
sion were similar between the 2 groups (Table 2). Nonethe-
less, the differences in the change in the augmentation index

60%

50%

40%

30%

20%

10% J
0%

Baseline Month4 Month8 Month 12 Month 16 Month 20 Month 24

Figure 2. Proportion of subjects achieving minimum disease activity across the study period.
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Medication use across study period in whole cohort

m Baseline
= Month 4
= Month 8
® Month 12
Month 16
= Month 20

| Month 24

bDMARDs

NSAIDs

csDMARDs

Medication

C csDMARDs use between subjects with and without
sMDA

100%

®

ES

% of subjects

B

Baseline Month 4 Month8  Month12 Month16 Month20 Month 24

W non-sMDA sMDA
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B NSAIDs use between subjects with and without SMDA
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% of subjects
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W non-sMDA sMDA

D bDMARDs use hetween subjects with and without
sMDA
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W non-sMDA  msMDA

Figure 3. Different treatment regimens of the patients throughout the study period. A, Overall medication use throughout the study period. B—
D, Treatment with nonsteroidal antiinflammatory drugs (NSAIDs) (B), conventional synthetic disease-modifying antirheumatic drugs (csDMARDs)
(C), and biologic DMARDs (bDMARDs) (D) in patients with sustained minimal disease activity (SMDA group) and patients without sMDA (non-

sMDA group). * = P < 0.05.

became insignificant after adjustment for baseline differences
and csDMARD use throughout the 2 years (data not shown).

Achieving sustained MDA from month 12 to
month 24 and progression of vascular parameters
over 24 months. Forty-one patients (46%) achieved sMDA
from month 12 to month 24. At baseline, patients in the sMDA
group had lower disease activity, and a higher proportion of
patients had already achieved MDA compared to those who
did not achieve sMDA (see Supplementary Table 5, availa-
ble at http://onlinelibrary.wiley.com/doi/10.1002/art.40695/
abstract). A significantly higher proportion of subjects in the
sMDA group were taking bDMARDSs, while fewer patients
were taking NSAIDs and csDMARDs (Figure 3). Traditional
CV risk factors were similar between the 2 groups, except
that the sMDA group had fewer smokers (Supplementary
Table 5). After 24 months, fewer patients in the sMDA group
required NSAIDs (Figure 3B).

The vascular parameters were similar between the 2 groups
at baseline (Table 2). A total of 34 of 90 patients (38%) had
plaque progression. Plaque progression was observed less fre-
quently in the sMDA group than in the non-sMDA group, but the
difference did not quite reach significance in univariate analysis.
Regression analysis revealed that achieving sMDA was associ-

ated with a protective effect on plaque progression (odds ratio
[OR] 0.273 [95% confidence interval (95% Cl) 0.088, 0.846], P =
0.024), increase in TPA (p = -8.919 [95% CI -7.181, -0.657], P
=0.019), mean IMT (B = -0.037 [95% CI —-0.066, —0.007], P =
0.014), and the augmentation index (f = —3.059 [95% CI —-6.067,
—0.051], P = 0.046), as well as a trend suggesting improvement
in PWV (B =-71.4 [95% Cl -143.2, 0.2], P = 0.051) (Table 3).

Vascular effect of time-averaged achievement of
MDA. The median (IQR) number of visits in MDA for the whole
cohort was 4 (2-5). There was a trend suggesting that patients with
an increasing number of visits in MDA had a lower risk of plaque
progression (OR 0.851 [95% CI 0.696, 1.040], P = 0.116). Simi-
lar trends were observed for the changes in mean and maximum
IMT, PWV, and augmentation index (data not shown). Subjects
with plaque progression had a lower time-averaged achievement
of MDA, though the difference was not significant (48% versus
58.5%; P = 0.138). In multivariate regression analysis, an increase
in the time-averaged achievement of MDA was only marginally
associated with a lower risk of plaque progression after adjust-
ing for baseline covariates (OR 0.982 [95% CI 0.965, 0.999], P =
0.044). No significant association was found with other vascular
parameters (data not shown). Overall, there was no association
between the change in vascular parameters and clinical or labo-
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Table 2. Subclinical atherosclerosis and arterial stiffness outcomes in patients according to MDA status at month 12 and whether patients

achieved sMDA*

Did not achieve Achieved
MDA at MDA at Did not achieve Achieved
month 12 month 12 sMDA sMDA
(n=33) (n=57) P (n=49) (n=41) P
Subclinical atherosclerosis
Carotid IMT, mean + SD mm
Baseline 0.63+0.10 066+012 0316 0.64 +0.10 0.66+0.13 0.264
Month 24 0.62 +0.09 063+092 0555 0.63+0.08 0.62 +0.10 0.760
Change 0.02 +0.07 0.03+0.07 0.398 -0.01 +£0.08 -0.04+0.06  0.031
Maximum carotid IMT, mean + SD mm
Baseline 0.77 +0.14 0.80+017  0.320 0.77 +0.15 0.81+0.18 0.660
Month 24 0.73+0.13 0.75+013  0.589 0.75+0.12 0.74+0.14 0.083
Change 0.03+0.13 0.05+015 0.532 -0.02+0.14 -0.08+0.15  0.083
Presence of carotid plaque, no. (%)
Baseline 14 (42.4) 18 (31.6) 0.300 18 (36.7) 14 (34.7) 0.798
Month 24 18 (54.5) 32 (56.1) 0.883 29 (59.2) 21 (51.2) 0.449
Any plague progression 13(39.4) 21 (36.8) 0.810 22 (44.9) 12 (29.3) 0.128
Total plaque area, median (IQR) mm?
Baseline 0(0-9.1) 0(0-6) 0.383 0(0-6) 0(0-7.5) 0.962
Month 24 7.0 (0-18.1) 6.5(0-12.7) 0.630 7.5 (0-16) 1.3(0-13) 0.458
Change 0(0.8) 0(0-6.5) 0.761 0.1 (0-10.4) 0(0-6.45) 0.103
Arterial stiffness
Augmentation index, mean + SD %
Baseline 23+7 24 +8 0.436 23+7 14+9 0.620
Month 24 26+8 24 +9 0.180 26+8 23+9 0.151
Change 3+38 0+8 0.032 3+7 -1+£9 0.043
PWV, mean + SD cm/second
Baseline 1,512 + 252 1,472 +213  0.437 1,515 + 249 1,455 + 198 0.223
Month 24 1,527 + 275 1,459 +196  0.180 1,530 + 265 1,432 + 169 0.042
Change 15+ 220 15+ 162 0.469 13+ 211 -23+ 152 0.357

* MDA = minimal disease activity; SMDA = sustained MDA; IMT = intima-media thickness; IQR = interquartile range; PWV = pulse wave velocity.

ratory parameters of disease activity (see Supplementary Table 6,
available at http://onlineliorary.wiley.com/doi/10.1002/art.40695/
abstract).

DISCUSSION

This is the first longitudinal study to demonstrate that
effective control of systemic inflammation in PsA patients who
achieved sMDA was associated with less progression of sub-
clinical atherosclerosis and arterial stiffness compared to those
who did not achieve sMDA. The data in the study support the
European League Against Rheumatism recommendation that
disease activity should be controlled optimally in order to lower
CVD risk in patients with PsA (2). After 2 years of protocol-driven,
treat-to-target therapy, the proportion of patients achieving MDA
increased from 16.7% at baseline to 63.3% at 12 months and to

68.9% at 24 months. The proportion of patients achieving MDA in
our cohort at months 12 and 24 was similar to that in other obser-
vational studies in patients treated with anti-TNF agents (44-64%)
(29). A previous studies demonstrated that 60% of patients had
achieved MDA on at least 1 visit and 34% had achieved MDA on
consecutive visits for at least 12 months (30), which is similar to
the results from the current study (55% and 46%, respectively).
Data from the current study confirm that when using a treat-to-
target strategy, MDA is indeed an achievable target, even in a
health care system with limited resources.

The most important finding in this study is that long-term
control of inflammation is essential in preventing the progres-
sion of subclinical atherosclerosis and arterial stiffness, inde-
pendent of traditional CV risk factors. A single instance of
achieving MDA at month 12 has no impact on the progression
of subclinical atherosclerosis and vascular stiffness. Time-
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Table 3. Multivariate analysis for the change in mean maximal IMT, augmentation index, PWV, any plaque progression, and change in TPA*

Multivariate analysis

Plaque progression, OR (95% CI)f
Age
PGA, baseline
Plasma LDL cholesterol, baseline
bDMARD use at baseline
Achieved sustained MDA

Change in TPA, B (95% Cl)F
BMI, kg/m?, baseline
Plasma LDL cholesterol, baseline
Achieved sustained MDA

Change in mean IMT, B (95% CI)8§
bDMARD use throughout the year
Achieved sustained MDA

Change in maximal IMT, p (95% CI)§|
Age
CRP, baseline
NSAID use, baseline
Maximum IMT, baseline

Change in PWV, B (95% Cl)#
Age
PWV, baseline
Achieved sustained MDA

Change in augmentation index, p (95% Cl)**
Male sex
Achieved sustained MDA

Value P

1.069 (1.009, 1.131) 0.023
0.964 (0.936, 0.993) 0.016
2.628(1.310, 5.493) 0.007
0.110 (0.018, 0.652) 0.015
0.273(0.088, 0.846) 0.024
-0.428 (-0.760, -0.096) 0.012
2.828(0.723,4.932) 0.009
-3.919 (-7.181, -0.657) 0.019
-0.034 (-0.065, -0.004) 0.028
-0.037 (-0.066, -0.007) 0.014
0.003 (0.000, 0.005) 0.038
0.002 (0.000, 0.005) 0.036
0.122 (0.045, 0.199) 0.003
-0.455 (-0.646, -0.264) <0.001
4953 (0.919, 8.986) 0.017
-0.483 (-0.676, -0.289) <0.001
-71.4(-143.2,0.2) 0.051
3.332 (0.105, 6.560) 0.043
-3.059 (-6.067, -0.051) 0.046

* TPA = total plaque area; OR = odds ratio; 95% Cl = 95% confidence interval.
t Adjusted for age, sex, baseline deformed joint count, physician’s global assessment (PGA) score, plasma total triglyceride, total cholesterol,
and low-density lipoprotein (LDL) cholesterol levels, use of biologic disease-modifying antirheumatic drugs (-DMARDs), and presence of

carotid plaque at baseline.

1 Adjusted for age, sex, baseline body mass index (BMI), visual analog scale pain score, patient’s global assessment score, plasma total tri-
glyceride, total cholesterol, and LDL cholesterol levels, and use of conventional synthetic DMARDs (csDMARDs).
§ Adjusted for disease duration, baseline C-reactive protein (CRP) level, Framingham Risk Score, use of nonsteroidal antiinflammatory drugs

(NSAIDs), and use of bDMARDs throughout the year.

9 Adjusted for age, sex, baseline CRP level, waist-to-hip ratio, plasma total cholesterol and, LDL cholesterol levels, use of NSAIDs, and maxi-

mum intima-media thickness (IMT).

# Adjusted for age, sex, baseline abdominal obesity, and pulse wave velocity (PWV).
** Adjusted for age, sex, baseline augmentation index, and use of csDMARDs throughout the year.

averaged achievement of MDA represented the percentage
of time when the patient exhibited MDA throughout the study
period, while sMDA demonstrated the prolonged control of
disease activity over consecutive visits. These findings sug-
gest that stable low disease activity over a prolonged period
of time may have a significant protective effect against CVD
in patients with PsA compared to those patients with intermit-
tent flares.

Previous studies have focused on the vascular effects
of anti-TNF treatment in PsA, which were associated with
reduced progression of carotid atherosclerosis (8,16,17) and

arterial stiffness (18), as well as with improvement in vascular
inflammation (17). A protective effect of anti-TNF agents, as
compared to csDMARDs, was greater than when compared
to no systemic therapy (17). In fact, treatment with csDMARDs
was associated with the progression of atherosclerosis
(16,17). Those studies were unable to determine whether the
vascular effects were due to suppression of inflammation or to
the blockade of the specific pathways. In the present study,
we observed that achieving sMDA had a protective effect on
carotid atherosclerosis and arterial stiffness, a finding that was
independent of the use of bDMARDSs, suggesting that con-
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trolling disease activity using various combinations of conven-
tional and bDMARDs may be useful in improving CV risk in
these patients.

A previous study of PsA showed the superiority in achieving
clinical outcomes of a treat-to-target strategy compared with rou-
tine care (15). We investigated further to explore whether aiming
at sMDA could lead to a better vascular outcome. A recent study
showed that low disease activity (LDA) is sufficient to achieve a pro-
tective effect against CVD in RA (31). Apparently, remission defined
as a Disease Activity Score in 28 joints (32) of <2.6 has no additional
protective effect against CVD when compared to LDA. Data from
that study, as well as from our study, showed that patients who
are able to achieve and maintain MDA in PsA or LDA in RA during
follow-up may be less likely to experience flares of uncontrolled,
sustained, high systemic inflamsnmation, which is a contributing fac-
tor to atherosclerosis and CVD. Patients with PsA with very active
disease at diagnosis, with a poor treatment response and more
frequent flares as a result, may form a subgroup within the PsA
population that is particularly at risk for developing CVD, thereby
significantly contributing to the excess CVD risk in this population.
The idea that achieving sSMDA reduces the risk of clinical CV events
in PsA remains to be confirmed in large-scale prospective studies.

In both PsA and psoriasis patients, a higher burden of ath-
erosclerotic plaques correlated with the measure of inflammatory
burden, disease activity scores, and traditional risk factors (33). A
previous study demonstrated that in PsA patients, an increase in
TPA was associated with the highest PASI score recorded in the
first 3 years of follow-up (P = 0.02) (22). The baseline median (IQR)
PASI score in the current cohort was 3.4 (0.6-7.6), and most of
the patients (71%) had mild psoriasis (PASI score <10). Therefore,
our data on subclinical atherosclerosis applied mainly to patients
with mild psoriasis. Another psoriatic disease cohort from Toronto
with mild psoriasis (mean + SD PASI score 1.9 + 2.6) treated with
anti-TNF agents also exhibited a reduced rate of atherosclerosis
progression in men (17). However, a pilot study in subjects with
severe psoriasis vulgaris demonstrated reduced carotid IMT in
patients without preexisting carotid plaques after anti-TNF ther-
apy, suggesting that these findings may also be applicable to
patients with severe psoriasis (34). Future studies need to address
the question of whether achieving MDA may prevent atherosclero-
sis progression in patients with severe psoriasis.

There are a few strengths in our study. To date, this is the
first study to investigate a treat-to-target strategy to reduce
CV risk. Also, this is one of the largest prospective studies
to assess the impact of control of inflammation on 2 different
phenotypic features of atherosclerosis in PsA, thereby provid-
ing insights about the effect of suppression of inflammation on
early (arterial stiffness) and late (carotid plaque) phases of ath-
erogenesis. Limitations of our study include the fact that, in
Hong Kong, the cost of bDMARDs is not reimbursed by the
government. As a result, most patients treated with bDMARDs
paid the cost of the medication out-of-pocket. This may explain

why some patients could not afford treatment with bDMARDs
after treatment failure with csDMARDs. In PsA/psoriasis, lim-
ited evidence suggests that systemic therapies are associated
with a decrease in all-CV-event risk (35). Whether early initia-
tion of bDMARDs, compared to csDMARDs, would improve
CV outcome would need to be addressed in future studies. A
second limitation of our study is the use of surrogate end points
instead of actual CV events. There are few studies suggesting
that carotid IMT (36), plaque (37), and PWV (38) are good sur-
rogates of future CVD events, specifically in patients with RA.
Nonetheless, we have reported a modest association between
carotid atherosclerosis and coronary atherosclerosis in patients
with PsA (39).

In conclusion, effective control of systematic inflammation
by achieving sMDA was associated with less progression in sub-
clinical atherosclerosis and arterial stiffness in patients with PsA.
Our results strengthen the evidence supporting use of tight con-
trol (treat-to-target) strategies in daily clinical practice in order to
achieve MDA in PsA patients, with the additional goal of reducing
CVD risk.
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Objective. To determine, in a large, multiethnic/multiracial, prospective inception cohort of patients with systemic
lupus erythematosus (SLE), the frequency, attribution, clinical, and autoantibody associations with lupus psychosis
and the short- and long-term outcomes as assessed by physicians and patients.

Methods. Patients were evaluated annually for 19 neuropsychiatric (NP) events including psychosis. Scores on
the Systemic Lupus Erythematosus Disease Activity Index 2000, the Systemic Lupus International Collaborating Clin-
ics/American College of Rheumatology Damage Index, and the Short Form 36 (SF-36) were recorded. Time to event
and linear regressions were used as appropriate.

Results. Of 1,826 SLE patients, 88.8% were female and 48.8% were Caucasian. The mean + SD age was 35.1 +
13.3 years, the mean = SD disease duration was 5.6 + 4.2 months, and the mean + SD follow-up period was 7.4 + 4.5
years. There were 31 psychotic events in 28 of 1,826 patients (1.53%), and most patients had a single event (26 of 28
[93%]). In the majority of patients (20 of 25 [80%]) and events (28 of 31 [90%)]), psychosis was attributed to SLE, usually
either in the year prior to or within 3 years of SLE diagnosis. Positive associations (hazard ratios [HRs] and 95% confi-
dence intervals [95% Cls]) with lupus psychosis were previous SLE NP events (HR 3.59 [95% CI 1.16-11.14]), male sex
(HR 3.0 [95% CI 1.20-7.50]), younger age at SLE diagnosis (per 10 years) (HR 1.45 [95% CI 1.01-2.07]), and African
ancestry (HR 4.59 [95% CI 1.79-11.76)). By physician assessment, most psychotic events resolved by the second
annual visit following onset, in parallel with an improvement in patient-reported SF-36 summary and subscale scores.

Conclusion. Psychosis is an infrequent manifestation of NPSLE. Generally, it occurs early after SLE onset and has
a significant negative impact on health status. As determined by patient and physician report, the short- and long-

term outlooks are good for most patients, although careful follow-up is required.

The views expressed are those of the authors and not necessarily those
of the NHS, the NIHR, or the Department of Health.

Dr. Hanly's work was supported by the Canadian Institutes of Health
Research (grant MOP-88526). Drs. Su and Farewell's work was supported
by the UK Medical Research Council (grant MC_UU_00002/8). Dr. Gordon'’s
work was supported by Lupus UK, the Sandwell and West Birmingham
Hospitals NHS Trust, and the NIHR/Wellcome Trust Birmingham Clinical
Research Facility. Dr. Bae's work was supported in part by the Bio & Medical
Technology Development Program of the National Research Foundation,
funded by the Ministry of Science & ICT of the Republic of Korea (grant
NRF-2017M3A9B4050335). Dr. Bernatsky's work and the Montreal General
Hospital Lupus Clinic were supported in part by the Singer Family Fund for
Lupus Research. Drs. Isenberg and Rahman’s work was supported by the
NIHR University College London Hospitals Biomedical Research Center. Dr.
Bruce’s work was supported by Arthritis Research UK, the NIHR Biomedical
Research Unit Funding Scheme, the NIHR Manchester Biomedical Research
Centre, and the NIHR/Wellcome Trust Clinical Research Facility at Central
Manchester Foundation Trust. Dr. Petri’'s work and the Hopkins Lupus Cohort

were supported by the NIH (grants AR-43727 and AR-69572). Dr. Dooley’s
work was supported by the NIH (grant RR-00046). Dr. Ramsey-Goldman'’s
work was supported by the NIH (grants 5UL-1TR-001422-02 [formerly 8UL-
1TR-000150], UL-1RR-025741, K24-AR-02318, and P60-AR-064464 [formerly
P60-AR-48098]). Dr. Ruiz-Irastorza's work was supported by the Department
of Education, Universities, and Research of the Basque Government. Dr.
Jacobsen’s work was supported by the Danish Rheumatism Association
(grant A3865) and the Novo Nordisk Foundation (grant AO5990).

'John G. Hanly, MD, Chris Theriault, MSc: Queen Elizabeth Il Health
Sciences Center and Dalhousie University, Halifax, Nova Scotia, Canada;
’Qiuju Li, PhD, Li Su, PhD, Vernon Farewell, PhD: University of Cambridge,
Cambridge, UK; Murray B. Urowitz, MD, Jorge Sanchez-Guerrero, MD,
MSc, Dafna D. Gladman, MD: Toronto Western Hospital and University
of Toronto, Toronto, Ontario, Canada; “Caroline Gordon, MD: University
of Birmingham, Birmingham, UK; *Sang-Cheol Bae, MD, PhD: Hanyang
University Hospital for Rheumatic Diseases, Seoul, Republic of Korea;
‘Juanita Romero-Diaz, MD, MSc: Instituto Nacional de Ciencias Medicas
y Nutricion, Mexico City, Mexico; ’Sasha Bernatsky, MD, PhD: McGill

281


http://orcid.org/0000-0003-1441-5373
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40764&domain=pdf&date_stamp=2019-01-18

282

HANLY ET AL

INTRODUCTION

Neuropsychiatric (NP) events are one of the features of sys-
temic lupus erythematosus (SLE), but their frequency and attri-
bution to SLE or other causes is variable. Overall, approximately
one-third are caused directly by SLE (1), but for individual mani-
festations this varies between 0% and 100% (2,3). The outcome
for individual NPSLE manifestations, especially rare NP events, is
derived from observational cohorts of well-characterized patients
followed up over prolonged periods.

One of the rarer NP events is lupus psychosis, which is part
of both the American College of Rheumatology (ACR) (4) and the
Systemic Lupus International Collaborating Clinics (SLICC) (5)
classification criteria for SLE. Characterized by delusions and hal-
lucinations, it is a dramatic presentation of NPSLE (6,7). It is one
of the few manifestations of nervous system disease in SLE asso-
ciated, although inconsistently, with a lupus-specific autoantibody
against ribosomal P (8-10). The infrequent occurrence of psycho-
sis has limited the number of clinical studies, and most consist of
case series obtained by review of medical records. In the present
study of lupus psychosis, we determined its frequency, attribu-
tion, clinical, and autoantibody associations and the outcome
assessed by physicians and patients in a large, multiethnic/muilti-
racial, prospective inception cohort of SLE patients.

PATIENTS AND METHODS

Research study network. The study was conducted by
the SLICC (11), a network of 53 investigators in 43 academic
medical centers in 16 countries. The current study involved 31
centers in 10 countries. Data were collected per protocol at
enrollment and annually, submitted to the coordinating center
in Halifax, Nova Scotia, Canada, and entered into an Access
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database. Appropriate procedures ensured data quality, man-
agement, and security. The Nova Scotia Health Authority central
zone Research Ethics Board, Halifax, and each of the participat-
ing centers’ institutional research ethics review boards approved
the study.

Patients. Patients fulfiled the ACR classification criteria for
SLE (4), which served as the date of diagnosis, and provided writ-
ten informed consent. Enrollment was permitted up to 15 months
following the diagnosis. Demographic variables, education, and
medication history were recorded. Lupus-related variables included
the Systemic Lupus Erythematosus Disease Activity Index 2000
(SLEDAI-2K) (12) and the SLICC/ACR Damage Index (SDI) (13).
Laboratory testing required to determine the SLEDAI-2K and SDI
scores was done at each center.

NP events. An enrollment window extended from 6 months
prior to the diagnosis of SLE up to the actual enrollment date.
NP events were characterized within this window using the ACR
case definitions for 19 NP syndromes (14). The clinical diagnosis
was supported by investigations, if warranted, as per the guide-
lines. Patients were reviewed annually within a 6-month window
around the assessment date. New NP events and the status of
previous NP events since the last study visit were determined at
each assessment.

The ACR case definition for psychosis (14) includes the fol-
lowing: 1) delusions or hallucinations without insight; 2) causing
clinical distress or impairment in social, occupational, or other rel-
evant areas of functioning; 3) disturbance should not occur exclu-
sively during delirium; and 4) not better accounted for by another
mental disorder. Recurring episodes of psychosis and other NP
events within the enrollment window or within a follow-up assess-
ment period were recorded once for that period of observation.
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The date of the first episode was taken as the onset of the event.
Once an NP event had resolved, a subsequent event of the same
type was recorded as a new event.

Attribution of NP events. Decision rules used to
determine the attribution of NP events were similar to those
reported in other publications concerning the SLICC NPSLE
inception cohort (15,16). We considered 3 factors. The first was
the temporal onset of NP event(s) in relation to the diagnosis
of SLE, and the second concerned concurrent non-SLE fac-
tor(s), such as potential causes (“exclusions”) or contributing
factors (“associations”) for each NP syndrome in the glossary
for the ACR case definitions of NP events (14). For psychosis,
the prespecified potential alternative causes (exclusions) were
1) primary psychotic disorder unrelated to SLE (e.g., schiz-
ophrenia), 2) substance- or drug-induced psychotic disorder,
and 3) psychologically mediated reaction to SLE (brief reactive
psychosis with major stressor); the prespecified potential con-
tributing factors (associations) were 1) marked psychosocial
stress and 2) corticosteroids. For the third and final factor, we
identified “common” NP events in normal population controls
as described by Ainiala et al (17). These included isolated
headaches, anxiety, and mild depression (mood disorders fail-
ing to meet criteria for “major depressive-like episodes”), mild
cognitive impairment (deficits in less than 3 of the 8 specified
cognitive domains), and polyneuropathy without electrophys-
iologic confirmation. Using these 3 factors, we used 2 attri-
bution decision rules of different stringency (models A and B)
(15,16).

Attribution model A (most stringent). NP events that had
their onset within the enroliment window and had no exclusions
or associations and were not one of the NP events identified by
Ainiala et al (17) were attributed to SLE.

Attribution model B (least stringent). NP events that had
their onset within 10 years of the diagnosis of SLE and were still
present within the enrolliment window and had no exclusions and
were not one of the NP events identified by Ainiala et al (17) were
attributed to SLE.

By definition, all NP events attributed to SLE using model A
were similarly attributed using model B. Events that did not fulffill
these criteria were classified as non-SLE NP events.

Outcome of psychosis. For every NP event, a physician-
generated 7-point Likert scale was completed at each follow-up
assessment until resolution of the event or patient demise (1 =
patient demise, 2 = much worse, 3 = worse, 4 = no change,
5 = improved, 6 = much improved, 7 = resolved) (18). A patient-
generated Short Form 36 (SF-36) questionnaire was also com-
pleted at each assessment and provided subscale scores, mental
component summary (MCS) and physical component summary
(PCS) scores (18,19) that were unavailable to physicians at their
assessments.

Autoantibodies. Plasma lupus anticoagulant, serum IgG
anticardiolipin, anti—f,-glycoprotein I, anti-ribosomal P (anti-P),
and anti-NR2 glutamate receptor antibodies were measured at
the Oklahoma Medical Research Foundation, as described (20—
23).

Statistical analysis. Since there were only 15 patients with
psychosis attributed to SLE by model A, we used attribution model
B and Cox regression to analyze time to first SLE psychosis. This
included onset of NP events prior to SLE diagnosis in order to
capture all NP events potentially related to the risk of psychosis.

Hazard ratios (HRs) and 95% confidence intervals (95% Cls)
were calculated. Covariates examined included sex, race/ethnic-
ity, SLICC sites, postsecondary education, number of ACR criteria
at enrollment (excluding neurologic disorder), SDI (without NP var-
iables), other concurrent NP events, and, as continuous variables,
age at SLE diagnosis, disease duration (in years), and SLEDAI-2K
score (without NP variables). Binary variables indicating autoan-
tibodies present at baseline and follow-up assessments were
defined when available. Time-varying variables, other than those
related to autoantibodies, were updated at each assessment.
When examining the time-varying version of the autoantibody
variables, autoantibody data in the period before enrollment were
imputed by their values at enrollment, while autoantibody data
at follow-up assessments were imputed by the last observation
carried forward method. Kaplan-Meier estimates of the survivor
function for the time until resolution of psychosis were calculated.
For analyses of longitudinal SF-36 subscale and summary scores,
linear regression with generalized estimating equations allowed for
correlation of observations within patients, and adjustment vari-
ables included time/visit, sex, age at SLE diagnosis, race/ethnic-
ity/location, education, SLEDAI-2K and SDI scores (without NP
variables), corticosteroids, antimalarials, and immunosuppressant
use since last assessment.

RESULTS

Patient recruitment and assessments. A total of 1,826
patients were recruited between October 1999 and December
2011, from centers in the US (n = 539 [29.5%)), Europe (n = 477
[26.1%)]), Canada (n = 418 [22.9%)]), Mexico (n = 223 [12.2%)),
and Asia (n = 169 [9.3%)]) (Table 1). The number of patient assess-
ments varied from 1 to 19 with a mean + SD follow-up period of
7.4 + 4.5 years, and final assessment follow-up was in March
2017.

NP manifestations. NP events (>1) occurred in 951 of
1,826 patients (52.1%), and 488 of 1,826 patients (26.7%) had
>2 events during the study period. There were 1,902 unique NP
events, encompassing all 19 NP syndromes in the ACR case defi-
nitions (14). The proportion of NP events attributed to SLE varied
from 17.8% (attribution model A) to 31.1% (attribution model B)
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Table 1. Demographics, clinical features, medications, and
autoantibodies in the 1,826 patients at enrollment*

Sex, no. (%)

Female 1,622 (88.8)
Male 204 (11.2)
Age, years 351 +£13.3
Race/ethnicity, no. (%)
Caucasian 891 (48.8)
African 306 (16.8)
Hispanic 282 (15.4)
Asian 275 (15.1)
Other 2(3.9)
Marital status, no. (%)
Single 818 (44.9)
Married 766 (42.0)
Other 238 (13.1)
Postsecondary education, no. (%) 1,064 (61.9)
Disease duration, months 56+4.2
ACR SLE criteria met 49 +11
ACR SLE criteria, no. (%)
Malar rash 660 (36.1)
Discoid rash 227 (12.4)
Photosensitivity 652 (35.7)
Oral/nasal ulcers 677 (37.1)
Serositis 502 (27.5)
Arthritis 1,368 (74.9)
Renal disorder 510 (27.9)
Neurologic disorder 8 (4.8)
Hematologic disorder 1,129 (61.8)
Immunologic disorder 1,392 (76.2)
Antinuclear antibody positivity 1,731 (94.8)
SLEDAI-2K score 53+54

and occurred in 13.3% of patients (model A) to 21.1% of patients
(model B). Of the 1,902 unique NP events, 1,742 (91.6%) involved
the central nervous system and 160 (8.4%) involved the peripheral
nervous system (14). The classification of events as diffuse and
focal was 1,471 (77.3%) and 431 (22.7%), respectively (16).

Psychosis. Among 28 of 1,826 patients with psychosis
(1.53%), 26 of 28 (93%) had a single psychotic event, while 1
patient had 2 discrete events and 1 patient had 3 discrete events.
The majority of patients had psychosis attributed to SLE (15 of 28
[64%] using attribution model A and 25 of 28 [89%] using attri-
bution model B). Patients with lupus psychosis (model B) were
located in centers in Europe (9 patients), Canada (6 patients), the
US (5 patients), Mexico (4 patients), and Asia (1 patient). There
was no significant association between location and risk of SLE
psychosis (P = 0.53 in Cox regression) taking into account the

Table 1. (Cont’d)

SLICC/ACR Damage Index scoret 0.32+0.74

Medications, no. (%)
Corticosteroids 1,284 (70.3)
Antimalarials 1,231 (67.4)
Immunosuppressants 732 (40.1)
ASA 261 (14.3)
Antidepressants 183 (10.0)
Warfarin 99 (5.4)
Anticonvulsants 80 (4.4)
Antipsychotics 12(0.7)

Autoantibody positivity, no./total no. (%)
Lupus anticoagulant
Anticardiolipin
Anti-B,-glycoprotein |

241/1,174 (20.5)
138/1,142 (12.1)
163/1,142 (14.3)
112/1,136 (9.9)

130/1,064 (12.2)

* Except where indicated otherwise, values are the mean + SD.
SLEDAI-2K = Systemic Lupus Erythematosus Disease Activity Index
2000; ASA = acetylsalicylic acid.

T The Systemic Lupus International Collaborating Clinics/American
College of Rheumatology (SLICC/ACR) Damage Index score was not
available for 1,057 patients at the enrollment visit when disease
duration was <6 months.

Anti-ribosomal P
Anti-NR2 glutamate receptor

number of patients and the duration of follow-up at each site. The
majority of patients with lupus psychosis (20 of 25 [80%]) had their
first episode either in the year prior to or within 3 years following
the diagnosis of SLE (Figure 1). There were 31 psychotic events,
of which 16 of 31 (52%) and 28 of 31 (90%) were attributed to SLE
using attribution models A and B, respectively. The earliest psy-
chotic episode occurred 2 months prior to the diagnosis of SLE.

Clinical and laboratory associations with lupus psy-
chosis. Using Cox regression, we looked for associations with
the risk of the first episode of psychosis attributed to SLE using
attribution model B. Univariate analysis revealed positive associ-
ations with male sex (HR 2.58 [95% CI 1.04-6.41]), younger age
at diagnosis (per 10 years) (HR 1.36 [95% CI 1.0-1.88]), African
ancestry (HR 4.80 [95% CI 1.86-12.40]), in particular for patients
outside the US (HR 5.53 [95% CI 1.86-16.42]), concurrent other
central (HR 3.86 [95% ClI 1.27-11.70]) or diffuse (HR 6.36 [95% ClI
2.12-19.12])) NP events (mood disorder, acute confusional state)
attributed to SLE, and presence of anti-P antibodies at the enroll-
ment visit into the cohort (HR 3.31 [95% CI 1.19-9.21]) and over
time (HR 3.13 [95% Cl 1.15-8.56)).

Important variables identified in univariate analyses, in
particular for African patients outside the US, were included
in multivariate analyses, excluding antibody variables due to
reduced sample size consequent to missing data (Table 2).
The significant positive associations with lupus psychosis were
similar, namely, prior SLE NP events (HR 3.59 [95% CI 1.16-
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Figure 1. Relationship between the time of onset of lupus
psychosis and diagnosis of systemic lupus erythematosus (SLE).

11.14]), male sex (HR 3.0 [95% CI 1.20-7.50]), younger age
at SLE diagnosis (per 10 years) (HR 1.45 [95% CI 1.01-2.07]),
and African ancestry (HR 4.59 [95% CI 1.79-11.76]). Further,
after adjustment for the demographic predictors in Table 2
(sex, age at SLE diagnosis, and race/ethnicity), anti-P anti-
bodies at enroliment (HR 2.29 [95% CI 0.81-6.46], P = 0.11)
and over time (HR 2.17 [95% CI 0.79-5.97], P = 0.13) were no
longer significantly associated with the risk of lupus psychosis.

Treatment of SLE psychosis. The treatment of individ-
ual patients was at the discretion of their attending rheumatol-
ogists and was predicated on the overall needs of the patient
and not only on the psychotic event. The following therapies

Table 2. Predictors of lupus psychosis by multivariate analysis*

were used during the time of the first psychotic events: corti-
costeroids in 23 of 28 patients (82.1%) with a mean + SD dose
of prednisone of 21.9 + 14.9 mg/day, immunosuppressants
(cyclophosphamide, azathioprine, methotrexate, mycophe-
nolate mofetil) in 17 of 28 patients (60.7%), biologic agents
in 1 of 28 patients (3.6%), antipsychotic drugs in 19 of 28
patients (67.9%), antidepressants in 11 of 28 patients (39.3%),
and either/both antipsychotic drugs and antidepressants in 22
of 28 patients (78.6%). In 13 of 28 patients (46.4%), cortico-
steroids had been started prior to the onset of psychosis with
a mean = SD dose of 20.3 + 13.6 mg/day.

Clinical outcome and health-related quality of life
(HRQol) in patients with lupus psychosis. A summary of
physician assessments of outcome of lupus psychosis is illus-
trated in Figure 2. More than 80% of the psychotic events had
resolved by the second annual assessment following onset of the
event (Figure 2A). Likewise, the maximum and minimum Likert
scores over the duration of follow-up illustrate that the majority of
psychotic events either improved or resolved during the period of
observation (Figure 2B).

The mean + SD SF-36 PCS and MCS scores are shown in
Figure 3A for 4 patient groups. Group 1 consisted of patients with
onset of lupus psychosis since last assessment or with an ongo-
ing psychotic event (n = 29 visits). Group 2 consisted of patients
with onset of other NP events since last assessment or ongoing
other NP event(s), including non-SLE psychosis (n = 3,379 visits).
Group 3 consisted of patients with no NP events since last assess-
ment and no ongoing NP event(s) but with a history of previous NP
event(s) (n = 2,180 visits). Group 4 consisted of patients who never

Predictor, factor level

HR (95% Cl) P

Other concurrent NP events
No concurrent NP events

1

Any unresolved NP events attributed to SLE 3.59 (1.16-11.14) 0.027t
Any unresolved NP events not attributed to 0.89(0.21-3.82) 0.087t
SLE but no events attributable to SLE

Global test - 0.082
Sex

Female 1

Male 3.0 (1.20-7.50) 0.0197
Younger age at SLE diagnosis (per 10 years) 1.45(1.01-2.07) 0.044t
Race

Caucasian 1

African 4.59 (1.79-11.76) 0.002t

Asian and other 0.93 (0.24-3.64) 0.9131

Hispanic 1.37 (0.39-4.85) 0.622t

Global test - 0.005

* HR = hazard ratio; 95% Cl = 95% confidence interval; NP = neuropsychiatric; SLE = systemic lupus erythematosus.

T By Wald's test.
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Figure 2. Physician-determined outcome of lupus psychosis. A, Survival curve for resolution. B, Likert scale scores. The highest and lowest scores
over the duration of follow-up are shifted to the right, indicating improvement. SLE = systemic lupus erythematosus; 95% Cl = 95% confidence interval.

had NP event(s) (n = 5,893 visits). The lowest summary scores
were in groups 1 and 2 (global P < 0.0001 in the multivariate analy-
ses), and the negative impact on HRQoL affected all 8 subscales of
the SF-36 as shown in the accompanying spidergram (Figure 3B).

To determine if there was a persistent change in HRQoL
following physician-determined resolution of lupus psychosis,
patient-generated SF-36 scores were compared in 2 groups. The
psychosis group consisted of patients with onset of lupus psy-

chosis since last assessment up to its resolution (n = 29 visits).
The resolved group consisted of patients with resolution of lupus
psychosis up to their last follow-up visit or recurrence of psychosis
(n = 112 visits). If the psychotic event had both onset and reso-
lution in the same interval prior to assessment, SF-36 scores at
that assessment were included only in the psychosis group. As
illustrated in Figure 4A, there was substantial improvement both
in MCS scores (mean difference 7.01) and in PCS scores (mean
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Figure 3. Association of Short Form 36 (SF-36) summary and subscale scores with lupus psychosis. A, Mean + SD physical component
summary (PCS) and mental component summary (MCS) scores in 4 groups of patients with systemic lupus erythematosus (SLE). Group 1
consisted of patients with onset of lupus psychosis since last assessment or with an ongoing psychotic event (n = 29 visits). Group 2 consisted
of patients with onset of other neuropsychiatric (NP) events since last assessment or ongoing other NP event(s), including non-SLE psychosis
(n = 3,379 visits). Group 3 consisted of patients with no NP events since last assessment and no ongoing NP event(s) but with a history of
previous NP event(s) (n = 2,180 visits). Group 4 consisted of patients who never had NP event(s) (n = 5,893 visits). The numbers of assessments
contributing to each bar are aggregated for patients over time. Global P values in the multivariate analyses are shown. B, Comparison of
individual subscale scores in the same 4 patient groups. SF-36 subscales are as follows: PF = physical function; RP = role physical; BP = bodily
pain; GH = general health; VT = vitality; SF = social function; RE = role emotion; MH = mental health.
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Figure 4. Long-term change in Short Form 36 (SF-36) summary and subscale scores following resolution of lupus psychosis. A, Mean + SD
physical component summary (PCS) and mental component summary (MCS) scores in 2 groups of patients with systemic lupus erythematosus.
The psychosis group consisted of patients with onset of lupus psychosis since last assessment up to its resolution (n = 29 visits). The resolved
group consisted of patients with resolution of lupus psychosis up to their last follow-up visit or recurrence of psychosis (n = 112 visits). If the
psychotic event had both onset and resolution in the same interval prior to assessment, SF-36 scores at that assessment were included only in
the psychosis group. The numbers of assessments contributing to each bar are aggregated for patients over time. B, Comparison of individual
subscale scores in the same 2 patient groups. SF-36 subscales are as follows: PF = physical function; RP = role physical; BP = bodily pain; GH
= general health; VT = vitality; SF = social function; RE = role emotion; MH = mental health.

difference 4.34) and in all subscales of the SF-36 (Figure 4B) con-
current with resolution of lupus psychosis.

DISCUSSION

In a large international inception cohort study of SLE patients,
we have prospectively documented the frequency, associations,
and outcomes of psychotic events during a mean follow-up period
of 7.4 years. Our findings confirm and expand upon the results
of previous cross-sectional and historical studies of psychosis in
SLE (6-8,24,25). The majority of psychotic events were directly
attributed to SLE, had a tendency to occur early in the course of
the disease, and were more frequent in male patients. Psychosis
was also more frequent in patients of African ancestry, as is also
the case for non-SLE patients with the same race/ethnicity (26).
The outcome of lupus psychosis, as determined by both physi-
cians and patients, was positive and emphasizes the importance
of diagnosing and treating this rare manifestation of NPSLE.

Studies of NPSLE conducted prior to the introduction in 1999
of the ACR case definitions for NPSLE did not have a uniform
definition for psychosis. Using the ACR case definition, the fre-
quency of psychosis has been reported to vary between 0% and
17.1% (6,17,27-30), and in our study it was 1.53% (28 of 1,826
patients). Using a well-defined process for determining attribution,
we confirmed that the majority of psychotic events were due to
SLE. In keeping with other NPSLE events and with other severe
SLE manifestations such as nephritis (31), there was a tendency
for psychosis to occur early in the disease course, usually within
the first 3 years following the diagnosis of SLE. Univariate analysis
identified significant associations between lupus psychosis and

anti-P antibodies, although following adjustment for demographic
variables, the 95% Cls around HRs were wide and included the
null value, precluding a definitive conclusion regarding association
of these autoantibodies with psychosis. This is consistent with an
earlier report on NP events in the SLICC inception cohort (32).

The potential role of corticosteroids must also be consid-
ered. In the current study, exposure to corticosteroids prior to
lupus psychosis occurred in less than half of the initial events.
As per the ACR case definition for psychosis (14), the concur-
rent use of corticosteroids at the onset of psychosis was identi-
fied as an association rather than as a firm exclusion, indicating
uncertainty about the role of corticosteroids in individual cases
and to allow flexibility for determining attribution. Although NP
symptoms have been reported with all types and doses of cor-
ticosteroids (33), including psychosis following intraarticular ste-
roid injections (34,35), in general the dose of corticosteroids is
the most important risk factor. In the Boston Collaborative Drug
Surveillance Program (36), the frequency of psychiatric symp-
toms of any type was 18.6% in patients receiving >80 mg/day of
prednisone, 4.6% in patients receiving 40-80 mg/day, and 1.3%
in those receiving <40 mg/day. In the current study, exposure
to corticosteroids prior to lupus psychosis was in the lowest of
these dose ranges.

Although the somatic toxicities of corticosteroids are well
described, the literature on NP effects is sparse. Their reported
frequency varies widely from 2% to 60% (36-38), and symp-
toms include affective, behavioral, and cognitive manifestations
(83). Moreover, the term “steroid psychosis” has been used to
capture a heterogeneous group of NP effects and is not sup-
ported by validated diagnostic criteria, and previous studies
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have included many patients who were not psychotic. The ACR
case definition for psychosis (14), used in the current study
is based on the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) (39). In a previous study of
2,069 patients who received corticosteroids, only 3 (0.14%)
developed psychosis according to DSM-IV criteria (40).

One of the major advantages of our prospective study
was the ability to document the short-term impact and long-
term outcome of lupus psychosis from the perspectives of
both the physician and the patient. In keeping with previous
studies (6,7), the physician assessments indicated resolution
in the majority of cases with very few recurrences. Using a
previously validated approach to measure the clinical out-
come of NP events in SLE (18), we used summary and sub-
scale scores of the SF-36 to assess the patient perspective.
This is important because physician and patient assessment
of outcome for other manifestations of SLE (41) and some NP
events (42) may be discrepant. Although the greatest impact
was on MCS scores, it was apparent that all subscales of
the SF-36 were negatively impacted in patients with lupus
psychosis. However, following treatment and in keeping with
physician assessment of outcome, the patient-generated SF-
36 scores showed a remarkable reversal when averaged over
time.

There are some limitations to the current study. First, the
small number of patients with lupus psychosis limited our abil-
ity to precisely estimate potential associations with clinical or
laboratory variables of interest. However, most of the previ-
ous studies have had an even smaller sample size, and the
SLICC cohort is the largest inception cohort of SLE patients.
Second, specialized investigations such as advanced neuro-
imaging or cytokine profiling of cerebrospinal fluid were not
routinely performed but were left to the discretion of individual
investigators, which reflects what is done in clinical practice,
a key component of our overall SLICC protocol. Third, the
observational cohort study design precludes determination of
optimal therapeutic regimens for lupus psychosis but instead
reflects current standard of care. Despite these limitations, the
study provides encouraging data on the outcome of this rare
but potentially devastating manifestation of NPSLE.
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Long-Term Clinical Outcomes in a Cohort of Adults With
Childhood-Onset Systemic Lupus Erythematosus
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Objective. Childhood-onset systemic lupus erythematosus (SLE) is a severe, lifelong, multisystem autoimmune
disease. Long-term outcome data are limited. This study was undertaken to identify clinical characteristics and
health-related quality of life (HRQoL) of adults with childhood-onset SLE.

Methods. Patients participated in a single study visit comprising a structured history and physical examination.
Disease activity (scored using the SLE Disease Activity Index 2000 [SLEDAI-2K]), damage (scored using the System-
ic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index [SDI]), and HRQoL
(scored using the Short Form 36 Health Survey) were assessed. Medical records were reviewed.

Results. In total, 111 childhood-onset SLE patients were included; the median disease duration was 20 years,
91% of patients were female, and 72% were white. Disease activity was low (median SLEDAI-2K score 4), and 71%
of patients received prednisone, hydroxychloroquine (HCQ), and/or other disease-modifying antirheumatic drugs.
The vast majority of new childhood-onset SLE-related manifestations developed within 2 years of diagnosis. Damage
such as myocardial infarctions began occurring after 5 years. Most patients (62%) experienced damage, predom-
inantly in the musculoskeletal, neuropsychiatric, and renal systems. Cerebrovascular accidents, renal transplants,
replacement arthroplasties, and myocardial infarctions typically occurred at a young age (median age 20 years, 24
years, 34 years, and 39 years, respectively). Multivariate logistic regression analysis showed that damage accrual
was associated with disease duration (odds ratio [OR] 1.15, P < 0.001), antiphospholipid antibody positivity (OR 3.56,
P = 0.026), and hypertension (OR 3.21, P = 0.043). Current HCQ monotherapy was associated with an SDI score of
0 (OR 0.16, P = 0.009). In this cohort, HRQoL was impaired compared to the overall Dutch population. The presence
of damage reduced HRQoL scores in 1 domain. High disease activity (SLEDAI-2K score >8) and changes in physical
appearance strongly reduced HRQoL scores (in 4 of 8 domains and 7 of 8 domains, respectively).

Conclusion. The majority of adults with childhood-onset SLE in this large cohort developed significant damage
at a young age and had impaired HRQoL without achieving drug-free remission, illustrating the substantial impact of

childhood-onset SLE on future life.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a lifelong, mul-
tisystem autoimmune disease, known for its highly het-
erogeneous clinical presentation and waxing—waning disease

Supported by the Dutch Arthritis Foundation, the National Association
for Lupus, APS, Scleroderma, and MCTD (NVLE), and Reumafonds (BP12-1-
261). Dr. Teng's work was supported by the Dutch Kidney Foundation (grants
KJPB12.028 and 170KG04) and a Clinical Fellowship from the Netherlands
Organization for Scientific Research (90713460).

'N. Groot, MD, MSc: Sophia Children’s Hospital, Erasmus University
Medical Center, Rotterdam, The Netherlands, and Wilhelmina Children’s
Hospital, University Medical Center, Utrecht, The Netherlands;
’D. Shaikhani, BSc, S. Kamphuis, MD, PhD: Sophia Children’s Hospital,
Erasmus University Medical Center, Rotterdam, The Netherlands;
%Y. K. O. Teng, MD, PhD: Leiden University Medical Center, Leiden,
The Netherlands; “K. de Leeuw, MD, PhD: University Medical Center,
Groningen, The Netherlands; °M. Bijl, MD, PhD: Martini Hospital,

290

course. Childhood-onset SLE, defined as SLE with onset at
age <18 years (1), represents 10-20% of all SLE cases and
has a mean age at onset of 11-12 years (2,3). Childhood-
onset SLE is a rare disease, with an incidence rate of 0.3-0.9
per 100,000 patient-years and a prevalence of 1.89-25.7 per
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100,000 children worldwide (4-6). Similar to SLE in adults,
childhood-onset SLE is seen more often in nonwhite individu-
als and girls (female:male ratio 4-5:1). Disease manifestations
differ among ethnicities, but clinical outcomes such as disease
activity and damage tend to be similar among patients when
data are corrected for socioeconomic status (7-10).

Although survival rates for childhood-onset SLE patients
have greatly improved, morbidity is still high, and questions
from children and parents regarding the future course of the dis-
ease are difficult to answer (7,11). Long-term follow-up studies
of childhood-onset SLE are limited and often have low patient
numbers and/or include patients with relatively short disease
duration; thus, detailed evidence regarding development of new
organ involvement and damage over time is lacking (7,12-17).
Overall, these studies show that the majority of adolescents and
young adults with childhood-onset SLE still have active disease,
receive immunosuppressive drugs, and steadily accrue damage
during their disease (7,11,12,18,19).

Only 1 North American cohort study of both childhood-
onset SLE and adult-onset SLE patients has included a large
number of childhood-onset SLE patients (n = 90) with a long
disease duration (mean 16.5 years) and compared outcomes
of the 2 diseases (18). In that study, structured telephone
interviews were used to collect patient-reported clinical out-
comes, of which only significant renal outcomes could be
validated by chart review. At the time of interview, childhood-
onset SLE patients had lower disease activity and were more
likely to have ever received and currently receive glucocorti-
coids and disease-modifying antirheumatic drugs (DMARDs)
when compared to adult-onset SLE patients (18). This was
also observed in a cohort in which outcomes were compared
between childhood-onset SLE patients, adult-onset SLE
patients, and late-onset SLE patients with a disease duration
of 12 years (19). In the North American cohort of adult-onset
and childhood-onset SLE patients, the latter was shown to be
an independent risk factor for mortality (11). Due to the nature
of that cohort study (which relied primarily on patient-reported
clinical outcomes), data regarding development of damage
could not be included.

In children with childhood-onset SLE, health-related qual-
ity of life (HRQoL) has been shown to be impaired compared
to healthy peers, which has been at least partially attributed to
disease activity and damage (20,21). There were no data avail-
able regarding HRQoL in adult patients with childhood-onset
SLE or pertaining to the specific factors that could influence
HRQoL in these patients.

In the present study (the Childhood-Onset SLE in The Neth-
erlands [CHILL-NL] study), we aimed to assess the disease bur-
den of childhood-onset SLE in The Netherlands. In this report, we
describe the clinical characteristics of adults with childhood-onset
SLE, focusing on disease course and damage accrual over time,
in association with HRQoL.

PATIENTS AND METHODS

Patients. All childhood-onset SLE patients who were
>18 years old, had been treated in any Dutch hospital, and
met the American College of Rheumatology (ACR) criteria for
SLE (22,23) were eligible for inclusion in the CHILL-NL study.
Rheumatologists, immunologists, nephrologists, hematolo-
gists, and neurologists in all 88 Dutch hospitals were con-
tacted. Private practices were not contacted, as there are
very few in The Netherlands. Moreover, as SLE is a systemic
disease and hospital diagnostics are essential for optimal
treatment, rheumatologists in private practices do not typi-
cally treat SLE patients. All medical specialists in secondary or
tertiary hospitals were contacted via email and informational
flyers. They were asked to identify SLE patients in their care
who were diagnosed as having childhood-onset SLE prior to
their 18th birthday, and to ask if these patients were inter-
ested in participating in a study on long-term outcomes. The
study was also promoted by the Dutch SLE patient organiza-
tion (the National Association for Lupus, APS, Scleroderma,
and MCTD [NVLE]) both in their magazine and on their web
site (24). Due to the study design, data regarding mortality in
childhood-onset SLE or clinical characteristics of deceased
patients could not be retrieved reliably; therefore, we only
report data on surviving patients. The Research Ethics Board
of the Erasmus University Medical Center approved the study
(MEC-2013-163), and written informed consent was obtained
from all patients.

Data collection. The CHILL-NL team designed the
study with the help of a patient panel (n = 5). Patients were
seen for a single 1.5-hour study visit at the Erasmus University
Medical Center. If patients were unable to travel, the study visit
was performed at the hospital of their choice. During the study
visit, an extensive medical history was obtained using struc-
tured data collection forms and (validated) questionnaires.
Data regarding demographics, current health, disease activity,
damage, disease onset and progression over time, and current
and previous medication use were collected. A physical exam-
ination was performed, blood and urine were collected, and
patients completed questionnaires regarding HRQoL, effects
of medication use (on physical appearance, physical health, or
mental health [with a yes/no option and a request for elabora-
tion]), education and employment, fertility and family planning,
fatigue, depression, and coping and resilience (25-30). For
this report, a selection of the data (i.e., disease activity, med-
ication use, disease manifestations over time, damage, and
HRQoL) was used. Medical information was requested from all
hospitals where patients had previously received care. Clinical
data collected during the study visit were supplemented and
verified through the retrieved medical history. Only data that
could be verified in medical records were reported.
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Figure 1. First occurrence of disease manifestations (by organ system) over time since diagnosis of childhood-onset systemic lupus
erythematosus (SLE). Skin category includes malar rash, discoid rash, ulcers, photosensitivity, cutaneous vasculitis, and other ongoing
inflammatory SLE-related rashes. Musculoskeletal category includes arthritis and myositis. Hematologic category includes hemolytic anemia,
thrombocytopenia, leukopenia, lymphopenia, neutropenia, and thrombotic thrombocytopenic purpura. Renal category includes persistent
proteinuria and lupus nephritis. Cardiovascular category includes pericarditis, myocarditis, endocarditis, myocardial infarction, angina pectoris,
cerebrovascular accident, transient ischemic attack, arterial thrombosis, venous thrombosis, and embolus. Central nervous system category
includes aseptic meningitis, cerebrovascular disease, demyelinating disease, lupus headache, myelopathy, chorea, convulsions, acute
confusional state, anxiety disorder, mood disorder, and psychosis. Puimonary category includes pleuritis, pneumonia, fibrosis, shrinking lung,
pulmonary arterial hypertension, and interstitial lung disease. Peripheral nervous system category includes autonomous nervous system disorder,
mononeuropathy, myasthenia gravis, Guillain-Barré syndrome, cranial nerve neuropathy, plexopathy, and polyneuropathy. Gastrointestinal

category includes peritonitis, pancreatitis, autoimmune hepatitis, and liver cirrhosis.

Demographics. Data regarding demographic character-
istics such as age, sex, self-reported ethnicity, and area of res-
idence were collected by structured questionnaires. Categories
of ethnicity included African/Caribbean, Arabic, Asian, Hispanic,
white, and mixed.

Diagnosis, disease manifestations, and damage over
time. Data on which components of ACR SLE criteria and/or SLE
International Collaborating Clinics (SLICC) SLE criteria patients met
were recorded, in addition to any childhood-onset SLE-related
manifestations at diagnosis (22,23,31). Definitions of disease man-
ifestations are described in Figure 1. Disease duration was defined
as years between date of diagnosis (as reported in medical records)
and study visit. Based on findings in previous studies, disease
manifestations of childhood-onset SLE over time were recorded
according to 6 predefined time frames: 1) never, 2) prior to diag-
nosis, 3) at diagnosis, 4) <2 years since diagnosis, 5) 2-5 years
since diagnosis, and 6) >5 years since diagnosis (7,32,33). Age
at first myocardial infarction, renal transplantation, cerebrovascu-
lar accident (CVA), and/or replacement arthroplasty was obtained
from medical records. Specific disease manifestations such as
antibody positivity were recorded as positive or negative if found in
medical records and as unknown if not mentioned in the records.
Nephrotic syndrome was recorded as present if clinical manifes-

tations (edema, proteinuria [3-3.5 gm/24 hours], and hypoalbu-
minemia [<25 gm/liter]) were present, or if medical records included
a nephrotic syndrome diagnosis. Hypertension was recorded as
present if blood pressure was >140/90 mm Hg on repeated exam-
inations, or if medical records included a hypertension diagnosis.

Disease activity and medication use. Disease activity
was assessed using the SLE Disease Activity Index 2000
(SLEDAI-2K) (34). High disease activity was defined by a
SLEDAI-2K score of >8 (35,36). Additionally, patients were asked
to rate their disease activity on a visual analog scale (VAS), rang-
ing from O (no disease activity) to 100 (very high disease activ-
ity). Medication use was classified as current use, previous use,
and never used. Glucocorticoids and hydroxychloroquine (HCQ)
were considered separately. Non-HCQ DMARDs included aza-
thioprine, cyclosporine, cyclophosphamide, leflunomide, meth-
otrexate, mycophenolate mofetil, rituximab, and tacrolimus. All
other medication use, including antiepileptic medication, antihy-
pertensive drugs such as angiotensin-converting enzyme (ACE)
inhibitors and angiotensin Il receptor blockers (ARBSs), and cou-
marins was also recorded. During the study visit, patients were
asked if there were any medications that had affected them in
terms of their physical appearance, physical health, or mental
health, and in what ways they were affected.
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Damage assessment. Disease damage was assessed
using the SLICC/ACR Damage Index (SDI) (37). Presence of dam-
age was defined by an SDI score of >1. For damage that had a
specific temporal component (i.e., cognitive impairment or renal
impairment present for >6 months), it was recorded if the item was
found in 2 consecutive reports from the medical records.

Assessment of health-related quality of life. HRQoL
was assessed using the Short Form 36 (SF-36), which includes
36 questions about 8 health domains: physical functioning, social
functioning, role limitations due to physical problems, role limi-
tations due to emotional problems, mental health, vitality, bodily
pain, and general health perception (25). Patient HRQoL scores
were compared to those from the general population in The
Netherlands. Effects on HRQoL from the following factors were
assessed: disease activity (low [SLEDAI-2K score <4], intermedi-
ate [5-7], or high [>8]) (35), SLEDAI-2K items concerning changes
in physical appearance (i.e., ongoing inflammatory rash and/or
alopecia), and damage.

Statistical analysis. Group comparisons were made using
the Mann-Whitney U test or the Kruskal-Wallis test, where appli-
cable. One-sample t-tests were used for comparisons with nor-
mative data from the Dutch population. Logistic regression anal-
ysis was performed to assess associations of individual variables
and the development of damage. Selection of these variables
was based on a literature review (38). Presence of damage was
defined as the outcome of interest, and predetermined variables
were covariates in the model. Variables with an individual P value
of <0.1 were used to build the multivariable model, using a hierar-
chical entry method. In the final, most parsimonious model, var-
iables with associations at a P value of <0.05 were considered
to contribute. To assess goodness of fit, the Hosmer-Lemeshow
test was used, and residual statistics (i.e., Cook’s distance for
standardized residuals, deviance, and leverage) were analyzed. All
analyses were performed using IBM SPSS Statistics version 22.

RESULTS

Patient inclusion. Patients were enrolled in the
CHILL-NL study from November 2013 until April 2016. Eighty-
eight secondary and tertiary hospitals were contacted. Doc-
tors from 18 hospitals confirmed having adult patients with
childhood-onset SLE under their care and sent contact infor-
mation for 121 patients to the study team. An additional 15
patients contacted the study team via NVLE. Of these 136
patients, 111 patients (82%) were seen for a single study visit
(see Supplementary Figure 1, on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40697/abstract). Most study participants (69%) were
treated in a tertiary center (Supplementary Figure 1). As an
example of the proportion of patients treated at a certain site

who participated in the study, 17 of the 23 current patients
with childhood-onset SLE (74%) at the Erasmus University
Medical Center participated in the CHILL-NL study. Forty per-
cent of patients in the study lived within the vicinity of the Eras-
mus University Medical Center; residences of the remaining
patients were equally distributed over the rest of the country.

Demographic and disease characteristics of the
patients. The median age at study visit was 33 years, with a
median disease duration of 20 years (Table 1). Patients were
divided into 3 diagnostic eras according to year of diagno-
sis, which ranged from 1959 to 2013. The number of patients
among the 3 groups was evenly distributed, with 33% of
patients diagnosed before 1990. The most common elements
of the ACR criteria met by patients at diagnosis were anti-
nuclear antibody positivity, immunologic features, and arthri-
tis (see Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40697/abstract). Almost all participants
were female (91%). The majority of patients were white (72%),
while 10% were African/Caribbean, 7% Asian, 3% Hispanic,
1% Arabic, and 7% of mixed heritage. Due to the majority of
patients being white, ethnicity was presented as a binary cat-
egory: white and nonwhite. Age at onset and disease duration
were similar across these ethnic groups.

Treatment. The vast majority of patients (68%) were
taking glucocorticoids and/or non-HCQ DMARDs at the time
of the study visit (Table 1). Fifty-six patients (51%) were taking
glucocorticoids (with or without non-HCQ DMARDs), and 76
patients (68%) were taking HCQ (of whom 29% were being
treated with HCQ monotherapy). Sixty-five percent of patients
were taking other non-antiinflammatory medications, includ-
ing antihypertensive drugs (such as ACE inhibitors and ARBs)
(51%), statins (14%), coumarins (14%), acetylsalicylic acid
(12%), antidepressants (8%), antiepileptic drugs (5%), and
erythropoietin (5%). When asked about the effects of medi-
cation use on physical appearance, physical health, or men-
tal health, the majority of patients reported negative effects.
The largest impact reported was physical appearance (89% of
patients), which was perceived negatively by 93% of patients.
Patients also reported a negative impact on physical health
(86%) and mental health (28%). Effects on physical appear-
ance (e.g., weight gain) and on mental health (e.g., mood
swings) were mostly attributed to prednisone use. Effects on
physical health (e.g., nausea) were mostly attributed to non-
HCQ DMARDs.

Disease activity. At the study visit, recorded disease
activity was relatively low (median SLEDAI-2K score 4 and
median VAS score 13). Low complement levels (32%), skin
rashes (14%), and proteinuria (13%) were the most commonly
recorded SLEDAI-2K items. No difference was found between
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Table 1. Patient characteristics at the study visit*

Female 101 (91)
Ethnicity
White 80 (72)
Nonwhite 31 (28)
Age at diagnosis, median (range) years 14(4-17)
Age at study visit, median (range) years 33 (18-65)
Disease duration, median (range) years 20 (1-55)
Era of diagnosis
Prior to 1990 37 (33)
Between 1990 and 2000 38 (34)
After 2000 36 (32)
Disease activity
SLEDAI-2K, median (range) score 4 (0-16)
SLEDAI <4 72 (65)
SLEDAI 5-7 23(21)
SLEDAI >8 16 (14)
Patient-reported VAS, median (range) score 13 (0-95)
Current glucocorticoids/non-HCQ DMARDs 75 (68)
usets
Glucocorticoids with non-HCQ DMARDs 40 (53)
Glucocorticoids only 16 (21)
Non-HCQ DMARDs only 15 (20)
2 non-HCQ DMARDs with or without 4 (5)
glucocorticoids
Current HCQ use*t 76 (68)
HCQ with non-HCQ DMARDs/glucocorticoids 54 (71)
HCQ monotherapy 22 (29)
No HCQ, glucocorticoids, or non-HCQ 14 (13)8
DMARDs
SDI, median (range) 1(0-8)
SDI >1 69 (62)
Infections requiring IV antibiotics (ever)f 50 (45)
1 occurrence 26 (52)
>1 occurrence 24 (48)

* Except where indicated otherwise, values are the number (%)
of patients. SLEDAI-2K = Systemic Lupus Erythematosus Disease
Activity Index 2000; VAS = visual analog scale; HCQ = hydroxychlo-
roquine; SDI = Systemic Lupus International Collaborating Clinics/
American College of Rheumatology Damage Index.

t More information regarding specific disease-modifying antirheu-
matic drug (DMARD) use can be found in Supplementary Table
3, on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40697/abstract.

} Percentages below are based on the number of patients receiv-
ing the treatment (n = 75 or 76) or the number of patients with
infections requiring intravenous (V) antibiotics (n = 50), rather than
the full cohort of 111 patients.

§ More information regarding these 14 patients can be found in
Supplementary Table 4.

the SLEDAI-2K scores of patients receiving glucocorticoids and/
or non-HCQ DMARDs, patients receiving HCQ monotherapy,
and patients not receiving glucocorticoids, non-HCQ DMARDs,
or HCQ monotherapy (P = 0.177 by Kruskal-Wallis test).

Infections. During their disease course, almost half of the
patients (45%) had been admitted to the hospital due to infec-
tions that required intravenous antibiotic therapy. Forty-eight per-
cent of these patients were admitted more than once (Table 1).

Disease manifestations and damage over time.
The organ systems that were most frequently involved were the
skin (e.g., malar or discoid rash, cutaneous vasculitis), muscu-
loskeletal system (primarily arthritis), hematologic system (e.g.,
hemolytic anemia, leukopenia), and renal system (e.g., lupus
nephritis). The vast majority of new manifestations in these organ
systems developed within 2 years of diagnosis (Figure 1). Cardi-
ovascular, pulmonary, and central nervous system (CNS) man-
ifestations occurred in the short term and long term. Within 2
years of diagnosis, pericarditis, pleuritis, and epilepsy were the
most common manifestations within these organ systems, while
5 years after diagnosis damage was most prevalent (e.g., myo-
cardial infarction and CVA). Manifestations in the peripheral nerv-
ous system and gastrointestinal system were uncommon and
mainly occurred >5 years after diagnosis.

Disease damage. Renal, neuropsychiatric, and muscu-
loskeletal damage were the most prevalent types of damage
(Figure 2A). In total, 62% percent of patients had developed
disease damage, and the percentage of patients with damage
increased over time (Figure 2B). Musculoskeletal damage (e.g.,
avascular necrosis, deforming/erosive arthritis), neuropsychiat-
ric damage (primarily cognitive impairment, often combined with
seizures requiring treatment of >6 months), and renal damage
(e.g., end-stage renal disease) were the most prevalent types of
damage across disease duration categories (Figure 2C and Sup-
plementary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/
art.40697/abstract).

Notably, after 10-20 years, when childhood-onset SLE
patients were in their 20s and 30s, more than half experienced
significant damage (Figure 2C, and Supplementary Table 1).
Seven childhood-onset SLE patients (5%) experienced a CVA
(at a median age of 20 years). Sixteen patients (24%) who had
renal involvement during their disease subsequently developed
damage (Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40697/abstract). Of these 16 patients, 38%
received a renal transplant (median age 24 years), and 1 patient
was undergoing dialysis. Six patients underwent replacement
arthroplasty in 1 joint, and 4 patients received >1 joint replace-
ment; the median age at first joint replacement was 34 years
(Supplementary Table 2). Five patients experienced a myocardial
infarction (at a median age of 39 years), and 3 of them under-
went coronary bypass surgery.

Factors related to the development of damage.
Logistic regression analysis was performed, and odds ratios
(ORs) and 95% confidence intervals (95% Cls) were calcu-
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Figure 2. Childhood-onset systemic lupus erythematosus—related damage defined by a Systemic Lupus International Collaborating Clinics/
American College of Rheumatology Damage Index score of >1. A, Percentage of patients with damage according to organ system. B, Number
of patients with and without damage, by disease duration category. C, Percentage of cumulative specific organ damage relative to the sum of
damage scores in all organ systems, displayed by disease duration category. DM = diabetes mellitus.

lated to assess associations between individual variables and
development of damage (Table 2). The univariate analysis
showed longer disease duration; additionally, antiphospholipid
antibody (aPL) positivity, infections requiring hospitalization
(ever), the presence of hypertension (ever), and the presence
of nephrotic syndrome (ever) were associated with the pres-
ence of damage. Neither sex nor ethnicity showed a signifi-
cant association with the presence of damage. Current HCQ
monotherapy was associated with the absence of damage. In
the multivariate analysis, disease duration (OR 1.147 [95% ClI
1.077-1.227], P < 0.001), hypertension (OR 3.214 [95% CI

1.040-9.932], P = 0.043), and aPL positivity (OR 3.559 [95%
Cl 1.161-10.908], P = 0.026) were significantly associated
with presence of damage, and current HCQ monotherapy (OR
0.162 [95% CI 0.042-0.633], P = 0.009) was again associated
with the absence of damage. No differences in number or type
of organ systems involved or in antiinflammatory medication
use were found between patients currently receiving HCQ

monotherapy and other patients.

Health-related quality of life. HRQoL as measured
by the SF-36 at study visit was lower in adults with childhood-
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Table 2. Binary logistic regression analysis of variables associated with damage as the outcome measure*

Univariate analysis

Multivariate analysis

Predictor (no. of patients) Bt OR (95% Cl) P Bt OR (95% Cl) P
Disease duration (111) 0.107 1113 (1.057-1.171) <0.001 0.139 1147 (1.077-1.227) <0.001
No. of ACR criteria elements met at 0.036 1.037 (0.786-1.367) 0.798 - - -

diagnosis (111)
Age at diagnosis (111) -0.70 0.933(0.811-1.072) 0.322 - - -
Use of DMARDs/glucocorticoids with or
without HCQ (75)
Compared to HCQ monotherapy (22) -1.259 0.283(0.103-0.776) 0.014 -1.818 0.162 (0.042-0.633) 0.009
Compared to no HCQ, glucocorticoids, -0.185 0.831 (0.251-2.747) 0.761 -0.942  0.390 (0.085-1.787) 0.225
or non-HCQ DMARDs (14)
White (80) compared to nonwhite (31) 0.754 2.215(0.847-5.329) 0.108% - - -
Female (101) compared to male (10) -0.964  0.381(0.077-1.888) 0.237% - - -
aPL negativity (44)
Compared to aPL positivity (48) 0.990 2.692 (1.130-6.417) 0.025 1.269  3.559(1.161-10.908) 0.026
Compared to unknown aPL status (19) 0.539 1.714 (0.569-5.169) 0.338 0.264 1.302 (0.333-5.092) 0.704
No renal involvement ever (44) -
Compared to renal involvement within 2 0.663 1.94 (0.839-4.490) 0.121% - -
years of diagnosis (50)
Compared to renal involvement after 2 0.784 2.191 (0.660-7.268) 0.200%
years (17)
No CNS involvement ever (78)
Compared to CNS involvement within 2 1.023 7.515(1.595-35.423)  0.214%
years of diagnosis (9)
Compared to CNS involvement after 2 0.266 2.088 (0.826-5.276) 0.591%
years of diagnosis (24)
Nephrotic syndrome (24) compared to 1738 5.687 0.008 0.932 - 0.2428
no nephrotic syndrome ever (87) (1.578-20.488)
Hospitalization (50) compared to no 0.505 1.656 (1.098-2.500) 0.016 0.393 - 0.4568
hospitalization due to infection ever
(61)
Hypertension (71) compared to no 1522  4.583(1.792-11.715) 0.001 1167 3.214(1.040-9.932) 0.043

hypertension ever (40)

* OR = odds ratio; 95% Cl = 95% confidence interval; ACR = American College of Rheumatology; DMARDs = disease-modifying antirheumatic
drugs; HCQ = hydroxychloroquine; aPL = antiphospholipid antibody; CNS = central nervous system.

t Regression coefficient.

¥ A cutoff of P <0.100 was set to select the variables for multivariate logistic regression. As such, these covariates were not incorporated in

the multivariate model.

§ These covariates did not improve the fit of the model and were therefore not used for the final multivariate model.

onset SLE in 6 of the 8 assessed domains when compared
to the Dutch population (Figure 3A). Low disease activity,
defined as a SLEDAI score of <4, positively affected HRQoL
(Figure 3B). A more detailed evaluation of SLEDAI-2K items
concerning changes in physical appearance (e.g., ongoing
inflammatory rash and/or alopecia [n = 25]) revealed a clearly
negative impact on HRQoL in 7 of 8 domains (Figure 3C).
Notably, HRQoL scores in these patients were similar to or
even lower than those of patients with high disease activ-
ity (SLEDAI-2K >8), even though only 24% of patients with
changes in physical appearance had high disease activity.
An active renal component as defined by the SLEDAI-2K (n

= 14) did not affect HRQoL. No differences in HRQoL scores
were observed between white and nonwhite patients (data not
shown). Notably, in 7 of the 8 domains, HRQoL scores did not
differ between patients with damage and those without; sig-
nificantly lower scores in patients with damage were observed
only in the physical functioning domain (Figure 3D). Addition-
ally, physical functioning domain scores of patients with very
long disease durations (>30 years) were worse compared to
those of patients with short disease durations (<10 years). On
the other hand, mental health domain scores improved over
time, with higher scores in patients with a long disease dura-
tion (data not shown).
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Figure 3. Health-related quality of life expressed as mean Short Form 36 (SF-36) health survey scores per domain. Spidergrams (63) show
mean scores within each domain of the SF-36, ranging from O (worst) to 100 (best). A, SF-36 scores of childhood-onset systemic lupus
erythematosus (SLE) patients versus those of the overall Dutch population. B, SF-36 scores of patients with low SLE Disease Activity Index
2000 (SLEDAI-2K) scores (<4), intermediate scores (5-7), and high scores (>8). C, SF-36 scores of patients with affirmative responses to
questions about effects on physical appearance (e.g., ongoing inflammatory rash and/or alopecia) versus patients without these symptoms and
patients with SLEDAI-2K scores >8. D, SF-36 scores of patients with damage (Systemic Lupus International Collaborating Clinics/American
College of Rheumatology Damage Index [SDI] score >1) versus patients without damage (SDI score 0). GH = general health perception domain;
PF = physical functioning domain; RP = role limitations due to physical problems domain; BP = bodily pain domain; VT = vitality domain; MH =
mental health domain; RE = role limitations due to emotional problems domain; SF = social functioning domain. * = P < 0.05. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40697/abstract.

DISCUSSION

This is the first study to report data on disease manifes-
tations over time, damage, and HRQoL in a large cohort of
predominantly white adult patients with childhood-onset SLE
with very long disease duration. Most patients had low dis-
ease activity but still took DMARDs and/or glucocorticoids 20
years after diagnosis. More than half of the patients also took
medications to treat noninflammatory disease or damage-
related symptoms. Clearly, drug-free remission remains diffi-
cult to achieve, and current DMARDs are not effective enough
to be taken without glucocorticoids in many patients. Indeed,
half of the patients in our cohort were still taking glucocorti-
coids with or without DMARDs, which was also reported in
cohorts that included patients with childhood-onset SLE or
adult-onset SLE patients with a mean disease duration of
12-16 years (18,19). This is concerning, as glucocorticoids
are associated with the development of damage (39). Patients
in the CHILL-NL cohort were eager to limit glucocorticoid use,
as nearly all reported negative experiences with prednisone,
especially with regard to their physical appearance and/or

mental well-being. Although our findings may be influenced by
recall bias, they illustrate the perceived impact of glucocorti-
coid use on a patient’s well-being, emphasizing the need for
the development of new treatment strategies that can limit or
even eliminate glucocorticoid use.

Most organ systems became involved within the first 2 years
of diagnosis, and thereafter hardly any new childhood-onset SLE-
related manifestations occurred in organ systems not previously
affected. This finding was also reported in 2 childhood-onset SLE
cohorts, but these cohorts had a mean disease duration of only
4 years (32,40). After 5 years of disease, our study demonstrated
that the nature of disease manifestations shifts to damage (such
as myocardial infarction) instead of primary disease—related man-
ifestations (such as pericarditis or epilepsy). This shift has also
been observed in adult-onset SLE patients (41-44), and there
has been a push for preventative screening measures for cardi-
ovascular damage and healthy lifestyle advice (i.e., guidance on
healthy diet, regular exercise, abstinence from smoking). A study
that examined laboratory markers of cardiovascular risk in ado-
lescents with childhood-onset SLE showed that disease duration
and signs of renal injury (e.g., proteinuria, history of hypertension)
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were associated with these markers (45). As has also been shown
by others (12,18), we found in the present study that cardiovas-
cular damage begins when childhood-onset SLE patients are in
their 20s and early 30s, so prevention strategies must be con-
sidered during transition to adult care, especially in patients with
renal involvement. Because infections are common and related to
mortality in childhood-onset SLE patients (46,47), infection pre-
vention by vaccination should be encouraged (48,49).

The majority of our patients had developed damage by their
mid-20s, and this percentage increased with longer disease dura-
tion. The musculoskeletal system, kidneys, and CNS were the
most frequently affected, as in other childhood-onset SLE stud-
ies, though those studies involved patients with limited disease
duration (5-10 years) (13,15,16,19,50). The only available studies
of damage in patients with a mean disease duration of >20 years
were performed in adult-onset SLE (50,51). Reported frequency
and characteristics of damage in these cohorts were similar to the
results in the CHILL-NL cohort. However, the mean age at diag-
nosis in the adult-onset SLE cohorts was 31 years (50,51), ver-
sus 14 years in our study, which likely explains why most patients
with childhood-onset SLE began to develop significant damage in
their early 20s. This is further supported by reports from 2 North
American childhood-onset SLE cohorts (mean disease durations
of 5 years and 16.5 years) that described myocardial infarction in
childhood-onset SLE patients in their 20s and 30s (12,18).

Disease duration was the main variable associated with
the development of damage in the CHILL-NL cohort, followed
by aPL positivity and hypertension (Table 2), and this has been
consistently demonstrated in many other childhood-onset SLE
studies (13,15,50-53). Presence of damage did not differ between
white and nonwhite patients in our study, but other studies have
shown conflicting results regarding ethnicity and development of
damage (7,9,12). Similar socioeconomic status among white and
nonwhite patients could possibly explain the lack of association
of ethnicity with damage (7—11). Due to the low number of men
included, this study was underpowered to assess associations of
sex with damage.

Current HCQ monotherapy was associated with the absence
of damage, although no information regarding the duration of
HCQ monotherapy was recorded. Therefore, we cannot be sure
of a causal relationship between current HCQ monotherapy and
mild disease. This is further highlighted by the lack of association
of organ involvement and antiinflasnmatory medication use (ever)
between the patients currently receiving HCQ monotherapy and
other patients. Longitudinal cohort studies are necessary to fur-
ther clarify this issue.

Notably, the association of damage with disease duration
also reflects past and current treatment modalities. Patients with
long disease duration may have developed more damage over
time due to treatment strategies that are now uncommon, and
more recently diagnosed patients may have had the benefit of
improved treatment strategies that led to less damage. The cross-

sectional design of this study does not allow us to isolate the pos-
itive effects of improved treatment modalities from the negative
effects of disease duration on the development of damage.

This is the first study assessing HRQoL in childhood-onset SLE
patients after they have reached adulthood. HRQoL was reduced
in most domains when compared to the overall Dutch population.
Other studies in children with childhood-onset SLE and adult-onset
SLE patients also showed that patients had an impaired HRQoL
(21,54-56), and HRQoL scores were similar or even lower when
compared to patients with other chronic ilnesses (54-57). A possi-
ble explanation for the similar mental and emotional health scores
of the CHILL-NL cohort as compared to those of the overall Dutch
population (Figure 3) might be the development of resilience at a
young age to the emotional impact of the disease, as perceived
HRQoL can be affected by different styles of coping (58).

High disease activity (SLEDAI-2K >8) had a significant negative
effect on HRQoL, which is supported by other studies (20,21,57,59).
Interestingly, an even larger negative effect was seen with regard
to factors affecting physical appearance. Indeed, 2 other studies
showed that changes in physical appearance (e.g., obesity, skin
involvement) were associated with reduced HRQoL (60,61). Sur-
prisingly, in the CHILL-NL cohort, the presence of damage barely
affected HRQoL, with only scores in the physical functioning domain
significantly reduced. However, other studies showed a negative
association of damage with HRQoL (21,52). This discrepancy might
be explained by the heterogeneous nature of damage that can differ
between cohorts, but also by the development of coping styles in
childhood-onset SLE patients, who may have learned at an earlier
age to adjust their lifestyle according to damage.

The CHILL-NL study has several strengths. It is a large
cohort, and all patients were seen in person, providing the oppor-
tunity to verify disease activity and damage by laboratory analysis
and physical examination. Medical records were retrieved for all
patients, by which all reported outcomes were verified. The lack
of studies in adults with childhood-onset SLE demonstrates the
challenge in identifying patients after they transfer to adult care.
Even in a report from a North American cohort that included out-
comes in adult childhood-onset SLE patients, the study was not
designed to specifically recruit adults with childhood-onset SLE
(62). The present study describes verified disease characteristics
and HRQoL in the largest cohort of childhood-onset SLE patients
with very long disease duration.

The limitations of the CHILL-NL study must also be
addressed. First, the number of patients who were not interested
in participating in the study (and as such were not referred to the
study team) was unknown. It must be noted that the patients
included in this study are not a random selection of the total
childhood-onset SLE population in The Netherlands. Patients
from both ends of the severity spectrum (i.e. those with severe
disease and those with mild disease) who do not visit a physi-
cian regularly will be missed in this cross-sectional study. Patients
with high disease activity or severe damage may not have partic-
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ipated in the study due to participation being seen as too taxing.
To overcome this limitation, we offered to travel to the patient if
they indicated that travel distance was seen as a barrier. Of the
patients who were referred to the study team, the vast major-
ity participated in the study. Second, due to the cross-sectional
nature of the study, deceased patients were not included. As
disease severity is a risk factor for mortality (11,50), it is possi-
ble that our study had a bias toward less severe disease. Third,
data for this study were collected retrospectively, and information
may have been missed. We chose only to report disease char-
acteristics that could be verified with medical records, and no
data could be collected from deceased patients. Consequently,
it is likely that the results from the CHILL-NL study will under-
represent the severity of the disease. These limitations illustrate
the need for longitudinal cohorts in which childhood-onset SLE
patients are followed up even after they transfer to adult care (12).

In conclusion, the CHILL-NL study shows that childhood-
onset SLE has a major impact on adult life. This is the first
study to provide insight into the HRQoL and the development
of disease manifestations and damage over time in adults with
childhood-onset SLE. Childhood-onset SLE-related manifesta-
tions developed mostly within 2 years of diagnosis, with a shift to
development of damage 5 years after diagnosis. Major medical
complications (i.e., renal transplants, CVA, myocardial infarction)
occurred at a young age. These results demonstrate the need for
optimal control over disease activity and preventative screening
measures (particularly cardiovascular) beginning before age 30 to
facilitate a better disease prognosis. HRQoL scores of adults with
childhood-onset SLE are affected by factors other than disease
activity or damage alone. By identifying and addressing these fac-
tors, such as physical appearance and coping styles, HRQoL may
be improved.
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Significance in the Pathogenesis of Fibrosis in Systemic
Sclerosis

Chisako Fujiwara, Akihito Uehara, Akiko Sekiguchi, Akihiko Uchiyama, Sahori Yamazaki, Sachiko Ogino,
Yoko Yokoyama, Ryoko Torii, Mari Hosoi, Chiaki Suto, Katsuhiko Tsunekawa, Masami Murakami,
Osamu Ishikawa, and Sei-ichiro Motegi

Objective. Several studies have demonstrated that the secreted glycoprotein and integrin ligand milk fat globule—
associated protein with epidermal growth factor— and factor Vlll-like domains (MFG-E8) negatively regulates fibrosis
in the liver, lungs, and respiratory tract. However, the mechanisms and roles of MFG-ES8 in skin fibrosis in systemic
sclerosis (SSc) have not been characterized. We undertook this study to elucidate the role of MFG-E8 in skin fibrosis
in SSc.

Methods. We assessed expression of MFG-ES8 in the skin and serum in SSc patients. We examined the effect of
recombinant MFG-E8 (rMFG-ES8) on latent transforming growth factor § (TGFp)-induced gene/protein expression in
SSc fibroblasts. We examined the effects of deficiency or administration of MFG-E8 on fibrosis mouse models.

Results. We demonstrated that MFG-E8 expression around dermal blood vessels and the serum MFG-ES8 level in
SSc patients (n = 7 and n = 44, respectively) were lower than those in healthy individuals (n = 6 and n = 28, respec-
tively). Treatment with rMFG-E8 significantly inhibited latent TGFp-induced expression of type | collagen, a-smooth
muscle actin, and CCN2 in SSc fibroblasts (n = 3-8), which suggested that MFG-E8 inhibited activation of latent TGFp
as well as TGFp signaling via binding to av integrin. In a mouse model of bleomycin-induced fibrosis (n = 5-8) and in
a TSK mouse model (a genetic model of SSc) (n = 5-10), deficient expression of MFG-ES8 significantly enhanced both
pulmonary and skin fibrosis, and administration of rMFG-E8 significantly inhibited bleomycin-induced dermal fibrosis.

Conclusion. These results suggest that vasculopathy-induced dysfunction of pericytes and endothelial cells,
the main cells secreting MFG-E8, may be associated with the decreased expression of MFG-E8 in SSc and that the
deficient inhibitory regulation of latent TGFp-induced skin fibrosis by MFG-E8 may be involved in the pathogenesis

of SSc and may be a therapeutic target for fibrosis in SSc patients.

INTRODUCTION

Systemic sclerosis (SSc) is a connective tissue disorder
characterized by the development of fibrosis in the skin and
internal organs, vascular disorders, and autoimmunity (1,2).
SSc patients develop various vasculopathy-induced vascular
disorders, such as Raynaud’s phenomenon, abnormal nailfold
capillaries, and digital ulcers (1,3,4). Vascular disorders
precede the onset of fibrosis, and vasculopathy is thought
to be a primary event in the pathogenesis of SSc (1,2). It is
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believed that vasculopathy induces dysfunction of endothe-
lial cells (ECs) and pericytes, hypoxia, and overproduction of
endothelin 1, resulting in the activation of fibroblasts around
damaged vessels and the induction of fibrosis (2,5). However,
the underlying mechanism of fibrosis induction by vasculopa-
thy remains unknown.

Milk fat globule—associated protein with epidermal growth
factor (EGF)- and factor Vlll-ike domains (MFG-ES8) is a secreted
glycoprotein composed of 2 N-terminal EGF-like domains and
2 C-terminal discoidin-like domains that are homologous to
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blood coagulation factors 5 and 8 (6,7). One EGF-like domain
contains the RGD domain that binds to avp3/p5 integrin, and
the C-domains bind to phosphatidylserine and type | collagen
(8,9). MFG-E8 accelerates phagocytosis of apoptotic cells by
bridging phosphatidylserine in apoptotic cells and avp3/p5 inte-
grin in phagocytes, resulting in the suppression of inflammatory
responses (10-12). We previously found that pericytes and mes-
enchymal stem cells (MSCs) secrete large amounts of MFG-E8
and that pericyte- and MSC-derived MFG-E8 promotes an-
giogenesis in intractable diabetic wounds, cutaneous ischemia-
reperfusion injury, and melanoma tumors (13-18).

Regarding the regulation of fibrosis by MFG-ES, it has been
reported that the expression of MFG-E8 was decreased in cirrhotic
liver tissue; recombinant MFG-E8 (rMFG-ES8) inhibited the expres-
sion of transforming growth factor p receptor type | (TGFBRI) by
binding to avp3 integrin on human hepatic stellate cells, resulting
in the inhibition of TGFP signaling in vitro; and injection of IMFG-E8
into mice had an antifibrotic effect on thioacetamide-induced liver
fibrosis in vivo (19). However, it remains unknown how MFG-E8
regulates skin fibrosis in SSc.

It has been reported that MFG-ES8 is implicated in the patho-
genesis of autoimmune disorders, such as systemic lupus erythe-
matosus (SLE) and rheumatoid arthritis (RA). The serum MFG-E8
level in SLE patients was higher than that in healthy individuals
(20), and aged MFG-E8-knockout (KO) mice developed glomer-
ulonephritis and showed antinuclear antibody (ANA) production
(21). Serum MFG-ES8 levels in RA patients and arthritic mice were
significantly lower than those in healthy controls, and MFG-E8-KO
mice exhibited exacerbated arthritis (22).

TGFB, a pivotal cytokine in fibrosis, is secreted from cells as
a large latent complex composed of bioactive peptide of TGFf
and latency-associated protein, which in turn binds to latent TGFf
binding protein. Secreted latent TGFp is stored in the extracellular
matrix (ECM), and activated TGFp is released by the binding of
the RGD sequence in the latent TGFp complex to avpl, avp3,
avpd, avpb, and avp8 integrins (23,24). In SSc fibroblasts, over-
expression of avpb integrin leads to the activation of TGFp1 and
skin fibrosis (25). Furthermore, SSc-like skin fibrosis, ANA produc-
tion, and TGF signaling activation were demonstrated in fibrillin 1
mutant mice in which the RGD domain of fibrillin 1 was changed
to an RGE domain, resulting in inhibition of the binding of fibrillin to
av integrin (26). These findings strongly suggest that the binding
between av integrin on fibroblasts and latent TGF complex might
be implicated in the pathogenesis of skin fibrosis in SSc.

MFG-E8 binds to avp3/p5 integrin via the RGD domain,
which suggests that MFG-E8 might be associated with the patho-
genesis of skin fibrosis in SSc through modulation of the interac-
tion between av integrin and latent TGFp. However, the roles of
MFG-ES8 in the pathogenesis of skin fibrosis in SSc have not been
investigated. In this study, we examined the expression of MFG-
E8 in fibrotic lesions and the serum MFG-E8 level in SSc patients,
and we analyzed the effects of the addition of MFG-E8 on latent

TGFp-induced fibrosis in fibroblasts in vitro. Furthermore, we
assessed the effect of MFG-E8 depletion or injection on skin fibro-
sis in a mouse model of bleomycin-induced fibrosis and in a TSK
mouse model, which are experimental models of SSc.

MATERIALS AND METHODS

Patients. All of the SSc patients fulfilled the American Col-
lege of Rheumatology/European League Against Rheumatism
2013 classification criteria (27). The serum samples were obtained
from 44 Japanese patients with SSc (35 women and 9 men,
mean + SD age 60.0 + 2.1 years) and 28 age-, race-, and sex-
matched healthy volunteers. Twenty-eight patients were classified
as having limited cutaneous SSc and 16 were classified as having
diffuse cutaneous SSc (dcSSc) according to LeRoy et al (28). Skin
sclerosis was assessed using the modified Rodnan skin thickness
score (29). We obtained human dermal fibroblasts by performing
skin biopsies on affected dorsal forearm areas of dcSSc patients
and age-, race-, and sex-matched healthy volunteers. For immu-
nohistochemical staining of MFG-E8, we obtained human skin
tissues in the same way from 7 dcSSc patients and 6 age-, race-,
and sex-matched healthy volunteers. The study was approved by
the Institutional Review Board and the local research ethics com-
mittee of Gunma University and was conducted according to the
principles of the Declaration of Helsinki.

Immunohistochemistry and immunofluorescence
staining. Frozen sections (4 um thick) of human skin were fixed in
4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) at
room temperature for 1 hour. Dermal fibroblasts from SSc patients
were seeded in 8-well culture slides (BD Biosciences), and cells
were either left untreated or treated with latent TGFp1 (2 ng/ml;
R&D Systems) with or without rMFG-E8 (100 ng/ml; R&D Sys-
tems) for 24 hours and fixed in 4% PFA at room temperature for 1
hour. After being blocked with 3% skim milk-PBS supplemented
with 5% normal goat serum for 30 minutes at room temperature,
skin tissues or cells were stained with mouse anti-human MFG-
E8 polyclonal antibody (R&D Systems), rabbit anti-CD31 antibody
(Abcam), and anti—a-smooth muscle actin (anti-a-SMA) antibody
(Sigma) followed by staining with Alexa Fluor 488- or Alexa Fluor
568-conjugated secondary antibodies (Invitrogen). Tissues or
cells were mounted in ProLong Gold antifade reagent (Invitrogen).
Immunofluorescence images were collected and visualized with
an FV10i-DOC confocal laser scanning microscope (Olympus).

Sections (4 pym thick) of mouse skin or lung embedded
in paraffin were stained with hematoxylin and eosin (H&E) or
Masson'’s trichrome. Skin fibrosis was quantified by measuring
the thickness of the dermis, which was defined as the distance
from the epidermal-dermal junction to the dermal-subcutane-
ous junction, at 6 randomly selected microscopic fields. Lung
fibrosis was quantified by lung fibrosing score as described
previously (30). Lung fibrosis was graded on a scale of O to
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8 by examining 10 randomly selected fields. The criteria for
grading lung fibrosis were as follows: grade 0 = normal lung;
grade 1 = minimal fibrous thickening of alveolar or bronchiolar
walls; grade 3 = moderate thickening of walls without obvi-
ous damage to lung architecture; grade 5 = increased fibrosis
with definite damage to lung structure and formation of fibrous
bands or small fibrous masses; grade 7 = severe distortion of
structure and large fibrous area; grade 8 = total fibrous oblite-
ration of the field. Grades 2, 4, and 6 were used as intermedi-
ate pictures between the aforementioned criteria.

For immunohistochemical staining, tissue sections of
human or mouse skin were treated for antigen retrieval with
a pressure cooker for 10 minutes at 121°C. After blocking
using Peroxidase Blocking (Dako) for 5 minutes and Protein
Block (Dako) for 10 minutes, the sections were incubated
with mouse anti-human MFG-ES8 polyclonal antibody, anti—a-
SMA antibody, anti-CD3 antibody (Abcam), anti-CD68 anti-
body (Bio-Rad), anti-CD31 antibody (BD Biosciences), and
anti-NG2 polyclonal antibody (Millipore). After washing, the
sections were incubated with a horseradish peroxidase—
labeled polymer-conjugated secondary antibody (EnVision+;
Dako). Finally, color was developed with 3,3’-diaminobenzidine
tetrahydrochloride. Numbers of «-SMA+, CD3+, CD68+,
CD31+, and NG2+ cells in the dermis were determined by
counting in 6 random microscopic fields in 3 mice per group.

Reverse transcriptase-polymerase chain reaction
analysis. To examine the effect of rMFG-E8 on TGFp- or latent
TGFp-induced fibrosis in SSc fibroblasts, the cells were pre-
treated with rMFG-E8 (100 ng/ml) for 1 hour and then stimu-
lated with TGFp1 (2 ng/ml; R&D Systems) or latent TGFp (2 ng/
ml) for 24 hours. To examine the effect of RGD-MFG-E8-Ig or
RGE-MFG-E8-Ig on latent TGFp-induced fibrosis—related gene
expression, NIH3T3 fibroblasts were pretreated with RGD-MFG-
E8-Ig or RGE-MFG-E8-Ig (100 ng/ml) for 1 hour and then stim-
ulated with latent TGFp (2 ng/ml) for 12 hours. RGD-MFG-E8-Ig
and RGE-MFG-E8-Ig were generated and used as previously
described (31). RGD-MFG-E8-Ig is a fusion protein that consists
of the N-terminal EGF-like domains (E1 and E2) and the linker
region fused with the hinge-containing Fc region of human IgG1
(81). RGE-MFG-E8-Ig is the corresponding point mutant of MFG-
E8-Ig in which aspartic acid (D) in the RGD motif is replaced by
glutamic acid (E) (for further details, see Supplementary Materials
and Methods, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40701/abstract).

Western blot assay. Western blot analyses were per-
formed according to previously described protocols (31,32). To
examine the effect of IMFG-E8 on TGF- or latent TGFp-induced
filorosis—related protein expression in SSc fibroblasts, the cells
were pretreated with rMFG-E8 (100 ng/ml) for 1 hour and then
stimulated with TGFB1 (2 ng/ml) or latent TGFp (2 ng/ml) for 48

hours. To examine the effect of RGD-MFG-E8-Ig or RGE-MFG-
E8-Ig on latent TGFB-induced fibrosis—related protein expres-
sion, NIH3T3 fibroblasts were pretreated with RGD-MFG-E8-Ig
or RGE-MFG-E8-Ig (100 ng/ml) for 1 hour and then stimulated
with latent TGFB (2 ng/ml) for 12 hours (for further details, see
Supplementary Materials and Methods, http://onlinelibrary.wiley.
com/doi/10.1002/art.40701/abstract).

Mouse model of bleomycin-induced fibrosis and
TSK mouse model. Dermal fibrosis was induced in 8-week-old
C57BL/6 mice (Japan SLC) with injections of bleomycin. Injec-
tions of 300 pl of bleomycin (Nippon Kayaku) at a concentra-
tion of 1 mg/ml were given 5 times per week for 2 weeks as
previously described (33,34). Injections of 300 ul of PBS were
used as controls for treatment with bleomycin. To examine the
effect of rMFG-E8, mice received subcutaneously 400 ng/day
rMFG-E8 dissolved in 50 pl of PBS or PBS alone 5 times per
week for 2 weeks. MFG-E8-KO C57BL/6 mice were gener-
ated, characterized, and genotyped as previously described
(13,15,16,18,35). MFG-E8-KO mice were generated by inter-
breeding homozygous animals carrying the targeted MFG-E8
allele. TSK mice (TSK/+: B6.Cg-Fbn1™/J), which had genetic
mutations in fibrillin 1, were purchased from The Jackson Labo-
ratory. MFG-E8 wild-type TSK (WT TSK/+) mice and MFG-E8-
KO TSK (MFG-E87 TSK/+) mouse littermates were generated
by crossing MFG-E8" TSK/+ parents. Mice ages 8-12 weeks
were used for all experiments. Mice were bred and maintained
in the Institute of Experimental Animal Research of Gunma
University under specific pathogen—free conditions. All exper-
iments were approved by the Gunma University Animal Care
and Experimentation Committee and carried out in accordance
with approved guidelines.

Quantitative assessment of collagen content. Total
soluble collagen in the skin was quantified using a Sircol collagen
assay (Biocolor) according to the manufacturer’s protocol and the
previously described protocols (36).

Measurement of serum levels of MFG-E8, ANAs, and
anti-topoisomerase | (anti-topo I). A specific enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems) was
used to measure serum MFG-ES8 levels according to the manu-
facturer’s protocol. ANAs were assessed with an indirect immu-
nofluorescence kit using HEp-2 substrate cells (Medical and
Biological Laboratories) as described (37). To measure anti—topo
l, a specific ELISA kit (Medical and Biological Laboratories) was
used according to the manufacturer’s protocol.

Statistical analysis. P values were calculated by Stu-
dent’s t-test or one-way analysis of variance followed by the
Bonferroni post hoc test for multiple comparisons. Data are
reported as the mean + SEM.
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RESULTS of SSc patients and healthy individuals by immunofluorescence
staining. In the skin of healthy individuals, MFG-E8 staining was
Decreased expression of MFG-E8 in ECs and peri- mainly observed in and around CD31+ vascular ECs, especially
cytes/vascular smooth muscle cells (VSMCs) of lesional being colocalized with a-SMA+ pericytes and VSMCs (Figure 1A).
skin and low serum MFG-E8 levels in SSc patients. \We first Dermal fibroblasts in normal skin were slightly positive for MFG-
examined the expression of MFG-E8 in the sclerotic skin lesions E8 staining. In contrast, MFG-E8 staining around blood vessels in
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Figure 1. Decreased expression of milk fat globule—associated protein with epidermal growth factor— and factor Vlli-like domains (MFG-ES)
in endothelial cells (ECs) and pericytes/vascular smooth muscle cells (VSMCs) of lesional skin as well as low serum MFG-E8 levels in patients
with systemic sclerosis (SSc). A, Representative immunofluorescence staining of MFG-E8, a-smooth muscle actin—positive («-SMA+) pericytes/
VSMCs, and CD31+ vascular ECs in the dermis of SSc patients and normal individuals. Dotted line is the border of the epidermis and the
dermis. Bar = 50 pm. B, Top, Representative immunohistochemical staining of MFG-E8 in the skin of SSc patients and normal individuals.
Bottom, Representative MFG-E8 staining in dermal small vessels (arrowheads). Boxed areas at top are shown at higher magnification at
bottom. Bars = 200 pm at top; 100 pm at bottom. C, Expression of mRNA for MFG-E8 in fibroblasts from 4 healthy individuals and 5 SSc
patients. The mRNA level in normal fibroblasts was assigned a value of 1. Values are the mean + SEM. D, Serum MFG-ES8 levels in 44 SSc
patients and 28 normal individuals. Symbols represent individual subjects; bars show the mean + SEM. ** = P < 0.01.
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skin lesions of SSc patients was reduced compared with that in
normal skin (Figure 1A). The extent of MFG-ES8 staining in dermal
fibroblasts from SSc patients was nearly the same as that in nor-
mal skin fibroblasts. Immunohistochemistry indicated that MFG-
E8 staining around capillaries and small blood vessels in the der-
mis was reduced in the skin of SSc patients (Figure 1B; also see
Supplementary Table 1 and Supplementary Figure 1, http://online

library.wiley.com/doi/10.1002/art.40701/abstract). There was no
difference in expression of messenger RNA (MRNA) for MFG-E8
between normal and SSc cultured fibroblasts (Figure 1C). In addi-
tion, serum MFG-ES8 levels in SSc patients were significantly lower
than those in healthy individuals (Figure 1D). These results suggest
that MFG-E8 expression in ECs and pericytes/VSMCs in the skin
and serum MFG-ES8 levels might be decreased in SSc patients.
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Figure 2. Recombinant milk fat globule-associated protein with epidermal growth factor— and factor Vlli-like domains (rtMFG-ES8) inhibits
latent transforming growth factor p (TGFp)-induced fibrosis—related gene/protein expression in fibroblasts from patients with systemic sclerosis
(SSc). A-C, Expression of mRNA for type | collagen (A), a-smooth muscle actin (x-SMA) (B), and CCN2 (C) in SSc fibroblasts either left
untreated or treated with latent TGFp with or without rMFG-E8 (n = 5-8 donors). D and E, Protein levels of type | collagen and a-SMA (D) and
p-Smad? (E) in SSc fibroblasts either left untreated or treated with latent TGFp with or without rMFG-E8 (n = 3 donors). Quantification of relative
levels was accomplished via densitometry using Imaged software (National Institutes of Health). F, Immunofluorescence staining of a-SMA in
SSc fibroblasts either left untreated or treated with latent TGFp with or without rMFG-E8. Bar = 50 pm. G and H, Expression of mRNA for TGFp
receptor type | (TFGBRI) (G) and TFGPRII (H) in SSc fibroblasts either left untreated or treated with latent TGFp with or without rMFG-E8 (n = 3-4
donors). Values are the mean + SEM relative to mRNA and protein levels in untreated fibroblasts (set to 1). * =P < 0.05; ** =P < 0.01.
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Recombinant MFG-E8 inhibits latent TGFp-induced
fibrosis-related gene/protein expression but not TGFf-
induced fibrosis-related gene/protein expression in SSc
fibroblasts. It is well known that latent TGFB binds to av inte-
grin, and thereafter active TGFp is released from the latent complex
(28,24). Since MFG-ES8 binds to av integrin, we hypothesized that
rMFG-E8 might affect TGF signaling by interfering with TGFp acti-
vation. Therefore, we next examined the effect of IMFG-E8 addition
on latent TGFp-induced fibrosis—related gene/protein expression in
SSc fibroblasts. Type | collagen is the major ECM in the dermis of
skin, and it is overexpressed in sclerotic skin lesions in SSc (38).
Myofibroblasts are primarily involved in fibrosis by overproducing
the ECM, and they express a-SMA. The number of a-SMA+ myofi-
broblasts is increased in sclerotic skin lesions in SSc (38). CCN2
(also known as connective tissue growth factor) is the member
of the CCN family of matricellular proteins associated with fibro-
sis (39). CCN2 is overexpressed in SSc fibroblasts and plays an
important role in the production and maintenance of fibrotic lesions
in SSc (40). In SSc fibroblasts, latent TGFp enhanced expression
of mRNA for type | collagen, a-SMA, and CCN2, and this was
significantly inhibited upon addition of rMFG-E8 (Figures 2A-C).
Furthermore, the elevated protein levels of type | collagen, a-SMA,
and p-Smad2 induced by latent TGFp were significantly inhibited
by rMFG-ES8 treatment (Figures 2D and E).

Akt activates various cell functions such as proliferation,
migration, and adhesion, leading to the enhancement of fibrosis.
In SSc fibroblasts, p-Akt induced by latent TGFp was also signifi-
cantly inhibited by rMFG-E8 treatment (see Supplementary Figure
2A, http://onlinelibrary.wiley.com/doi/10.1002/art.40701/abstract).
Focal adhesion kinase (FAK) is important for cell adhesion. Phos-
phorylated FAK induced by latent TGFp was slightly inhibited by
rMFG-E8 treatment, but this difference did not reach statistical
significance (see Supplementary Figure 2B). Immunofluorescence
staining indicated that latent TGFp—-induced a-SMA expression in
SSc fibroblasts was inhibited by rMFG-ES8 (Figure 2F). Expression
of mRNA for TGFpRI and TGFpRII in SSc fibroblasts treated with
latent TGFB was not inhibited by rMFG-ES8 (Figures 2G and H).

We next examined whether rMFG-E8 also inhibits TGFp-
induced fibrosis—related gene/protein expression in SSc fibro-
blasts. The TGFp-induced increases in expression of mMRNA for
type | collagen, a-SMA, and CCN2 were not inhibited by the
addition of rMFG-E8 (see Supplementary Figures 3A-C, http://
onlinelibrary.wiley.com/doi/10.1002/art.40701/abstract). Fur-
thermore, TGFB-induced increases in protein levels of type |
collagen, a-SMA, and p-Smad?2 were not inhibited by rMFG-E8
treatment (see Supplementary Figures 3D and E), although the
expression of type | collagen, a-SMA, and CCN2 tended to be
increased by rMFG-E8 treatment. The expression of TGFRI and
TGFBRIlin SSc fibroblasts treated with TGFp was not affected by
rMFG-E8 (see Supplementary Figures 3F and G). These results
suggest that rMFG-E8 inhibits latent TGFp-induced fibrosis—

related gene/protein expression but not TGFp-induced fibrosis—
related gene/protein expression in SSc fibroblasts.

MFG-E8 inhibits latent TGFp-induced fibrosis-related
gene/protein expression by binding to av integrin via the
RGD domain in fibroblasts. We next examined the effects of
RGD-MFG-E8-lg and RGE-MFG-E8-Ig on latent TGFp-induced
fibrosis-related gene/protein expression in NIH3T3 fibroblasts. We
have previously reported that RGE-MFG-E8-Ig, the correspond-
ing RGE point mutant, cannot bind to av integrin on cultured cells
(81). In the present study, we found that RGD-MFG-E8-Ig signifi-
cantly inhibited latent TGFp-induced expression of mRNA for type
| collagen and CCN2, while RGE-MFG-E8-Ig did not (Figures 3A
and C). Furthermore, latent TGFp-induced protein expression of
type | collagen was inhibited by RGD-MFG-E8-Ig but not by RGE-
MFG-E8-Ig (Figure 3D). We did not observe obvious differences
in a-SMA expression between RGD-MFG-E8-Ig— and RGE-MFG-
E8-Ig-treated fibroblasts (Figures 3B and D). These results suggest
that the inhibitory action of MFG-ES on latent TGFp-induced fibro-
sis—related gene/protein expression might be competitively medi-
ated by the binding of the RGD domain of MFG-E8 to av integrin
in fibroblasts.

Bleomycin-induced skin and pulmonary fibrosis are
exacerbated by deficiency of MFG-E8. To assess the role
of MFG-ES8 in tissue fibrosis in vivo, we examined bleomycin-
induced skin and pulmonary fibrosis in MFG-E8 WT and MFG-
E8—KO C57BL/6 mice. Bleomycin-induced dermal thickness in
MFG-E8-KO mice was significantly increased compared with
that in WT mice (Figures 4A and C). The amount of bleomycin-
induced dermal collagen was significantly larger in MFG-E8-KO
mice than in WT mice, as indicated by Masson'’s trichrome stain-
ing (Figure 4B). In addition, bleomycin-induced pulmonary fibrosis
in MFG-E8-KO mice was significantly more intense than that in
WT mice (Figures 4D-F). Expression of mRNA for type | collagen,
CCN2, and a-SMA in lesional skin was significantly increased in
bleomycin-treated MFG-E8-KO mice compared to bleomycin-
treated WT mice (Figure 4G). Expression of mRNA for TGFp and
interleukin-6 (IL-6) tended to be higher in bleomycin-treated MFG-
E8—KO mice, but the differences did not reach statistical signifi-
cance (Figure 4G). The number of a-SMA+ myofibroblasts in the
skin of bleomycin-treated MFG-E8-KO mice was increased, while
the numbers of CD3+ T cells, CD68+ macrophages, CD31+ ECs,
and NG2+ pericytes in the 2 groups were not significantly different
(Figures 4H and I). These results suggest that MFG-E8 negatively
regulates bleomycin-induced skin and pulmonary fibrosis in mice.

Skin and pulmonary fibrosis in TSK/+ mice are
exacerbated by deficiency of MFG-E8. We further exam-
ined skin and pulmonary fibrosis in MFG-E8 WT TSK/+ mice
and MFG-E8""TSK/+ mice to assess the role of MFG-E8 in
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Expression of MRNA for type | collagen (A), a-smooth muscle actin (a-SMA) (B), and CCN2 (C) in NIH3T3 fibroblasts either left untreated or
treated with latent TGFp with or without RGD-MFG-E8-Ig (RGD-MFG) or RGE-MFG-E8-Ig (RGE-MFG) (n = 3 donors). D, Protein levels of type
| collagen and a-SMA in fibroblasts either left untreated or treated with latent TGF with or without RGD-MFG-E8-Ig or RGE-MFG-E8-Ig (n =3
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tissue fibrosis in vivo. TSK mice spontaneously develop skin
fibrosis because of a partial in-frame duplication in the fibrillin
1 gene, and they are known as an experimental model of SSc
(41-43). The hypodermal thickness in MFG-E8” TSK/+ mice
was significantly increased compared with that in MFG-E8
WT TSK/+ mice (Figures 5A-C). H&E and Masson'’s trichrome
staining of the lungs indicated that infiltration of inflammatory

cells and lung fibrosis in MFG-E8"TSK/+ mice were also
enhanced (Figures 5D and E). Lung fibrosing scores were sig-
nificantly higher in MFG-E8"TSK/+ mice than in MFG-E8 WT
TSK/+ mice (Figure 5F). The numbers of a-SMA+ myofibro-
blasts, CD3+ T cells, and CD68+ macrophages in the lungs of
MFG-E8” TSK/+ mice were significantly higher than those in
the lungs of MFG-E8 WT TSK/+ mice (Figure 5G).
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Figure 4. Exacerbation of bleomycin (Bleo)-induced skin and pulmonary fibrosis by deficiency of milk fat globule—associated protein with
epidermal growth factor- and factor Vlli-like domains (MFG-E8). A, B, D, and E, Representative images of hematoxylin and eosin staining (A
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D. C, Quantification of dermal thickness (n = 5-8 mice per group). F, Quantification of pulmonary fibrosis (n = 6 mice per group). G, Expression
of mRNA for type | collagen, CCN2, a-smooth muscle actin (a-SMA), transforming growth factor § (TGFp), and interleukin-6 (IL-6) in the skin of
bleomycin-treated MFG-E8 WT mice or MFG-E8-KO mice (n = 3 per group), determined using quantitative reverse transcriptase—polymerase
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NG2+ pericytes (1) in the dermis (n = 3 mice per group). In C and F, values are the mean + SEM. In G-, values are the mean + SEM relative to
mMRNA levels and cell counts in WT mice (set to 1). * = P < 0.05; ** = P < 0.01.

IL-6 signaling is also recognized as being involved in the
development and progression of fibrosis in SSc (32,44). Expres-
sion of MRNA for type | collagen and IL-6 in the lungs of MFG-
E87"TSK/+ mice was significantly higher than that in the lungs of
MFG-E8 WT TSK/+ mice (Figure 5H). TSK mice produce specific
autoantibodies, including ANAs and anti—topo |, that can also be

shown in SSc patients (43). In our study, serum levels of ANAs and
anti-topo | were significantly higher in MFG-E8” TSK/+ mice than
in MFG-E8 WT TSK/+ mice (Figure 5I).

These results suggest that MFG-E8 negatively regulates
fibrosis and infiltration of inflammatory cells in the skin and lungs
as well as autoantibody production in TSK mice.
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Figure 5. Exacerbation of skin and pulmonary fibrosis in TSK mice by deficiency of milk fat globule—associated protein with epidermal growth factor—
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Administration of rMFG-E8 significantly inhibits
bleomycin-induced dermal fibrosis in mice. Finally, we
examined the effect of rMFG-ES injection on bleomycin-induced
dermal fibrosis in mice. Bleomycin-enhanced dermal thick-

ness was significantly inhibited by the subcutaneous injection
of rMFG-E8 (Figures 6A and B). Masson’s trichrome staining
revealed that bleomycin-induced dermal fibrosis was signifi-
cantly suppressed by rMFG-ES8 injection (Figure 6C). In addition,
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the increase in the amount of collagen in the skin induced by DISCUSSION
bleomycin treatment was also inhibited by rMFG-E8 injection
(Figure 6D). The increase in the numbers of a-SMA+ myofibro-
blasts, CD68+ macrophages, and CD3+ T cells in lesional skin in
bleomycin-treated mice was significantly decreased by rMFG-E8
injection (Figure 6E). These results suggest that rIMFG-ES8 acts to
inhibit bleomycin-induced skin fibrosis in vivo.

A B

We previously reported that MFG-E8 is mainly expressed
in ECs and pericytes/VSMCs in human and mouse skin (15). In
human and mouse melanoma tumors, MFG-E8 is also mainly
expressed by pericytes/pericyte precursors, and MFG-E8
enhances angiogenesis and tumor growth (13,18). In the present
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Figure 6. Significant inhibition of bleomycin (Bleo)-induced dermal fibrosis in mice by administration of recombinant milk fat globule—associated
protein with epidermal growth factor— and factor Vlli-ike domains (tMFG-E8). A and C, Representative images of hematoxylin and eosin staining (A)
or Masson'’s trichrome staining (C) of the skin of mice treated with subcutaneous injections of phosphate buffered saline (PBS) or bleomycin, or treated
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macrophages, and CD3+ T cells in the dermis (n = 4-6 mice per group). In B, values are the mean + SEM. In D and E, values are the mean + SEM
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study, we found that MFG-E8 expression in ECs and pericytes/
VSMCs was reduced in sclerotic skin lesions of SSc patients. It has
been suggested that vasculopathy and dysfunction of ECs might
be associated with the development of skin fibrosis in SSc patients
(1,2). Additionally, it has been reported that numbers of pericytes/
VSMCs in all types of blood vessels in lesional skin are decreased
in SSc patients (2,25,45). Collectively, vasculopathy-induced dys-
function of and reduction in ECs and pericytes/VSMCs might be
associated with decreased expression of MFG-ES8 in lesional skin
of SSc patients. Similar to our results, expression of MFG-E8 was
reduced in smooth muscle cells around fibrosing respiratory tracts
of asthma patients as well as in cirrhotic livers (19,46), which sug-
gests that reduced expression of MFG-E8 might be involved in the
pathogenesis of fibrosis in various organs and tissues.

It is considered that the binding of latent TGFp complex to
av integrin is necessary to release an active form of TGFp. For
example, in SSc fibroblasts, av integrin was found to be overex-
pressed and to consequently increase the activation of TGFp,
resulting in enhancement of TGFp signaling and fibrosis in vitro
(25). In addition, using fibrilin 1 mutant mice, enhancement of
skin fibrosis was found to be caused by modulation of binding
between av integrin and latent TGFp (26). In our study, we deter-
mined that rMFG-ES8 inhibited latent TGFp-enhanced TGFp sig-
naling and fibrosis in SSc fibroblasts. Furthermore, we confirmed
that the inhibition of latent TGFp-enhanced TGF signaling by
rMFG-E8 was partly mediated via the interaction of the RGD
domain of MFG-E8 with av integrin on fibroblasts.

With respect to inhibition of TGFp signaling by MFG-E8, An
et al reported that rMFG-ES8 inhibited TGFp-enhanced TGFp sig-
naling and fibrosis in hepatic stellate cells through inhibition of
TGFpRI expression (19). However, we could not confirm inhibi-
tion of TGFB-enhanced TGFp signaling by rMFG-E8 in SSc fibro-
blasts. In addition, expression of mMRNA for TGFBRI and TGFARII
in SSc fibroblasts was not inhibited by rMFG-E8 in our study,
which suggests that inhibition of latent TGFp—enhanced TGFj
signaling in SSc fibroblasts by rMFG-E8 might not depend on
inhibition of TGFPR expression.

Consistent with our findings, it has been reported that
MFG-E8-KO mice develop exaggerated pulmonary fibrosis
upon intratracheal bleomycin administration owing to a defect
in collagen removal by macrophages (9). Although skin fibro-
sis was not examined in that previous study, we found that
bleomycin-induced skin fibrosis in MFG-E8-KO mice was
significantly exacerbated compared with that in WT mice and
that expression of mRNA for type | collagen and numbers of
a-SMA+ myofibroblasts in the skin of bleomycin-treated MFG-
E8-KO mice were enhanced, suggesting that overproduc-
tion of collagen from myofibroblasts may be associated with
enhancement of skin fibrosis in MFG-E8-KO mice.

We demonstrated that skin and pulmonary fibrosis in TSK
mice were exacerbated by deficiency of MFG-E8. Our results sug-
gest that MFG-E8 might negatively regulate fibrosis and inflamma-

tory cell infiltration in the skin and lungs as well as autoantibody
production in TSK mice. Although a tandem duplication within the
fibrillin 1 gene has been suggested to cause the TSK phenotype
(41-43), the mechanisms of pathogenesis of fibrosis in TSK mice
are still unknown. Activation of TGF signaling possibly plays an
important role in the pathogenesis of fibrosis in TSK mice (47,48).
Our results suggest that deficiency of MFG-E8 might enhance the
release of active TGFp from latent TGFp complex in TSK mice,
leading to exacerbation of fibrosis. However, the precise mecha-
nisms underlying the increase in fibrosis in TSK mice caused by
MFG-E8 deficiency require further study.

We demonstrated that administration of rMFG-E8 signif-
icantly inhibited bleomycin-induced dermal fibrosis in mice.
These in vivo results are consistent with our in vitro results, which
suggest that MFG-E8 might have therapeutic potential by inhib-
iting TGFB signaling under pathogenic conditions. Consistent
with our results, it has been reported that rMFG-E8 adminis-
tration inhibited thioacetamide-induced liver fibrosis in mice and
reduced the number of a-SMA+ myofibroblasts (19), warranting
that rMFG-E8 may have therapeutic potential for fibrosis in sev-
eral organs.

In conclusion, we have, for the first time, demonstrated that
MFG-E8 inhibited latent TGFp—enhanced TGFp signaling and
fiorosis mediated by the interaction of the RGD domain in MFG-E8
with av integrin in SSc fibroblasts. Vasculopathy may be respon-
sible for the reduced MFG-E8 expression in ECs and pericytes/
VSMCs in sclerotic skin lesions, and this reduction may be related
to poor angiogenesis and prominent dermal fibrosis around blood
vessels. Our in vivo findings suggest that MFG-E8 might nega-
tively regulate skin and pulmonary fibrosis in bleomycin-treated
mice and TSK mice. A deficient antifiorotic effect of MFG-E8 may
be involved in the pathogenesis of SSc, and integrin-modulating
therapy, such as administration of rMFG-ES8, could be promising
for the treatment of fibrosis in SSc.
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Presentation and Disease Course of Childhood-Onset
Versus Adult-Onset Takayasu Arteritis

Florence A. Aeschlimann,’ Lillian Barra,? Roaa Alsolaimani,? Susanne M. Benseler,? Diane Hebert,’
Nader Khalidi,* Ronald M. Laxer,” Damien Noone," Christian Pagnoux,” Marinka Twilt,®> and Rae S. M. Yeung'

Objective. To compare the clinical features, efficacy and safety of treatment regimens, and outcomes of childhood-
and adult-onset Takayasu arteritis (TAK).

Methods. The study was designed as a retrospective cohort study comparing patients with childhood-onset TAK (from
1986 onward) to patients with adult-onset TAK (from 1988 onward) who were followed up until 2014 or 2015 at 4 centers
in Ontario, Canada. Demographic, clinical, laboratory, and angiographic features, treatment regimens, and outcomes were
recorded throughout the course of the disease. Disease activity and damage scores were completed retrospectively.

Results. Twenty-nine children and 48 adults (median age at diagnosis 12.1 years and 31.2 years, respectively) were
included. A lower predominance of females was observed among the childhood-onset TAK cohort (76% versus 100% of
patients with adult-onset TAK; P < 0.01), and children had a shorter delay to diagnosis (median 6.0 months versus 12.2
months for adults; P = 0.03). The distribution of vascular involvement was also different, with children having significantly
more aortic and renal artery involvement and a higher frequency of arterial hypertension. Relapses in the first year after
diagnosis were common both in children (39%) and in adults (28%). Two children, but no adults, died.

Conclusion. Childhood-onset TAK has a lower female predominance and a higher frequency of aortic and renal in-
volvement compared to adult-onset TAK. Relapses and disease burden were high in both groups, corroborating the need

for careful monitoring of disease activity and aggressive therapeutic management.

INTRODUCTION

Takayasu arteritis (TAK) is an idiopathic granulomatous vas-
culitis of the aorta with its major branches predominantly affecting
young women before the age of 40 years (1). In up to 30% of pa-
tients with TAK, the disease manifests for the first time in childhood
(2-4). TAK is associated with a high morbidity and increased mor-
tality in both children and adults (1,5,6). The clinical presentation
of TAK is highly variable, reflecting the pattern of vascular involve-
ment. Early in the disease course, symptoms may be nonspecif-
ic; thus, the diagnosis can be challenging and diagnostic delay is
common (7,8).

Differences in disease expression of TAK between chil-
dren and adults, including the sex ratio of affected patients,
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the frequency of vascular involvement, and the disease course,
have been reported (2,9). Patients with childhood-onset TAK
and those with adult-onset TAK have been compared in China
and Brazil (2,9). Given that geographic or ethnic variations in
disease presentation have been reported (1), we investigated
childhood-onset and adult-onset TAK cohorts in a North
American population in order to compare disease features at the
time of clinical presentation, the efficacy and safety of treatment
regimens, and outcomes at follow-up.

PATIENTS AND METHODS

Design. The study was designed as a retrospective
cohort study involving patients with TAK (all from Canada) who
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were receiving care at the Hospital for Sick Children (SickKids,
Toronto, Ontario), Mount Sinai Hospital (Toronto, Ontario),
St. Joseph’s Health Care (London, Ontario), or St. Joseph’s
Healthcare (Hamilton, Ontario). All of these participating institu-
tions are tertiary care hospitals with specialty vasculitis centers.

All children with TAK who were followed up at the Hospital for
Sick Children between 1986 and 2015 were identified from the in-
stitutional rheumatology database. All adult patients with TAK were
included in the study beginning in 1988 (Mount Sinai Hospital) or
1990 (St. Joseph'’s Health Care, London and St. Joseph's Health-
care, Hamilton) up to 2014 if they had 1 baseline visit and at least 1
follow-up visit at any of the 3 centers. Two patients with childhood-
onset TAK were diagnosed and followed up at adult centers, but
were included in the pediatric cohort. Childhood-onset TAK was
diagnosed in patients with a disease onset at age <18 years who
met either the American College of Rheumatology (ACR) criteria
for vasculitis (patients diagnosed prior to 2009) or the European
League against Rheumatism (EULAR)/Pediatric Rheumatology In-
ternational Trials Organization (PRINTO)/Pediatric Rheumatology
European Society (PRES) classification criteria for TAK (patients
diagnosed after 2009) (10-12). Adult-onset TAK was diagnosed
in patients with a disease onset at age >18 years. Diagnosis was
based on the ACR criteria for TAK or expert opinion (12).

The study was approved by the local institutional research
ethics boards (REB approval numbers 1000012364, 102078,
and 15-034-C).

Data collection. Data were collected separately from the
pediatric and adult cohorts using standardized forms at the time
of diagnosis, at 6 months’ follow-up, at the time of relapse within
the first year after diagnosis, and at the last follow-up. Data includ-
ed demographic features, medical history, features of TAK at the
time of clinical presentation, laboratory and imaging investigations,
treatment (drugs and interventions), and adverse outcomes (de-
fined as relapse, death, or complications). The location of vascular
involverment was obtained from various angiographic studies, in-
cluding conventional angiography, computed tomography angiog-
raphy (CTA), and magnetic resonance angiography (MRA). Vascu-
lar lesions deemed indicative of active or worsening disease were
defined as the occurrence of new or worsening narrowing, occlu-
sion, aneurysm, dilatation, dissection, or both vessel wall thicken-
ing and post—contrast enhancement of vessel wall inflammation.

Results of vascular imaging were recorded when performed
within 1 month of the predefined data collection time points for
children and within 3 months for adults. Complications includ-
ed the following: 1) events related to disease activity, such as
stroke, blindness, cardiac involvement (myocardial infarction,
congestive heart failure, cor pulmonale, aortic coarctation, and
aortic valve/aneurysm repair), end-stage ischemic limb, renal
complications (end-stage renal disease, nephrectomy), and
mesenteric ischemia; 2) medication-related events, such as se-
vere infections, defined as infections that are life-threatening or

requiring hospital admission, drug-induced hepatitis requiring
discontinuation of the drug, and allergic drug reaction; and 3)
events resulting from atherosclerosis (in adult patients with TAK),
which may have been related to chronic systemic inflammation
or other risk factors for cardiovascular disease.

Age-specific definitions were used for arterial hypertension,
hemoglobin levels, and creatinine levels. Arterial hypertension
was defined as blood pressure >95th percentile for age in chil-
dren, and a systolic blood pressure of >140 mm Hg in adults. A
blood pressure discrepancy of >10 mm Hg between limbs was
considered abnormal both in children and in adults. In children,
abnormal hemoglobin and creatinine levels were based on age-
specific limits provided by the institution’s laboratory. A hemo-
globin level of <110 gm/liter and creatinine level of >120 pmoles/
liter was considered abnormal in adults. The types of assays and
normal ranges for the level of C-reactive protein (CRP) varied
between sites and over the course of the study, and therefore
median CRP values could not be reported.

Assessment of disease relapse, activity, and inactiv-
ity. The presence of relapse, active disease, and inactive disease
was retrospectively assessed (by FAA and SMB in patients with
childhood-onset TAK; by LB and RA in patients with adult-onset
TAK). For both groups, disease relapse was defined as the occur-
rence of new or worsening clinical symptoms attributable to TAK.
Relapse also included a new or worsening lesion identified on
vascular imaging, which was usually performed in a patient be-
cause clinical symptoms were present or acute-phase reactant
levels were increased. Active disease was defined as ongoing
clinical symptoms and/or elevation of acute-phase reactant levels
attributable to TAK (and not explained otherwise), as was deter-
mined by the treating physician. In children, active disease was
also diagnosed based on vascular imaging findings alone (vessel
wall inflammation, based on both post-contrast enhancement
and vessel wall thickening), whereas vascular imaging was not
necessarily performed in asymptomatic adults. Inactive disease
was defined as the absence of symptoms attributable to active
vasculitis, normal acute-phase reactant levels, and the absence
of imaging findings of active disease (as defined above).

Disease activity was additionally assessed using the validated
Pediatric Vasculitis Disease Activity Score (PVAS) in children or
Birmingham Vasculitis Activity Score (BVAS) in adults (13,14), as
well as the 2010 Indian Takayasu Arteritis Clinical Activity Score
(ITAS2010) (15). The ITAS2010 is a disease activity measure-
ment tool that captures clinical manifestations attributable to
TAK that were new or worse within the 3 months prior to clinical
presentation (15). Although the ITAS2010 has been specifically
developed to assess disease activity in patients with TAK, it has
not been validated in children (15).

The PVAS was completed prospectively during each patient’s
visits since 2009. For visits before 2009, the PVAS was retrospec-
tively assessed by 2 independent reviewers (FAA and SMB). The
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BVAS was retrospectively scored in all adults (by LB and RA or by
CP or NK), and the ITAS2010 was assessed both in children (by
FAA and SMB) and in adults (by LB and RA or by CP or NK) (15).

Disease damage was evaluated retrospectively using the
Pediatric Vasculitis Damage Index (PVDI) in children or the
Vasculitis Damage Index (VDI) in adults (16). The PVDI and VDI
are disease damage assessment tools that capture irreversible
cumulative disease- and treatment-related damage that has
been present for more than 3 months (16). For the purpose of
this study, only items caused by the disease itself were included.

Statistical analysis. Statistical analyses were performed
using SAS version 9.4 (SAS Institute). Categorical variables
were presented as frequencies, and groups were compared
using Fisher’s exact test. Odds ratios (ORs) and their 95% con-
fidence intervals (95% Cls) were computed. Continuous varia-
bles were reported as median values with interquartile ranges
(IQRs) and compared using the Wilcoxon rank sum test. Tra-
jectories of disease activity (PVAS/BVAS and ITAS2010 scores)
were analyzed using linear mixed-effects models. Missing data
were not included in the analyses (no imputations for missing
data were performed). P values less than 0.05 were consid-
ered significant.

RESULTS

Characteristics of the study population at the time of
TAK diagnosis. The study included 29 patients with childhood-
onset TAK and 48 patients with adult-onset TAK. All of the patients
with childhood-onset TAK met the EULAR/PRINTO/PRES classifi-
cation criteria for childhood TAK. Two adult patients did not fulfill the
ACR criteria for TAK but were diagnosed based on expert opinion,
including a 22-year-old woman who presented with myocardial in-
farction and elevated inflammation markers and who had ascend-
ing aortic wall thickening and post-contrast enhancement of vessel
wall inflammation evident on MRA, and a 47-year-old woman with
carotidynia, weight loss, a subclavian bruit with an elevation in the
erythrocyte sedimentation rate, and imaging findings consistent
with TAK (subclavian stenosis and aortic wall thickening without
significant atherosclerosis). Seven of the patients with childhood-
onset TAK (24%) were male, while all of the adult patients were
female (P < 0.01). The duration from the time of symptom onset
to diagnosis was shorter in children compared to adults (median
6.0 months versus 12.2 months; P = 0.03). An overview of the
patients’ demographic and clinical features is presented in Table 1.

The clinical and laboratory features of the enrolled patients at
the time of diagnosis are summarized in Table 2. Fewer children

Table 1. Demographic and clinical characteristics at the time of diagnosis in the childhood-onset and adult-

onset TAK cohorts*
Childhood-onset TAK Adult-onset TAK
Feature (n=29) (n =48)
Female 22 (76) 48 (100)T

Age at diagnosis, median (IQR) years
Age at symptom onset, median (IQR) years
Diagnostic delay, median (IQR) months
Follow-up duration, median (IQR) years
Race or ethnicity

Caucasian

Asian

Black

Indian

Hispanic

First Nations

Middle Eastern

Not available
Comorbidity

Inflammatory bowel disease

Rheumatic diseases

Cardiovascular disease

Tuberculosis

12.1(9.8-13.8)
10.8 (9.4-13.1)

31.2(26.9-40.1)
26.9(22.0-36.3)

6.0 (3.0-13.2) 12.2 (4.5-36.5)%
2.6(1.8-6.4) 3.9(2.3-6.6)
9(31) 20 (42)
4(14) 4(8)
3(10) 3(6)
2(7) 9(19)
2(7) 3(6)

2(7) 0
2(7) 1(2)
5(17) 8(17)
2(7) 6 (13)
2(7) 2(4)
0 3(6)
3(10) 1(2)

*Except where indicated otherwise, values are the number (%) of patients. IQR = interquartile range.
t P <0.01 versus childhood-onset Takayasu arteritis (TAK).

¥ P=0.03 versus childhood-onset TAK.

§Rheumatic diseases included IgA vasculitis, psoriatic arthritis, rheumatoid arthritis, and systemic lupus

erythematosus.
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Table 2. Clinical presentation and laboratory characteristics at the time of diagnosis in the childhood-onset and adult-onset TAK
cohorts*

Childhood-onset Adult-onset TAK

Presenting feature TAK (n = 29) (n=48) P OR (95% Cl)

Constitutional

Malaise 14 (48) 21 (44) 0.81 -

Weight loss 8(28) 7 (15) 0.24 -

Fever 5(17) 5(10) 0.49 -

Night sweats 1(3) 5(10) 0.40 -

Lymphadenopathy 3(10) 24 0.36 -
Cardiovascular

Claudication of the extremities 6(21) 22 (46) 0.03 0.31 (0.11-0.89)

Lower extremities 5(17) 6(13) 0.74 -

Upper extremities 1(3) 20 (42) <0.01 0.05 (0.01-0.40)
Decreased or absent pulse 17 (59) 34 (71) 0.32 -

Both lower extremities 12 (41) 12 <0.01 33.18 (4.01-274.76)

Both upper extremities 0 13(27) <0.01 =
Limb ischemia 1(3) 6 (13) 0.24 -

Bruits 17 (59) 29 (60) 1.00 -

Blood pressure discrepancy 20/23 (87) 31/47 (66) 0.09 -

Carotidynia 1(3) 8(17) 0.14 -

Angina 2(7) 2 (4) 0.63 -

Myocardial infarction 2(7) 2 (4) 0.63 -
Neurologic

Headache 11 (38) 10 (21) 0.12 -

Dizziness 507) 4.(8) 0.28 -

Stroke/TIA 3(10) 3(6) 0.67 -

Syncope 4(14) 4(8) 0.47 -

Seizure 2(7) 1(2) 0.55 -
Gastrointestinal

Nonspecific abdominal pain 4(14) 3(6) 0.42 -

Ischemic abdominal pain 2(7) 0 0.14 -
Renal

Arterial hypertension 17 (59) 15(31) 0.03 3.12(1.20-8.13)
Pulmonary

Chest pain 3(10) 11 (23) 0.23 -

Shortness of breath 4(14) 7 (15) 0.99 -
Cutaneous 2(7) 11 (23) 0.11 -
Ocular 5(17) 6 (13) 0.74 -
Musculoskeletal

Arthritis/arthralgias 2(7) 14.(29) 0.02 0.18 (0.04-0.86)
Laboratory features

Elevated ESR 21/26 (81) 36/46 (78) 0.99 -

ESR, median (IQR) mm/hour 35 (18-64) 45 (30-55) 0.86 -
Elevated CRP 15/20 (75) 28/38 (74) 0.99 -
Anemia 20/28 (71) 18/34 (53) 0.19 -
Increased creatinine level 2/24 (8) 1/33 (3) 0.57 -

* Except where indicated otherwise, values are the number (%) of patients or the number/total number assessed (%). Odds
ratios (ORs) with 95% confidence intervals (95% Cls) are presented for those features that were significantly different (P < 0.05)
in children compared to adults. TAK = Takayasu arteritis; TIA = transient ischemic attack; ESR = erythrocyte sedimentation rate;
IQR = interquartile range.
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had claudication of the extremities, specifically the upper extrem-
ities, compared to adults. However, children were more likely to
have decreased pulses of the lower extremities (P < 0.01). Arteri-
al hypertension was more frequent, and arthritis/arthralgias were
less frequent, in children compared to adults.

All subjects underwent vascular imaging prior to or at the
time of diagnosis. The type of imaging modality used differed
between the 2 groups (Table 3). Involvement of the aorta and
renal arteries was more common in children. These differences
were not significantly associated with ethnicity (data not shown).
Cardiac investigations were inconsistently performed. Electro-

Table 3. Imaging modality used and site of vascular involvement at
the time of diagnosis in children and adults with TAK*

Childhood-onset Adult-onset
TAK TAK
(n=29) (n=48)
Imaging modality
Conventional 9331 2 (4t
angiography
MRA 11 (38) 14 (29)t
CTA 5(17) 20 (42)t
MRA and CTA 13 9 (19)t
Various imaging 3(10) 3(6)t
combinations
Vascular site
Aorta (arch, 28/29 (97)% 35(73)t
thoracic, or
abdominal)
Carotid artery 14/26 (54) 31 (65)
Vertebral artery 4/24 (17) 11 (23)
Subclavian artery 13/25 (52) 36 (75)
Coronary artery 3/25(12) 5(10)
Pulmonary artery 4/25 (16) 5(10)
Central nervous 1/18 (6) 2(4)
system artery
Splanchnic 14/26 (54) 15 (31)
vessels
Renal artery 21/29 (72)8 14 (29)t
lliac artery 7/23 (30) NAS|

* Frequencies of paired arteries (right/left) are presented as one
combined value. Values are the number (%) of patients or the num-
ber/total number assessed (%). For the childhood-onset Takaya-
su arteritis (TAK) cohort, the number of children with available
information is presented per individual vessels. MRA = magnetic
resonance angiography; CTA = computed tomography angiography.
t P <0.01 versus childhood-onset TAK.

¥ Odds ratio (OR) 10.40 (95% confidence interval [95% CI] 1.28-
84.40) for likelihood of specific vascular site involvement in chil-
dren compared to adults.

§ OR 6.38(95% ClI 2.29-17.77) for likelihood of specific vascular site
involvement in children compared to adults.

9 Imaging for iliac artery involvement was inconsistently per-
formed in adults, and therefore data were not available (NA) for
the adult-onset TAK cohort.

cardiography revealed atrial or ventricular hypertrophy in 6 of
the 20 children assessed compared to none of the 20 adults
assessed (P = 0.02); 4 of 15 children had structural defects
evident on echocardiogram, such as left ventricular hypertrophy,

as compared to none of the 24 adults assessed (P = 0.02).

Medical treatments and vascular interventions. At
the time of diagnosis, 24 (83%) of 29 children were deemed to
have active disease compared to 39 (81%) of 48 adults (P =
0.74), and these children were started on a treatment regimen
with immunosuppressive agents. The disease activity scores at
the time of diagnosis and over follow-up are presented in Table 4.

Various treatment regimens were prescribed for induction
of remission (Table 5). Compared to adults, fewer children
received glucocorticoids alone, but more often received
glucocorticoids in combination with methotrexate or
glucocorticoids in  combination with cyclophosphamide.
There was no significant difference in the prescription of other
immunosuppressive or biologic therapies. The disease activity
scores in children and adults did not differ between any of the
treatment groups (data not shown).

Antiplatelet treatment was prescribed in 16 (55%) of 29 chil-
dren and 29 (62%) of 47 adults (P = 0.64). Anticoagulation ther-
apy was given to 6 (21%) of 29 children and 3 (6%) of 47 adults
(P = 0.08). More children than adults received antihypertensive
drugs (66% versus 28% of adults; P < 0.01). No difference be-
tween children and adults was found in the prescription patterns
of calcium and vitamin D (17 of 29 children and 23 of 48 adults)
or lipid-lowering agents (0 of 29 children and 4 of 48 adults).

Vascular interventions at the time of disease presentation or
diagnosis were performed with similar frequency in children (7
interventions in 6 of 29 children) and adults (13 interventions in
12 of 48 adults), including stenting (0 of 29 children and 6 of 48
adults), embolectomy (1 child and 1 adult), valve repair (O children

Table 4. Disease activity scores at baseline, 6 months, and last
follow-up in children and adults with TAK*

Childhood-onset

Adult-onset TAK

TAK (n = 29) (n=48)

PVAS/BVAS

At baseline 10 (7-17) 3(2-4)

At 6 months 0(0-0) 1(0-2)

At last follow-up 0(0-0) 0 (0-0)
ITAS2010

At baseline 12 (7-15) 10 (7-12)

At 6 months 0(0-3) 0(0-2)

At last follow-up 0 (0-0) 0 (0-0)

* Values are the median (interquartile range). The Pediatric
Vasculitis Disease Activity Score (PVAS) in children and Birming-
ham Vasculitis Activity Score (BVAS) in adults have a score range
of 0-63. The 2010 Indian Takayasu Arteritis Clinical Activity Score
(ITAS2010) ranges from 0 to 51. TAK = Takayasu arteritis.
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Table 5. Treatment regimens at baseline, 6 months, and last follow-up in children and adults with TAK*

At diagnosis 6-months’ follow-up Last follow-up
Children Adults Children Adults Children Adults

Treatment (n=29) (n =48) P (n=25) (n=47) P (n=27) (n=41) P
No immunosuppression 5017) 9(19) 0.99 4(16) 6(13) 0.73 6(22) 12 (29) 0.58
GConly 5(17) 24 (50) <0.01t 3(12) 12 (26) 0.23 1(4) 8 (20) 0.08
GC+CYC 5(17) 1(2) 0.03t 1(4) 1(2) 0.99 1(4) 0 0.40
GC + MTX 11 (38) 7 (15) 0.03% 12 (48) 19 (40) 0.62 5(19) 9(22) 0.99
GC + anti-TNFq 3(10) 0 0.05 3(12) 2(4) 0.33 8(30) 2(5) 0.014#
GC + AZA** 0 6 (13) 0.08 2(8) 7 (15) 0.48 3(11) 3(7) 0.68
GC + MMF** 0 1(2) 0.99 0 0 NA 1(4) 1(2) 0.99
GC + ABA 0 0 NA 0 0 NA 0 1(2) NA
GC + LEF 0 0 NA 0 0 NA 0 3(7) 0.27
GC +TCZq 0 0 NA 0 0 NA 2(7) 2(5) 0.99

*Values are the number (%) of patients. CYC = cyclophosphamide; MMF = mycophenylate mofetil; NA = not applicable; ABA = abatacept; TCZ
= tocilizumab.

t Odds ratio (OR) 0.25 (95% confidence interval [95% ClI] 0.08-0.75) for the likelihood of receiving the specific treatment.

£ OR 9.79 (95% Cl 1.08-88.60) for the likelihood of receiving the specific treatment.

§ OR 3.58 (95% CI 1.19-10.73) for the likelihood of receiving the specific treatment.

9 All patients received another immunosuppressive agent in addition to the anti-tumor necrosis factor (anti-TNF) inhibitor: either metho-
trexate (MTX), leflunomide (LEF), or azathioprine (AZA).

# OR 8.21 (95% Cl 1.59-42.48) for the likelihood of receiving the specific treatment.

** At last follow-up, 1 adult patient was additionally treated with MTX. At the 6-month follow-up, the median glucocorticoid (GC) dose was
0.38 mg/kg/day (interquartile range [IQR] 0.28-0.72) for children and 20 mg/day (IQR 10-35) for adults; at last follow-up, children were
receiving glucocorticoid treatment at a median dose of 0.21 mg/kg/day (IQR 0.09-0.35), while adults were receiving a median glucocorticoid
dose of 5 mg/day prednisone equivalent (IQR 5-5). Over the study period, the use of biologic agents increased: 27% of the children and 8% of
adults were diagnosed as having Takayasu arteritis (TAK) prior to the year 2000 (none treated with biologic agents during this time), and 48%
of children and 52% of adults were diagnosed between 2000 and 2009, of whom 36% of children compared to 16% of adults were treated
with biologic agents (P = 0.24); the remaining patients were diagnosed between 2010 and 2015 and of these, 86% of children compared to

21% of adults were treated with biologic agents (P < 0.01).

and 3 adults), angioplasty (3 children and 1 adult), and bypass
grafting (axillary femoral and renal vasculature bypass grafting
in 1 child each and coronary bypass grafting in 2 adults). The
vessels on which vascular interventions were most frequently
performed were the renal arteries in children (3 of 7 procedures),
and the coronary arteries in adults (5 of 13 procedures).

Disease course. In total, 11 (46%) of 24 children and 29
(74%) of 39 adults who had active disease at baseline did not
have active disease at 6 months’ follow-up (P = 0.22). Disease
activity scores decreased from the time of diagnosis to 6
months (Table 4). Repeat imaging at 6 months of follow-up was
available for 8 of 24 children and 17 of 39 adults. Among the 8
children assessed over 6 months, the imaging findings remained
unchanged in 5 patients, and new lesions became apparent in 3
patients. Among the 17 adults assessed over 6 months, imaging
findings indicated improvement in disease activity in 3 patients,
remained unchanged in 5 patients, and showed new lesions in
9 patients. At 6 months, 21 (80%) of 25 children and 41 (85%)
of 47 adults remained on treatment with glucocorticoids with or
without another immunosuppressive agent (Table 5).

During the 12-month period after diagnosis, relapses were
observed in a total of 11 (39%) of 28 surviving children and 13

(28%) of 47 adults (P = 0.32). Children were more likely to expe-
rience a disease relapse with constitutional symptoms, while the
most common symptoms of relapse in adults were headaches
and carotidynia. Major complications within the first year after
diagnosis were equally common among the 2 groups. Stroke
occurred in 3 children (10%) and 3 adults (6%). Blindness de-
veloped in 1 child (3%) and 1 adult (2%). Cardiac complications
were documented in 3 children (10%) and 9 adults (19%). Severe
limb ischemia was found in none of the children, but in 3 adult
patients (6%). End-stage renal disease or nephrectomy occurred
in 2 children (7%) and 2 adults (4%). Severe infections were more
common in children (17% versus 2% of adults; OR 9.58, 95%
Cl 1.06-85.75). No statistically significant difference was found in
the frequency of drug-induced hepatitis or allergic drug reactions.

Two children (7%) died within a few months after diagnosis:
a 13-year-old girl died of uncontrollable disease and a left middle
cerebral arterial infarction resulting from a ventricular thrombus
and multiorgan failure 12 days after diagnosis, and a 4-year-old
boy died 4 months after diagnosis following a disease flare with
massive intestinal ischemia. None of the adult patients died.

At last follow-up (median 2.6 years in children and 3.9 years
in adults), 18 (67%) of 27 children and 36 (88%) of 41 adults
were considered to have inactive disease (P = 0.06). There were
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no further deaths. None of the children, but 15 of 41 patients
with adult-onset TAK had repeat imaging available at last follow-
up. Among these adult patients, the imaging findings remained
unchanged from those obtained previously in 11 patients, had
improved in 2 patients, and had worsened with occurrence of
new lesions in 2 patients.

Furthermore, at last follow-up, 21 (81%) of 26 children and
29 (71%) of 41 adults were taking glucocorticoids alone or in
combination with another immunosuppressive drug (Table 5).
More children than adults were receiving treatment with tumor
necrosis factor (TNF) inhibitors at last follow-up; due to the small
sample size, this analysis could not be adjusted for the duration
of follow-up. No statistically significant difference was found in
the prescription of other immunosuppressive medications.

Accrued disease damage was more severe in children than
in adults. The PVDI in children was a median score of 4 (IQR
3-6), whereas the VDI in adults was a median score of 2 (IQR
2-3) (the maximum cumulative scores for the PVDI and VDI are
68 and 59 points, respectively).

DISCUSSION

This is the first study to describe the presentation and dis-
ease course of childhood-onset and adult-onset TAK in North
America. We found that there were fewer female patients in the
childhood-onset TAK cohort. Moreover, children more frequently
had vascular involvement of the aorta and renal arteries, and
arterial hypertension at presentation. In contrast, adults more
commonly presented with vascular involvement of the subcla-
vian arteries, claudication, and decreased pulses of the upper
extremities as well as arthritis/arthralgias.

Disease burden was high in both groups. Relapses during
the first year after diagnosis were commmon in children (39%) and
adults (28%). Two children died within a few months after diag-
nosis. At 6 months and last follow-up, children were more likely
to have active disease and to be treated with TNF inhibitors.

There was a higher proportion of male patients in the
childhood-onset TAK cohort. It has been reported that in some
ethnicities, there is a higher proportion of male patients than fe-
male patients with TAK (17,18), but the difference in the affected
sex ratio that we observed between children and adults was not
attributable to ethnicity (data not shown). A similar lower female
predominance has been reported previously in some studies of
childhood-onset TAK compared to adult TAK cohorts (2,9). Low-
er proportions of female patients have also been reported in other
childhood-onset inflammatory and autoimmune diseases, where
the affected sex ratio difference has been attributed to differences
in hormone status (19,20). However, to our knowledge, possible
underlying causal mechanisms of this sex ratio difference have
not yet been investigated. In TAK, the available data are incon-
clusive, because other large TAK cohort studies did not find an
age-related predominance of the disease in either sex (4,21).

We documented a heterogeneous clinical phenotype in
both cohorts, reflecting the variable underlying pattern of vas-
cular inflamsmation. Children more frequently presented with vas-
culitis of the large branches of the abdominal aorta, including
renal artery lesions, contributing to increased arterial hyperten-
sion, which is similar to the results of a Brazilian study compar-
ing childhood-onset and adult-onset TAK (9). In other pediatric
TAK series (5-7), including 1 cohort from North America (22),
high frequencies of hypertension have been reported, and the
presence of arterial hypertension has previously been associated
with unfavorable outcomes in TAK (7,18). Thus, recognition and
appropriate management of arterial hypertension is critical.

Adults in our TAK cohort, on the other hand, more fre-
quently presented with subclavian artery lesions, claudication,
and decreased pulses of the upper extremities. Our findings are
consistent with data from previous studies, in which high propor-
tions of upper extremity involvement were reported in adult pa-
tients with TAK who were predominantly white (9,23-25). It has
previously been hypothesized that the arterial disease begins
in the left subclavian artery and subsequently extends to other
sites (26). However, subclavian artery lesions were documented
in only about one-half of the childhood-onset TAK cohort, and
therefore may not necessarily represent the initial location of vas-
cular inflammation in all TAK patients.

In children, the diagnostic delay was shorter than that ob-
served in adults. Potential reasons for this discrepancy are differ-
ences in the type and severity of symptoms, as well as attitudes
of patients and physicians toward symptoms. Many of the early
symptoms of TAK are nonspecific. For example, neck and limb
pain in adults may be attributed to mechanical or degenerative
musculoskeletal disease, and adults may be less likely than chil-
dren to seek out medical attention. Adults are more likely than
children to present with arthritis, of which the differential diagno-
sis is broad and includes conditions that are much more com-
mon than TAK. Conversely, children who are more likely to have
TAK involvement below the diaphragm commonly present with
hypertension, prompting further investigations for secondary
causes, which can identify the inflammatory vascular disease. In
adults, vascular disease and its complications may be attributed
to other causes or comorbidities, including hypertension, diabe-
tes, smoking-related vascular disease, or atherosclerosis. In our
study, children had higher disease activity scores at presentation
compared to adults, suggesting a more widespread and/or se-
vere disease. However, the components of these scores are dif-
ferent in the pediatric and adult versions, and therefore preclude
direct comparison.

Children less frequently achieved inactive disease both at 6
months (46% versus 74% of adults) and at last follow-up (67%
versus 88% of adults), and had a nominally higher frequency
of death (7% versus none of the adults) and frequency of re-
lapse (39% versus 28% of adults) during the first year after di-
agnosis. The components of composite disease activity scores
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(PVAS and BVAS) are different in the pediatric and adult versions,
and therefore cannot be directly compared. More severe and
refractory disease in childhood-onset TAK has been reported by
Jales-Neto et al (9) and in other autoimmune diseases with on-
set in childhood (27). It is possible that some of the underlying
pathogenic mechanisms in children are different from those in
adults (28). Various studies have shown the critical role of spe-
cific cytokine profiles and immunologic pathways in the promo-
tion of vascular inflammation and disease activity in patients with
TAK (29,30). Furthermore, genetic factors are known to play an
important role in the pathophysiology of TAK (31-33). Howev-
er, none of these potential causes underlying the differences in
disease activity between children and adults with TAK have yet
been evaluated in comparative studies. To summarize, we found
some differences between the 2 cohorts that could be sugges-
tive of a more severe disease course in children, but these differ-
ences were not statistically significant.

Treatment regimens for initial induction of remission were
different between children and adults. Whereas adults were
most often treated with systemic glucocorticoids alone, children
received systemic glucocorticoids in combination with metho-
trexate or cyclophosphamide. In addition, anti-TNF therapy at
follow-up was more commonly given to children than to adults.
These differences in treatment may reflect differences in the
clinical characteristics, disease severity, and physician’s and pa-
tient’s preferences, as well as the lack of treatment guidelines for
TAK or the difficulties in accessing certain drugs.

This study is limited by its retrospective design, with its
associated biases and missing data. The cohorts were designed
and the data collected separately; therefore, some variables
were not identical. The sample size was small and findings
were descriptive. The study lacked power to detect more subtle
differences. Because the study involved multiple comparisons,
false-positive results were possible, and multivariable analyses to
determine predictors of outcomes could not be performed due
to the sample size. Nevertheless, this pediatric cohort represents
one of the largest reported worldwide.

Diagnosis and monitoring of disease activity remains chal-
lenging in TAK, as disease-specific biomarkers are lacking and
noninvasive imaging modalities, such as MRA and CTA, have a
limited ability to accurately assess vessel wall inflammation. In
adults, differentiating between TAK-related ischemic complica-
tions and atherosclerotic complications is difficult. Finally, given the
frequently observed diagnostic delay, some patients classified as
having adult-onset TAK may have had disease onset in childhood.

In conclusion, childhood-onset TAK was characterized by a
lower female predominance and a higher frequency of renal in-
volvement and arterial hypertension, while adults more common-
ly presented with involvement of the subclavian arteries, upper
extremity symptoms, and arthritis/arthralgias. Larger studies are
needed to confirm these differences. The frequency of relapses
and the disease burden were high in both groups, corroborating

the need for careful monitoring of disease activity and aggressive
therapeutic management in order to prevent mortality and long-
term morbidity. The optimal methods for monitoring and treating
patients with TAK will require further study.
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The specificity of monoclonal anti-citrullinated protein
antibodies: comment on the article by Steen et al

To the Editor:

| read with great interest the article by Steen et al (1), which
reported that human plasma cell-derived monoclonal antibodies
(mAb) to posttranslationally modified proteins recognize amino
acid motifs rather than specific proteins. However, | believe some
potentially misleading conclusions were drawn. In their study,
Steen and colleagues showed the isolation of IgG-secreting syno-
vial plasma cells from one presumably high anti—citrullinated pro-
tein/peptide antibody (ACPA) responder rheumatoid arthritis (RA)
patient, followed by the generation of the corresponding recombi-
nant antibodies for evaluating their specificities and functions. Four
of 93 recombinant antibodies were shown to have citrulline reac-
tivity. This prevalence (4% [4 of 93]) is substantially less than the
figure of ~25% of IgG-secreting synovial B cells being citrulline-
specific, as reported earlier by the same group (2).* In addition,
those antibodies were of high affinity (equiliorium constant [K ]
values in the nM range), and all studied antibodies were highly
somatically mutated (2), which also differs from the findings of the
present investigation (K, values in the uM range). Since the meth-
odology of cloning and approaches to analyzing the clones (i.e.,
enzyme-linked immunosorbent assay [ELISA], surface plasmon
resonance) are similar, these discrepancies need further explana-
tion, and additional evidence of the epitope specificity of the 4 new
antibodies is required. For instance, the high-throughput screen,
using some 170,000 synthesized peptides, in fact provides limited
information regarding epitope specificity, as peptides bound to the
solid phase do not often yield proper binding information.

An even more serious issue is that the 2 mAb from the au-
thors’ earlier study (2) (BO2 [also referred to as B2] and D10),
claimed to be ACPAs, have now been analyzed in more depth
and crystallized, demonstrating that these 2 antibodies do not
have any citrulline-specific reactivity (3). Antibodies BO2 and D10
were consistently used in studies by the same group to show
that ACPAs induce osteoclast activation, bone erosions in vivo,
and induction of behavior reflecting pain (4,5). In fact, these 2
were the only antibodies that consistently showed those effects.
Surprisingly, in the report by Steen et al (1), they maintain that
ACPAs have in vitro and in vivo models shown to induce phe-
notypes consistent with symptoms associated with RA, such as
bone loss and joint pain (citing refs. 4-6 below).

*Correction added 28 January 2019 after online publication: Reference
2 has been retracted since the time of initial publication of this letter.
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Steen and colleagues mention that previous studies utilizing
human monoclonal ACPAs, including those from their own labo-
ratory, used a single, more limited detection system and often high
concentrations of the antibodies, which potentially yielded false-
positive responses (1). The authors also note that false-positive
signals may stem from a type of polyreactive antibody, common
in systemic lupus erythematosus. The statement regarding as-
say discrepancies is surprising, as the same type of assays were
used previously. In addition, it implies that these polyreactive au-
toantibodies frequently found in lupus patients induce pain, bone
erosion, and osteoclast activation. This would be a novel and in-
teresting possibility, although we have not observed any obvious
lupus-type reactivity of antibodies BO2 or D10. As these 2 anti-
bodies have consistently been shown to activate osteoclasts, and
to induce bone erosions and a behavior reflecting pain, it can be
concluded that these effects must have been caused by unknown
mechanisms, and not through binding of citrullinated targets.

It can be argued that in some of the reported experiments,
purified polyclonal ACPAs and other monoclonal ACPAs were
used. However, only antibodies B02 and D10 have shown
consistent results, while few of the other monoclonal ACPAs
used have shown effects and when effects were observed,
they were not consistent. The observation that purified poly-
clonal ACPAs induce pain could be explained by the possibility
that the sample preparation contains antibodies cross-reactive
with joints, as cartilage-reactive antibodies have been shown
to induce pain-like behavior predating the induction of arthritis
(7).

Steen et al also claimed that the 4 newly described antibod-
ies induced bone erosions (1). This is, however, a matter of dis-
cussion since only 1 of the 4 antibodies had a significant effect on
osteoclasts in vitro whereas another, in fact, showed an opposite
effect. The variable effects could, of course, be due to a unique
specific targeting of some unknown epitopes on the osteoclast.
An alternative explanation could be that the effect is due to the in
vitro preparations of these recombinant antibodies. Factors like
partial denaturation, aggregation, and glycosylation could affect
the preparations and explain the results. Importantly, these mod-
ifications strongly affect binding to low-affinity Fc receptor (FCR)
expressed on osteoclasts. This explanation could also help in
understanding the discrepancy between reports by Harre et al
(6,8): in the first report, they claimed that osteoclasts are stim-
ulated through interaction with citrullinated antigens, whereas in
the later report they claimed that stimulation was through inter-
action with FcR modified by the antibody Fc glycosylation.
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In the field of rheumatology, it is indeed surprising that test-
ing for ACPAs, used in the classification of RA, is widely based
on an assay that contains nonspecified peptide sequences (the
CCP2 kit) without controls. In addition, as of now the report-
ed ACPAs have not been molecularly characterized. Add the
sentence: It would be fair to clearly point out the need to dis-
cuss and revise some of the earlier statements made about the
pathogenesis of RA.

To avoid any misunderstanding, | would like to emphasize
that it is still possible that ACPAs induce bone erosions
and arthralgia. However, convincing new evidence for such
phenomena is required.

Rikard Holmdahl, MD, PhD
Karolinska Institutet
Stockholm, Sweden
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To the Editor:

We thank Dr. Holmdahl for his interest in our recent study
on the specificity and function of human mAb generated from
synovial plasma cells which react with citrullinated proteins and
peptides. He also commented on our previous study from 2013
(1) that was based on mAb generated from synovial memory
B cells. Dr. Holmdahl’s letter provides us with an opportunity to

discuss and clarify some methodologic issues concerning RA
mAb expression, specificity, and functionality. We believe cloning
and characterization of human mAb from patients represents an
important approach to the understanding of origins and func-
tions of autoantibodies in the pathogenesis of immune-mediated
diseases. In fact, the RA field has been especially active in mak-
ing use of mAb derived from the immunoglobulin sequences
from patient-derived B cells and plasma cells. Thus, several re-
cently published studies (2-4), including our own, extend the first
generation of RA patient B cell-derived mAb (1,5-8).

One of the concerns Dr. Holmdahl expressed is the speci-
ficity of the mAb that we described in our report and the assays
utilized. To clarify: we first characterized the reactivity of the mAb
against several citrullinated peptides and their arginine counter-
parts using extensive titration in ELISAs. Then we performed val-
idation experiments using whole proteins in both Western blot
and binding assays. We are confident with the data we present-
ed, which demonstrate distinct multireactivity patterns with differ-
ent citrullinated antigens, without concomitant reactivity with the
corresponding native (arginine-containing) proteins and peptides
in a variety of experimental settings. Therefore, the relatively weak
K, values we reported for these ACPAs should not be interpreted
as a lack of citrulline reactivity. This is rather a reflection of the
broad citrulline cross-reactivity that we and others have reported.

We do, however, acknowledge the discrepancy when com-
paring our current study with our first published study of mAb
generated from synovial memory B cells (1). The strong K values
shown in the first study were not correct and have recently been
retracted.” Moreover, although the ELISAs used at the time re-
peatedly demonstrated citrulline in the absence of arginine reac-
tivity, this widely used assay was not technically optimized for use
in detailed studies of fine specificity differences of autoantibodies.
We have communicated both of these issues with the journal.
In our current, more stringent pipeline of quality control of the
expressed antibodies and validated downstream assays, these
previously described mAb (1) are no longer citrulline reactive. In-
terestingly, however, several of the reported mAb demonstrated
a certain polyreactivity, which could have contributed to the bind-
ing to citrullinated peptides that we observed at the time. Impor-
tantly, and as further discussed below, such polyreactivity, and
other autoantibody specificities of mAb generated from B cells
from RA joints, may also contribute to disease processes in RA.

Another concern raised in Dr. Holmdahl’s letter relates to the
frequencies of citrulline-reactive cells reported in different stud-
ies. Obviously, both the assays and the total number of analyzed
mADb are important in establishing such information. Although our
study delved deeply into the characteristics of plasma cell-de-
rived ACPAs from synovial fluid, the sample studied was from a
single individual, and our investigation was therefore not powered

*Correction added 25 January 2019 after online publication: Reference 1
has been retracted since the time of initial publication of this letter.



LETTERS

325

In the field of rheumatology, it is indeed surprising that test-
ing for ACPAs, used in the classification of RA, is widely based
on an assay that contains nonspecified peptide sequences (the
CCP2 kit) without controls. In addition, as of now the report-
ed ACPAs have not been molecularly characterized. Add the
sentence: It would be fair to clearly point out the need to dis-
cuss and revise some of the earlier statements made about the
pathogenesis of RA.

To avoid any misunderstanding, | would like to emphasize
that it is still possible that ACPAs induce bone erosions
and arthralgia. However, convincing new evidence for such
phenomena is required.

Rikard Holmdahl, MD, PhD
Karolinska Institutet
Stockholm, Sweden
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Reply

To the Editor:

We thank Dr. Holmdahl for his interest in our recent study
on the specificity and function of human mAb generated from
synovial plasma cells which react with citrullinated proteins and
peptides. He also commented on our previous study from 2013
(1) that was based on mAb generated from synovial memory
B cells. Dr. Holmdahl’s letter provides us with an opportunity to

discuss and clarify some methodologic issues concerning RA
mAb expression, specificity, and functionality. We believe cloning
and characterization of human mAb from patients represents an
important approach to the understanding of origins and func-
tions of autoantibodies in the pathogenesis of immune-mediated
diseases. In fact, the RA field has been especially active in mak-
ing use of mAb derived from the immunoglobulin sequences
from patient-derived B cells and plasma cells. Thus, several re-
cently published studies (2-4), including our own, extend the first
generation of RA patient B cell-derived mAb (1,5-8).

One of the concerns Dr. Holmdahl expressed is the speci-
ficity of the mAb that we described in our report and the assays
utilized. To clarify: we first characterized the reactivity of the mAb
against several citrullinated peptides and their arginine counter-
parts using extensive titration in ELISAs. Then we performed val-
idation experiments using whole proteins in both Western blot
and binding assays. We are confident with the data we present-
ed, which demonstrate distinct multireactivity patterns with differ-
ent citrullinated antigens, without concomitant reactivity with the
corresponding native (arginine-containing) proteins and peptides
in a variety of experimental settings. Therefore, the relatively weak
K, values we reported for these ACPAs should not be interpreted
as a lack of citrulline reactivity. This is rather a reflection of the
broad citrulline cross-reactivity that we and others have reported.

We do, however, acknowledge the discrepancy when com-
paring our current study with our first published study of mAb
generated from synovial memory B cells (1). The strong K values
shown in the first study were not correct and have recently been
retracted.” Moreover, although the ELISAs used at the time re-
peatedly demonstrated citrulline in the absence of arginine reac-
tivity, this widely used assay was not technically optimized for use
in detailed studies of fine specificity differences of autoantibodies.
We have communicated both of these issues with the journal.
In our current, more stringent pipeline of quality control of the
expressed antibodies and validated downstream assays, these
previously described mAb (1) are no longer citrulline reactive. In-
terestingly, however, several of the reported mAb demonstrated
a certain polyreactivity, which could have contributed to the bind-
ing to citrullinated peptides that we observed at the time. Impor-
tantly, and as further discussed below, such polyreactivity, and
other autoantibody specificities of mAb generated from B cells
from RA joints, may also contribute to disease processes in RA.

Another concern raised in Dr. Holmdahl’s letter relates to the
frequencies of citrulline-reactive cells reported in different stud-
ies. Obviously, both the assays and the total number of analyzed
mADb are important in establishing such information. Although our
study delved deeply into the characteristics of plasma cell-de-
rived ACPAs from synovial fluid, the sample studied was from a
single individual, and our investigation was therefore not powered

*Correction added 25 January 2019 after online publication: Reference 1
has been retracted since the time of initial publication of this letter.
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to address the matter of frequencies. We instead acknowledge
that valid enumeration and phenotyping of antigen-specific B
cells between patients, time points, and anatomic sites represent
an interesting area for future investigation, especially given the
use of tetramers (2-4) and high-throughput approaches.

Qur results are in accordance with recently published inde-
pendent data from Elliott et al at Stanford (3), which show similar
citrullinated peptide cross-reactivity, and from our own collabora-
tion with researchers at the University of Minnesota (2). Interest-
ingly, one emerging unifying feature of ACPAs, which was first
demonstrated in polyclonal ACPAs purified from RA serum, is the
extensive N-glycosylation sites in the Fab region (9). This was veri-
fied, in mADb studies, to be a result of the pronounced accumulation
of somatic hypermutations (10); these results were based on mAb
sequences from our recent study that Dr. Holmdahl comments on,
as well as the study by Titcombe et al (2). This feature is also true
for the mAb from van de Stadt et al (5) that Dr. Holmdahl used. The
reason for these Fab glycosylations remains to be understood, but
it represents another validation of features enriched in ACPAs.

Finally, Dr. Holmdahl addresses the functional properties of
different ACPAs. Our starting point in the two studies he com-
mented on (11,12) has been the observation that polyclonal
ACPAs purified on CCP2 columns, which trap antibodies reacting
with several citrullinated peptides and proteins and not with the
arginine counterparts (13), are able to activate osteoclasts in vitro
and cause bone loss and pain behavior in vivo. Several mecha-
nisms may work in parallel, including direct antibody recognition
of targets on the respective cell surfaces and additional contribu-
tions from FcyR engagement, for example. In our view, patient-
derived mAb can contribute significantly in dissecting these two
scenarios. Indeed some of the mAb described in the report
commented on by Dr. Holmdahl and also in the recent report
by Titcombe et al (2) were shown to cause osteoclast activation,
bone loss, and pain. Importantly, none of the mAb expressed in
our laboratory have demonstrated identical citrulline-binding pat-
terns, unless they are genetically related. We therefore conclude
from these studies that the diversity in reactivity and function be-
tween different monoclonal ACPAs, rather than reflecting a prob-
lem, offers us opportunities to investigate how different ACPAs
may have various functions in the pathogenesis of RA.

Obviously, other antibodies besides ACPAs may also con-
tribute to these processes, and in this context, antibody B02
from our first study (1) is an interesting mAb that activates os-
teoclasts and causes pain. We continue to investigate targets
and functions of this and other antibodies, being aware that the
weak citrulline reactivity reported in the study by Amara et al (1)
is presumably not responsible for the functional effects of these
antibodies. Notably, RA-relevant pathogenic functionalities have
been demonstrated also with RA patient-derived mAb that tar-
get proteins with modifications other than citrullination, including
malondialdehyde modifications (14).

In summary, we wish to emphasize that there is an accu-
mulating body of data on the specificity and functions of hu-
man monoclonal ACPAs and other RA-derived autoantibodies
emerging from our and several other laboratories. Together,
these data illustrate the overall potential of research using human
mAb from patients with autoimmune disease. We will be happy
to share our mAD for further analyses of the origins and functions
of autoantibodies in RA, as there is undoubtedly still much to be
discovered.

Vivianne Malmstréom, PhD
Johanna Steen, PhD

Lars Klareskog, MD, PhD
Karolinska Institutet
Stockholm, Sweden
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Using high-resolution computed tomography to detect
interstitial lung disease in patients with systemic
sclerosis: comment on the concise communication by
Bernstein et al

To the Editor:

We read with interest the concise communication by Bernstein
et al (1) regarding practice patterns among rheumatologists when
screening for interstitial lung disease (ILD) in patients with systemic
sclerosis (SSc). Referencing the study by Suliman et al (2), the au-
thors state that pulmonary function tests (PFTs) are not sensitive or
specific for detecting ILD in this population. The primary message
in that study (2) is that PFTs yield a false-negative rate of 62.5%
for early detection of ILD in SSc when high-resolution computed
tomography (HRCT) is used as the gold standard. It is important
to note, however, that the primary measurement used to define
baseline abnormality in the study by Suliman and colleagues was
forced vital capacity (FVC) <80% of predicted. As already point-
ed out by Degano et al (3), the incorporation of other measures,
including diffusing capacity for carbon monoxide (DLco) and pos-
sibly functional residual capacity, improves sensitivity. This was
documented by Suliman and colleagues, who found that incor-
porating other measures of pulmonary function, including DLco
<70% of predicted, increased sensitivity for detecting ILD to 72%.

Although the presence and extent of baseline fibrosis on
HRCT has been shown to be prognostically valuable in SSc (4),
a 1992 study by Steen and colleagues also showed that among
patients with SSc who had normal DLco (defined as >80% of pre-
dicted, rather than >70% of predicted per the study by Suliman et
al) at baseline, only 2 of 218 (<0.01%) developed clinically signifi-
cant pulmonary disease after 7.2 years of follow-up (5). This sug-
gests that baseline DLco may be a sensitive indicator of pulmonary
disease requiring treatment in SSc, although lacking in specificity.

Based on these considerations, we believe it may be pre-
mature to dismiss PFTs as a screening tool for clinically signif-
icant scleroderma lung disease. The significance of HRCT ab-
normalities suggestive of ILD in the absence of alterations in lung
volumes or gas exchange remains unclear, as is reflected in the
inconsistent use of this tool by rheumatologists, as described by
Bernstein and colleagues.

Ann E. Warner, MD

Kent K. Huston, MD

Center for Rheumatic Disease
Kansas City, MO
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Reply

To the Editor:

We thank Drs. Warner and Huston for their interest in
our concise communication. We agree that PFTs should be
considered as a screening tool for clinically significant ILD in
SSc. However, we disagree that the importance of HRCT abnor-
malities suggestive of ILD is unclear when alterations in lung vol-
umes or gas exchange are absent. Patients with SSc and normal
PFT parameters can still experience a clinically significant decline
in their lung function over time. In a retrospective cohort study of
98 patients with SSc who had mild ILD on baseline HRCT and
a mean baseline FVC of 102% of predicted, 26% experienced
a clinically significant decline in lung function at 1-year follow-up
(1). In the phase Il trial of tocilizumab for the treatment of diffuse
cutaneous SSc, the mean FVC at baseline was 82% of predict-
ed in the control arm, yet 23% of the patients in the control arm
experienced a 10% decline in FVC over 48 weeks (2). Similar
findings were reported in the phase lll trial by Khanna et al (3).

Moreover, there are data from population-based cohorts
demonstrating that early, subclinical ILD on HRCT has both
biologic and clinical relevance for predicting clinical ILD (4,5).
In community-dwelling adults, subclinical ILD on HRCT is
associated with lower FVC, reduced exercise capacity, elevated
serum levels of interleukin-6, and an increased risk of developing
clinically evident ILD and ILD-specific mortality at 12-year follow-
up (4-6).
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PFTs have a critical role in the initial assessment of lung
function in patients with SSc, and in monitoring lung function
trajectory. Yet, with its 100% sensitivity (it is the gold standard
for ILD detection) and the availability of modern technology that
can deliver radiation doses as low as 0.15 mGy (7), HRCT has
substantial advantages. Further research into the clinical impact
of HRCT screening for ILD in patients with SSc will allow for the
development of clear, data-driven recommendations to inform
practicing rheumatologists.

Elana J. Bernstein, MD, MSc
Columbia University Medical Center
New York, NY

Dinesh Khanna, MD, MS
University of Michigan

Ann Arbor, Ml

David ). Lederer, MD, MS
Columbia University Medical Center
New York, NY
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ACR Meetings

Annual Meetings

November 8-13, 2019, Atlanta
November 6-11, 2020, Washington, DC

Winter Rheumatology Symposium
January 26-February 1, 2019, Snowmass

State-of-the-Art Clinical Symposium
April 5-7, 2019, Chicago

For additional information, contact the ACR office.

ACR Open Rheumatology Accepting Submissions and
Publishing Soon

The American College of Rheumatology will be publishing the
first issue of its third official journal, ACR Open Rheumatology (ACROR),
in early 2019. Editors-in-Chief Drs. Patricia P. Katz and Edward H. Yelin,
and Clinical and Basic Science Deputy Editors Drs. David |. Daikh and
Bruce N. Cronstein, will be heading ACROR’s editorial team.

ACROR will publish manuscripts describing potentially im-
portant findings of rigorously conducted studies in all aspects of
rheumatology. As an open access journal, immediate access to full
content of ACROR will be available to all readers. The electronic-only
format of the journal, as well as other aspects of the review and pro-
duction processes, will allow for faster review and publication, and
liberal sharing of articles. The projected article publication fee (APC)
for ACROR will be $2,500 with a discounted rate of $2,000 for articles
in which the first or corresponding author is an ACR/ARP member.
In addition, there will be waivers of the APC for all articles submitted
through March 31, 2019.

For additional information, visit www.acropenrheum.org.

New Division Name

Rheumatology is truly a people specialty: We often develop
lifelong relationships with our patients as well as our colleagues. We

increasingly recognize that providing the best rheumatologic care
requires a team effort. The collegial nature of our specialty is reflected in
the ACR’s mission statement: To empower rheumatology professionals
to excel in their specialty.

In keeping with this mission, we are pleased to announce that
our health professionals’ membership division is changing its name to
Association of Rheumatology Professionals (ARP). This name change
highlights the dedication of the ACR to serve the entire rheumatology
community. It also reflects our broadened base of interprofessional
members (administrators, advanced practice nurses, health educators,
nurses, occupational therapists, pharmacists, physical therapists,
physician assistants, research teams, and more).

The name is new, but our commitment and promise remain
the same: We are here for you, so you can be there for your patients.

ACR State-of-the-Art Clinical Symposium

The 2019 State-of-the-Art Clinical Symposium (SOTA), to be
held April 5-7 in Chicago, lllinois, offers high-impact rheumatology
education over the course of a single weekend. The symposium will
provide more than 10 hours of nonconcurrent sessions with an emphasis
on clinical application to rheumatology practice. Attendees will hear key
opinion leaders speak on a range of content in areas such as therapeutic
developments, recent research findings, and scientific advances. The
program will include breakfast and lunch roundtable discussions to allow
for personal interactions with experts.

The Fellows-in-Training (FIT) Educational Session at SOTA wiill
be offered as a presymposium session encouraging FITs to explore
career opportunities and participate in hands-on workshops designed to
further their understanding of essential rheumatologic areas. (FIT travel
scholarship recipients are required to attend this session.)

In addition, the presymposium program Rheumatology
Documentation and Coding will provide guidance from expert coders
on the changes to the 2019 payment policies and insight into difficult
E&M coding situations. Be sure to register by the early-bird deadline
of February 6 and book your hotel room by March 15. For additional
information and to register, visit www.rheumatology.org/Learning-Center/
Educational-Activities.
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