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Association Between Rheumatoid Arthritis Morning
Stiffness, Synovial Fibrin, and Neutrophils

While rheumatologists know that patients
with rheumatoid arthritis (RA) experience
morning stiffness, the etiology of thisstiffness

is poorly understood. In this
P. 557 issue, Orange et al (p. 557)
I report the results of their
study designed to determine whether histologic
features of the synovium are associated with
morning stiffness. They found that, for patients
with RA, morning stiffness may be related to
impaired fibrinolysis of neutrophil-enmeshed
fibrin deposits along the synovial membrane.
The investigators began by documenting
the significant association of both stiffness
severity and morning stiffness duration with
Disease Activity Score in 28 joints (DAS28).
Whileno synovial feature was associated with
stiffness severity, synovial neutrophils and
fibrin were associated with patient report of
>1 hour of morning stiffness. Moreover, 73%
of patients with both synovial fibrin and neutro-
phils reported morning stiffness of =1 hour.
Fibrin is the final product of the clot-
ting cascade, and rheumatologists have
previously observed it along the surface
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Figure 1. Neutrophils colocalize with fibrin deposit along the synovial lining. Representative images of
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rheumatoid arthritis synovial tissue. In A, bracket highlights eosinophilic synovial fibrin deposition along
the synovial membrane. Bar = 100 pm. In B, arrows highlight neutrophils intermixed within fibrin, which
appears as pink fibrillary material along the synovial lining. Bar = 50 um.

of inflamed synovium in patients with RA.
The current study revealed that these fibrin
deposits colocalize with neutrophils. When
the researchers performed in vitro analyses,
they found that fibrin clots seeded with
necrotic neutrophils were more resistant to
fibrinolysis than those seeded with living
neutrophils or no cells. Moreover, DNase |
treatment of necrotic neutrophils was able
to abrogate the delay in fibrinolysis. The

authors point out that while neutrophils
are not unexpected in synovial tissue, their
finding suggests that neutrophil DNA confers
increased stability and rigidity to fibrin
deposits along the synovial surface, thereby
contributing to the perception of stiffness.
An additional implication of these findings
isthat implication of these findings is that
morning stiffness severity and duration may
reflect distinct pathophysiol ogic phenomena.

Use of the Systemic Lupus International Collaborating
Clinics Frailty Index to Predict Damage Accrual

Previous studies have demonstrated an association between the Sys-
temic Lupus International Collaborating Clinics (SLICC) Frailty Index
(Fl) and mortality in systemic lupus erythematosus (SLE). Its associa-

tion with other important outcomes, however, has
p. 658 been unknown until now. In this issue, Legge et al
I (p. 658) report that the SLICC Fl predicts damage
accrual in incident SLE, extending support for the SLICC Fl as a valid
health measure for individuals with SLE.

The investigators performed their study in a well-characterized,
international cohort of recently diagnosed SLE patients. The 1,549
SLE patients (88.7% female) who were eligible for the analysis had
a mean age of 35.7 years, a median disease duration of 1.2 years

at baseline, and a mean baseline SLICC Fl of 0.17.The researchers
followed the cohort for a mean of 7.2 years. During that time, 653
patients had an increase in SLICC/American College of Rheuma-
tology Damage Index (SDI). Higher baseline SLICC Fl values were
associated with higher rates of increase in the SDI during follow-up,
and this association held true after the investigators adjusted for
age, sex, ethnicity/region, education, baseline SLE Disease Activity
Index 2000, baseline SDI, and baseline use of glucocorticoids, anti-
malarials, and immunosuppressive agents. The authors emphasize
in their discussion that, following external validation, the SLICC
FI may be a useful prognostic tool for identifying SLE patients at
increased risk for future morbidity and mortality.
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Autoantibody Diversity Associated With Disease Severity

in IgG4-Related Disease

Although rheumatol ogists have learned a A B
great deal about the immunologic mech- IgG4 Anti-Laminin 511-E8 IgG4 Anti-Annexin A11
anisms of IgG4-related disease (IgG4- sk

RD), there have been few 20- i ne : 3= b
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the immune response. Moreover, several | & | £ °
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identified have not yet been subjected ; 0.5 Z
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possibility that some individuals break '
tolerance to >1 autoantigen. In thisissue, 0.5

Liuetal (p. 687) report on their effortsto yics
evaluate the relative frequencies of anti- (n=32)

body responses against these autoanti-
gens and explore the role of the adaptive
immune response in [gG4-RD.

The investigators found antibodies
against prohibitin, annexin A1l, and
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Figure 1. Responses to annexin All and laminin 511-E8 autoantibodies according to pancreatobiliary
involvement (autoimmune pancreatitis [AIP] or autoimmune cholangitis [AIC]). IgG4 anti—laminin 511-E8
(A) and IgG4 anti—annexin A1l (B) antibody responses between IgG4-related disease (IgG4-RD) patients
with pancreatic or hiliary involvement and those without such involvement are shown. Symbols represent
individual subjects; bars show the mean A} SD. NS = not significant.

laminin 511-E8 in only a small portion of
patients with IgG4-RD. Moreover, they

found similar levels of these autoantibodies
in controls. The authors conclude that none
of these autoantigens constitutes a domi-
nant antigen in the context of [gG4-RD.
The researchers had previously
analyzed a portion of the cohort (n = 86)
for anti—galectin-3 antibody responses and

found that 29% had IgG4 anti—galectin-3
antibodies. Of these 86 patients, 37% had
IgG4 antibodies to =1 of the 4 autoanti-
gens (prohibitin, annexin A11, laminin
511-E8, and galectin-3) and 14% showed
reactivity with =2 of the tested antigens.
The subset of IgG4-RD patients that had

IgG4 antibodies against =2 autoantigens
presented with robust 1gG subclass eleva-
tions, complement consumption, and
visceral organ involvement. This led the
authorsto concludethat this broader break
in immunologic tolerance was associated
with more severe disease.

Biologic Therapies Alter Microbiome of Patients with SpA

In this issue, Manasson et al (p. 645) report the results of their study
designed to characterize the ecological effects of biologic therapies
on the gut bacterial and fungal microbiome in psoriatic arthritis (PsA)/

spondyloarthritis (SpA) patients. They found that,
p. 645 in a subgroup of SpA patients, the initiation of
I interleukin-17A (IL-17A) blockade correlated with
features of subclinical gut inflammation as well as intestinal dysbiosis
of certain bacterial and fungal taxa. The most notable microbial
shift occurred as a result of a robust expansion of Clostridiales and
Candida albicans. Nevertheless, the researchers found that a few
patients demonstrated a reduction of these microbes in response
to IL-17A blockade.

For their study, the investigators analyzed pre- and posttreatment
fecal samples from |5 patients treated with tumor necrosis factor
inhibitors (TNFi) and |14 treated with IL-17i. They sequenced the fecal
microbiome and performed computational microbiome analysis. The
researchers then analyzed fecal levels of fatty acid metabolites and
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cytokines/proteins implicated in PsA/SpA pathogenesis or intestinal
inflammation and correlated these findings with the sequence data.
Lastly, they obtained ileal biopsy samples from SpA patients who
developed clinically overt Crohn’s disease (CD) after treatment
with IL-17i and analyzed the samples for expression of IL-23/Th17—
related cytokines, IL-25/IL-17E—producing cells, and type 2 innate
lymphoid cells (ILC2s).

The researchers found that IL-17i-related CD was associated
with overexpression of IL-25/IL-17E—producing tuft cells and ILC2s,
compared to pre—IL-17i treatment levels. Theirs is the first study
to describe the effects of 2 biologic therapies (TNFi and IL-17i) on
the intestinal microbiome of PsA and SpA patients. It revealed that
subclinical alterations correlated with changes in bacterial community
co-occurrence, metabolic pathways, IL-23/Th|7-related cytokines,
and various fatty acids. Taken together, the results may explain the
potential link between inhibition of a specific IL-17 pathway and the
(sub)clinical gut inflammation observed in SpA.
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CD4+ Memory Stem T Cells Recognizing Citrullinated
Epitopes Are Expanded in Patients With Rheumatoid
Arthritis and Sensitive to Tumor Necrosis Factor Blockade
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KEY POINTS

* Long-lived self-renewing
CD4+ Tscm cells are
expanded in patients with
active RA.

Expanded CD4+ Tscm
cells are enriched in

€

putative autoreactive
clones, express the
costimulatory TNFRII, and
display an oligoclonal TCR

TNF blockade

. repertoire.
CD4+ Tscm contraction

§ Autoreactive T cells

Effective TNF blockade
reduces CD4+ Tscm cell
numbers in RA patients.

SUMMARY

Memory stemT (TSCM) cells are antigen-experienced, self-renewing T cells.While their role in the generation of a
long-lasting protective immunity is highly desirable in cancer and infections, Tscm cells might represent a reservoir
of long-lived lymphocytes with detrimental antigen specificities responsible for the perpetuation of autoimmunity.
Cianciotti et al investigated the role of Tscm cells in rheumatoid arthritis (RA). The authors analyzed the dynamics
of Tscm cells in 27 patients with active RA, 16 of whom were also studied during treatment with an anti—tumor
necrosis factor (anti-TNF) biologic agent. CD4+ Tscm cells are numerically expanded in RA patients with active
disease and display a preferential inflammatory Th|7 polarization. Expanded CD4+ Tscm cells express higher levels
of the costimulatory TNF receptor Il (TNFR Il) compared to other memory cells and include autoreactive clones
specific for an arthritogenic peptide derived from citrullinated vimentin. T cell receptor (TCR) sequencing of sorted
CD4+ memory subsets revealed that Tscm cells are selectively biased toward an oligoclonal TCR repertoire. The
autoreactive and oligoclonal CD4+ Tscm cell subpopulation contracts after anti- TNF treatment, supporting the
importance of this memory subset in disease maintenance.
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. KEY POINTS
Adfpocytes * Synovial fibroblasts from

obese OA patients have an
inflammatory phenotype.

* The inflammation-associated
MALAT | IncRNA is highly
abundant in obese OA
synovial fibroblasts and
is produced in response
to inflammatory cytokine

Cytokine/adi) stimulation.

induction of MAL
—expression

* Inhibition of MALAT |
reduces the synovial

fibroblast inflammatory
phenotype by inhibiting
cytokine production.

* Targeted inhibition of

H MALATI could be a
Adipokin lnﬂamn{atory therapeutic approach to
1POXINgS cytokines

reducing synovitis in obese
OA patients.

SUMMARY

Inflammmation and enlargement of the synovium (synovitis) is a frequent pathologic feature of osteoarthritis (OA).
Nanus et al found synovitis to be greater in hip OA patients who are obese, where the synovial fibroblasts exhibit
an inflammatory phenotype with increased production of inflammatory cytokines such as interleukin-6 and CXCLS,
compared to either normal-weight OA patients or normal-weight controls.

The inflammatory synovial fibroblast phenotype is associated with the expression of specific long noncoding RNAs
(IncRNAs), a new class of gene regulators. The IncRNA for metastasis-associated lung adenocarcinoma transcript |
(MALATI) is rapidly produced in OA synovial fibroblasts in response to inflammatory stimulation with inflammatory
cytokines. Inhibition of MALAT | reduces the rate of synovial fibroblast growth and decreases the production and release
of inflammatory proteins. These findings demonstrate that obese hip OA patients have an inflammatory synovial fibroblast
phenotype and that MALAT | IncRNA s a central regulator in mediating synovitis in OA patients who are obese.
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Less Pain, More Gain: Should Placebo Be a Clinical

Therapeutic?

Stacy N. Uchendu “*" and Andrew Wang

Placebo and nocebo effects are potent, prevalent, and poorly
understood. Respectively defined as the therapeutic and harmful
effects of being given a physiologically inert treatment, placebo
and nocebo effects can result from any type of medical interven-
tion. They are thought to be caused by the context surrounding
medical interventions on disease trajectories, as opposed to
properties inherent to the medical intervention themselves. The
placebo effect has been recognized since antiquity—the Greek
physician and medical researcher, Galen of Pergamon, famously
wrote that “the patient’s trust in the doctor and in the medicine
employed was more important than the treatment method itself”
(1). Throughout the history of medicine, physicians were aware of
the placebo effect, and some have used it intentionally, although
the practice was ethically controversial due to the questionable
morality of deceiving patients (2).

Advances in chemistry, physiology, and biology in the early
20th century have made it possible to rigorously test the thera-
peutic efficacy intrinsic to pharmaceutically active interventions.
The first placebo-controlled trial was completed in 1931 and
investigated the anti-tuberculosis effects of the drug sanocrysin
(8). Since then, placebo-controlled trials have become a gold
standard to evaluate the efficacy of medical interventions. Placebo
response has been documented across a vast number of disease
states, such as in inflammatory diseases (4-6), chronic pain syn-
dromes (7,8), and Parkinson’s disease (7,9), with varying degrees
of placebo efficacy between these conditions. In these trials, pla-
cebo responses can occur in ~30-70% of subjects, with an effect
size ranging from ~50% to 100% of that observed with the phar-
maceutical treatment in conditions such as osteoarthritis (10) and
chronic pain (11), while in other diseases, placebo responses are
not observed (12). Moreover, the same disease studied at differ-
ent geographic locations produces significantly different placebo
responses, and it remains unclear if this is a function of the con-
text of medical intervention or of the patient populations them-
selves (13). Importantly, placebo response can lead not only to
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improvements in “subjective” symptoms, but also in measurable
indices of disease activity that reflect underlying disease patho-
genesis (such as reductions of proinflammatory cytokine levels in
inflammatory diseases [14]), suggesting that neuronal inputs lead
to quantitative changes in physiology.

Despite this wealth of observations spanning over 2,000
years, surprisingly little is known about the mechanisms of pla-
cebo biology. Much of the research on placebo biology has been
motivated by the desire to eliminate the large confounding effect
that placebo responders cause in clinical trials for pharmaceutical
drugs (15,16). However, alongside this research exists a growing
body of work that aims to understand the mechanism of placebo
biology in order to harness it for therapeutic use. With the recent
advent of sophisticated tools that allow for detailed molecular
probing of neurobiologic and physiologic processes, we are now
poised to embark upon understanding the molecular mechanisms
of placebo and nocebo biology.

In the last few decades, much of the placebo research has
been directed toward mapping the neurofunctional networks as-
sociated with placebo response through imaging studies in humans
and animal models (11,17). It is generally agreed upon that there
is involvement of the prefrontal cortex, the orbitofrontal cortex, the
dopaminergic reward pathway, and the anterior cingulate cortex
(ACC), which has connections to emotional processing, memory,
autonomic functions, and reward processing (18,19). Although
this network provides a basic skeleton for understanding the neu-
robiology of placebo response, the brain structures involved vary
between different diseases and conditions. For example, placebo
analgesia is mostly associated with the dorsal and ventral lateral
prefrontal cortex, rostral ACC, and the periaqueductal gray matter
in humans, whereas placebo effects on immunosuppression in
a rodent model appear to involve the insular cortex, the amyg-
dala, and the ventromedial nucleus of the hypothalamus (17). It
is becoming increasingly clear that placebo effects are not the
same across various diseases, and that they likely utilize similar
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but distinct mechanisms to manifest the placebo response as a
function of the biologic variable that is improved (perceived pain,
magnitude of inflammation, etc.) (Figure 1).
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Figure 1. Through various imaging methods such as functional
magnetic resonance imaging (MRI) and positron emission tomogra-
phy (PET), brain regions associated with placebo response in different
conditions have been described. In a rodent model of classically con-
ditioned immunosuppression in which active pharmaceutical agents
are paired with placebo, the insular cortex (IC) is shown to be necessary
for both acquisition and evocation of conditioned immunosuppression,
while the amygdala (AMY) and hypothalamus (HY) are implicated in
affective and effective processes, respectively, during conditioning
(17). With a placebo antidepressant, the placebo effect can be elicited
with positive expectation alone. PET studies show that glucose
metabolism increases in cortical structures (such as the prefrontal
cortex [PFC] and posterior cingulate cortex [PCC]) and decreases
in subcortical and limbic structures (such as the thalamus [TH] and
parahippocampal cortex [PHC]) are associated with both placebo and
active antidepressant response (37). Similar to depression symptom
relief, placebo analgesia can be elicited with positive expectation.
Studies with fMRI show that the endogenous opioid system inhibits
the descending pain pathway via periagueductal gray (PAG) matter
and is combined with higher-order frontal structures, such as the
dorsolateral PFC (DLPFC), as well as subcortical structures involved
in the reward prediction network (11,19). Other conditions associated
with placebo response, such as allergic rhinitis and multiple sclerosis,
have yet to be neurobiologically characterized. rACC = rostral anterior
cingulate cortex; VLPFC = ventrolateral PFC.

There has been continued debate about whether placebo
effects work through expectancy or classic conditioning. This dis-
tinction is important because it dictates the modality by which pla-
cebo is given to a patient in clinic. The answer to this question is
likely that they both are important, but to different degrees depend-
ing on the disease. For example, conditions that are mostly cen-
trally processed, such as pain or depression, might require that
placebo be given in a way that elicits positive expectation (20).
For diseases that largely effect peripheral systems such as rheu-
matoid arthritis, placebo might be best given in conjunction with
a pharmaceutically active drug in a classic conditioning modality
(14). For example, results of a study performed by Benedetti and
colleagues suggest that in Parkinson’s disease, neurons can be
taught to respond to placebo such that increased exposure to
an active drug (apomorphine) prior to placebo exposure causes a
more robust and sustained placebo response (21). This suggests
that a model in which a patient intermittently receives placebo
between periods of active drug treatment may be useful in cases
where long-term use of a drug presents issues with toxicity or
drug tolerance (14).

In this issue of Arthritis & Rheumatology, Lickemann et al
report that rats with collagen-induced arthritis can be behavior-
ally conditioned to respond to placebo when the immunosup-
pressant cyclosporin A (CSA) is paired with saccharin solution
(22). Clinical symptoms of arthritis, such as diminished grip
strength, as well as objective measures of inflammation, such as
interferon-y activation and histologic changes, were significantly
improved in the conditioned group, achieving 75-100% of the
therapeutic effect of high-dose CSA treatment (unconditioned
stimulus). This conditioned response was extended by giving the
rats subtherapeutic doses of CSA paired with the saccharin solu-
tion, thus avoiding extinction. Furthermore, learned immunosup-
pression was reversed with nadolol, a 3-adrenoreceptor (3-AR)
antagonist, suggesting that conditioned immunosuppression is
mediated by adrenergic signaling, presumably from the central
nervous system.

Llckemann and colleagues’ work elegantly demonstrates a
clear therapeutic use for leveraging placebo biology in minimizing
drug toxicity in patients with chronic inflammatory diseases. The
finding that central processes could be distiled to (3-adrenergic
signaling is quite interesting. Traditionally, 3-adrenergic engage-
ment on immune cells leads to immunosuppression (23-25).
Adrenergic signaling, and in particular, 3,-AR signaling on mac-
rophages and T cells (cell types implicated in the pathogenesis
of inflammatory arthritis), suppresses activation of these cells.
Llckemann and colleagues’ observation that the conditioned
immunosuppression is ablated with [3,-adrenergic antagonism
is consistent with previous findings. Additionally, previous stud-
ies have shown that learning is impaired in the presence of
[B-blockade (26-28). Thus, in addition to intriguing mechanistic
possibilities for how central processing may be “translated” into
physiologic responses in rheumatoid arthritis particularly, this is



EDITORIAL

513

evidence of the possible necessity of sympathetic involvement for
certain placebo responses in general. Although placebo biology
is becoming increasingly characterized, and evidence for the clin-
ical utility of placebo is mounting, there still remains uncertainty
regarding the ideal candidate and disease for placebo.

With such varied placebo efficacy between and within dif-
ferent diseases, a predictive model should be created to assess
who might benefit most from placebo and who might be best
suited for traditional pharmaceutical therapy. Tétreault et al have
attempted this by using whole-brain connectivity to determine
brain regions that predict placebo response and magnitude a
priori in chronic pain patients (29). Furthermore, when machine
learning was applied to psychologic and neurofunctional con-
nectivity profiles of placebo responders and nonresponders,
the magnitude of placebo response could be predicted (11).
Another method of predicting placebo response is combining
genotyping with positron emission tomography imaging. In a
study of placebo in anxiety disorders, placebo response was
associated with decreased regional blood flow to the left amyg-
dala during a stressful task, in comparison to nonresponders.
These responders were exclusively homozygous for the | allele
of the serotonin transporter polymorphic gene (5HTTLPR I/]) and
the G allele for the tryptophan hydroxylase 2 polymorphic gene
(TPH2 G/G)—2 important proteins that regulate the serotonin
network (30). This finding implies that genetic control of the
neural networks specific to a disease or condition may have an
important role in determining who would be an ideal candidate
for placebo.

While there is promise in harnessing the clinical potential of
placebo response, there are valid concerns about the uncertainty
of the biologic mechanism of placebo, the lack of clarity on who
are potential placebo responders versus who are likely to be non-
responders, and the questionable ethics of deceiving patients
about the treatments they are given. Even with the remaining
uncertainties regarding placebo biology, lack of clarity on the
mechanisms of action would not be a clear moral deterrent to its
clinical use. Take the case of acetaminophen’s widespread use as
an example. As one of the most commonly ingested drugs, there
remains a surprising amount of ambiguity around the mechanism
of action. With only a general consensus that it inhibits the syn-
thesis of prostaglandins, acetaminophen is taken with relatively
lax precaution. Placebo exists in the same arena as drugs such
as acetaminophen—although the exact mechanism is unclear,
there is an apparent beneficial effect in a significant population,
and there are typically no major side effects when used properly
in the right person.

Although the mechanism of placebo is being increasingly
defined, with ongoing development of methods to predict pos-
sible placebo responders, the question still remains: should we
be using placebo? There are ethical concerns that may hinder
the widespread adoption of placebo’s clinical use, particularly
regarding physicians deceiving patients when giving a placebo.

However, it has been shown that placebo response still occurs
when patients fully know that they are getting a placebo, known
as an “open-label placebo” (31,32). In fact, the psychosocial ele-
ment of the physician suggesting that placebo ingestion will make
the patient feel better increases the positive expectation, which
is a large element of the placebo effect. This might eliminate the
questionable ethics of giving a placebo to patients, as an open-
label placebo only carries the risk of not causing a response in the
patient, which is less than the wide range of serious side effects of
many active pharmaceutical agents.

However, prominent placebo researcher Benedetti has
warned that if positive expectancy is all that is needed to cause
placebo response, the door would be open to anything serving
as a placebo, like snake oils or talismans (33). Are we embarking
on a slippery slope that will return medicine to the late 19th and
early 20th centuries when quack doctors and con artists pre-
vailed? In diseases like Parkinson’s or arthritis, in which placebo
is best paired intermittently with active drugs, a clinician would
be working closely with a patient to manage the schedule and
prescription, thus leaving less room for deceptive placebo prac-
tices. However, in conditions like chronic pain that mainly involve
centrally based perception and do not have negative conse-
quences in the peripheral systems, does it truly matter in what
form the placebo is? A caregiver’s kiss on a toddler’s scraped
knee could be just as effective in analgesia as a sugar pill pre-
scribed by a doctor. It is of paramount importance that clinicians
and scientists clearly communicate the science of placebo to the
general public, particularly to avoid the rise of potentially harmful
products marketed as placebos.

Beyond the potential for clinical use, understanding placebo
biology can lay the foundation for exploring the interface of psy-
chosocial context with physiology, such as understanding the
relationship between psychological stressors and autoimmune
flares (34-36). Placebo offers clinicians and researchers alike the
opportunity to collapse the false dichotomy of the mind and body
and take up an integrated understanding of human health and
disease.
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Bugs, Drugs, and Shrugs

James T. Rosenbaum' “ and Lisa Karstens®

“For every action, there is an equal and opposite reaction”
is Newton'’s third law of thermodynamics. Do the laws of physics
have an extrapolation to human biology?

Experimental evidence indicates that interleukin-17 (IL-17)
plays a critical role in the pathogenesis of inflammatory bowel dis-
ease, but blocking IL-17 makes Crohn’s disease (CD) worse (1,2).
Only a subset of patients with melanoma benefit from checkpoint
inhibitors (3), and only a subset of patients with any type of rheu-
matic disease benefit from a specific therapy. A scientist at the NIH
using a rodent model couldn’t replicate the experimental results of
a scientist at Harvard. The intestinal microbiome might provide the
explanation for each of these seemingly disparate conundrums.

These enigmas are not each directly addressed by Manasson
and a large talented group of international colleagues in their
study on the effect of biologics, specifically tumor necrosis inhib-
itors (TNFi) or anti-IL-17, on the gut microbiome, in this issue of
Arthritis & Rheumatology (4). Nonetheless, their findings support
the hypothesis that unintentional effects on the microbiome could
be the solution to many puzzling therapeutic observations. The
“shrug” in our title reflects being flummoxed, i.e., how many of
us respond to experimental or clinical data that seem to defy our
theoretical predictions.

As discussed in their report (4), Manasson and colleagues
are not the first to examine how biologic therapies influence the
microbiome (5,6). A dysbiosis or alteration in the gut microbiome
is characteristic of the majority of immune-mediated diseases (7).
Moreover, in many cases, successful biologic therapy has been
associated with a “normalization” of the gut microbiome (5). To
appreciate the implications of the Manasson study, we first pro-
vide some background about the microbiome and its relevance to
rheumatic diseases.

We each possess 2 genomes that influence our health. The
most obvious genome is the one we inherit from our parents. The
technology to alter this genome is just now emerging. The sec-
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ond genome is acquired. It is defined by the microbial world that
cohabits our bodies. If the importance of a genome could be deter-
mined by the number of unique RNA transcripts it produces, the
second genome would be around 150 times more important than
the first (8). The second genome also is not easy to alter, although it
is certainly easier to manipulate (e.g., by diet) than our mammalian
genome. The concept of a second genome has led to the recogni-
tion that we are holobionts, a product affected by both genome 1
and genome 2. To understand the efficacy of a pharmaceutical, we
need to know not only how the medication affects genome 1 but
also how it affects genome 2. Furthermore, we need to recognize
the reciprocal, or how genome 2 affects the medication (Figure 1).

Acetaminophen (9) and methotrexate (10) are 2 widely used
medications that are both metabolized by the microbiome. Even if
a medication is not taken orally, the microbiome can still impact its
efficacy. For example, the gut microbiome has a marked effect on
the success of monoclonal antibodies in the form of checkpoint
inhibitors in animal models of cancer (11,12), as discussed below.

The limited reproducibility of basic research has been widely
hailed as a failing of modern science (13). But what if the bacteria
that dwell inside a mouse housed in St. Louis are vastly different
from the bacteria living in a mouse from New Haven? Unlikely, you
scoff. But it turns out that segmented filamentous bacteria (SFB)
that live in the mouse gut have a profound effect on the immune
system (14). Moreover, if you purchase C57BL/6 mice from Tac-
onic Farms, they are unlikely to harbor SFB, but the opposite is
true if the mice are purchased from another major research animal
vendor, The Jackson Laboratory (15). Differences in the microbi-
ome that result from vendor, climate, diet, bacteria from the skin
of a caretaker in a vivarium, or any one of limitless variables could
potentially explain many examples of rodent research that suffer
from poor reproducibility.

Perhaps the most direct extrapolation from the study by
Manasson et al relates to the explanation about why blocking
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Figure 1. Positive feedback loop. The microbiome alters the effects of biologics, while biologics alter the effects of the microbiome. The

confused figure in the center is puzzling to understand the implications of these interactions and wondering if many seemingly disparate
observations could each be explained by changes in the microbiome.

IL-17 does not ameliorate CD. Data from animal models show a
prominent role for IL-17 in several mouse studies of bowel inflam-
mation (16). The genetics of CD implicates the IL-23 receptor (16),
and IL-23 is a major driver for IL-17 synthesis (17). Immunohistol-
ogy from human tissue supports the importance of IL-17 in the
pathogenesis of CD (16). Considering this compelling rationale,
many were shocked when inhibiting either IL-17A (1) or the recep-
tor for IL-17 (2) actually exacerbated CD. Recent data point to a
role for yeast or fungi, especially Malassezia, in the pathogenesis
of CD (18). IL-17 plays a major role in the control of fungal infec-
tions (19). The data provided by the study in this issue indicate
that blocking IL-17 increases the growth of Candida in the bowel,
and thus could explain why CD is exacerbated by inhibition of
IL-17 (20).

While it is not difficult to understand how bacteria could
metabolize a medication taken orally, it is a greater challenge to
theorize how the intestinal microbiome could alter the efficacy of a
monoclonal antibody. However, bacteria in the gut seem to have
a dramatic effect on the benefit of checkpoint inhibitors which are
being used to bolster the immune response as a treatment for
a variety of cancers (21). The evidence for this effect is strong
enough to support the rationale to study fecal microbiota trans-
plants as a means to enhance the success of checkpoint inhibitor
therapy (22).

As such, the study by Manasson and colleagues is a wel-
come addition to our understanding of the actions of 2 classes
of biologics, those that inhibit TNF and those that neutralize IL-
17A. Because both TNF and IL-17A are vital components of
our immune system, neutralizing either would be expected to
impact the microbiome. It behooves the rheumatology commu-
nity to define the impact on the microbiome from all medica-
tions including biologics. Is it all an epiphenomenon that we can
largely ignore? Or is the alteration of the microbiome influential in

determining who benefits from a medication and who does not?
Who requires or tolerates an increased dosage? Who is likely to
suffer an adverse effect?

Undoubtedly the greatest reward from biologics has derived
from their impact on disease. But an unanticipated benefit has
come from the lessons that have resulted from the adverse effects
of this class of medications. For example, the association between
TNFi and demyelinating disease has forced biomedical scientists
to gain a better understanding of the role of TNF in the nervous
system (23).

Isaac Newton’s laws have been applied to physics, but they
also relate to biology. We are grateful to Manasson and colleagues
for helping us better understand the multitude of unanticipated
effects from biologic therapies.
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Disease-Modifying Medications in Axial Spondyloarthritis
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Nonsteroidal antiinflammatory drugs (NSAIDs) are the first-line pharmacotherapy for patients with axial spondyloar-
thritis (SpA). In recent years, treatment options have expanded with the availability of biologic agents, including tumor
necrosis factor inhibitors and interleukin-17 inhibitors. However, a treatment strategy that clearly prevents syndes-
mophyte formation has not been established. Observational studies of patients with ankylosing spondylitis indicated
potential disease-modifying effects of NSAIDs, but two randomized trials came to different conclusions. More broadly,
whether any of the currently available medications for axial SpA have an effect on spine radiographic progression, be-
yond symptom control, remains inconclusive. In this article, we will review clinical studies of the disease modification
effects of NSAIDs and biologics in axial SpA; examine genetic, animal, and clinical evidence of the effects of NSAIDs
on bone formation; and discuss how future studies may investigate the question of disease modification in axial SpA.

Introduction

Axial spondyloarthritis (SpA) is a chronic inflasmatory spine
condition with a prevalence of 0.9-1.4% in the adult population
(1). Patients with ankylosing spondylitis (AS), also called radio-
graphic axial SpA, the prototypical form of axial SpA, may develop
features of new bone formation, such as ankylosis of the sacroiliac
joints, syndesmophytes, and even fusion of the spine (2,3). Phar-
macotherapy for axial SpA has significantly broadened beyond
nonsteroidal antiinfammatory drugs (NSAIDs) in the past two
decades with the availability of biologic agents, including tumor
necrosis factor inhibitors (TNFi) and interleukin-17 (IL-17) inhibi-
tors, and more recently, JAK inhibitors (4).

Despite these new treatments, NSAIDs remain the first-line
treatment and cornerstone for the management of axial SpA,
including early disease and well-established AS. In observational
cohorts of patients with early axial SpA, 73.0-92.8% of patients
took NSAIDs (5,6). Similarly, in a prospective cohort of patients
with established AS, 70.3% of the patients were taking NSAIDs (7).
These frequencies are not surprising given the efficacy of NSAIDs,
as shown in many clinical trials. In a recent trial of full-dose naproxen
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in patients with early axial SpA with active inflammation of the
sacrailiac joints, a moderate response was achieved in 56.9% of
the patients, as measured by the Assessment of SpondyloArthri-
tis international Society criteria for 40% improvement (ASAS40) (8)
(Table 1), and 35.3% of the patients were in ASAS partial remission
(Table 1), after 28 weeks of treatment (9). In an open-label study of
NSAIDs in patients with axial SpA (including both radiographic and
nonradiographic axial SpA), an ASAS40 response was achieved
in 35% of the participants after 4 weeks of NSAID treatment (10).
In comparison, in the major phase Il clinical trials of biologics (TNFi
and IL-17 inhibitors) in AS or radiographic axial SpA, ASAS40 was
achieved in 39.4-58.1% of the participants at 12 weeks to 24 weeks
(11,12), indicating that the rest of the participants, at least 40-60%,
needed to optimize their NSAID use in addition to the study drugs
or try a different biologic. Although these results were extracted from
different studies and cannot be compared directly, they support the
notion that, for short-term symptom relief, NSAIDs are not only effec-
tive as a first-line treatment but are also important as combination
therapy with biologics.

It is less clear, however, whether NSAIDs slow disease
progression in patients with axial SpA. In an early retrospective
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Table 1. Major outcome measures in clinical research on ankylosing spondylitis or radiographic axial spondyloarthritis*

Outcome measure (ref.)

Description

ASDAS (29)

A composite score, including assessment of total back pain, patient global assessment of

disease activity, peripheral pain and swelling, duration of morning stiffness, and Greactive
protein or erythrocyte sedimentation rate

BASDAI (37)

A 6-question, self-administered questionnaire, assessing fatigue, spinal pain, peripheral

arthritis, enthesitis, and intensity and duration of morning stiffness

ASAS40 response criteria (8)

On a scale of 10, improvement of >40% and >2 units in at least 3 of the 4 domains (patient

global assessment, pain, function, and inflammationt), and no worsening in any scores

ASAS partial remission (8)

On a scale of 10, a score in each domain (patient global assessment, pain, function, and
inflammationt) of <2 units

* ASDAS = Ankylosing Spondylitis Disease Activity Score; ASAS40 = Assessment of SpondyloArthritis international Society criteria

for 40% improvement.

t Average score of severity and duration of morning stiffness in the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI).

cohort of 40 patients with AS, continuous use of phenylbutazone
delayed or arrested radiographic progression compared to no or
only intermittent use of phenylbutazone (13). Two randomized tri-
als examined the effects of continuous use versus on-demand use
of NSAIDs on disease progression in AS, and came to opposite
conclusions (14,15). This uncertainty prompted us to examine
the clinical studies of disease modification in AS and the state of
knowledge about the effects of NSAIDs on bone growth in general,
and in axial SpA in particular. We review the clinical evidence of
the effects of NSAIDs and biologic agents on radiographic progres-
sion in patients with AS, examine in vitro and in vivo evidence of
the effects of NSAIDs on bone formation, and discuss how future
studies may evaluate disease modification in axial SpA. Biomarkers
for radiographic progression in axial SpA theoretically may be used
as surrogate end points for disease modification in clinical studies;
however, it is a broad topic in itself, and will not be discussed in this
review.

Background

Measurement of disease progression in AS. Syndesmo-
phyte formation and ankylosis of the spine are the key features of
AS, and are associated with long-term functional impairment; thus,
disease modification to slow or stop syndesmophyte growth is an
important goal. The modified Stoke AS Spine Score (MSASSS)
(16) has been widely used to evaluate syndesmophyte growth and
radiographic progression. The mSASSS is a semiquantitative scor-
ing system based on features of the anterior vertebral corners on
lateral projections of cervical and lumbar spine radiographs. Each
of the 24 corners (12 in the cervical spine and 12 in the lumbar
spine) is graded on a scale of 0-3, where O = normal; 1 = erosion,
sclerosis, or squaring; 2 = syndesmophyte; and 3 = bony bridging
between adjacent vertebrae, for a total score of 0-72 (16). Radio-
graphic progression is usually defined as an increase of >2 units in
the mMSASSS; alternatively, the absolute change from baseline in the
MSASSS has commonly been used as a radiographic end point
(16). When assessed longitudinally, in 2 years, 30-40% of patients
demonstrate an increase of any amount in the mSASSS, and ~20%
of patients have an increase of >2 in the mSASSS (16-19). The

rate of change in MSASSS ranges from ~1.0 unit in 2 years to 0.98
units/year (17,18,20). The spine has been used as the preferred site
1o assess radiographic progression, rather than the sacroiliac joints,
because it provides a greater range and most patients are eligible to
demonstrate change, while changes in joint space or fusion of the
sacroiliac joints are difficult to detect.

Although the mSASSS has been shown to have face and
construct validity, its reliability and sensitivity to change have been
challenged. When assessing progression over 2 years, 2 readers
were in agreement in only 54% of the cases (18). Interreader reli-
ability of mSASSS change over 2 years was poor to moderate,
with kappa values ranging from 0.17 to 0.67 (19,21-23). Assess-
ing the radiographs in chronological sequence also affects the
reading and results in higher apparent progression (17). In addi-
tion, it was estimated that in a 2-year randomized controlled trial, a
sample size of 100 in each group would be needed to detect a dif-
ference between the groups (24), reflecting the slow progression
of the disease and relative insensitivity to change of the method.

Risk factors for disease progression in AS. Using the
MSASSS as the measure of disease progression, several risk
factors have been associated with AS disease progression in
longitudinal studies, including the presence of syndesmophytes
at baseline (25-28), elevated levels of markers of inflammation
(25,27), smoking (25-27), low bone mineral density (26), and high
disease activity as measured by the AS Disease Activity Score
(29,30) (Table 1). In addition, mechanical stress has been asso-
ciated with worse radiographic outcomes, both in AS cohorts
and animal studies (31-33). Certain occupational and physical
activities, such as bending, twisting, and stretching, as well as
exposure to whole body vibration, were associated with worse
radiographic outcomes, and physically demanding jobs seem to
amplify radiographic progression (31).

Heterogeneity in syndesmophyte growth. Increasing
evidence suggests that radiographic progression and syndes-
mophyte growth in AS is a highly heterogeneous process, both
temporally and spatially. In a study that evaluated 12-year radio-
graphic progression in patients with AS, new syndesmophytes,
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detected based on mSASSS change, were observed in ~60% of
patients and 40% of time intervals. At the same time, in ~24% of
patients and 40% of time intervals, no radiographic progression
was observed, indicating high variability in individual patients and
at different time intervals (21). Within the same intervertebral disc
spaces, some syndesmophytes were seen to grow substantially
while others did not grow, suggesting that local factors, possibly
including mechanical forces and local pro-proliferation and anti-
proliferation factors, influence syndesmophyte growth (34). This
heterogeneity adds further challenges to studying radiographic
progression in AS.

Long-term effect of NSAIDs and biologic agents
on AS disease modification

Observational studies and clinical trials investigating
a disease modification effect of NSAIDs. Since there are
more than 20 different NSAIDs used in various dosages, an NSAID
intake index has been developed to quantify the dosage in equiv-
alency and duration of NSAID use, with a range of 0-100 (35).
For example, daily NSAID use equivalent to 150 mg diclofenac
over the whole study period is scored as 100. Using this index,
in the German Spondyloarthritis Inception Cohort, the odds of an
increase in the mSASSS over 2 years were much lower in patients
with high NSAID intake (index >50) compared to those with low
NSAID intake (index <50) (odds ratio [OR] 0.15 [95% confidence
interval (95% Cl) 0.02, 0.96)) (total n = 88) (36). The results sup-
port the hypothesis that NSAIDs have a protective effect on spine
radiographic progression in patients with AS. In that study, a simi-
lar protective effect was not observed between patients with high
AS activity versus those with low AS activity, as measured by the
Bath AS Disease Activity Index (36,37) (Table 1), suggesting that
subjective symptoms may not be directly associated with radio-
graphic progression, or that the mechanisms by which NSAIDs
may act on progression are other than symptom control.

Two separate randomized trials, one with the cyclooxygen-
ase 2 (COX-2) selective NSAID celecoxib (14), and the other with
the nonselective NSAID diclofenac (15), examined the efficacy of
NSAIDs on radiographic progression (Table 2). In the celecoxib
trial, TNFi-naive patients with AS were randomized to receive
continuous versus on-demand celecoxib 100 mg twice daily or
higher. After 2 years, patients in the continuous use group had
less radiographic progression than those in the on-demand group
(P=0.002) (14). Post hoc analysis of that trial showed that slowing
of progression with continuous treatment was greater in patients
with elevated levels of markers of inflammation (erythrocyte sed-
imentation rate or C-reactive protein [CRP]) (38). The diclofenac
trial (Effects of NSAIDs on Radiographic Damage in AS [ENRADAS))
(15) used a similar design, in that TNFi-naive patients with AS were
randomized to receive continuous versus on-demand diclofenac
150 mg daily for 2 years. However, in contrast to the findings of
the celecoxib study, the group that received continuous diclofenac

treatment had more progression numerically over 2 years (P
= 0.39). Findings were similar in subgroups of patients with or
without syndesmophytes at baseline and in those with or without
elevated CRP levels (15). The authors stated that since “not even
a trend for less radiographic progression was seen for the contin-
uous group in our study, it is rather unlikely that inclusion of more
patients would have changed the result” (15).

The results from both studies might suggest that only COX-2
selective NSAIDs have a disease modification effect, but several
caveats should be considered. First, the absence of a dose effect
makes the trial results difficult to interpret. When using change in
the mMSASSS as the study outcome, at least 2 years are proposed
to detect a significant change with a sample size of 100 patients in
each treatment group. Because it would be unethical to conduct
placebo-controlled trials lasting 2 years, both NSAID trials com-
pared continuous use versus on-demand use, to approximate the
ideal placebo-controlled study, with the intention to see whether
the difference in NSAID intake between the 2 groups was corre-
lated with the difference in mMSASSS increase. The result from the
celecoxib trial did show a lower rate of MSASSS increase with con-
tinuous use; however, a dose effect of NSAIDs was not demon-
strated. The average dose in the continuous group (243 mg) was
only modestly higher than that in the on-demand group (201 mg),
despite the significant difference in the outcome (mean MSASSS
change +0.4 in the continuous group versus +1.5 in the on-demand
group). The diclofenac trial groups had a difference in NSAID dose,
with an NSAID index of 77 in the continuous group versus 44 in the
on-demand group, but did not show a corresponding decrease
in radiographic progression (mean MSASSS change +1.3 in the
continuous group versus +0.8 in the on-demand group).

Further, in the event of imbalance in randomization, risk fac-
tors that are associated with spine radiographic progression could
lead to bias when assessing treatment effects. For example, in
the diclofenac study, the continuous use group had a significantly
higher proportion of current smokers at baseline, compared to the
on-demand group. Whether the difference in smoking between
the groups was enough to overwhelm a potential inhibitory effect
of continuous diclofenac use is unclear (15).

A third clinical trial, the Comparison of the Effect of Treat-
ment with Nonsteroidal Antiinflammatory Drugs Added to Anti—
Tumor Necrosis Factor a Therapy Alone on Progression of
Structural Damage in the Spine Over Two Years in Patients with
Ankylosing Spondylitis (CONSUL trial; ClinicalTrials.gov identifier:
NCT02758782), evaluating the effect of celecoxib with golimumab
compared to golimumab alone on radiographic progression in
patients with AS, is ongoing.

Disease modification effects of biologics. With regard
to biologics, 2 strategies have been used to retrospectively ana-
lyze radiographic data from long-term extensions of clinical tri-
als. The first strategy was to compare radiographic progression
among participants in trials of biologics to that in biologic-naive,
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Table 2. Comparison of studies of radiographic progression in patients with ankylosing spondylitis*

Baseline MSASSS
Author, year (ref.) No. of Study mSASSS, Ever HLA-B27 change,
and study group participants length mean + SD smoker, %  Male, %  positive, % mean + SD
NSAIDs (randomized
controlled trials)
Wanders et al, 2005 (14)
Continuous celecoxib 76 2 years 79+14.7 NR 66 88 04+17
On-demand celecoxib 74 2 years 93+15.2 NR 70 88 15+25
Sieper et al, 2016 (15)
Continuous diclofenac 62 2 years 109 +15.5 59 71.0 88.7 1.3(0.7-1.9)t
On-demand diclofenac 60 2 years 16.4+18.2 33 66.7 91.7 0.8 (0.2-1.4)t
TNFi (retrospective analyses of
clinical trials/long-term
extension of clinical trial
data)
Baraliakos et al, 2005 (39)
Infliximab 2y 2 years 12.1% NR 63 90 04+27
GESPIC cohort 41 2 years 5.9% NR 71 85 07+2.8
Van der Heijde et al, 2008 (19)
Infliximab 201 2 years 17.7 £17.9 NR 781 86.5 09+2.6
OASIS cohort 192 2 years 15.8 £18.1 NR 67.7 84.4 1.0+3.2
Van der Heijde et al, 2008 (40)
Etanercept 257 2 years 16+18.3 NR 75.5 78.2 091 £245
OASIS cohort 175 2 years 14+ 17.6 NR 69.1 711 0.95+3.18
Van der Heijde et al, 2009 (21)
Adalimumab 307 2 years 19.8+19.3 NR 76.5 NR 08+26
OASIS cohort 169 2 years 15.8+17.6 NR 69.2 NR 09+33
Braun et al, 2014 (41)
Placebo — golimumab 50 mg 66 208 weeks 161 £18.7 NR NR NR 21+52
Golimumab 50 mg 11 208 weeks 11.7+£16.4 NR NR NR 13141
Golimumab 100 mg 112 208 weeks 13.5+£189 NR NR NR 20+56
IL-17A inhibitor (retrospective
analyses of clinical trials/
long-term extension of
clinical trial data)
Braun etal, 2019 (42)
Secukinumab 75 mg 61 208 weeks 10.7 +17.82 39.3 87.0 NR 1.6+£5.67
Secukinumab 75 mg— 150 mg 23 208 weeks 10.7 £17.82 34.8 70.5 NR 1.8+4.32
Secukinumab 150 mg 71 208 weeks 8.6+16.23 29.6 63.4 NR 1.2+3.91
Braun et al, 2019 (23)
Secukinumab 168 2 years NR 25 73.2 829 60.78
ENRADAS cohort 69 2 years NR 449 66.7 88.4 52.289

* NSAIDs = nonsteroidal antiinflammatory drugs; NR = not reported; TNFi = tumor necrosis factor inhibitor; GESPIC = German Spondyloarthritis
Inception Cohort; OASIS = Outcomes in Ankylosing Spondylitis International Study; IL-17A = interleukin-17A; ENRADAS = Effects of NSAIDs on
Radiographic Damage in Ankylosing Spondylitis.

T Values are the mean (95% confidence interval).

1 Values are the mean.

§ Proportion of patients with no radiographic progression (least squares mean change in modified Stoke Ankylosing Spondylitis Spine Score
[MSASSS] <0).

9] P =0.2430 versus patients receiving secukinumab.

historical cohorts (19,20,23,39,40) (Table 2). Most of those
studies used the change in the mMSASSS over 2 years as the
primary radiographic end point and did not find any significant
difference in radiographic progression between groups. One of
the studies, of patients treated with secukinumab versus the
ENRADAS cohort, used the proportion of patients with no radi-
ographic progression (defined as least squares mean change
in MSASSS <0) as the end point, and indicated that there were
more nonprogressors in the secukinumab group (60.7% ver-
sus 52.2%; P = 0.2430). Notably, the interreader agreement

for change in the mSASSS in that study was poor (K = 0.17),
and the ENRADAS cohort had a much higher percentage of
smokers (23).

The second strategy, similar to that used in the NSAIDs tri-
als, was to compare different dosing regimens with the question
of whether there was a dose effect (41,42) (Table 2). However,
this approach has not shown associations between the dose of
biologics and progression. In a 4-year secukinumab study (42),
although the 150 mg group had marginally less radiographic pro-
gression than the 75 mg groups as measured by mSASSS, the
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75 mg groups had higher mSASSS at baseline, which is a risk
factor for radiographic progression. In addition, similar proportions
of patients in each dosing group (78.9% versus 78.6%) had no
radiographic progression (MSASSS change <2). In an open-label
extension of a study of certolizumab, 80.6% of the patients had
no radiographic progression at 4 years, although there was no
comparison group (43).

Two observational studies examined the effect of TNFi on
spine radiographic progression, with somewnhat conflicting results.
In a prospective cohort of 334 patients with AS in North America,
after adjustment for baseline mMSASSS and propensity to receive
TNFi, patients who were taking a TNFi had a 50% lower odds of
progression compared to those who never received a TNFi. Also,
patients who received TNFi for a larger proportion of their disease
course had less mMSASSS progression (44). In contrast, in a recent
observational study of 432 patients with AS from the Swiss Clinical
Quality Management Cohort, no contemporaneous association
between TNFi use and radiographic progression was found (45).
Instead, treatment with TNFi prior to the radiographic interval was
protective, as was longer duration of prior use of TNFi. The data
did not detect an association with TNFi during the radiographic
interval, perhaps indicating that prolonged treatment is needed to
see an effect (45).

In summary, current evidence for a disease-modifying effect
of biologics, including TNFi and IL-17 inhibitors, is lacking, and the
effect of the different classes of biologics on radiographic progres-
sion has not been compared directly. A direct comparison of the
effects of secukinumab to the effects of an adalimumab biosimilar
on radiographic progression is ongoing (ClinicalTrials.gov identi-
fier: NCT03259074).

NSAIDs and bone formation

The inconclusive results of clinical studies of the effect of
NSAIDs on radiographic disease progression in AS prompts a
review of preclinical, biologic evidence that would support the
notion of an inhibitory effect of NSAIDs on syndesmophyte for-
mation in AS. At the genetic level, in an experiment-wide genetic
association study that examined genes related to radiographic
severity in AS, a single-nucleotide polymorphism (SNP) rs1236913
was found to have a protective association with the degree of
radiographic damage (46). This SNP lies in the PTGS7 gene,
encoding prostaglandin-endoperoxide synthase 1, also known as
COX-1. Although extensive functional studies are not available,
the association at least suggests that COX-1 might be involved in
radiographic progression in AS.

NSAIDs are COX inhibitors, blocking the synthesis of prosta-
glandin G,/H, (PGG./H,) from arachidonic acid, the main precursor
of prostanoids. Arachidonic acid is first hydrolyzed by secretory or
cytoplasmic phospholipase A,, then oxygenated to PGG./H, by
COX, which is then further converted to PGD,, PGE,, PGF,, PGl,
or thromboxane A, by different synthases (47). Among them, PGE,
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Figure 1. Prostaglandin (PG) pathway and bone metabolism. NSAIDs
= nonsteroidal antiinflammatory drugs; COX-1 = cyclooxygenase 1; PTH =
parathyroid hormone; PGH, = prostaglandin H,; EP, = prostaglandin
E receptor 4.

is the most studied prostanoid involved in inflammation and bone
formation. Local administration of PGE, into long bones in rats
stimulates bone formation by increasing osteoblast number and
activity, and systemic administration of PGE, has been shown to
increase the osteogenic capacity of bone marrow in ex vivo culture
systems (48,49). However, in some experimental systems, PGE,
is also a potent stimulator of bone resorption, by inducing RANKL
expression in primary osteoblastic cell cultures via prostaglandin E
receptor 2 (EP,)/EP, (50,51). Figure 1 illustrates the prostaglandin
pathway and effects on bone metabolism.

In vitro evidence of involvement of the prostaglandin
pathway and bone metabolism. Two isoenzymes, COX-1 and
COX-2, are traditionally considered the main rate-limiting enzymes
in the generation of PGE,. COX-1 is constitutively expressed, while
COX-2 expression is induced under certain conditions. Proin-
flammatory cytokines, including IL-1, TNF, and IL-17, have been
shown to induce COX-2 expression and PGE, production in bone
marrow cultures and osteoclast precursors, osteoblastic cells, and
synoviocytes (52-54). In addition, mechanical loading of human
osteoblastic cell line and primary bone cell cultures derived from
the iliac crest triggered the expression of COX-2 and prostaglandin
synthesis, and induced bone nodule formation (55,56). In human
periodontal ligament cells, cyclic tension force increased PGE,
expression as well as RANKL messenger RNA expression, but not
osteoprotegerin expression, in a COX-2—-dependent manner, sug-
gesting a potential for increased osteoclastogenesis (57,58). How-
ever, as the skeletal system constantly undergoes remodeling, and
COX-2, triggered by proinfammatory cytokines and mechanical
force, regulates PGE, expression in osteoblasts as well as osteo-
clasts, these in vitro experiments did not address the net effect of
these factors on osteogenesis and osteoclastogenesis.

In vivo evidence of COX inhibition and bone formation.
COX-17" and COX-27~ mice are useful tools to study the net
effect of inhibition of COX on bone formation. Using fracture heal-
ing models in these mice, COX-2 was shown to be critical for
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fracture healing, but COX-1 was not (59,60). Consistent with these
findings, both nonselective COX inhibitors (e.g., diclofenac, indo-
methacin, and ketorolac) and COX-2 selective inhibitors (e.g., cel-
ecoxib, rofecoxib, and valdecoxib) exerted a delayed or inhibitory
effect on fracture healing in rat or rabbit models when given over
4-10 weeks (60-65). Interestingly, when patients were treated with
COX selective NSAIDs (rofecoxib or valdecoxib) for 1-2 weeks, or
with diclofenac for 1 week, the inhibitory effect of NSAIDs on bone
growth was either reversible or less profound (66-68), suggesting
a temporal effect of NSAIDs on bone formation.

The effect of NSAIDs on fracture healing in humans has been
assessed in randomized controlled trials (RCTs), case—control stud-
ies, and cohort studies, with somewhat different results (Table 3).
Dodwell et al reported an increased risk of nonunion among NSAID-
treated patients in the pooled effect of 11 studies (OR 3.0 [95%
Cl 1.6, 5.6]), but no effect was observed when only 7 high-quality
studies were included (69). Another meta-analysis by Wheatley et al
also showed that NSAID use was associated with an increased risk
of nonunion or delayed union (OR 2.07 [95% CI 1.19, 3.61]), but
similar to the temporal effect observed in the animal studies, no
association was found in studies with a short duration of NSAID
treatment (70). In addition, no association was observed in studies
with low-dose NSAIDs or in pediatric groups (70). Neither of these
two meta-analyses examined the difference between the effects of
COX-2 selective NSAIDs and nonselective NSAIDs.

The effects of NSAIDs on bone formation have also been
examined in the prevention of heterotopic ossification, an abnor-
mal localized growth of bone in muscles and tendons. Systematic
reviews and meta-analysis of RCTs (Table 3) have shown that post-
operative use of NSAIDs, including indomethacin and naproxen,
as well as COX-2 selective NSAIDs, was effective in preventing
severe heterotopic ossification after total hip arthroplasty (71,72).
In the most recent meta-analysis of the effects of NSAIDs on the

prevention of heterotopic ossification, the effects of nonselective
NSAIDs and COX-2 selective NSAIDs were directly compared,
based on 7 RCTs and 1,096 participants, and no difference was
found between these classes in preventing postoperative hetero-
topic ossification (72).

Animal studies and clinical evidence from studies of fracture
healing and heterotopic ossification formation support the notion
that NSAIDs have an inhibitory effect on new bone formation, with
no difference between selective and nonselective NSAIDs, at least
as clinically evident in humans. A temporal effect of NSAIDs on
bone formation has been suggested in studies of fracture healing
in animals and humans, i.e., that short duration of NSAID use had
a less profound or reversible effect on bone growth, but definitive
proof is needed.

Future studies on disease modification in
patients with axial SpA

Whether NSAIDs or biologics have a disease modification
effect, or more fundamentally, whether suppressing inflammation
is sufficient to prevent bone formation in AS, remains unclear. Fur-
ther studies on disease modification are needed to identify treat-
ment strategies that effectively prevent radiographic progression
with the least side effects. How can we improve future studies?

New imaging modalities for evaluating radiographic
outcome measures. In recent years, 3-dimensional imaging
modalities, including full-dose computed tomography (CT) and
low-dose CT of the spine, have been evaluated to improve the
measurement of radiographic progression of AS (73,74) (Table 4).
The thoracic spine has been omitted from radiographic studies
because of the difficulty in seeing vertebral changes on conventional
radiographs. In contrast, CT scan methods provide a 360-degree

Table 4. Comparison of radiographic measures for new bone formation in ankylosing spondylitis or radiographic axial spondyloarthritis*

Quantitative syndesmophyte

mMSASSS CTSS height volume
Imaging modality Spine radiograph Low-dose CT Full-dose CT
Spine segments Cervical and lumbar Cervical, thoracic, and Thoracic and lumbar
spine lumbar spine spine
Number of scored IVD spaces 12 (C2/3to C7/T1, T12/11 23 (C2/3to L5/ST) 13 (T3/4to L3/4)
(IVD spaces) to L5/S1)
Number of scoring sites per VD space 2 8 Circumferential
Total score (range) 0-72 0-552 NA
Training human readers Needed Needed Not needed
Sensitivity to change (in 2 years) Increase in 30-40% of Any net change in 61-76% Volume increase in >70%
patients of patients; SDCin of patients
37-43% of patients
Interreader ICC for change scores 0.17-0.67 0.77 (whole spine) NAT
0.32-0.75 (spine
segments)
Radiation, mSV 1.5¢% 4 8

* Magnetic resonance imaging is not included because it does not measure new bone formation. mSASSS = modified Stoke Ankylosing Spondylitis
Spine Score; CTSS = computed tomography syndesmophyte score; IVD = intervertebral disc; NA = not applicable; SDC = smallest detectable

change; ICC = intraclass correlation coefficient.
t Measured by computer algorithm; no human readers were involved.
} For 2 views.
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evaluation of the entire vertebral body, and a better visualization of
thoracic spine. Using CT scanning, it has been shown that syn-
desmophytes develop more commonly at the thoracolumbar junc-
tion and thoracic spine, rather than the lumbar spine, offering the
potential to detect more patients with abnormalities (75,76). In the
full-dose CT scan method, syndesmophyte volume was directly
quantified and compared over time using a computer algorithm
(77). In the low-dose CT method, a CT syndesmophyte score has
been developed to measure the radiographic damage in the entire
spine by human readers, with moderate interreader intraclass cor-
relation coefficient for change score (76). Both CT methods have
been shown to be more sensitive to change than the mSASSS
(76,77), which makes it possible to detect a treatment effect in a
clinical trial with fewer participants and/or a shorter study length.
Notably, the full-dose CT scan method has a radiation exposure
of 8 mSv per scan, which is comparable to 3 years of natural
background radiation, and about one-third of a positron emission
tomography/CT scan, while the low-dose CT has a radiation expo-
sure of 4 mSv per scan. To date, no RCT data have been reported
using these new measurements for disease modification effects.

Magnetic resonance imaging (MRY) is a useful imaging tool to
detect bone marrow edema in the spine and pelvis. However, it
is less sensitive to signals from calcification, so is not as useful to
measure new bone formation. A sequential process in which bone
marrow edema proceeds the development of fat metaplasia and
new bone formation has been proposed, but with mixed evidence
(78,79). It is unclear whether the presence of bone marrow edema
or its resolution closely correlates with the future development of
syndesmophytes.

Identifying subsets of disease. Studies have consistently
shown that 30-40% of patients have an increase in mSASSS in
a 2-year period. A handful of risk factors for radiographic pro-
gression have been identified from previous longitudinal studies,
including male sex, HLA-B27 positivity, smoking, elevated CRP,
and presence of syndesmophytes at baseline. These risk fac-
tors can be used to identify the subset of potential candidates
who are more likely to have disease progression, and hence, a
higher chance of detecting a difference in radiographic progres-
sion in a given time frame. The trial design most likely to detect
an NSAID effect would be a study of patients with high risk for
progression treated with either minimal-dose or full-dose NSAIDs
and assessed with spinal CT.

Identifying novel risk factors and potential interactions.
Another methodologic aspect is to identify potential risk factors
and their interactions, and include them as covariates in future
observational studies. Recent cross-sectional studies have shed
light on several new possible risk factors for disease progression,
such as crystals, parathyroid hormone (PTH) and vitamin D, and
adipokines, but these have not been examined in longitudinal
studies. Monosodium urate microcrystals have been shown to

induce COX-2 expression in human monocytes and osteoblast-
like cells, and have a synergistic effect with IL-1 on osteoblasts
to overexpress COX-2 (80,81). In patients with AS but not a clin-
ical diagnosis of gout, urate crystal deposition at the sacroiliac
joint was associated with the progression of sacrailiac joint fusion
(82). Both PTH and vitamin D have direct and indirect effects on
COX expression, and hence PGE, level. A systematic review of
cross-sectional studies showed that patients with AS commonly
have low vitamin D levels (83). In a cross-sectional study, serum
PTH levels were found to be significantly higher in patients with
AS than in healthy controls (84). Consistent with this finding, PTH
was reported to modulate the response to mechanical stress in
osteoblast-like cells (85). Syndesmophyte formation and its asso-
ciation with serum adipokine levels have been investigated in sev-
eral studies, but the results were inconsistent (86,87).

Conclusions

Despite new therapies that are effective in relieving symp-
toms in patients with axial SpA, treatments to prevent radio-
graphic progression remain elusive. Observational studies have
suggested that NSAIDs might slow syndesmophyte formation
in patients with AS; however, two clinical trials had inconsistent
results. Genetic and animal studies suggested potential effects
of NSAIDs on bone formation, and clinical studies have indi-
cated that NSAIDs may potentially modify disease progression,
particularly in patients at higher risk of syndesmophyte growth.
Better quantification of syndesmophyte growth, disease sub-
sets with higher risk for radiographic progression, and potential
risk factors and their interactions should be considered when
designing future studies of disease progression in patients with
axial SpA.
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Guidelines and recommendations developed and/or endorsed by the American College of Rheumatology
(ACR) are intended to provide guidance for patterns of practice and not to dictate the care of a particular
patient. The ACR considers adherence to the recommendations within this guideline to be voluntary, with
the ultimate determination regarding their application to be made by the clinician in light of each patient’s
individual circumstances. Guidelines and recommendations are intended to promote beneficial or desirable
outcomes, but cannot guarantee any specific outcome. Guidelines and recommendations developed and
endorsed by the ACR are subject to periodic revision, as warranted by the evolution of medical knowledge,
technology, and practice. ACR recommendations are not intended to dictate payment or insurance deci-
sions. These recommendations cannot adequately convey all uncertainties and nuances of patient care.

The American College of Rheumatology is an independent, professional, medical and scientific society that
does not guarantee, warrant, or endorse any commercial product or service.

Objective. To develop an evidence-based guideline on contraception, assisted reproductive technologies (ART),
fertility preservation with gonadotoxic therapy, use of menopausal hormone replacement therapy (HRT), pregnancy
assessment and management, and medication use in patients with rheumatic and musculoskeletal disease (RMD).

Methods. We conducted a systematic review of evidence relating to contraception, ART, fertility preservation,
HRT, pregnancy and lactation, and medication use in RMD populations, using Grading of Recommendations Assess-
ment, Development and Evaluation methodology to rate the quality of evidence and a group consensus process to
determine final recommendations and grade their strength (conditional or strong). Good practice statements were
agreed upon when indirect evidence was sufficiently compelling that a formal vote was unnecessary.

Results. This American College of Rheumatology guideline provides 12 ungraded good practice statements and
131 graded recommendations for reproductive health care in RMD patients. These recommendations are intended to
guide care for all patients with RMD, except where indicated as being specific for patients with systemic lupus ery-
thematosus, those positive for antiphospholipid antibody, and/or those positive for anti-Ro/SSA and/or anti-La/SSB
antibodies. Recommendations and good practice statements support several guiding principles: use of safe and
effective contraception to prevent unplanned pregnancy, pre-pregnancy counseling to encourage conception dur-
ing periods of disease quiescence and while receiving pregnancy-compatible medications, and ongoing physician-
patient discussion with obstetrics/gynecology collaboration for all reproductive health issues, given the overall low
level of available evidence that relates specifically to RMD.
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Conclusion. This guideline provides evidence-based recommendations developed and reviewed by panels of
experts and RMD patients. Many recommendations are conditional, reflecting a lack of data or low-level data. We
intend that this guideline be used to inform a shared decision-making process between patients and their physicians
on issues related to reproductive health that incorporates patients’ values, preferences, and comorbidities.

INTRODUCTION

The management of reproductive health issues in patients
with rheumatic and musculoskeletal diseases (RMD) differs from
that in healthy persons. As a result, rheumatologists and other
clinicians caring for these patients must often discuss with and
counsel their patients about contraception, pregnancy and lac-
tation (including medications), assisted reproductive technology
(ART), fertility preservation, and hormone replacement therapy
(HRT), and they must collaborate with specialists in the fields of
obstetrics-gynecology, maternal-fetal medicine, and reproduc-
tive endocrinology and infertility.

Pregnancy in women with RMD may lead to serious maternal
or fetal adverse outcomes; accordingly, contraception, tailored to
the individual patient with emphasis on safety and efficacy, should
be discussed and encouraged. Because risk for pregnancy com-
plications depends on diagnosis, disease activity and damage,
medications, and the presence of anti-Ro/SSA, anti-La/SSB, and
antiphospholipid (aPL) antibodies, pre-pregnancy assessment is
critical to informing pregnancy management, therapy, and out-
comes. The ability to become pregnant may itself be an inde-
pendent concern for some patients, so minimizing risk of gonadal
insufficiency is important. RMD patients with subfertility value

This article is published simultaneously in Arthritis Care & Research.

Supported by the American College of Rheumatology.

'Lisa R. Sammaritano, MD, Michael D. Lockshin, MD, Jane Salmon, MD,
Medha Barbhaiya MD, MPH: Weill Cornell Medicine, Hospital for Special
Surgery, New York, New York; “Bonnie L. Bermas, MD: University of Texas
Southwestern Medical Center, Dallas; ’Eliza E. Chakravarty, MD, MS: Oklahoma
Medical Research Foundation, Oklahoma City; “Christina Chambers, PhD,
MPH, Arthur Kavanaugh, MD: University of California, San Diego; *Megan E.
B. Clowse, MD, MPH, Amanda Eudy, PhD: Duke University Medical Center,
Durham, North Carolina; *Wendy Marder, MD, MS, Emily C. Somers, PhD,
ScM: University of Michigan School of Medicine, Ann Arbor; ’Gordon Guyatt,
MD, MSc: McMaster University, Hamilton, Ontario, Canada; ®D. Ware Branch,
MD: University of Utah, Salt Lake City; °Jill Buyon, MD: New York University
School of Medicine, New York, New York; "°Lisa Christopher-Stine, MD, MPH:
John Hopkins Medicine, Baltimore, Maryland; ""Rachelle Crow-Hercher, MEd:
Shelby Township, Michigan; ?John Cush, MD: Baylor Research Institute,
Dallas, Texas; "*Maurice Druzin, MD, Julia Simard, ScD: Stanford Medicine,
Stanford, California; "“Carl A. Laskin, MD: University of Toronto, Toronto,
Ontario, Canada; "Lauren Plante, MD, MPH, Arundathi Jayatilleke, MD, MS:
Drexel University College of Medicine, Philadelphia, Pennsylvania; "®Virginia
Steen, MD: Georgetown University Medical Center, Washington, DC; "Sara
K. Tedeschi, MD, MPH, Laura L. Tarter, MD: Brigham and Women's Hospital,
Boston, Massachusetts; '*Evelyne Vinet, MD, PhD: McGill University Health
Center, Montreal, Quebec, Canada; '°C. Whitney White, PharmD: University
of Mississippi, Jackson; ?’Jinoos Yazdany, MD, MPH: University of California
San Francisco; *'Brittany Bettendorf, MD: University of lowa, lowa City; *?Amit
Aakash Shah, MD, MPH, Marat Turgunbaev, MD, MPH, Amy Turner: American
College of Rheumatology, Atlanta, Georgia; *Nancy Sullivan, BA, Kristen E.
D'Anci, PhD: ECRI Institute, Plymouth Meeting, Pennsylvania; **Mehret Birru
Talabi, MD, PhD: University of Pittsburgh, Pittsburgh, Pennsylvania.

Dr. Bermas has received consulting fees, speaking fees, and/or
honoraria from UCB (less than $10,000). Dr. Chakravarty has received

advice from their rheumatologists about oocyte preservation and
in vitro fertilization (IVF).

It is difficult to avoid use of medication during pregnancy
in patients with RMD. Not all medications are safe for pre-
conception use by men and women or during pregnancy and
lactation, but uncontrolled systemic inflammatory disease is
itself associated with poor pregnancy outcomes (1-6). In addi-
tion, patients are vulnerable to disease flare postpartum (7,8),
but the American Academy of Pediatrics recommends that
infants be exclusively breastfed for 6 months (9). In many cases
medication safety is uncertain because most data are derived
from case reports, small series, and observational studies;
direct data from randomized controlled trials are scarce. As a
result, identifying the appropriate screening and management
(including medication use) for RMD patients is challenging for
clinicians.

Given the primary goal of providing recommendations for care
of all adult RMD patients throughout the reproductive lifespan, the
scope of this guideline is broad. There has been little attention
to aspects of reproductive health care other than pregnancy in
patients with RMD, and the American College of Rheumatology
(ACR) recognizes the imperative for guidance in reproductive
health issues for these patients.

consulting fees, speaking fees, and/or honoraria from UCB (less than
$10,000). Dr. Chambers has received research support from Amgen,
AstraZeneca, Bristol-Myers Squibb, Celgene, GlaxoSmithKline, Janssen,
Pfizer, Regeneron, Hoffmann La-Roche-Genentech, Genzyme-Sanofi-
Aventis, Seqirus, Takeda Pharmaceuticals, UCB, Sun Pharma Global FZE,
and the Gerber Foundation. Dr. Clowse has received consulting fees,
speaking fees, and/or honoraria from AstraZeneca and MotherToBaby
(less than $10,000 each) and from UCB (more than $10,000) and research
support from GlaxoSmithKline (paid to Duke University). Dr. Lockshin has
received consulting fees, speaking fees, and/or honoraria from Advance
Medical, groupH, Biologische Heilmittel Heel, and Defined Health and has
served as an expert witness concerning adverse pregnancy outcome with
question of antiphospholipid syndrome. Dr. Branch has received research
support from UCB. Dr. Laskin has received consulting fees, speaking fees,
and/or honoraria from AbbVie (less than $10,000) and research support
from Ferring Pharmaceuticals. Dr. Salmon has received consulting fees,
speaking fees, and/or honoraria from UCB and Bristol-Myers Squibb
(less than $10,000 each) and owns stock or stock options in Bristol-Myers
Squibb, Abbott, Pfizer, Eli Lilly, Biogen Idec, and Regeneron. Dr. White has
received consulting fees, speaking fees, and/or honoraria from AbbVie
(less than $10,000). Dr. Yazdany has received consulting fees, speaking
fees, and/or honoraria from Pfizer, AstraZeneca, and Eli Lilly (less than
$10,000 each). Dr. Eudy has received consulting fees, speaking fees, and/
or honoraria from GlaxoSmithKline (more than $10,000) and research
support from GlaxoSmithKline. Dr. Jayatilleke has received consulting
fees and/or honoraria from GlaxoSmithKline (less than $10,000). No other
disclosures relevant to this article were reported.

Address correspondence to Lisa R. Sammaritano, MD, Hospital for
Special Surgery, 535 East 70th Street, New York, NY 10021. E-mail:
SammaritanoL@hss.edu.

Submitted for publication July 3, 2019; accepted in revised form
December 10, 2019.


mailto:SammaritanoL@hss.edu

ACR GUIDELINE FOR MANAGEMENT OF REPRODUCTIVE HEALTH IN RMDs

531

METHODS

These recommendations follow the ACR guideline develop-
ment process, using a systematic literature review and Grading
of Recommendations Assessment, Development and Evalua-
tion methodology (for details, see Supplementary Appendices 1,
2, and 3, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).
When no direct data on RMD patients were available from the
systematic literature review, discussion and voting were supple-
mented with indirect data collected in additional, less formal litera-
ture reviews (Supplementary Appendix 4, http://onlinelibrary.wiley.
com/doi/10.1002/art.41191/abstract) performed by Core Team
members (Supplementary Appendix 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.41191/abstract); these data were not part
of the systematic literature review and are listed as “not graded”
in evidence tables. Results of the systematic literature review were
compiled in an Evidence Report (Supplementary Appendix 6,
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).

A strong recommendation suggests that most informed
patients would choose the recommended management. While
usually reflecting a higher level of evidence, it may also reflect the

severity of a potential negative outcome. A conditional recommen-
dation suggests that choice will vary with individual values and
preferences. Conditional recommendations generally reflect a lack
of data, limited data, or conflicting data that lead to uncertainty.
Finally, good practice statements are those for which indirect evi-
dence is sufficiently compelling that a formal vote is unnecessary.
They are presented as “suggestions” rather than formal recom-
mendations. Recommendation numbers are denoted in Supple-
mentary Appendix 7 (http://onlinelibrary.wiley.com/doi/10.1002/
art.41191/abstract) as numbers in parentheses, allowing for
cross-referencing of recommendations with tables/appendices,
and referencing the order in the original list (i.e., may not be con-
secutive in the supplementary appendix.)

RESULTS/RECOMMENDATIONS

The detailed tables of recommendations appear in Supple-
mentary Appendix 7 (available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41191/
abstract). Concise recommendations within this appendix and
throughout the article are grouped into categories of contraception,

Discuss contraception and pregnancy planning at initial or early visit with women of reproductive age and counsel regarding
efficacy and safety [GPS]. Recommend barrier methods if more effective methods are contraindicated [GPS]. Recommend
emergency (post-coital) contraception when necessary [6].

Assess aPL status ‘

1

!

Positive aPL test

IUDs* (preferred) or progestin-

}

Negative aPL test

only pill (less effective) [4] 1

l

Non-SLE RMD

SLE SLE
Low disease activity Mod-high disease activity

IUDs*, progestin implant,
combined estrogen and
progesterone pill, progestin-
only pill (less effective),
transdermal patch, vaginal ring,
or DMPA [1]

LEGEND
Strongly recommend
Conditionally recommend
[ Conditionally recommend against
[N strongly recommend against

Bracketed #'s refer to Recommendation
# (See Appendix 7) 1UDs or progestin implant
preferred over other hormonal

contraceptives [1A]

* Recommendation for IUD use includes
women receiving immunosuppression

therapy [7]

Figure 1.

IUDs*, progestin implant,
DMPA, or progestin-only pill
over combined estrogen-
progestin contraceptives [2C]

SPECIAL CIRCUMSTANCES:

Use of mycophenolate
medications requires an IUD or
the combination of two other
forms of contraception [11].

|UDs*, progestin implant,
combined estrogen and
progesterone pill, progestin-
only pill (less effective), vaginal
ring, or DMPA [2]

1UDs or progestin implant
preferred over other hormonal
contraceptives[2A]

Avoid DMPA in patients at risk
for osteoporosis [10]

Recommendations and good practice statements (GPS) for use of contraception in women with rheumatic and musculoskeletal

disease (RMD). aPL = antiphospholipid antibody (persistent moderate [Mod]-to-high-titer anticardiolipin or anti-3,-glycoprotein | antibody or
persistent positive lupus anticoagulant); IUDs = intrauterine devices (copper or progestin); SLE = systemic lupus erythematosus; DMPA = depot

medroxyprogesterone acetate.
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ART, fertility preservation with gonadotoxic therapy, use of men-
opausal HRT, pregnancy assessment and management, and
medication use (compatibilities for paternal, maternal, and breast-
feeding use are reported).

Most recommendations are general; when relevant, RMDs
are specifically identified, most often for systemic lupus erythema-
tosus (SLE) or according to presence of specific autoantibodies
(@PL and anti-Ro/SSA and anti-La/SSB antibodies). In general,
testing for aPL should be performed in patients with SLE or SLE-
like disease and in patients with suggestive histories or physical
findings; whether to check these antibodies in other RMD patients
with a lower likelihood of positive results should be decided by
physician-patient discussion. The presence of aPL modifies the
recommendations in many circumstances, and therefore is con-
sidered separately. “Positive aPL” throughout this guideline refers
to laboratory criteria only (10): persistent (2 positive test results at
least 12 weeks apart) moderate-high-titer anticardiolipin antibody
(@CL) (=40 units or >99th percentile), moderate-high-titer anti—
B,-glycoprotein | (anti-B,GPI) (>40 units or >99th percentile), or
positive lupus anticoagulant (LAC).

Detailed definitions of aPL and antiphospholipid syndrome
(APS) are presented in Supplementary Appendix 8 (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41191/abstract). Briefly, included within the
positive aPL group are patients with asymptomatic aPL who have
no history of thrombosis or pregnancy morbidity (i.e., meet labora-
tory but not clinical APS criteria), patients with obstetric APS (OB
APS), and patients with thrombotic APS. OB APS refers to patients

who meet laboratory criteria for APS and have experienced prior
pregnancy complications consistent with APS (with other causes
ruled out). These include 3 consecutive losses prior to 10 weeks’
gestation, a fetal loss at or after 10 weeks’ gestation, or delivery
at <B4 weeks due to preeclampsia, intrauterine growth restric-
tion, or fetal distress. Thrombotic APS refers to patients who meet
laboratory criteria for APS and have experienced a prior throm-
botic event (arterial or venous), regardless of whether they have
had obstetric complications. The aPL definitions in the guideline
include both patients with and patients without other underlying
autoimmune disease, unless specifically stated.

Patients with lower-titer aCL and/or anti-B,GPI (or non-
criteria aPL) who do not meet laboratory classification criteria
may still have some degree of risk that is difficult to quantify. Rec-
ommendations for these patients are not offered in this guide-
line; decisions regarding therapy rest on discussion between the
patient and the physician, taking into account additional relevant
risk factors.

Contraception

Supplementary Appendix 7, Table A (on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41191/abstract) presents formal recommendations regarding
contraception; strength of evidence and justifications for strong
and conditional recommendations are shown in Supplementary
Appendix 9 (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/
abstract). Figure 1 details the contraception decision-making

Table 1. Safety and efficacy of various contraceptive methods in women with RMD*

1-year failure

Method Safety in women with RMD rate, %t
Highly effective (LARC)
Copper IUD Safe in all women with RMD; may increase menstrual bleeding <1
Progestin IUD Safe in all women with RMD; may decrease menstrual bleeding <1
Progestin implant Limited data, but likely safe in all women with RMD <1
Effective
Progestin-only pill (daily) Safe in all women with RMD; higher rate of breakthrough bleeding than with 5-8
combined contraceptives; must take same time every day for efficacy
DMPA (IM injection every 12 weeks) Safe in most women with RMD; exceptions: positive aPL, at high risk for OP 3
Combined estrogen and Safe in most women with RMD; exceptions: positive aPL, very active SLE 5-8
progesterone pill (daily)
Transdermal patch (weekly) Safe in most women with RMD; exceptions: positive aPL, SLE; serum 5-8
estrogen levels higher than with pill or vaginal ring
Vaginal ring (monthly) Safe in most women with RMD; exceptions: positive aPL, very active SLE 5-8
Less effective
Diaphragm Safe in all women with RMD 12
Condom Safe in all women with RMD; only form to prevent STD 18
Fertility awareness-based methodst  Safe in all women with RMD; limited efficacy, especially if menses are 24
irregular
Spermicide Safe in all women with RMD; use with condoms or diaphragm to improve 28
efficacy

* RMD = rheumatic and musculoskeletal disease; LARC = long-acting reversible contraception; IUD = intrauterine device; DMPA =
depot medroxyprogesterone acetate; IM = intramuscular; aPL = antiphospholipid antibody; OP = osteoporosis; SLE = systemic lupus

erythematosus; STD = sexually transmitted disease.

t Percent of women who will become pregnant within the first year of typical use.

+ Methods based on the timing of the menstrual cycle.
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process, and Table 1 provides efficacy data and comments on
available contraceptives.

RMD patients typically underutilize effective contraception
(11-13). The most important reason for effective contraception
in women with RMD is to avoid risks of unplanned pregnancy,
which include worsening disease activity that may threaten
maternal organ function or life, adverse pregnancy outcomes
(pregnancy loss, severe prematurity, and growth restriction),
and teratogenesis. Members of a 1-day patient focus group,
convened as part of the guideline process, emphasized their
desire that clinicians caring for patients with RMD routinely dis-
cuss family planning, as they view their rheumatologists as “the
doctors who know them and their medications best.” We sug-
gest that rheumatologists treating reproductive-age women with
RMD discuss contraception and pregnancy plans at an initial
or early visit and periodically thereafter, and always when initiat-
ing treatment with potentially teratogenic medications. One Key
Question (www.powertodecide.org) has been suggested in the
literature as a simple way of addressing the issue of family plan-
ning with patients: “Would you like to become pregnant in the
next year?” (14). In whatever way one chooses to discuss this
topic, counseling regarding contraception should include issues
of efficacy and safety, with consideration of individual values and
preferences.

Effectiveness of reversible forms of contraception varies.
For long-acting reversible contraceptives (copper or progestin
intrauterine devices [IUDs]) and subdermal progestin implants),
ideal use and “real-world” use effectiveness are similar, with
pregnancy rates of <1% per year (“highly effective”). Combined
estrogen-progestin methods, depot medroxyprogesterone ace-
tate (DMPA) injections, and progestin-only pills yield pregnancy
rates of 3-8% per year (“effective”) (15,16). Condoms, fertility-
based methods (e.g., “rhythm”), and spermicide are less effec-
tive and yield pregnancy rates of 18-28% per year (17). Barrier
methods confer some protection against sexually transmitted
diseases.

While long-acting reversible contraceptives are encour-
aged as first-line contraceptives for all appropriate candidates,
including nulliparous women and adolescents (17), lack of data
specific to RMD and variability in clinical situations, values,
and preferences may affect a patient’s choice. Clinical factors
that affect appropriateness of various contraceptive methods
include diagnosis and activity of SLE, presence of aPL, oste-
oporosis, and some potentially interacting medications (see
Special RMD Situations below and Supplementary Appendix
10, on the Arthritis & Rheumatology web site at http://onlinelibr
ary.wiley.com/doi/10.1002/art.41191/abstract). “Hormonal con-
traceptives” refers to any contraception containing a hormone,
including estrogen-progestin contraceptives and progestin-only
contraceptives. The term “fertile women” refers to women of
reproductive age who do not have documented menopause,

hysterectomy, or permanent sterilization (i.e., women who may
become pregnant).

In fertile women with RMD who have neither SLE nor
positive aPL, we strongly recommend use of effective con-
traceptives (i.e., hormonal contraceptives or IUDs) over
less effective options or no contraception; among effective
methods, we conditionally recommend the highly effective
IUDs or subdermal progestin implant (long-acting revers-
ible contraceptives) because they have the lowest failure
rates.

We strongly recommend discussing use of emergency
contraception with all patients, including those with SLE
or positive aPL, because risks of emergency contraception
are low compared to those of unplanned pregnancy.

Levonorgestrel, the over-the-counter option, is widely avail-
able and has no medical contraindications to use, including
thrombophilia (18).

SLE patients. Controlled studies of estrogen-progestin
contraceptives in SLE have enrolled only women with stable,
low disease activity; they specifically excluded those with high
disease activity and history of thrombosis (19,20). Prospec-
tive studies (evidence level moderate) in patients with stable
SLE showed no increased risk of flare related to estrogen-
progestin pills (19,20), and there are no data suggesting
increased SLE flare risk with progestin-only pills or copper
IUDs (20,21).

In SLE patients with stable or low disease activity who
are not positive for aPL, we strongly recommend use of
effective contraceptives (i.e., hormonal contraceptives or
IUDs) over less effective options or no contraception, and
we conditionally recommend the highly effective IUDs or
subdermal progestin implant because they have the low-
est failure rates.

We conditionally recommend against use of the trans-
dermal estrogen-progestin patch in patients with SLE.

Although not directly studied in SLE patients, the transder-
mal estrogen-progestin patch results in greater estrogen expo-
sure than do oral or transvaginal methods (22,23), raising concern
regarding potential increased risk of flare or thrombosis.

We strongly recommend progestin-only or IUD contra-
ceptives over combined estrogen-progestin contraception
in SLE patients with moderate or severe disease activity,
including nephritis, because estrogen-containing contra-
ceptives have not been studied in SLE patients with mod-
erate or severe disease activity.


http://www.powertodecide.org
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract

534

SAMMARITANO ET AL

Antiphospholipid antibody-positive patients. Pres-
ence of aPL, with or without history of clinical complications, is a
contraindication to use of estrogen-containing contraceptives due
the potential further increase in thrombosis risk.

We strongly recommend against combined estro-
gen-progestin contraceptives in women with positive aPL
because estrogen increases risk of thromboembolism.

We strongly recommend IUDs (levonorgestrel or
copper) or the progestin-only pill in women with positive
aPL.

In aPL-positive patients, we do not recommend DMPA due
to concern regarding thrombogenicity. We do not comment on
the relatively new progestin implant due to lack of data.

The risk of venous thromboembolism (VTE) in healthy
women taking combined estrogen-progestin contraceptives is
36 times higher than the baseline annual risk of 1/10,000 women
(24). Although whether there is any increase in thrombosis risk
with progestin-only contraception is debated, progestin-only
methods are widely accepted as a lower-risk option in patients
for whom estrogens are contraindicated but who still need
effective contraception (18,25,26). The specific progestin and
its serum level affect thrombosis risk: in healthy women tak-
ing estrogen-progestin contraceptive pills that vary progestin
type but not estrogen, VTE risk odds ratios range from 2.2 to
6.6 (24). However, VTE risk in healthy women using either the
progestin-only pill or the progestin IUD is not increased, with
relative risks (RRs) of 0.90 (95% confidence interval [95% CI]
0.57-1.45) and 0.61 (95% CI 0.24—1.53), respectively (27). Fur-
thermore, thrombosis frequency does not increase when pro-
gestin (levonorgestrel) IUDs are used in non-RMD patients with
increased (non—-aPL-associated) thrombosis risk (27-29). VTE
data on the newer progestin (etonogestrel) subdermal implant
are inadequate to permit recommendations (the prior progestin
implant containing levonorgestrel is no longer available in the
US). Very limited data on non-RMD patients suggest that inject-
able DMPA imparts a higher VTE risk than do other progestin-
only contraceptives (RR 2.67 [95% CI1.29-5.53]), similar to
that with oral estrogen-progestin contraceptives (27). For this
reason, we do not include DMPA among the progestin contra-
ceptives recommended for use in patients with positive aPL.

The copper IUD is a highly effective alternative that does not
increase risk of VTE, but it may increase menstrual bleeding and
cramping for several months after insertion. Progestin IUDs may
decrease these symptoms (30), a potential benefit for patients
receiving anticoagulation therapy.

We suggest the progestin-only pill (which is an effective,
but not highly effective, contraceptive) as a low-risk alterna-
tive for patients who are unable or unwilling to use an IUD.
The lack of data specific to aPL-positive patients using the
progestin-only pill or IUD must be weighed against the risk of

pregnancy-related VTE in the general population, which is >10
times that seen with estrogen-progestin contraceptive use.
Pregnancy-related thrombosis risk in aPL-positive patients is
not well quantified, but VTE risk is 197/10,000 women-years
for pregnant patients with a single prothrombotic mutation and
776/10,000 women-years (31) if there are multiple prothrom-
botic mutations.

Other special RMD situations. Factors other than diag-
nosis of SLE or presence of aPL may influence the choice of
contraception in women with RMD. These include use of medica-
tions and presence or risk of osteoporosis. Immunosuppressive
therapy does not preclude use of any contraceptive method, but
there is concern that mycophenolate-containing medications may
interfere with hormonal contraceptive efficacy.

Since IUDs are the most effective contraceptive
options, we strongly recommend the IUD (copper or pro-
gestin) for women with RMD who are receiving immuno-
suppressive therapy, despite hypothetical infection risk.

|lUD-associated infection risk in RMD patients receiving
immunosuppressive therapy has not been specifically studied,
but studies in women with HIV show no increase (32), and IUDs
are recommended for all solid organ transplant patients, including
adolescents (33,34). In one arm of an SLE contraceptive trial a
copper IUD was used; although the number of patients receiving
immunosuppressive agents was not reported, there were no
cases of pelvic inflammatory disease (20).

In women with RMD who are at increased risk for oste-
oporosis from glucocorticoid use or underlying disease, we
conditionally recommend against using DMPA as a long-
term contraceptive because data suggest that bone min-
eral density declines by up to 7.5% over 2 years of use in a
healthy population (35).

Although there are no published data suggesting increased
fracture risk, the American College of Obstetricians and Gynecol-
ogists recommends caution regarding DMPA use in women with
or at increased risk for osteoporosis (17).

We conditionally recommend that women with RMD
taking mycophenolate mofetil/mycophenolic acid (MMF)
use an IUD alone or 2 other methods of contraception
together, because MMF may reduce serum estrogen and
progesterone levels (in turn reducing the efficacy of oral
contraceptives).

The Mycophenolate Risk Evaluation and Mitigation Strategy
program suggests use of an IUD alone (copper or progestin is not
specified), or an estrogen-progestin contraceptive or the progestin
implant together with a barrier contraceptive (36). It is not known
whether these medications reduce efficacy of progestin IUDs,
which contain varying amounts of hormone and have a largely
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intrauterine effect. Other recommendations vary: while the package
insert states that MMF may reduce effectiveness of oral contracep-
tives and use of additional barrier contraceptive methods is rec-
ommended (37), the European Medicine Agency recently updated
recommendations regarding use of contraception for women tak-
ing MMF to state that “two forms of contraception are preferred but
no longer mandatory”(38). Voting Panel members disagreed on the
need to use additional contraceptive measures. As befits a condi-
tional recommendation, clinicians should be aware of and discuss
this hypothetical risk with their patients.

Assisted reproductive technology

Supplementary Appendix 7, Table B (http://onlinelibrary.
wiley.com/doi/10.1002/art.41191/abstract) presents the ART
recommendations with strength of supporting evidence; detailed
justifications for strong and conditional recommendations are
shown in Supplementary Appendix 9 (http://onlinelibrary.wiley.
com/doi/10.1002/art.41191/abstract). Figure 2 details the ART
decision-making process.

While fertility is typically normal in women with RMD
(who have not been treated with cyclophosphamide [CYC]), it
decreases with age, and ART may be needed by some RMD

patients. ART techniques include ovarian stimulation, which ele-
vates estrogen levels, IVF, and embryo transfer. Ovarian stimula-
tion cycles for IVF generally require more aggressive stimulation
than do those for intrauterine insemination; they involve surgical
extraction of oocytes and IVF, followed by embryo transfer. Fro-
zen embryo transfer does not usually require ovarian stimulation.

As is the case with any underlying significant medical disease,
women undertaking ovarian stimulation must be cleared medically
by the appropriate specialist. Similarly, women with APS, throm-
botic or otherwise, should be cleared medically by their rheuma-
tologist. The rheumatologist should consult with the reproductive
endocrinology and infertility specialist regarding adjustments to
the ovarian stimulation protocol in order to minimize the risk to the
patient. Women with these underlying conditions who undergo
fertility therapy should do so only in centers where the appropriate
expertise is readily available.

We strongly recommend proceeding with ART if
needed in women with uncomplicated RMD who are receiv-
ing pregnancy-compatible medications, whose disease is
stable/quiescent, and who are negative for aPL.

Compared to the benefit of a successful pregnancy, the
risk of ART for subfertile patients with RMD is low; nonetheless,

LEGEND
Strongly recommend

Determine Disease Activity]
for RMD

A\ 4

Conditionally recommend
v Conditionally recommend against

Remission or Stable, Low-
Level Disease Activity

Continue necessary immune-
suppressive/biologic therapy (NOT
CYC) through ovarian stimulation and
oocyte retrieval for cryopreservation
[28]. Continue only pregnancy-
compatible medications if pregnancy

Lplanned.
!}

4 Ny

Assess aPL/APS status

[N strongly recommend against

Moderate or Severe
Disease Activity

Bracketed #'s refer to Recommendation
# (See Appendix 7)

NOTE: Avoid prophylactic use of
prednisone unless required to control
active disease [29]

| }
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Negative aPL Test No Clinical APS

OB APS .
Thrombotic APS

Proceed with ART [25]

LProceed with ART [24]

Proceed with ART [25]

Proceed with ART [25]

Treat with prophylactic
LMWH/UH during ART
procedures [25A]

Treat with prophylactic
LMWH/UH during ART
procedures [25A2]

Treat with therapeutic
LMWH/UH during ART
procedures [26A]

.

7

Figure 2. Recommendations for use of assisted reproductive technology (ART) in women with rheumatic and musculoskeletal disease (RMD).
CYC = cyclophosphamide; aPL = antiphospholipid antibody (persistent moderate-to-high-titer anticardiolipin or anti—{3,-glycoprotein | antibody
or persistent positive lupus anticoagulant); APS = antiphospholipid syndrome (obstetric and/or thrombotic); obstetric APS (OB APS) = patients
meeting laboratory criteria for APS and having prior consistent pregnancy complications (>3 consecutive losses prior to 10 weeks’ gestation,
fetal loss at or after 10 weeks’ gestation, or delivery at <34 weeks due to preeclampsia, intrauterine growth restriction, or fetal distress) and with
no history of thrombosis; thrombotic APS = patients meeting laboratory criteria for APS and having a prior thrombotic event (arterial or venous),
regardless of whether they have had obstetric complications; LMWH = low molecular weight heparin; UH = unfractionated heparin.


http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract

536

SAMMARITANO ET AL

risks associated with ART, especially thrombosis and lupus
flare (39,40), should be discussed with patients. The level
of evidence specific to RMD patients is very low (41,42), but
evidence supports the safety of ART in a general population
(43,44).

SLE patients. Data on IVF cycles in RMD patients are lim-
ited; however, the intended outcome of IVF, pregnancy, may be
adversely affected by the presence of active RMD. In addition,
there is concern that flare in SLE patients might be worsened in
the setting of elevated estrogen levels.

We strongly recommend deferring ART procedures
in patients with any RMD while disease is moderately or
severely active; this recommendation is based on extrap-
olated evidence that RMD disease activity increases preg-
nancy risks.

For pregnancy planning, 6 months of stable inactive or low-
level disease is most often suggested, but individual clinical fac-
tors may influence this decision. In patients with SLE, there is
theoretical concern that ovarian stimulation with elevated estrogen
levels may worsen active disease.

We conditionally recommend against an empiric
dosage increase of prednisone during ART procedures
in patients with SLE; instead, we suggest monitoring the
patient carefully and treating for flare if it occurs.

No studies have evaluated prescription of prophylactic pred-
nisone to prevent SLE flare during ART.

Antiphospholipid antibody-positive patients. Patients
who are positive for aPL are at increased risk for thrombosis.
Most reports of aPL-positive patients undergoing IVF describe
the use of empiric prophylactic anticoagulation due to concern
regarding further increased risk of potentially life-threatening
thrombosis from elevated estrogen levels during ovarian
stimulation.

In subfertile patients with RMD who desire preg-
nancy, have stable/quiescent disease, and have asymp-
tomatic positive aPL, OB APS, or treated thrombotic APS,
we conditionally recommend ART with anticoagulation, as
described below.

We conditionally recommend prophylactic anticoagu-
lation therapy with heparin or low molecular weight heparin
in asymptomatic aPL-positive patients during ART proce-
dures (41,42).

The increased risk of organ- or life-threatening thrombosis
due to high estrogen levels greatly outweighs the low risk of bleed-
ing or other complications of unfractionated heparin or low molec-
ular weight heparin (LMWH).

We strongly recommend prophylactic anticoagulation
with heparin or LMWH in women with OB APS, and we
strongly recommend therapeutic anticoagulation in women
with thrombotic APS, during ART procedures.

The strength of these recommendations rests on the sever-
ity of the risk of organ- or life-threatening thrombosis during
ovarian stimulation. An added risk for thrombosis is ovarian
hyperstimulation syndrome, an important, uncommon complica-
tion consisting of capillary leak syndrome (with pleural effusion
and ascites) and, in severe cases, arterial and venous throm-
bosis and renal failure (43). Underlying thrombophilia increases
the risk of severe ovarian hyperstimulation syndrome (44). While
there are few data to guide prophylactic anticoagulation in aPL-
positive patients, thromboprophylaxis is recommended to pre-
vent thrombotic complications of moderate-to-severe ovarian
hyperstimulation syndrome, as it is for patients with known inher-
ited or acquired thrombophilia (45,46). Reports of thrombosis in
aPL-positive patients undergoing IVF are uncommon, but most
reported patients received empiric anticoagulation (41,42). In a
recent series, 2 of 4 reported thromboses occurred in women
who, on their own decision, discontinued LMWH after oocyte
retrieval (41).

LMWH is used most commonly. Prophylactic dosing of
enoxaparin is usually 40 mg daily, started at the beginning of
ovarian stimulation, withheld 24-36 hours prior to oocyte retrieval,
and resumed following retrieval. Optimal duration of prophylactic
LMWH for asymptomatic aPL-positive patients undergoing ovar-
ian stimulation has not been studied; this is a decision best made
in consultation with the reproductive endocrinology and infertility
specialist. The treatment is often continued until estrogen levels
return to near-physiologic levels if no pregnancy occurs. Patients
with OB APS will continue therapy throughout pregnancy. Aspirin
is not commonly used prior to oocyte retrieval (it will be started
after retrieval if indicated) given concern that its prolonged action
may increase bleeding risk at the time of the retrieval. Patients
receiving regular anticoagulation therapy with vitamin K antag-
onists for thrombotic APS should transition to therapeutic-dose
LMWH for ART (usually enoxaparin 1 mg/kg subcutaneously
every 12 hours), with this treatment withheld for retrieval and
resumed subsequently, to continue throughout pregnancy. Since
ovarian stimulation protocols vary, discussion with the reproduc-
tive endocrinology and infertility specialist is appropriate. In addi-
tion to anticoagulation, patients at risk for thrombosis or ovarian
hyperstimulation syndrome may benefit from ovarian stimulation
protocols that yield lower peak serum estrogen levels, such as
those incorporating aromatase inhibitors (47).

Embryo and oocyte cryopreservation. Embryo and
oocyte cryopreservation are good options to preserve fertility in
patients whose condition is stable enough for them to undergo ovar-
ian stimulation but who are either not able or not ready to pursue
pregnancy at the time of stimulation. A carefully monitored ovarian
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stimulation/IVF cycle followed by embryo transfer to a surrogate is an
option, if available, for patients with severe disease-related damage
who desire a biologic child and are able to undergo ovarian stimula-
tion and oocyte retrieval, but cannot safely undergo pregnancy.

We strongly recommend continuation of necessary
immunosuppressive and/or biologic therapies (except
CYC, which directly impacts maturing follicles) in treated
patients whose condition is stable, when the purpose
of ovarian stimulation is oocyte retrieval for oocyte or
embryo cryopreservation.

This includes continuation of mycophenolate or methotrex-
ate (MTX). There is an anticipated risk of uncontrolled disease from
withdrawal of effective medication. However, there are no published
data that directly address oocyte retrieval during treatment with most
immunosuppressive or biologic therapies other than CYC.

Fertility preservation with cyclophosphamide

Supplementary Appendix 7, Table C (on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.41191/abstract) presents the formal recommendations
regarding fertility preservation with CYC treatment and strength
of supporting evidence. Detailed justifications for strong and
conditional recommendations are shown in Supplementary
Appendix 9 (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/
abstract).

Fertility preservation in women with RMD treated
with CYC. Although CYC is used less frequently than in the past
due to availability of alternative treatments, it remains a mainstay
of therapy for severe or life-threatening RMD. Ovarian insufficiency
is a potential long-term complication of monthly intravenous CYC
therapy. Hormonal co-therapy during the course of CYC is sug-
gested to reduce risk of ovarian insufficiency.

To prevent inducing primary ovarian insufficiency in
premenopausal women with RMD receiving monthly intra-
venous CYC, we conditionally recommend monthly gonad-
otropin-releasing hormone agonist co-therapy.

Ovarian insufficiency risk with CYC treatment depends on
patient age and cumulative monthly CYC dose (48); measures
of ovarian function remained stable during treatment accord-
ing to the Euro-Lupus protocol (49). The recommendation of
gonadotropin-releasing hormone agonist therapy for ovarian
protection during monthly CYC therapy is based on evidence
supporting benefit in early breast cancer (50,51); evidence more
specific to RMD patients is less robust but positive, with lim-
ited clinical trials of gonadotropin-releasing hormone agonist
(usually leuprolide acetate) that included patients with SLE and
other RMD populations and used a number of different outcome
measures (52-56).

Thus far, studies have addressed gonadotropin-releasing
hormone agonist co-therapy only in CYC-treated RMD patients
who receive CYC monthly by intravenous administration.
Acknowledging this lack of data on oral CYC-treated patients, it
is reasonable to consider gonadotropin-releasing hormone ago-
nist use for these patients. Theoretically, gonadotropin-releasing
hormone agonist co-therapy may not be necessary for patients
receiving the lower cumulative CYC dose in the Euro-Lupus
regimen (49). Expense including insurance coverage issues and
difficulty coordinating administration (preferred timing is 10-14
days prior to CYC administration) may impact the ability to
administer gonadotropin-releasing hormone agonist for the first
CYC infusion, especially in the setting of urgent need for therapy.

Fertility preservation in men with RMD treated with
CYC. CYC may cause infertility and long-term gonadal damage in
treated men. Options for fertility preservation should be presented
to male patients in whom CYC therapy is required.

We conditionally recommend against testosterone
co-therapy in men with RMD receiving CYC, as it does
not preserve fertility in men undergoing chemotherapy for
malignancy (57).

Because sperm cryopreservation prior to treatment
preserves a man’s ability to conceive a healthy child, we
strongly suggest sperm cryopreservation as good practice
for CYC-treated men who desire it.

We acknowledge the difficulty of coordinating sperm banking
when CYC therapy is urgently indicated. Because CYC causes
the most damage to the postmeiosis spermatids and sperm
developing during therapy have the highest degree of genetic
damage (58), sperm should be collected prior to CYC treatment.
If sperm is collected after CYC treatment, urologists recommend
waiting a minimum of 3 months after completion of therapy (59).

Menopause and hormone replacement therapy

Supplementary Appendix 7, Table D (http://onlinelibrary.
wiley.com/doi/10.1002/art.41191/abstract) presents formal rec-
ommendations regarding menopause and HRT with strength of
supporting evidence. Detailed justifications for strong and condi-
tional recommendations are shown in Supplementary Appendix
9 (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).
Figure 3 details the HRT decision-making process. In this guide-
line, postmenopausal women include women with surgically
induced menopause.

Current population recommendations (60-62) suggest lim-
iting HRT use in healthy postmenopausal women and using
the lowest dose that alleviates symptoms for the minimum time
necessary. Studies of long-term HRT show that risks, including
stroke and breast cancer, outweigh benefits (63). Risks of HRT
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In women with RMD without SLE and without (+) aPL suggest treating with HRT according to general postmenopausal
population guidelines for patients with severe vasomotor symptoms and no other contraindications [GPS]

‘ Assess aPL/IAPS status ‘
! ! !
| APS | | Positive aPL, no APS | | Negative aPL |
[ [ [
On anticoagulation? e ?urrent ShHE l l
fiters SLE Non-SLE RMD

l—l—l

Yes Current aPL

AVOID HRT [82] titer positive

HRT if needed* [79]

HRT if needed [GPS]

Current aPL

LEGEND

titer negatlve Strongly recommend

AVOID HRT [80]

Conditionally recommend
Conditionally recommend against
I Strongly recommend against

HRT if needed [83]

AVOID HRT if
current aPL titer
negative [83A]

Bracketed #s refer to Recommendation #
(See Table 4), not PICO #

*NOTE: Clinical trials of HRT in SLE patients did not include patients
with active disease

Figure 3. Recommendations and good practice statements (GPS) for hormone replacement therapy (HRT) use in postmenopausal women
with rheumatic and musculoskeletal disease (RMD). SLE = systemic lupus erythematosus; aPL = antiphospholipid antibody (persistent
moderate-to-high-titer anticardiolipin or anti—3,-glycoprotein | antibody or persistent positive lupus anticoagulant); APS = antiphospholipid
syndrome (obstetric and/or thrombotic); PICO = population, intervention, comparator, outcomes.

depend on the type, dose, route of administration, duration of use,
and timing of initiation. Benefit-risk balance is most favorable for
severe vasomotor symptoms in women <60 years old or within 10
years of menopause onset (61).

Vasomotor symptoms, as defined by the North American
Menopause Society, include hot flashes and night sweats. Hot
flashes are recurrent, transient episodes of flushing, perspiration,
and a sensation ranging from warmth to intense heat on the upper
body and face, sometimes followed by chills. Night sweats are
hot flashes that occur with perspiration during sleep (64). General
contraindications to use of HRT include history of breast cancer,
coronary heart disease, previous venous thromboembolic event
or stroke, or active liver disease.

We strongly suggest as good practice the use of HRT
in postmenopausal women with RMD without SLE or pos-
itive aPL who have severe vasomotor symptoms, have no
contraindications, and desire treatment with HRT.

SLE patients. Use of HRT in symptomatic postmenopausal
SLE patients may raise concerns regarding increased risk of flare
and/or thrombosis; however, HRT use in aPL-negative women
with quiescent SLE may be considered.

In SLE patients without positive aPL who desire HRT
due to severe vasomotor symptoms and have no contrain-
dications, we conditionally recommend HRT treatment.

Moderate-quality direct evidence supports use of oral HRT in
aPL-negative women with SLE who have stable low-level disease

activity and no contraindication to use (65-68), although no stud-
ies have directly addressed use of HRT in patients with moderate-
to-high disease activity. The recommendation is conditional
because there was a small increase in risk of mild-to-moderate
(but not severe) lupus flares with use of oral HRT in the Safety of
Estrogens in Lupus Erythematosus National Assessment study
(65), and because the studies did not include women with active
disease.

aPL-positive patients. Estrogen use in aPL-positive
patients should be avoided due to the potential increased risk of
thrombosis. Data are limited, however, for many clinical situations,
and specific recommendations vary in strength for this reason.

In women with asymptomatic aPL, we conditionally
recommend against treating with HRT.

We strongly recommend against use of HRT in women
with obstetric and/or thrombotic APS.

We conditionally recommend against HRT use in
patients with APS who are receiving anticoagulation treat-
ment and in patients with APS who are currently negative
for aPL.

We conditionally recommend consideration of HRT, if
desired, in women who have a history of positive aPL but
are currently testing negative for aPL and have no history
of clinical APS.
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Risk of VTE may be increased with HRT use in the general
population (69,70). Types of estrogen and progestin and route of
administration (71-74) affect risk. In the Women’s Health Initia-
tive study, VTE risk with oral estrogen-progestin increased 2-fold
over placebo (70), and oral HRT in patients with factor V Leiden
or prothrombin G20210A mutations increases VTE risk 25-fold
compared to mutation-free women not receiving HRT (75,76). In
contrast, recent studies show that transdermal estrogen does not
increase VTE risk in healthy women (71,74), even those with pro-
thrombotic mutations or high body mass index (75,77). No stud-
ies, however, have specifically assessed thrombosis risk with oral
or transdermal HRT in women with aPL.

Direct evidence regarding thrombosis risk with HRT in SLE
patients with or without aPL is low, as studies have addressed risk
of flare in SLE but not thrombosis, and some studies excluded
patients with prior thrombosis (65,67). In one study 106 SLE
patients, regardless of aPL status but excluding those with recent
thrombosis, were randomized to receive oral estrogen-progestin
HRT or placebo. Approximately one-third of the patients in each
group had some degree of positivity for aPL (level unreported)
(78). During 24 months of follow-up 3 thrombotic events occurred
in the HRT group and 1 in the placebo group, a nonsignificant
difference.

Available evidence supports the use, when indicated and
desired, of HRT in RMD patients without aPL, including those
with SLE (65). Given the demonstrated lower VTE risk with trans-
dermal administration as opposed to oral estrogen-progestin
preparations even in women at increased prothrombotic risk
(77), it may be reasonable to consider transdermal estrogen as
initial therapy.

Pregnancy: general assessment, counseling, and
management

Obstetrics-gynecology or maternal-fetal medicine specialists
necessarily assume primary medical management of pregnancy
in a woman with RMD. An understanding of basic pregnancy
physiology is helpful for rheumatologists to identify and treat active
disease during pregnancy and coordinate care with obstetric
providers.

Pregnancy changes may impact manifestations of RMD.
Pregnancy-related increased intravascular volume may worsen
already abnormal cardiac or renal function. The expected 50%
increase in glomerular filtration rate during pregnancy may worsen
preexisting stable proteinuria. Pregnancy-induced hypercoag-
ulability increases RMD-associated thrombosis risk. The cal-
cium demand of fetal bone development and breastfeeding may
worsen maternal osteoporosis. In addition, normal pregnancy
symptoms such as malar erythema, chloasma gravidarum, ane-
mia, elevated erythrocyte sedimentation, and diffuse arthralgias
may falsely mimic symptoms of active RMD. Pregnancy-induced
hypertension syndromes (preeclampsia) may be confused with

lupus nephritis, scleroderma renal crisis, or vasculitis flare. HELLP
syndrome (hemolysis, elevated liver enzymes, and low platelets)
or eclampsia may resemble severe disease flare. Distinguishing
among these syndromes requires the expertise of rheumatologists
and obstetrics-gynecology or maternal-fetal medicine physicians
working together.

Most information regarding pregnancy management in RMD
comes from observational studies, primarily in patients with SLE
and APS. There have been very few controlled trials. Data about
pregnancies in rare rheumatic diseases usually derive from small
case series. For these reasons, many recommendations are condi-
tional, supported by collective experience of the Voting Panel mem-
bers and patient input. Supplementary Appendix 7, Table E (http://
onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract) presents
formal recommendations regarding pregnancy in patients with
RMD with strength of supporting evidence. Detailed justifications
for strong and conditional recommendations are shown in Supple-
mentary Appendix 11 (http://onlinelibrary.wiley.com/doi/10.1002/
art.41191/abstract). Figure 4 details the pregnancy management
process in patients with RMD. Supplementary Appendix 10 (http://
onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract) provides
assessment and management suggestions for specific RMDs.

As standard good practice, we strongly suggest coun-
seling women with RMD who are considering pregnancy
regarding the improved maternal and fetal outcomes (based
on many studies) associated with entering pregnancy
with quiescent/low activity disease (75,77,79-98). As addi-
tional good practice, we suggest maintaining concurrent
care with specialists in obstetrics-gynecology, mater-
nal-fetal medicine, neonatology, and other specialists as
appropriate.

Patient participants expressed a strong desire that their
physicians discuss family planning “early and often,” including
before planning of pregnancy. Discussion with patients should
include information on medications and impact of disease activ-
ity, autoantibodies, and organ system abnormalities on maternal
and fetal health. In rare situations with significant disease-related
damage, such as pulmonary arterial hypertension, renal dys-
function, heart failure, or other severe organ damage, pregnancy
may be contraindicated due to high risk of maternal morbidity
and mortality.

In women with RMD planning pregnancy who are
receiving medication that is incompatible with preg-
nancy, we strongly recommend switching to a pregnancy-
compatible medication and observing for sufficient time to
assess efficacy and tolerability of the new medication.

There are no data to support a specific period of time for
observation with pregnancy-compatible medications. Timing will
vary depending on individual clinical factors; in clinical practice this
is usually a minimum of several months.
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Counsel RMD patients regarding improved maternal and pregnancy outcomes when disease is quiescent/low activity before
pregnancy [GPS]. Co-management with rheumatology and other specialists preferred [GPS.]

Assess patients considering pregnancy

LEGEND

Strongly recommend

.

* Conditionally recommend

High disease activity

Low disease activity

Conditionally recommend against
I strongly recommend against

Treat to control disease
activity and reassess when
quiescent/low disease activity

Change to pregnancy
compatible medications and
observe for efficacy and

*Patients may satisfy multiple branches
of this pathway

Bracketed #s refer to Recommendation

Positive aPL Test

[GPS] tolerance [42]
l # (See Table 4), not PICO #
Assess patients beginning early in pregnancy*
SLE | Anti-Ro/La (+) |

Continue HCQ (if on) [57]

1

!

!

!

Start HCQ (if not on and
no contraindication) [58]

No history NLE

History of NLE

No APS

OB APS

Thrombotic APS

Low dose aspirin [56]

HCQ [69]

HcQ [70]

Laboratory assessment of
disease activity at least

Serial fetal echo
week 16-26 [67]

Weekly fetal echo
week 16-26 [68]

Low dose aspirin
[45]

!

Low dose aspirin +
prophylactic

Low dose aspirin +
therapeutic heparin

once per trimester [64] l
Abnormal fetal echocardiogram

degree heart block [71,72]

Brief course of dexamethasone if 1°* or 2™

Against dexamethasone if 3 degree
(complete) heart block [73]

Against prophylactic heparin until 6-12 [52]
heparin or HCQ [46, WS PRSP HCQ [448]
44A] [48,84]
HCQ [44B]

Against therapeutic
heparin or IVIG [49-
50]

Figure 4. Recommendations and good practice statements (GPS) for pregnancy counseling, assessment, and management in women
with rheumatic and musculoskeletal disease (RMD). SLE = systemic lupus erythematosus; HCQ = hydroxychloroquine; NLE = neonatal lupus
erythematosus; aPL = antiphospholipid antibody (persistent moderate-to-high-titer anticardiolipin or anti—3,-glycoprotein | antibody or persistent
positive lupus anticoagulant); APS = antiphospholipid syndrome (obstetric and/or thrombotic); obstetric APS (OB APS) = patients meeting
laboratory criteria for APS and having prior consistent pregnancy complications (>3 consecutive losses prior to 10 weeks’ gestation, fetal loss at
or after 10 weeks’ gestation, or delivery at <384 weeks due to preeclampsia, intrauterine growth restriction, or fetal distress) and with no history
of thrombosis; thrombotic APS = patients meeting laboratory criteria for APS and having a prior thrombotic event (arterial or venous), regardless
of whether they have had obstetric complications; IVIG = intravenous immunoglobulin; PICO = population, intervention, comparator, outcomes.

In women with RMD who are currently pregnant and
have active disease that requires medical therapy, we
strongly recommend initiating or continuing a pregnancy-
compatible steroid-sparing medication, as both active RMD
and continuous high-dose glucocorticoid treatment have
potential for maternal and fetal harm (99).

Pre-pregnancy or early pregnancy laboratory testing for rele-
vant autoantibodies is recommended. Ascertaining anti-Ro/SSA,
anti-La/SSB, and aPL status improves counseling regarding preg-
nancy and fetal risk.

We strongly recommend testing for anti-Ro/SSA and
anti-La/SSB once before or early in pregnancy in women with
SLE or SLE-like disorders, Sjogren’s syndrome, systemic
sclerosis, and rheumatoid arthritis. Given the relative persis-
tence and unchanged titers of these antibodies, we strongly
recommend against repeating the test during pregnancy.

Patients with scleroderma renal crisis. Most disease-
specific recommendations for RMD pregnancy management
focus on presence of underlying SLE or positive aPL. One aspect
of disease in systemic sclerosis, however, is of particular impor-
tance during pregnancy: the development of scleroderma renal
crisis. While effective medications are usually contraindicated dur-
ing pregnancy due to risk of adverse fetal effects, they should be
considered in this unusual and life-threatening circumstance.

We strongly recommend use of angiotensin-converting
enzyme inhibitor or angiotensin receptor blockade ther-
apy to treat active scleroderma renal crisis in pregnancy,
because the risk of maternal or fetal death with untreated
disease is higher than the risk associated with use of these
medications during pregnancy.

While scleroderma renal crisis is rare in pregnancy (an esti-
mated 2% of scleroderma pregnancies), it can easily be confused
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with preeclampsia. Angiotensin-converting enzyme inhibitors can
be renal-protective and life saving (100); however, they are contrain-
dicated in the second and third trimesters of pregnancy because of
potential oligohydramnios or permanent fetal renal damage (101),
and should be considered only for active scleroderma renal crisis.

SLE patients. Supplementary Appendix 7, Table E (http://
onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract) presents
formal recommendations for SLE pregnancy management, with
strength of supporting evidence. Detailed justifications for strong
and conditional recommendations are shown in Supplementary
Appendix 11 (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/
abstract).

In women with SLE who are considering pregnancy
or are pregnant, we strongly recommend testing for LAC,
aCL, and anti-B,GPI antibodies once before or early in
pregnancy, and against repeating these tests during
pregnancy.

We recommend that all women with SLE take hydroxy-
chloroquine (HCQ) during pregnancy if possible. If a patient
is already taking HCQ, we strongly recommend continuing
it during pregnancy; if she is not taking HCQ, we condition-
ally recommend starting it if there is no contraindication.

Many studies support maternal and pregnancy benefit of HCQ
and low risk for mother and fetus (84,102—111). Potential contrain-
dications include allergy, adverse side effects, or intolerance.

We conditionally recommend treating SLE patients
with low-dose aspirin (81 or 100 mg daily), beginning in the
first trimester.

The American College of Obstetricians and Gynecologists and
US Protective Health Task Force recommend aspirin 81 mg daily
as prophylaxis in all patients at high risk for preeclampsia (97,112—
117). Treatment with low-dose aspirin during pregnancy to prevent
or delay the onset of gestational hypertensive disease is recom-
mended for those with SLE or APS because of their increased risk
and may be considered for women with other RMD diagnoses
depending on individual clinical risk factors. Some investigators
have used doses of aspirin up to 150 mg daily, but both the Amer-
ican College of Obstetricians and Gynecologists and the U.S. Pre-
ventive Services Task Force note that there is a lack of appropriate
comparative studies to show the superiority of doses >100 mg
per day. Low-dose aspirin is not thought to complicate anesthesia
or delivery (112); however, a decision regarding discontinuation
prior to delivery should be made by the obstetrician-gynecologist
and anesthesiologist according to the patient’s specific clinical
situation.

Because active disease affects maternal and preg-
nancy outcome, we strongly suggest, as good practice,

monitoring SLE disease activity with clinical history, exami-
nation, and laboratory tests at least once per trimester.

Abnormalities in the complete blood cell count, differential
cell count, urinalysis results and urinary protein:creatinine ratio,
or anti-DNA, C3, or C4 levels may indicate possible SLE flare
and/or preeclampsia despite absence of clinical symptoms.
Frequency of laboratory monitoring and rheumatology follow-
up may vary with an individual patient’s clinical status and
medications.

Antiphospholipid antibody-positive patients. Preg-
nancies in patients with positive aPL or APS present specific
challenges and may require additional monitoring and therapy.
Supplementary Appendix 7, Table F (http://onlinelibrary.wiley.com/
doi/10.1002/art.41191/abstract) presents formal recommenda-
tions, with strength of supporting evidence. Detailed justifications
for strong and conditional recommmendations are shown in Supple-
mentary Appendix 11 (http://onlinelibrary.wiley.com/doi/10.1002/
art.41191/abstract).

Antiphosphoalipid antibody is a major risk factor for pregnancy
loss and other adverse pregnancy outcomes, especially in SLE
patients (118). Anti-B,GPI, aCL, and LAC should all be tested.
Among aPLs, LAC conveys the greatest risk for adverse preg-
nancy outcome in women with or without SLE: the RR for adverse
pregnancy outcome with LAC was 12.15 (95% CI 2.92-50.54,
P =0.0006) in the PROMISSE (Predictors of Pregnancy Outcome:
Biomarkers in APL syndrome and SLE) study (118). Other inde-
pendent risk factors in aPL-positive women were younger age,
history of thrombosis, and SLE.

Antiphospholipid antibody-positive patients without throm-
bosis or obstetric complications. Asymptomatic aPL-positive
patients (those without pregnancy complications or history of
thrombosis) are not generally treated with prophylactic therapy
to prevent pregnancy loss. However, presence of aPL regardless
of clinical history is considered a risk factor for development of
preeclampsia.

In pregnant women with positive aPL who do not
meet criteria for obstetric or thrombotic APS, we condi-
tionally recommend treating with prophylactic aspirin, 81
or 100 mg daily, during pregnancy as preeclampsia proph-
ylaxis.

Treatment should begin early in pregnancy (before 16 weeks)
and continue through delivery.

Patients with obstetric and thrombotic APS. Pregnancy
increases the risk of thrombosis due to both hemostatic and
anatomic factors. Patients who meet criteria for APS —whether
obstetric or thrombotic—should receive therapy with heparin
(usually LMWH) to improve pregnancy outcome and/or reduce
risk of thrombosis.
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We strongly recommend combined low-dose aspirin
and prophylactic-dose heparin (usually LMWH) for pa-
tients meeting criteria for OB APS (119-126).

This is based on evidence of moderate strength.

In women with OB APS, we further strongly recom-
mend treating with prophylactic-dose anticoagulation for
6-12 weeks post partum (127).

In pregnant women with thrombotic APS, we strongly
recommend treating with low-dose aspirin and therapeutic-
dose heparin (usually LMWH) throughout pregnancy and
post partum.

We conditionally recommend against using the combi-
nation of prophylactic-dose heparin and low-dose aspirin
therapy for patients with positive aPL who do not meet cri-
teria for OB APS.

We appreciate and stress, however, that benefit in individual
high-risk circumstances, such as triple-positive aPL or strongly
positive LAC results, advanced maternal age, or IVF pregnancy,
may outweigh risks of this therapy, and decisions should be made
with discussion between physician and patient, weighing potential
risks and benefits.

Other therapies for refractory OB APS. Despite improved
outcomes with standard therapy with low-dose aspirin and
prophylactic heparin/LMWH, additional treatments are needed
for patients who do not respond to standard therapy. Intrave-
nous immunoglobuin, low-dose prednisone, increased dose of
heparin/LMWH, and HCQ have all been suggested as additional
or alternative treatments.

We conditionally recommend against treatment with
intravenous immunoglobulin or an increased LMWH dose,
as these have not been demonstrably helpful in cases of
pregnancy loss despite standard therapy with low-dose
aspirin and prophylactic heparin or LMWH.

Prophylactic-dose heparin and aspirin therapy for OB APS
improves likelihood of live birth, but not necessarily full-term birth.
Pregnancy loss occurs, despite treatment, in 25% of OB APS
pregnancies. There are no data demonstrating improved out-
comes with a higher dose of heparin, and only anecdotal data
support the use of intravenous immunoglobulin.

We strongly recommend against adding prednisone to
prophylactic-dose heparin or LMWH and low-dose aspirin in
patients in whom standard therapy has been unsuccessful,
since there are no controlled studies demonstrating a benefit.

We acknowledge, however, that this recommmendation is
based on a lack of compelling data rather than data showing no
clear benefit, and also that potential risk with this therapy is likely

1o be strongly affected by daily dosage, with higher doses impart-
ing greater risk of side effects.

We conditionally recommend the addition of HCQ to
prophylactic-dose heparin or LMWH and low-dose aspirin
therapy for patients with primary APS.

Recent small studies of APS pregnancies suggest that HCQ
may decrease complications (111).

In pregnant women with positive aPL who do not meet
criteria for APS and do not have another indication for the
drug (such as SLE), we conditionally recommend against
treating with prophylactic HCQ.

As with any unproven treatment, this therapy may be consid-
ered in specific circumstances, depending on a patient’s values
and preferences and after a discussion about risks and benefits.

Anti-Ro/SSA and/or anti-La/SSB antibodies in preg-
nancy. Neonatal lupus erythematosus (NLE) describes sev-
eral fetal and infant manifestations caused by or associated
with maternal anti-Ro/SSA (commonly) and anti-La/SSB auto-
antibodies. While isolated anti-La/SSB rarely imposes risk, when
combined with anti-Ro/SSA, La/SSB antibodies may increase
fetal risk (128). Prospective studies of infants born to women with
anti-Ro/SSA and/or anti-La/SSB antibodies show that ~10%
develop an NLE rash, 20% transient cytopenias, and 30% mild
transient transaminitis (estimates vary widely between reports).
These complications are short-lived and spontaneously resolve as
the child’s maternal antibodies disappear (129).

Complete (third-degree) heart block (CHB) occurs in ~2% of
pregnancies of women with anti-Ro/SSA and/or anti-La/SSB anti-
bodies who have not had a prior infant with NLE, and in 13-18%
of pregnancies of women with a prior infant who had either cuta-
neous or cardiac NLE (130). Low-titer antibodies are probably not
associated with the same risk of CHB as higher titers (131). CHB
rarely occurs after week 26. It is irreversible, and management
transfers to pediatric cardiologists. Approximately 20% of children
with CHB die in utero or in the first year of life; more than half will
need a pacemaker (128).

Supplementary Appendix 7, Table G (http://onlinelibrary.
wiley.com/doi/10.1002/art.41191/abstract) presents formal rec-
ommendations regarding pregnancy in women with anti-Ro/SSA
and/or anti-La/SSB antibodies, with strength of supporting evi-
dence. Detailed justifications for strong and conditional recom-
mendations are shown in Supplementary Appendix 11 (http://
onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).

In pregnant women with anti-Ro/SSA and/or anti-La/
SSB antibodies but no history of an infant with CHB or
NLE, we conditionally recommend serial fetal echocar-
diography (less frequent than weekly; interval not deter-
mined) starting between 16 and 18 weeks and continuing
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through week 26. For women with a prior infant with CHB
or other NLE we conditionally recommend fetal echocar-
diography weekly, starting at week 16-18 and continuing
through week 26.

Recommendations regarding monitoring for and treatment of
CHB in women with anti-Ro/SSA and/or anti-La/SSB are all con-
ditional. Given the rarity of CHB, large case series are not available;
most studies are retrospective and not randomized. An argument
against screening includes the risk of identification and treatment
of artifacts that do not impact offspring health, thus exposing both
fetus and mother to long-term side effects of dexamethasone; this
risk must be balanced against the potentially devastating impact
of CHB. All discussions should acknowledge the limited data and
consider the patient’s values and preferences.

We conditionally recommend treating all women who
are positive for anti-Ro/SSA and/or anti-La/SSB antibodies
with HCQ during pregnancy.

This is based on early and limited data and the low risk pro-
file of HCQ. Retrospective studies demonstrate that in pregnant
women with a prior child with cardiac NLE who take HCQ, there is
a lower risk of the current fetus developing CHB (132).

For pregnant women with anti-Ro/SSA and/or anti-La/
SSB antibodies and fetal first- or second-degree heart
block shown on echocardiography, we conditionally recom-
mend treatment with oral dexamethasone 4 mg daily. If CHB
(without other cardiac inflammation) is present, we condi-
tionally recommend against treating with dexamethasone.

Fluorinated glucocorticoids, such as dexamethasone and
betamethasone, cross the placenta; low-to-moderate-dose

nonfluorinated glucocorticoids, such as prednisone and pred-
nisolone, are largely metabolized before they reach the fetus.
Whether dexamethasone given for fetal first- or second-degree
heart block changes outcome is a matter of controversy.
Treatment should be limited to several weeks, depending on
response, because of the risk of irreversible fetal and maternal
toxicity. Whether dexamethasone improves long-term survival
for a fetus with CHB is controversial (133,134), but recent analy-
ses do not support its use (135).

Medication use

Paternal medication use. Supplementary Appendix 7, Table
H (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract)
presents best practice statements and recommendations regard-
ing paternal medication use in men with RMD, with strength of
supporting evidence. Detailed justifications for strong and condi-
tional recommendations are shown in Supplementary Appendix
12 (http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).
Table 2 summarizes recommendations for paternal medication use.

Medication issues differ between men with RMD who are
planning to father a pregnancy and those whose sexual partner
is pregnant. Pre-conception, the concerns are potential effects on
male fertility and medication-associated teratogenicity. There are
few published data addressing these potential effects of medica-
tions for RMD. A decision to stop a medication must be weighed
against the impact it may have on paternal disease activity.

When the man’s partner is pregnant, the concern is whether
his medication is present in seminal fluid and can transfer through
vaginal mucosa, cross the placenta, and be teratogenic. In fact,
post-conception exposure of the embryo or fetus is likely minimal,

Table 2. Recommendations regarding medication use for men with rheumatic and musculoskeletal disease who are

planning to father a child

Strongly Conditionally Strongly Conditionally Unable to make a
recommend recommend recommend recommend recommendation
continuing continuing discontinuing discontinuing due to limited data
Azathioprine/ Anakinra Cyclophosphamide Thalidomide Abatacept
6-mercaptopurine Cyclooxygenase 2 (discontinue 12 (discontinue 4 Apremilast
Colchicine inhibitors weeks prior to weeks prior to Baricitinib
Hydroxychloroquine Cyclosporine attempted attempted Belimumab
Tumor necrosis factor Leflunomide conception) conception) Secukinumab
inhibitors (all) Methotrexate Tocilizumab
Mycophenolate mofetil Tofacitinib

Mycophenolic acid
Nonsteroidal anti-
inflammatory drugs
Rituximab
Sulfasalazine
(semen analysis if
delayed conception)
Tacrolimus

Ustekinumab
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Table 3. Maternal medication use: overview of medication use before and during pregnancy, and during
breastfeeding

Medication

Pre-conception

During pregnancy

Breastfeeding

Conventional
medications

Hydroxychloroquine ++ ++ ++
Sulfasalazine ++ ++ ++
Colchicine ++ ++ ++
Azathioprine, ++ ++ +
6-mercaptopurine Low transfer
B + + +
Prednisone
Taper to <20 mg/day by adding Taper to <20 mg/day by adding After a dose of >20 mg, delay
pregnancy-compatible pregnancy-compatible breastfeeding for 4 hours
immunosuppressants immunosuppressants
Cyclosporine, + + +
tacrolimus Monitor blood pressure Monitor blood pressure Low transfer
Nonsteroidal + + +

antiinflammatory drugs
(cyclooxygenase 2
inhibitors not preferred)

Discontinue if the woman is
having difficulty conceiving

Continue in first and second
trimesters; discontinue in third
trimester

Ibuprofen preferred

Tumor necrosis factor
inhibitors (tumor

necrosis factor inhibitors
are considered compatible

with pregnancy)

Certolizumab ++ ++ ++
Infliximab, - , oo +
etanercept, Continue through conception antlnue in flrlst anq secqnd ;
adalimumab, trimesters; d|scom|nue_ in thm_j
golimumab trimester several half-lives prior
to delivery
Rituximab + + +4
Discontinue at conception Life-/organ-threatening di
Other biologics
(limited safety data;
limited transfer in early
pregnancy but high
transfer in second half
of pregnancy)
Anakinra, + X +
belimumab, Discontinue at conception Discontinue during pregnancy Expect minimal transfer due to
abatacept, large molecular size, but no
tocilizumab, available data
secukinumab,

ustekinumab

Not compatible
with pregnancy

XX XX X
RE e Stop 1-3 months prior to Stop and give folic acid 5 mg/day Limited data suggest low
conception transfer
Leflunomide XX XX XX
Cholestyramine washout if Stop and give cholestyramine
detectable levels washout
Mycophenolate mofetil = XX XX XX
and mycophenolic Stop >6 weeks prior to
acid conception to assess disease
stability
XX + XX
: Stop 3 months prior to Life-/organ-threatening disease in
CyRleEIEE conception second and third trimesters
Thalidomide XX XX XX
Stop 1-3 months prior to
conception
Tgfiszs’t Unable to determine due to lack of data; small molecular size suggests transfer across the placenta and
bgricitinib ’ into breast milk

++ Strongly recommend
+ Conditionally recommend

Conditionally recommend against

XX Strongly recommend against

ae
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as seminal concentrations of medications and volumes transferred
are small (136). There are no reports of post-conception terato-
genesis attributable to medications taken by a man with RMD.
When a man’s sexual partner is pregnant, reassurance regarding
low risk associated with his RMD treatment is generally warranted.
In the absence of adequate data regarding paternal exposure
for most medications used for RMD, we developed recommen-
dation statements when 1) at least some data on paternal expo-
sure were available, 2) accumulated clinical experience of paternal
exposure could guide the recommendation, or 3) there were no
data on paternal exposure, but maternal exposure demonstrates
teratogenicity. We do not present recommendations for new med-
ications with no available class-level or drug-specific data.

We strongly recommend against use of CYC and tha-
lidomide in men prior to attempting conception.

Paternal use of CYC may impair spermatogenesis or be
mutagenic for DNA (137) and should be discontinued 3 months
prior to attempting conception. Thalidomide is detectable in
seminal fluid and is strongly teratogenic when given to pregnant
women (138,139), and should be discontinued at least 1 month
prior to attempting conception. The remaining medications are
recommended either strongly or conditionally for continuation
during peri- and post-conception periods.

In men with RMD who are planning to father a preg-
nancy, we strongly recommend continuation of HCQ,
azathioprine, 6-mercaptopurine, colchicine, and tumor
necrosis factor inhibitors (140-142).

In men with RMD who are planning to father a preg-
nancy, we conditionally recommend, based on a smaller
body of evidence, continuing treatment with MTX, MMF,
leflunomide, sulfasalazine, calcineurin inhibitors, and non-
steroidal antiinflammatory drugs (NSAIDs) (142-149).

Although the drug label suggests discontinuation of MTX
before attempting pregnancy, data show no evidence for
mutagenesis or teratogenicity (143-145).

Although sulfasalazine may affect sperm count and quality,
there are no data suggesting teratogenicity (146,150), and we con-
ditionally recommend its continuation. If conception does not occur,
semen analysis should be considered.

We conditionally recommend continuation of anakinra
and rituximab based on limited data (151,152).

Maternal medication use. Supplementary Appendix
7, Tables | (conventional rheumatology medications), J (biologic
rheumatology medications), and K (glucocorticoids) (http://onlin
elibrary.wiley.com/doi/10.1002/art.41191/abstract) present formal
best practice statements and recommendations regarding mater-
nal medication use in patients with RMD, with strength of sup-

porting evidence. Detailed justifications for strong and conditional
recommendations are shown in Supplementary Appendix 12
(http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract).
Table 3 summarizes recommendations for maternal medication
use.

As standard good practice, we suggest discussing
medications well before the patient attempts to conceive;
we also suggest discussing pregnancy plans prior to initi-
ating treatment with medications that may affect gonadal
function, such as CYC.

There are no published data regarding specific timing for
medication discussion, which will vary according to the individ-
ual clinical situation, but in general we suggest adequate time
to allow for appropriate medication changes and demonstration
of tolerability and disease stability, usually a minimum of several
months.

MTX, MMF, CYC, and thalidomide are known terato-
gens. We strongly recommend discontinuation of these
within 3 months prior to conception (153-156).

Data regarding timing of discontinuation are conflicting and
do not permit more specific recommendations. However, discon-
tinuation within 1 menstrual cycle would represent the minimum,
and 3 months the most common, period for discontinuation.
In addition to concerns about teratogenicity, it is optimal to
allow adequate time for observation of disease stability without
medication.

For women treated with leflunomide, we strongly rec-
ommend cholestyramine washout if there are detectable
serum levels of metabolite prior to or as soon as preg-
nancy is confirmed. Once metabolite is not detectable in
the serum, the risks of pregnancy loss and birth defects are
not elevated (157,158).

We conditionally recommend treatment with CYC for
life-threatening conditions in the second or third trimester (86).

When potentially teratogenic medications are dis-
continued prior to pregnancy, we strongly recommend
a period of observation without medication or transition
to pregnancy-compatible medications to ensure disease
stability (as discussed above). In women with inadvertent
exposure to teratogenic medications we strongly suggest
immediate referral to a maternal-fetal medicine specialist,
pregnancy medication specialist, or genetics counselor as
standard good practice.

We strongly recommend HCQ, azathioprine/6-
mercaptopurine, colchicine, and sulfasalazine, medications
commonly used for RMD, as compatible for use throughout
pregnancy (104,106,159-161).
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We conditionally recommend calcineurin inhibitors
(tacrolimus and cyclosporine) and NSAIDs as compatible
for use during pregnancy (154).

We conditionally recommend discontinuation of
NSAIDs pre-conception if the patient is having difficulty
conceiving (and if disease control would not be compro-
mised), due to the possibility of NSAID-induced unruptured
follicle syndrome, a cause of subfertility (162).

We strongly recommend against use of NSAIDs in the
third trimester because of the risk of premature closure of
the ductus arteriosus (163).

We conditionally recommend nonselective NSAIDs
over cyclooxygenase 2-specific inhibitors in the first 2 tri-
mesters, due to lack of data on cyclooxygenase 2-specific
inhibitors.

Nonfluorinated glucocorticoids should be used when
needed, but substitution of steroid-sparing pregnancy-compatible
immunosuppressive therapy is desirable when high-dose or pro-
longed use is required.

We conditionally recommend continuing low-dose
glucocorticoid treatment (<10 mg daily of prednisone
or nonfluorinated equivalent) during pregnancy if clini-
cally indicated. We strongly recommend tapering higher
doses of nonfluorinated glucocorticoids to <20 mg daily
of prednisone, adding a pregnancy-compatible glucocor-
ticoid-sparing agent if necessary. Although there are only
minimal data regarding prolonged treatment with low-dose
glucocorticoids during pregnancy, we conditionally recom-
mend against routine administration of stress-dose gluco-
corticoids at the time of vaginal delivery, but conditionally
do recommend such treatment for surgical (cesarean)
delivery.

We conditionally recommend continuing tumor necro-
sis factor inhibitor therapy with infliximab, etanercept,
adalimumab, or golimumab prior to and during pregnancy
(164,165). The tumor necrosis factor inhibitor certolizumab
does not contain an Fc chain and thus has minimal placen-
tal transfer (166). We strongly recommend continuation of
certolizumab therapy prior to and during pregnancy.

Placental transfer and fetal exposure for most biologic ther-
apies vary with gestational stage. The majority of RMD biologic
therapies contain an Fc IgG1 construct that does not cross into
the fetal circulation in significant concentrations until the second
trimester (167). Use of the tumor necrosis factor (TNF) inhibitors
that include an IgG1 Fc construct during the third trimester
(infliximab, etanercept, adalimumab, and golimumab) results
in high levels of placental transfer and significant drug levels in

the neonate. A modest amount of evidence suggests that these
TNF inhibitors cause no adverse effects, especially in the first tri-
mester. There was extensive Voting Panel discussion regarding
if, and when, these medications should be discontinued prior to
delivery. The Voting Panel agreed that if the patient’s disease is
under good control, these medications may be discontinued in
the third trimester. While there is a paucity of safety data, con-
tinuing TNF inhibitors through delivery if the patient’s disease
is active can be considered, with the understanding that the
neonate will have significant serum levels of drug for a period
of time.

There are limited data on the compatibility of other biolog-
ics with pregnancy. Given that these agents likely do not cross
the placenta until the second trimester, the panel conditionally
recommends that non-TNF inhibitor IgG-based molecules are
compatible in the periconception period but should be discon-
tinued during pregnancy (i.e. at the time of the first positive preg-
nancy test result).

We conditionally recommend continuing treatment
with anakinra, belimumab, abatacept, tocilizumab, secuki-
numab, and ustekinumab while a woman is trying to con-
ceive, but discontinuing once she is found to be pregnant.

If disease cannot be controlled with medications considered
compatible with pregnancy, the physician and patient should dis-
cuss and weigh the possible risks from these medications versus
the risks of uncontrolled disease during pregnancy.

We conditionally recommend continuing treatment
with rituximab while a woman is trying to conceive, and
we conditionally recommend continuing rituximab during
pregnancy if severe life- or organ-threatening maternal dis-
ease so warrants.

Dosing in the second half of pregnancy puts the fetus at high
risk of having minimal B cells at delivery (168).

There is no available evidence regarding use or safety of the
new small-molecule agents, tofacitinib, baricitinib, and apremilast,
during pregnancy. The Voting Panel elected not to offer recom-
mendations regarding these drugs. It should be noted, however,
that small molecules are likely to pass through the placenta.

Medication use during breastfeeding. The benefits of
breastfeeding are numerous (169-175); the American Academy
of Pediatrics recommends exclusive breastfeeding for the first 6
months and continued breastfeeding until 1 year (9). Because
women with RMD may experience disease flare post partum and
require treatment, it is important to balance benefits of disease
control with risk of infant exposure through breast milk.

Infant serum levels of drugs ingested by the mother depend
on multiple variables and are a function of drug concentration in
breast milk, quantity of breast milk ingested, and drug absorp-
tion through the infant’s gastrointestinal tract. Premature infants
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Table 4. Reproductive health care in patients with RMD: concise recommendation summary*

Topic Recommendation Strength
Contraception
All RMD Contraception/pregnancy discussion early and regularly; choose contraception GPS
based on safety, efficacy, and patient preference
Use barrier methods if unable to use other methods GPS
Use emergency contraception if necessary [6] Strong
Women receiving immunosuppressive medications: Use IUD if desired [7] Strong
Women at risk for osteoporosis: Avoid DMPA [10] Conditional
Women receiving MMF: Use IUD or 2 other methods together [11] Conditional
RMD without SLE or aPL: Use highly effective or effective methodst [1] Strong
Highly effective methods preferred to effective methods [1A] Conditional
SLE SLE with negative aPL and low/stable disease activity: Use highly effective or Strong
effective methodst [2]
Highly effective methods preferred to effective methods [2A] Conditional
Avoid transdermal estrogen-progestin patch [2B] Conditional
SLE with negative aPL and moderate-to-high disease activity: Use progestin-only Strong

contraceptives or IUD [2C]

Positive aPL Do not use combined estrogen-progestin contraceptives [3]; use IUD or progestin- Strong
only pill [4]
Assisted reproductive technology
All RMD Stable disease and negative aPL: Proceed with assisted reproductive technology:
IVF if pregnancy-compatible medications [24] Strong
Oocyte cryopreservation: Continue medications except CYC [28] Strong
Active disease: Defer assisted reproductive technology until disease is stable/ Strong

quiescent [27]

SLE Active SLE: Defer assisted reproductive technology until disease is stable/quiescent [27] Strong
Do not treat with prophylactic prednisone [29] Conditional
Positive aPL No prior thromboses or OB APS: Prophylactic heparin or LMWH [25A] Conditional
No prior thromboses but history of OB APS: Prophylactic heparin or LMWH [25A2] Strong
Prior thromboses: Therapeutic heparin or LMWH [26A] Strong
Fertility preservation Women: Use gonadotropin-releasing hormone agonist therapy during IV CYC Conditional
treatment [31]
Men: Sperm cryopreservation pre-CYC treatment GPS
Do not use gonadotropin-releasing hormone agonist therapy [35] Conditional
Menopause/hormone
replacement therapy
All RMD RMD without SLE or aPL: Treat with hormone replacement therapy if indicated# GPS
SLE SLE and negative aPL: Treat with hormone replacement therapy if indicatedt [79] Conditional
Positive aPL If no prior thrombosis or OB APS: Do not treat with hormone replacement therapy [80] Conditional

If current titers negative, treat with hormone replacement therapy if indicatedt [83]  Conditional

If prior thrombosis or OB APS and not receiving anticoagulation treatment: Do not Strong
treat with hormone replacement therapy [81]

If current titers negative, do not treat with hormone replacement therapy [83A] Conditional

If prior thrombosis or OB APS and receiving anticoagulation treatment: Do nottreat ~ Conditional
with hormone replacement therapy [82]

Pregnancy
All RMD Counseling: Outcomes improved with pregnancy planning, stable disease, GPS
compatible medications, and co-management by rheumatology and obstetrics-
gynecology/maternal-fetal medicine

Pre-pregnancy: Change to pregnancy-compatible medication and observe for Strong
stability [42]

If active disease during pregnancy: Initiate pregnancy-compatible medication [54] Strong

If SLE or SLE-like disease, SS, SSc, or RA: Test once (early) for anti-Ro/SSA and anti-La/ Strong
SSB [60, 62]

If SSc and renal crisis during pregnancy: Treat with ACE inhibitor or ARB for life- Strong

threatening disease [55]
(Continued)
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Table 4. (Cont’d)

Topic Recommendation Strength
SLE SLE or SLE-like disease: Test once (early) for aPL (aCL, anti-B,GPI, LAC) [59, 61] Strong
Continue HCQ during pregnancy [571] Strong
If not taking HCQ, start HCQ during pregnancy if no contraindications [58] Conditional
Monitor laboratory values at least once per trimester GPS
Treat with low-dose aspirin starting in first trimester [56] Conditional
Positive aPL Positive aPL only: If no prior thrombosis or OB APS, treat with low-dose aspirin Conditional
starting in first trimester [45]
Do not treat with combination prophylactic heparin or LMWH/low-dose Conditional
aspirin [46]
Do not treat with HCQ [44A] Conditional
OB APS: If no thrombosis but meet OB APS criteria, treat with combination Strong
prophylactic heparin or LMWH/low-dose aspirin [48]
Do not treat with combination therapeutic heparin or LMWH/low-dose Conditional
aspirin [49]
Do not treat with addition of IVIG [50] Conditional
Do not treat with addition of prednisone [51] Strong
Treat with addition of HCQ for combination heparin/low-dose aspirin failure [44B] Conditional
Treat with prophylactic anticoagulation during post partum period [84] Strong
Thrombotic APS: If prior thrombosis (meeting or not meeting OB APS criteria), treat  Strong
with therapeutic heparin or LMWH/low-dose aspirin [52]
Treat with addition of HCQ for therapeutic heparin or LMWH/low-dose aspirin Conditional
therapy failure [44B]
Positive anti-Ro/SSA with or Treat with HCQ during pregnancy [69, 70] Conditional
without anti-La/SSB If no prior history of neonatal lupus: Serial (interval uncertain) fetal echocardiography Conditional
in weeks 16-26 [67]
If prior history of neonatal lupus: Weekly fetal echocardiography in weeks Conditional
16-26 [68]
Abnormal fetal echocardiography: If first- or second-degree heart block, treat with Conditional
dexamethasone 4 mg daily [71, 72]
If isolated third-degree heart block (@and no other cardiac inflammation), do not treat ~ Conditional
with dexamethasone [73]
Medication
Paternal medication If planning to father a child: Discuss medication use including CYC GPS

Maternal medication

Discontinue CYC and thalidomide [133, 139]

Continue HCQ, AZA, infliximab, etanercept, adalimumab, golimumab, certolizumab,
colchicine [90, 115, 143, 146, 149, 152, 155, 97]

Continue leflunomide, MMF, NSAIDs, sulfasalazine, cyclosporine, tacrolimus,
anakinra, rituximab [108, 119, 85, 94, 126, 130, 159, 163]

If planning pregnancy: Discuss medication use including CYC

If pregnant and exposed to teratogenic medications: Discontinue immediately,
pursue counseling

Discontinue NSAIDs if difficulty conceiving [86]

Avoid NSAIDs in third trimester [87]

Use nonselective rather than COX-2-specific NSAIDs [88]

Discontinue MTX, MMF, thalidomide, CYC prior to conception [102, 120, 140, 134]

Use CYC for life-threatening disease only in second and third trimester [136]

Discontinue leflunomide 24 months prior to conception or check serum metabolite
levels and treat with cholestyramine washout [109, 110]

Continue HCQ, sulfasalazine, AZA, colchicine [91, 95, 116, 98]

Continue cyclosporine and tacrolimus [127, 131]

Continue certolizumab [156]

Continue infliximab, etanercept, adalimumab, golimumab [144, 147, 150, 153]

Stop when pregnancy confirmed: rituximab, belimumab, anakinra, abatacept,
tocilizumab, secukinumab, ustekinumab [164, 169, 160, 173, 177,181, 185]

Use rituximab for organ- or life-threatening disease during pregnancy [165]

No recommendations for tofacitinib, baricitinib, apremilast due to lack of data
(189, 193, 197]

Continue regular low-dose prednisone [201]

Strong/conditional
Strong

Conditional

GPS
GPS

Conditional
Strong
Conditional
Strong
Conditional
Strong

Strong
Conditional
Strong
Conditional
Conditional

Conditional

Conditional

(Continued)



ACR GUIDELINE FOR MANAGEMENT OF REPRODUCTIVE HEALTH IN RMDs 549

Table 4. (Cont’d)

Topic Recommendation Strength

Taper high-dose prednisone with addition of pregnancy-compatible drug if needed  Strong
[202]

Stress-dose steroid at delivery: do not treat for vaginal delivery, do treat for cesarean Conditional
delivery [206, 207]

Encourage breastfeeding and maintain disease control with compatible medications  GPS
if possible

Compatible medications:

HCQ, infliximab, etanercept, adalimumab, golimumab, certolizumab, rituximab [92, Strong
143,146, 149, 152, 155]

NSAIDs, sulfasalazine, colchicine, AZA, cyclosporine, tacrolimus, anakinra, belimumab, Conditional
abatacept, tocilizumab, secukinumab, ustekinumab [89, 96, 99, 117, 128, 132, 161,
170, 174,178,182, 186]

Prednisone or nonfluorinated steroid equivalent <20 mg daily [204] Strong

For prednisone =20 mg daily, discard breast milk obtained within 4 hours following ~ Strong
medication [205]

Do not treat with leflunomide, MMF, CYC, thalidomide [113, 124, 137, 142] Strong

Do not treat with MTX [106] Conditional

* Recommendation numbers, shown in brackets, allow for cross-referencing with supplementary appendices. For more detailed/complete
recommendations, see text or Supplementary Appendix 7 (on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41191/abstract). RMD = rheumatic and musculoskeletal disease; GPS = good practice statement; MMF = mycophenolate mofetil (and
mycophenolic acid); SLE = systemic lupus erythematosus; aPL = antiphospholipid antibody, meeting laboratory criteria for antiphospholipid
syndrome (APS) (Supplementary Appendix 8, http://onlinelibrary.wiley.com/doi/10.1002/art.41191/abstract); IVF = in vitro fertilization; CYC =
cyclophosphamide; OB APS = APS meeting laboratory criteria and clinical obstetric criteria (Supplementary Appendix 8); LMWH = low molecular
weight heparin; IV = intravenous; SS = Sjogren’s syndrome; SSc = systemic sclerosis; RA = rheumatoid arthritis; ACE inhibitor = angiotensin-
converting enzyme inhibitor; ARB = angiotensin receptor blocker; aCL = anticardiolipin antibody; anti-B,GPI = anti-,-glycoprotein [; LAC =
lupus anticoagulant; HCQ = hydroxychloroquine; IVIG = IV immunoglobulin; AZA = azathioprine (and 5-fluorouracil); NSAIDs = nonsteroidal
antiinflammatory drugs; COX-2 = cyclooxygenase 2; MTX = methotrexate.

t Highly effective contraceptives are long-acting reversible contraceptives including progestin or copper intrauterine device (IlUD) and
progestin implant. Effective contraceptives are estrogen-progestin contraceptives (oral, patch, or vaginal ring) and progestin-only (oral, depot
medroxyprogesterone acetate [DMPA]).

¥ General indication for hormone replacement therapy: Current recommendations suggest limiting hormone replacement therapy use in
healthy postmenopausal women and using the lowest dose that alleviates symptoms for the minimum time necessary. Benefit-risk balance is

Breastfeeding

most favorable for severe vasomotor symptoms in women <60 years old or within 10 years of menopause onset (ref. 61).

or those with gastrointestinal disorders may absorb medication
differently. Rheumatologists should collaborate with pediatricians
when making recommendations (176). Levels of drug in breast
milk are routinely expressed as the relative infant dose (infant
dose mg/kg/day divided by maternal dose mg/kg/day) and are
available in reference publications; a value of <10% is considered
safe.

Supplementary Appendix 7, Table L (http://onlinelibrary.
wiley.com/doi/10.1002/art.41191/abstract) presents formal best
practice statements and recommendations for use of medica-
tions during breastfeeding, with strength of supporting evidence.
Detailed justifications for strong and conditional recommendations
are shown in Supplementary Appendix 12 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41191/abstract).

We suggest as standard good practice that women
with RMD be encouraged to breastfeed if they so desire
and are able to do so. In addition, we suggest that disease
control be maintained with lactation-compatible medica-
tions and that individualized risks and benefits be reviewed
with each patient.

Fortunately, many RMD medications may be initiated or con-
tinued during lactation.

We strongly recommend treatment with HCQ, col-
chicine, sulfasalazine, rituximab, and all TNF inhibitors as
compatible with breastfeeding (177-181).

We also recommend prednisone <20 mg daily (or
equivalent nonfluorinated glucocorticoid) as compatible
with breastfeeding, but strongly recommend that with
doses of prednisone >20 mg a day (or equivalent), women
delay breastfeeding or discard breast milk accumulated in
the 4 hours following glucocorticoid administration.

We conditionally recommend treatment with azathio-
prine/6-mercaptopurine, calcineurin inhibitors, NSAIDs and
the non-TNF inhibitor biologic agents (anakinra, rituximab,
belimumab, abatacept, tocilizumab, secukinumab, and
ustekinumab) as compatible with breastfeeding (182-184).

We strongly recommend against use of CYC, lefluno-
mide, MMF, and thalidomide while breastfeeding. We condi-
tionally recommend against use of MTX while breastfeeding.

Despite minimal passage of MTX into breast milk, especially
with once-weekly dosing, this medication may accumulate in neo-
natal tissues (185,186).
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The Voting Panel declined to vote on the compatibility of new
small-molecule agents regarding use during breastfeeding due
to absence of data. In theory, however, these medications may
transfer into breast milk because of their low molecular weights.

DISCUSSION

Patients’ reproductive health concerns are relevant for all
practicing rheumatologists. Issues regarding contraception, fertil-
ity, pregnancy, lactation, and the offspring’s health affect almost
every patient across all RMD diagnoses. The importance of this
area is highlighted by recent publications that have addressed key
elements of reproductive health for some or all RMD patients. The
European League Against Rheumatism (EULAR) published rec-
ommendations regarding women'’s health issues in patients with
SLE and APS (187), and both EULAR (with points to consider) and
the British Society for Rheumatology/British Health Professionals
in Rheumatology (with guideline recommendations) addressed
use of medications before, during, and after RMD pregnancy
(188-190). Here, we address broad reproductive health concerns
as well as medication use surrounding pregnancy for all RMD
patients, with special attention, when indicated, for patients with
specific disorders such as SLE or APS.

Even with the wide spectrum of reproductive issues
addressed here (Table 4), this project has important limitations.
This guideline was developed, and the literature review con-
ducted, in the adult population. An important future step will be
to consider these issues among adolescents, as counseling and
care for these patients may differ.

Another important limitation is the inability to include rec-
ommendations for uncommon but important clinical situations.
Although our mandate was broad, our task was to derive and
support our recommendations with available evidence, but many
uncommon clinical scenarios have little published data. One such
situation that reflects an ongoing research need is the challenge
of reproductive health issues specific to transgender individuals,
especially regarding hormonal therapies.

A relatively rare but important scenario is the therapeutic
termination of pregnancy in patients with life-threatening disease
damage or flare. Pregnancy in patients with preexisting severe
organ damage carries profound maternal risk. Pulmonary arterial
hypertension is associated with a particularly high risk of maternal
mortality, estimated at up to 20% even with aggressive therapy
(191). Other high-risk scenarios include severe renal insufficiency,
cardiomyopathy, or valvular dysfunction. Severe autoimmune dis-
ease flare occurring during pregnancy —including diffuse alveolar
hemorrhage, active nephritis or vasculitis, or central nervous sys-
tem inflammation—also carries high risk for maternal morbidity
and mortality (55,192-194). In these and other high-risk situa-
tions, the option of therapeutic termination of pregnancy may be
lifesaving and should be discussed with the patient (195). Deci-
sions regarding pregnancy termination in the setting of teratogenic

medication exposure will depend on the specific medication, tim-
ing of exposure, and the patient’s assessment of the available
data; counseling by expert professionals such as maternal-fetal
medicine or genetics specialists regarding degree of risk based
on specific circumstances is suggested in these cases.

We provide data-derived recommendations for common clin-
ical reproductive health decisions including recent advances in this
area and emphasize the need for early involvement of the rheu-
matologist in reproductive health discussions involving patients
with RMD, for instance, the importance of effective contracep-
tion. Almost half of pregnancies in the US are unplanned (196).
In RMD patients unplanned pregnancies carry greater risk than
do planned pregnancies in periods of low disease activity treated
with compatible medications. Whether considering pregnancy or
not, patients should know maternal and fetal risks, including fetal
exposure to teratogenic medications and their safest and most
effective contraception options.

Asking a patient about desire for pregnancy early and period-
ically (not only during perceived periods of change) and acknowl-
edging her personal risk factors will ensure open dialog. New
information supports a shift from the paradigm of discontinuing all
RMD medications except prednisone, since pregnancy-compatible
steroid-sparing disease-modifying antirheumatic drugs and biologic
agents pose fewer short- and long-term risks to mother and infant.
With adequate planning, treatment, and monitoring, most women
with RMD can have successful pregnancies. Recent data indicate
compatibility of many rheumatology medications both with lacta-
tion and with paternal use. The rheumatologist’s familiarity with drug
safety during these periods is important to maintain disease control
and minimize mother and infant risk.

Fertility and postmenopausal issues are not uncommon in
RMD patients. Recommendations regarding ART reflect a grow-
ing demand among patients with RMD for fertility therapies.
Qocyte freezing is now widely available (197). Attention to dis-
ease activity and aPL status and discussion with reproductive
endocrinology and infertility specialists will optimize safety. For
patients undergoing CYC therapy, the greatest challenge is to
consider preservation of gonadal function and to initiate protec-
tive treatment protocols. HRT is another issue of importance for
postmenopausal RMD patients. Severe vasomotor symptoms
may be debilitating and if affected patients do not have aPL, HRT
may improve quality of life.

The strength of evidence on reproductive health topics in
RMD patients is moderate at best, and usually low, very low,
or nonexistent for many topics of interest. Identification of areas
with weak evidence highlights research priorities. One need is
to establish the long-term safety profile of highly effective con-
traceptives in RMD patients with and without aPL. Although
low-dose aspirin for preeclampsia prophylaxis in SLE and aPL
patients is a low-risk intervention, its effectiveness is not known.
Management of OB APS is one area with moderately strong
evidence, but treatment for women with recurring adverse
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outcomes despite standard therapy is needed. Much in the field
of prevention, screening, and management of NLE requires fur-
ther study. There are very limited data on RMD medication effects
on fertility and teratogenicity in men with RMD. Because women
with RMD who plan to conceive, are pregnant, or are lactating
are usually excluded from clinical trials, large-scale data about
medication use in these populations are also lacking. Pregnancy
registries collect these data but suffer reporting bias and may
not reflect the racial and ethnic make-up of the patient popula-
tion. Given the difficulties of collecting clinical data, research that
focuses on better understanding of placental and breast phys-
iology, as well as drug and antibody transport, may help inform
decision-making.

With the development of this guideline, the ACR recognizes
the key role of clinical rheumatologists not only in managing
disease activity but also in understanding the interactions of
RMDs and their therapies in the context of reproductive health.
The most important goal of this guideline is to provide substance
and direction for discussion between clinicians and patients. A
second goal is to encourage development of close working
relationships among rheumatologists, specialists in obstetrics-
gynecology, maternal-fetal medicine, and reproductive endocri-
nology and infertility, and other involved clinicians. We present this
guideline as a resource to share, discuss, and disseminate across
specialties and patient groups.
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Rheumatoid Arthritis Morning Stiffness Is Associated With
Synovial Fibrin and Neutrophils

Dana E. Orange,' '/ Nathalie E. Blachere,” Edward F. DiCarlo,’ Serene Mirza,’ Tania Pannellini,?
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Objective. Morning stiffness is a hallmark symptom of rheumatoid arthritis (RA), but its etiology is poorly under-
stood. This study was undertaken to determine whether any histologic features of synovium are associated with this
symptom.

Methods. Data on patient-reported morning stiffness duration and severity, and Disease Activity Score in 28
joints (DAS28) were collected from 176 patients with RA undergoing arthroplasty. Synovium was scored for 10 histo-
pathologic features: synovial lining hyperplasia, lymphocytes, plasma cells, Russell bodies, binucleate plasma cells,
fibrin, synovial giant cells, detritus, neutrophils, and mucin. Fibrinolysis of clots seeded with various cell types was
measured in turbidimetric lysis assays.

Results. Stiffness severity and morning stiffness duration were both significantly associated with DAS28 (P =
0.0001 and P = 0.001, respectively). None of the synovial features examined were associated with patient-reported
stiffness severity. The presence of neutrophils and fibrin in RA synovial tissue were significantly associated (P <
0.0001) with patient-reported morning stiffness of >1 hour, such that 73% of patients with both synovial fibrin and
neutrophils reported morning stiffness of >1 hour. Further, neutrophils and fibrin deposits colocalized along the
synovial lining. In in vitro analyses, fibrin clots seeded with necrotic neutrophils were more resistant to fibrinolysis
than those seeded with living neutrophils or no cells (P = 0.008). DNase | treatment of necrotic neutrophils abrogated
the delay in fibrinolysis.

Conclusion. In RA, prolonged morning stiffness may be related to impaired fibrinolysis of neutrophil-enmeshed
fibrin deposits along the synovial membrane. Our findings also suggest that morning stiffness severity and duration

may reflect distinct pathophysiologic phenomena.
INTRODUCTION

Rheumatoid arthritis (RA) is characterized by symptoms of
joint swelling, pain, and stiffness in the morning (1), which improves
as the day progresses. Morning stiffness interferes with activities

The views expressed are those of the authors and not necessarily those
of the NIHR or the UK Department of Health and Social Care.

Supported by the NIH (National Center for Advancing Translational
Sciences grant UL1-TR-001866, Clinical Translational Science Center Award
grant UL1-TR000457-06, National Institute of Arthritis and Musculoskeletal
and Skin Diseases grant P30-AR-07054, and Accelerating Medicines
Partnership Program grants 1-UH2-AR-06769 and 11652401), and the Block
Family Foundation.

'Dana E. Orange, MD, MS: Hospital for Special Surgery, Howard
Hughes Medical Institute, and The Rockefeller University, New York, New
York; *Nathalie E. Blachere, PhD, Mayu O. Frank, NP, PhD, Salina Parveen,
MA: Howard Hughes Medical Institute and The Rockefeller University,
New York, New York; *Edward F. DiCarlo, MD, Serene Mirza, BS, Tania
Pannellini, MD, PhD, Mark P. Figgie, MD, Vivian P. Bykerk, MD, Susan
M. Goodman, MD: Hospital for Special Surgery, New York, New York;
“Caroline S. Jiang, MS: Rockefeller University Hospital, New York, New York;
°Ellen M. Gravallese, MD: University of Massachusetts Memorial Medical
Center, Worcester; *Ana-Maria Orbai, MD, MHS: Johns Hopkins Medicine,

of daily living such as bathing and dressing, making it difficult for
RA patients to get to work on time, and is therefore the most
commonly cited reason for early retirement (2,3). Morning stiffness
lasting more than 1 hour was one of the 1987 American College
of Rheumatology classification criteria for RA (4). This symptom
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was removed from the classification criteria update in 2010 (1),
in part due to reports noting the lack of specificity for RA, as well
as conflicting reports of its association with disease activity (5-8).
Though morning stiffness is no longer included in the classification
criteria, the symptom is important to patients (9) and is still rou-
tinely used by clinical rheumatologists to distinguish inflammatory
arthritis from degenerative arthritis. If prolonged morning stiffness
is a characteristic of inflammatory arthritis, synovial inflamma-
tion might be increased in patients who report morning stiffness.
However, histologic descriptions of synovial pathology from
RA patients with and without morning stiffness are lacking. We
hypothesized that inflammatory features of RA synovium may be
associated with morning stiffness, and we reasoned that a more
granular understanding of which synovial features correlate with
this symptom might provide insights into the mechanism under-
lying this problem.

We recently demonstrated that 10 synovial features, identi-
fied by histologic analysis of hematoxylin and eosin (H&E)—stained
synovial tissue sections, can be used to predict inflammatory gene
expression subtypes (10). These include scores of cellular and
other histologic features, such as synovial lining hyperplasia, lym-
phocytes, plasma cells, Russell bodies, binucleate plasma cells,
synovial giant cells, detritus, mucin, fibrin, and neutrophils. Here,
we report our analysis of histologic features and patient-reported
morning stiffness in a cohort of 176 RA patients undergoing
arthroplasty. We discovered that synovial fibrin and neutrophils
correlated with duration of morning stiffness. We also found that
neutrophils could be detected within fibrin clots along the lining
of the synovial membrane and embedded in synovial fluid rice
bodies. Based on this observation, we performed in vitro coag-
ulation and lysis assays and found that clots containing necrotic
neutrophils were resistant to plasmin-mediated fibrinolysis and
that this effect could be abrogated by treatment with DNase |.
Taken together, our results demonstrate that neutrophil-laden
fibrin deposits are present in RA synovium and are associated with
prolonged morning stiffness in patients with RA.

PATIENTS AND METHODS

Patient cohort. One hundred seventy-six patients diag-
nosed as having RA who underwent arthroplasty, as previously
described (11), and responded to questions about morning stiff-
ness were included in this analysis. Disease activity in the patients
was measured at the presurgical screening visit, typically 2 weeks
prior to receiving arthroplasty or on the day of surgery, by the Dis-
ease Activity Score in 28 joints using the erythrocyte sedimenta-
tion rate (DAS28-ESR). DAS28 scores were categorized as low
(<8.2), moderate (<5.1), or high (>5.1). The Rheumatoid Arthritis
Disease Activity Index (12), which includes the questions “Were
your joints stiff when you woke up today? If yes, how long did the
stiffness last?” and the answer options “no stiffness,” “<30 min-
utes,” “30-60 minutes,” “1-2 hours,” “2-3 hours,” “3-4 hours,”

“>4 hours,” and “all day,” were used to measure stiffness duration.
The Outcome Measures in Rheumatology RA Flare Questionnaire
(13), which includes the question “How severe was your stiffness
over the past week?” with a 10-point numerical rating scale to
respond between no stiffness and severe stiffness, was used to
measure stiffness severity.

Histologic scoring. Synovial samples were preferentially
obtained from grossly inflamed (dull and opaque) synovium. If
no inflammation was apparent, samples were obtained from
standardized locations: the femoral aspects of the medial and
lateral gutters, and the central supratrochlear region in the
suprapatellar pouch. Tissue samples were stained with Harris’
modified hematoxylin solution and eosin Y (both from Sigma-
Aldrich). Ten features (synovial lining hyperplasia, lymphocytes,
plasma cells, Russell bodies, binucleate plasma cells, fibrin,
synovial giant cells, detritus, neutrophils, and mucin) were
scored as previously described (10) (www.hss.edu/pathology-
synovitis.asp).

Clotting assay. Normal donor plasma was collected using
EDTA (Becton Dickinson), which anticoagulates blood by chelating
calcium. Plasma was filtered using a 0.45 pm syringe filter (What-
man). Plasma (90 pl) was plated in 4-10 technical replicates with
either no cells, live neutrophils (polymorphonuclear neutrophils
[PMNs]), or necrotic PMNs (necrosis was induced by 5 successive
cycles of freezing and thawing of PMN pellets) at 1.5 million cells
per milliliter, in 96-well plates. For experiments using DNase | pre-
treatment, necrotic PMNs were incubated with 5 units of DNase |
(Promega) for 30 minutes at 37°C in Hanks’ balanced salt solution
with 6 mM CaCl,. Clotting was induced with the addition of 6 mM
CaCl, (Sigma-Aldrich) diluted in phosphate buffered saline (EMD
Millipore). Plates were incubated either rotating at 300 revolutions
per minute or without movement. Clotting was confirmed by com-
paring optical density prior to the addition of calcium.

Fibrinolysis assay. Clots were incubated for 30 minutes at
65°C to denature enzyme activity, and then 570 nM human plas-
min (Haematologic Technologies) was added to the clots (1:20),
plates were incubated on a rotator at 37°C, and optical density
was measured serially over time for up to 270 minutes.

Statistical analysis. The Shapiro-Wilk normality test was
used to assess the normality of distribution of clinical features. The
difference in the presence of stiffness across the DAS28 score
ranges (low, moderate, or high) was tested using a chi-square
test. Kruskal-Wallis tests were used to assess differences in morn-
ing stiffness duration and severity across DAS28 groups. Morning
stiffness duration was modeled as a binary outcome classified as
<1 hour versus >1 hour using logistic regression, and severity was
modeled as a continuous outcome using linear regression. Simple
regression models were applied first to examine the association
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between DAS28-ESR and morning stiffness duration, as well as
stiffness severity. Multivariable regression models were performed
with the main variable of interest (DAS28-ESR) and the following
clinical variables: age, sex, body mass index (BMI), duration since
RA diagnosis, anti—cyclic citrullinated peptide (anti-CCP) status,
and rheumatoid factor (RF) status. Mann-Whitney or Kruskal-
Wallis tests were used to compare stiffness severity according
to 10 histologic feature scores. The chi-square test or Fisher's
exact test was used to assess the association between the 10
histologic features and the binary classification of morning stiff-
ness duration as <1 hour or >1 hour. Bonferroni-adjusted P val-
ues are reported to be correct for multiple testing of the histologic
features. The Cochran-Armitage trend test was used to assess
the significance of fibrin only, neutrophils only, neither fibrin nor
neutrophils, or both fibrin in relation to neutrophils and morning
stiffness duration. An unpaired t-test was used to assess the sig-
nificance of the differences in results obtained using plasma with
and without the addition of calcium. A mixed-effects model for
repeated measures with clot condition, time, and clot condition—
by-time interaction was used to determine the effect of various
cells on fibrinolysis. Analysis of variance with Dunnett’s correction
for multiple comparisons was used to assess the effect of clot
condition at the final time point. Analyses were performed using
SAS Studio, version 3.7.

RESULTS

Clinical characteristics. Patient characteristics are pre-
sented in Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41141/abstract. The majority of patients were female, and
41% and 70% were seropositive for RF and CCP, respectively.
Median disease duration was 11 years, the average DAS28 score
was 3.7 (moderate), and 52% of patients were treated with a bio-
logic agent (until 1 dose interval prior to surgery).

Association of severity and duration of morning
stiffness with disease activity. Given inconsistencies in pre-
vious studies evaluating the association of morning stiffness with
RA-related disease activity, we first evaluated whether the stiffness
severity or duration of morning stiffness was associated with dis-
ease activity in our cohort. The vast majority of patients (83%)
responded that they had experienced stiffness that morning, and
there was no significant difference in frequency of any morning
stiffness between individuals having low, moderate, or high DAS28
scores (Figure 1A). However, the duration of morning stiffness was
significantly longer in patients with high DAS28 (Figure 1B). We also
evaluated whether morning stiffness duration was associated with
disease activity using logistic regression and found that morning
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Figure 1. Association of stiffness severity and morning stiffness duration with disease activity. A, Frequency of any patient-reported morning
stiffness stratified by disease severity according to the Disease Activity Score in 28 joints (DAS28). B, Duration of morning stiffness stratified by
DAS28. C, Severity of stiffness stratified by DAS28. In B and C, data are shown as box plots. Each box represents the 25th to 75th percentiles.
Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. D, Distribution of responses
to questions regarding duration and severity of morning stiffness. Each dot represents 1 patient response. The black dots represent 43% of
patients with discordant responses (<1 hour of morning stiffness, but stiffness severity >6 on a 10-point scale). P values were determined by
chi-square test (A) or Kruskal-Wallis test (B and C). NS = not significant.
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stiffness duration of >1 hour was significantly associated with
DAS28 (P = 0.001), and this association remained significant after
incorporating covariates including age, sex, BMI, duration of diag-
nosis, anti-CCP, RF, and smoking status (Table 1). None of these
additional covariates were significantly associated with morning
stiffness duration.

Stiffness severity also varied significantly across DAS28
groups (Figure 1C). We further evaluated the relationship of
stiffness severity with DAS28 using linear regression and found
stiffness severity was significantly associated with DAS28
(Table 2) (P =0.0001). This association remained significant
after incorporating additional clinical features into the model.
Duration of disease was also significantly associated with stiff-
ness severity (P = 0.003). Age, BMI, sex, CCP, RF, and smoking
status were not significantly associated with stiffness severity.

Though patient-reported stiffness severity tended to increase
with duration of morning stiffness, there was notable discordance
between reports of severity and duration of stiffness (Figure 1D).
Forty-three percent of patients with <1 hour of morning stiffness
considered their stiffness to be severe (> 6 on a 10-point scale).
The finding that stiffness severity, but not duration of morning stiff-
ness, was associated with disease duration, along with the notable
discordance in patient-reported severity and duration, suggest that
the 2 questions may capture distinct manifestations of RA.

Association of neutrophils and fibrin with duration
of morning stiffness. We next assessed whether there was
an association between any of the 10 histologic features, or

Table 1. Logistic regression model of morning stiffness duration
(1-hour cutoff) and DAS28-ESR*

Final model,
Variable OR (95% Cl)
DAS28-ESR 1.85(1.29-2.65)t
Age, years 1.0(0.96-1.04)
BMI 0.98(0.92-1.03)
Duration of diagnosis, years 1.03 (1.0-1.07)
Sex
Male (referent)
Female 0.86(0.27-2.71)
Anti-CCP
0 (referent)
1 0.36(0.12-1.13)
2 1.71 (0.57-5.15)
RF
0 (referent)
1 0.76 (0.29-1.98)
Current smoker
No (referent)
Yes 0.38(0.05-2.93)

* The main variable of interest, Disease Activity Score in 28 joints
using the erythrocyte sedimentation rate (DAS28-ESR), was exam-
ined in an initial model, yielding an odds ratio (OR) of 1.63 (95%
confidence interval [95% CI] 1.22-2.19) (P = 0.001). Subsequently, the
final model (multivariable regression including the DAS28-ESR and
other variables as shown) was applied. BMI = body mass index; anti-
CCP = anti-cyclic citrullinated peptide; RF = rheumatoid factor.

T P=0.001.

Table 2. Linear regression model of stiffness severity and DAS28-

ESR*
Final model,
Variable coefficient estimate

Intercept 2.50
DAS28-ESR 0.48T
Age, years -0.01
BMI 0.03
Duration of diagnosis, years 0.06%
Sex

Male (referent)

Female 091
Anti-CCP

0 (referent)

1 -0.17

2 -0.33
RF

0 (referent)

1 -0.29
Current smoker

No (referent)

Yes 1.70
R? 0.18

* The main variable of interest, Disease Activity Score in 28 joints
using the erythrocyte sedimentation rate (DAS28-ESR), was examined
in an initial model, yielding a coefficient estimate of 0.66 (P = 0.0001)
(intercept 3.52 [P < 0.0001], R? 0.09). Subsequently, the final model
(multivariable regression including the DAS28-ESR and other variables
as shown) was applied. BMI = body mass index; anti-CCP = anti-cyclic
citrullinated peptide; RF = rheumatoid factor.

t P=0.008.

1 P=0.003.

a histologic summary score, and reported morning stiffness.
Detection of fibrin and detection of neutrophils were signifi-
cantly associated with >1 hour of morning stiffness (Figures 2A
and B). Fibrin deposition was identified in 41% of cases, while
neutrophils were identified in only 15%. We found a significant
trend of increasing likelihood of prolonged morning stiffness,
comparing synovial samples with neither fibrin nor neutrophils,
fibrin only, or neutrophils only to samples with both fibrin and
neutrophils (Figure 2C). None of the 10 synovial histologic fea-
tures assessed (including neutrophils and fibrin, which were
associated with stiffness duration), were associated with stiff-
ness severity (Figure 2D).

Colocalization of neutrophils with fibrin deposition
along the RA synovial lining. A shared feature of synovial fibrin
deposits and neutrophils is that they are both typically found in RA
synovial fluid. Fibrin clots can be found in synovial fluid as “rice
bodies,” which appear macroscopically as grains of rice floating
in synovial fluid (14), and neutrophils are the most abundant white
blood cell type in RA synovial fluid (15) and are comparatively
sparse in synovial tissue. Both fibrin and neutrophils (Figures 3A
and B) were found along the synovial lining, at the interface with
synovial fluid. Further, histologic analysis revealed neutrophils
intermixed with synovial lining fibrin deposits (Figure 3B). We
also identified neutrophils enmeshed in fibrinous “rice bodies”
(Figure 3C).
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Figure 2. Fibrin and neutrophils are associated with duration of morning stiffness. A and B, Percentage of patients with >1 hour of morning
stiffness according to the presence of synovial fibrin (A) and neutrophils (B). C, Percentage of patients with >1 hour of morning stiffness
according to the presence of neither fibrin nor neutrophils, fibrin only, neutrophils only, or both fibrin and neutrophils in synovium. D, Severity of
stiffness according to the presence of fibrin and neutrophils. Data are shown as box plots. Each box represents the 25th to 75th percentiles.
Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. Adjusted P values (P,,) were
determined by Fisher’s exact test with Bonferroni correction for multiple comparisons (A and B); P values were determined by the Cochran-

Armitage trend test (C) or the Mann-Whitney test (D). NS = not significant.

Neutrophil DNA impedes fibrinolysis. We considered
the possibility that fibrin could accumulate along the synovial
membrane while patients are relatively sedentary overnight,
and that this may improve as the day progresses and as fibrin
clots are lysed by plasmin. Recalcifying EDTA-anticoagulated
plasma in vitro induced clotting in samples that were incubated
without shaking but not in those that were shaken (Figure 4A),
which is consistent with extensive clinical data noting immo-
bilization as a risk for thrombosis. We further hypothesized
that neutrophils might enhance the stability of fibrin deposits,
thereby contributing to the sensation of prolonged morning stiff-
ness. To assess whether neutrophils impede plasmin-mediated
fibrinolysis, we generated fibrin clots in vitro by recalcifying
EDTA-anticoagulated plasma seeded with either no cells, live

PMNs, or necrotic PMNs. After 1 hour, all samples were clotted
(Figure 4B); however, the peak optical density was variable
across groups. We next added plasmin to the various clots and
measured fibrinolysis over 2 hours. We normalized to the peak
optical density for any given well to control for the variability of
peak optical density (Figure 4B). We observed a significant dif-
ference in the various clot conditions over time (P < 0.0001,
clot condition x time). Clots seeded with live PMNs were lysed
with kinetics that were similar to those observed in clots with
no cells, while clots seeded with necrotic PMNs were resist-
ant to fibrinolysis (Figure 4C), and this effect could be abro-
gated by pretreatment of the necrotic PMN lysate with DNase
| (Figure 4D), demonstrating that DNA derived from necrotic
PMNs can render fibrin resistant to fibrinolysis.

Figure 3. Neutrophils colocalize with fibrin deposits along the synovial lining. A and B, Representative images of rheumatoid arthritis synovial
tissue. In A, bracket highlights eosinophilic synovial fibrin deposition along the synovial membrane. Bar = 100 um. In B, arrows highlight
neutrophils intermixed within fibrin, which appear as pink fibrillary material along the synovial lining. Bar = 50 um. C, Representative image of
rice body. Arrows highlight neutrophils intermixed within fibrin. Bar = 50 um. Hematoxylin and eosin stained; original magnification x 20 in A,

x 40in B and C.
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Figure 4. Necrotic neutrophils impede fibrinolysis. A, Clotting as measured by turbidity over time of plasma collected using EDTA and
incubated with calcium with or without shaking. Values are the mean + SD OD (absorbance at 405 nm) and represent 1 of 2 independent
experiments. B, Clotting as measured by turbidity of plasma alone or seeded with either live polymorphonuclear neutrophils (PMNs) or necrotic
PMNs, before and after incubation with calcium for 1 hour. Values are the mean + SD OD (absorbance at 405 nm), normalized to the value
obtained just prior to addition of calcium. In A and B, ** = P < 0.0001 by unpaired t-test. C, Left, Fibrinolysis as measured by normalized
turbidity of clots alone or seeded with either live PMNs or necrotic PMNs and treated with plasmin. Right, Normalized turbidity of fibrin clots
(from left panel) at 120 minutes. Data represent 1 of 6 independent experiments. D, Left, Fibrinolysis as measured by normalized turbidity of
clots alone or seeded with either necrotic PMNs or necrotic PMNs pretreated with DNase | and then lysed with plasmin. Right, Normalized
turbidity of fibrin clots (from left panel) at 270 minutes. Data represent 1 of 3 independent experiments. In C and D, values are the mean + SD
OD (absorbance at 405 nm), normalized to the value obtained at time 0, following the addition of plasmin. *** = P < 0.0001 in a mixed-effects
model for clot conditions by time. P values in right panel were determined by analysis of variance with Dunnett’s multiple comparisons test, using

the no cells group as the reference. NS = not significant.

DISCUSSION

Morning stiffness is a hallmark clinical symptom experienced
by RA patients. Here we report that in a cohort of 176 patients
with RA undergoing arthroplasty, 83% experienced morning stiff-
ness, and both morning stiffness duration and stiffness severity
were significantly associated with disease activity.

We found that synovial neutrophils and fibrin were signifi-
cantly associated with patient-reported morning stiffness of >1
hour. Fibrin, the final product of the clotting cascade, is a gel-
like substance frequently observed along the surface of inflamed
synovium in RA (10). Neutrophils are short-lived cells pro-
grammed to die within hours after infiltrating tissue. Therefore,
the association of synovial neutrophils with prolonged morning
stiffness suggests that acute synovial inflammation or ongoing
neutrophil recruitment may play a role in mediating this symp-
tom. Such a possibility is consistent with our finding that patient-
reported stiffness was significantly associated with disease
activity. Indeed, one of the principal mechanisms of glucocorti-
coids is to inhibit access of neutrophils to sites of inflammation

(16), and in a clinical trial of delayed-release prednisone, this
treatment produced a significant reduction in duration of morn-
ing stiffness (17).

We further demonstrated that neutrophils can be found
enmeshed in fibrin deposits along the synovial membrane. It is
not unexpected that neutrophils can be found in this location,
as it is well established from extensive clinical experience that
inflamed synovial fluid is laden with neutrophils, and since neu-
trophils reach the synovial fluid by extravasating through blood
vessels in synovium, they must cross the synovial lining to reach
the synovial fluid space. We report here that necrotic neutrophil
DNA can render fibrin deposits resistant to fibrinolysis. This result
is consistent with prior reports demonstrating that clots containing
histones and DNA have thicker fibers, increased clot stability, and
greater rigidity (18,19). It is plausible that when neutrophils infiltrate
the joint, their DNA confers increased stability and rigidity to fibrin
deposits along the synovial surface, contributing to the sensation
of stiffness by altering the mechanics of articular movement. Inter-
estingly, no plasma cell features or RA-associated autoantibodies
were significantly associated with duration of morning stiffness.
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The lack of association of markers typical of an adaptive immune
response (plasma cells and autoantibodies), along with the fact
that fibrin deposition is a finding common to a spectrum of inflam-
matory states, raises the possibility that neutrophil-enmeshed
fibrin could represent a generic cause of stiffness that may also
mediate morning stiffness in other rheumatologic diseases, such
as ankylosing spondylitis or psoriatic arthritis.

Another interesting finding of our study was that RA patients
who rated their stiffness severity as high did not necessarily
experience prolonged duration of morning stiffness. It is possi-
ble that the discrepancy between these 2 reported symptoms
is because the stiffness severity question was worded to cap-
ture stiffness over the past week rather than that particular day,
while the stiffness duration question was worded to capture
symptoms that day. Alternatively, severity and duration of morn-
ing stiffness may reflect distinct pathophysiologic mechanisms
of inflammation and damage, and thereby representing differ-
ent clinical symptom constructs. This hypothesis is supported
by our finding that stiffness severity was associated with dis-
ease duration but not with any of the synovial histologic features
assessed in this study.

An important limitation of our work is that we only assessed
a small section of a relatively large synovial membrane in each
patient. There could be variability within any given synovium that
was not assessed in this study. Further, there are other important
structures in joints that might affect the sensation of morning stiff-
ness such as the joint capsule, tendons, ligaments, vasculature,
cartilage, and bone, none of which were included in this analysis.
Finally, it is important to note that the joints studied in this analysis
were limited to large joints (hips and knees) in patients with relatively
long disease duration (median 11 years). It is not known whether
neutrophils and fibrin are also associated with morning stiffness
duration in small joints such as hands and feet, or in patients with
early arthritis.

In summary, we investigated the association of morning
stiffness with clinical and synovial histologic features of RA in a
cohort of patients undergoing arthroplasty. We found that both
synovial tissue neutrophils and fibrin are associated with duration
of morning stiffness and that neutrophil-derived DNA renders fibrin
resistant to fibrinolysis. Our observations identify histologic find-
ings that are significantly associated with patient-reported morning
stiffness, and thereby provide insights into potential mechanisms
mediating a vexing clinical symptom that is frequently experienced
by patients with RA and other types of inflammatory arthritis.
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CD4+ Memory Stem T Cells Recognizing Citrullinated
Epitopes Are Expanded in Patients With Rheumatoid
Arthritis and Sensitive to Tumor Necrosis Factor Blockade

Beatrice C. Cianciotti," 2 Eliana Ruggiero,” Corrado Campochiaro,’ Giacomo Oliveira,” Zulma I. Magnani,’
Mattia Baldini,” Matteo Doglio,” Michela Tassara,” Angelo A. Manfredi," Elena Baldissera,” Fabio Ciceri,’
Nicoletta Cieri,> 2 and Chiara Bonini'

Objective. Memory stem T (Tscm) cells are long-lived, self-renewing T cells that play a relevant role in immuno-
logic memory. This study was undertaken to investigate whether Tscm cells accumulate in rheumatoid arthritis (RA).

Methods. The polarization and differentiation profiles of circulating T cells were assessed by flow cytometry.
Antigen-specific T cells were characterized by staining with major histocompatibility complex class Il tetramers. The
T cell receptor (TCR) repertoire was analyzed by high-throughput sequencing using an unbiased RNA-based ap-
proach in CD4+ T cell subpopulations sorted by fluorescence-activated cell sorting.

Results. We analyzed the dynamics of circulating Tscm cells (identified as CD45RA+CD62L+CD95+ T cells) by
flow cytometry in 27 RA patients, 16 of whom were also studied during treatment with the anti-tumor necrosis factor
(anti-TNF) agent etanercept. Age-matched healthy donors were used as controls. CD4+ Tscm cells were selectively
and significantly expanded in RA patients in terms of frequency and absolute numbers, and significantly contracted
upon anti-TNF treatment. Expanded CD4+ Tscm cells displayed a prevalent Th17 phenotype and a skewed TCR
repertoire in RA patients, with the 10 most abundant clones representing up to 53.7% of the detected sequences.
CD4+ lymphocytes specific for a citrullinated vimentin (Cit-vimentin) epitope were expanded in RA patients with ac-
tive disease. Tscm cells accounted for a large fraction of Cit-vimentin—specific CD4+ cells.

Conclusion. Our results indicate that Tscm cells, including expanded clones specific for relevant autoantigens,
accumulate in RA patients not exposed to biologic agents, and might be involved in the natural history of the disease.
Further analysis of Tscm cell dynamics in autoimmune disorders may have implications for the design and efficacy

assessment of innovative therapies.
INTRODUCTION

Memory stem T (Tscm) cells represent a population of
antigen-experienced CD45RA+CD62L+CCR7+IL7Ra+CD95+ T
lymphocytes endowed with exceptional persistence and self-
renewing ability (1,2). Indeed, in models of genetic diseases (3),
cancer (4-6), and infections (7), Tscm cells proved hierarchi-
cally superior to other antigen-experienced T cell subsets and
endowed with a long-lasting protective role. Nevertheless, this
very same cell population might represent a foe in T cell-mediated
pathologies. In the first report on Tscm cells, Zhang and col-
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leagues (8) identified this T cell subset as a dominant reservoir of
alloreactive lymphocytes in a murine model of graft-versus-host
disease, a major T cell-mediated complication of hematopoietic
stem cell transplantation (HSCT); subsequently, we observed a
selective accumulation of Tscm cells early after HSCT in humans
(9). While a number of reports have highlighted the beneficial role
of Tscm cells in cancer and infections, very little is known about
the dynamics of Tscm cells in the context of chronic inflamma-
tory conditions and autoimmune diseases. A high frequency
of CD8+ Tscm cells has been associated with failure of immu-
nosuppressive treatment in patients with aplastic anemia (10)
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and increased CD8+ Tscm cell numbers have recently been
described in patients with type 1 diabetes mellitus (11).

Rheumatoid arthritis (RA) is one of the most common
autoimmune diseases, affecting ~1% of the worldwide popu-
lation. It is characterized by autoantibody production and car-
tilage and bone destruction, resulting in disability and reduced
quality of life and life expectancy (12). The predominant target
tissues are the synovial joints, which are massively infiltrated
by T cells, representing ~30-50% of cells in the RA syn-
ovium, and macrophages. B cells, plasma cells, and dendritic
cells are also detected. The recruitment of activated T cells in
synovial lesions, the well-established association of RA with
HLA class Il alleles, and the recent genome-wide scanning stud-
ies linking RA susceptibility to polymorphisms in genes related to
T cell function point to a critical role of adaptive immunity, and
of CD4+ T lymphocytes in particular, in RA pathogenesis (13).

Building on these findings, we hypothesized that T lym-
phocytes specific for relevant autoantigens and endowed with
enhanced self-renewal capacities, such as Tscm cells, may be
pathogenic in the context of T cell-mediated autoimmune dis-
orders. We thus investigated the frequencies, dynamics, and
repertoire of Tscm cells in patients affected by RA, and their sen-
sitivity to anti-tumor necrosis factor (anti-TNF) agents.

MATERIALS AND METHODS

Patient population. We studied 27 patients with RA who
fulfilled both the American College of Rheumatology (ACR) 1987 cri-
teria (14) and the ACR/European League Against Rheumatism 2010
criteria (15). Sixteen patients were analyzed longitudinally before and
during anti-TNF administration (etanercept, given at a dose of 50
mg/week subcutaneously). Twenty age-matched healthy donors
were studied in parallel as controls. All subjects signed informed
consent forms approved by the Ospedale San Raffaele Ethics
Committee, in accordance with the Declaration of Helsinki. Disease
activity and clinical responses were assessed using the Disease
Activity Score in 28 joints (DAS28) (16). Clinical characteristics of the
patients included in the study are summarized in Table 1.

T cell isolation and sorting. Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Hypaque separation (Lym-
phoprep; Fresenius) from peripheral blood samples from healthy
donors and RA patients, stained with fluorochrome-conjugated
antibodies, and subjected to flow cytometric analysis. For T cell sort-
ing, PBMCs were labeled with anti-CD3, anti-CD4, anti-CD45RA,
anti-CD62L, and anti-CD95 antibodies (BioLegend) and sorted on
MoFlo-MLS or XDP cell sorters (Dako) with a purity of >95%.

Absolute cell counts. Absolute quantification of PBMCs
was determined using Flow-Count technology (Beckman Coulter).
Briefly, anti-human fluorescein isothiocyanate—conjugated T cell
receptor a3 (TCRap) (BD Biosciences), phycoerythrin (PE)-Texas

Table 1. Clinical characteristics of the patients with rheumatoid
arthritis (n = 27)*
No. of patients followed up during ETN 16
treatment (50 mg/week)
Age, median (range) years 55 (24-74)
Female, no. (%) 24 (89)

Time from diagnosis to first sample, median 5(2-26)
(range) years

Time from first sample to follow-up sample, 99 (46-116)
median (range) days

Time from ETN initiation to follow-up sample, 95 (46-116)

median (range) days
Baseline DAS28, median (range)
DAS28 during ETN treatment, median (range)

4.34(2.28-6.39)
2.86 (1.27-5.4)t

Ever smoked, no. (%) 13 (48)
No. of current smokers
No. of ex-smokers 7
RF positive, no. (%) 24 (89)
ACPA positive, no. (%) 20 (74)
Concomitant treatment, no. %
Methotrexate (10-20 mg/week) 12 (44)
Leflunomide (20 mg/day) 7 (26)
Plaguenil (200 mg/day) 4(15)
Prednisone equivalent (0.07 mg/kg/day) 12 (44)

* ETN = etanercept; RF = rheumatoid factor; ACPA = anti-citrullinated
protein antibody.

t P<0.001 versus baseline Disease Activity Score in 28 joints (DAS28),
by Wilcoxon's test.

Red—conjugated CD4 (Invitrogen), PerCP-Cy5.5—-conjugated CD8,
PE-Cy7—conjugated CD19, allophycocyanin (APC)-conjugated
TCRy6, APC-Cy7-conjugated CD14, A700-conjugated CD15,
Pacific Blue—conjugated CD56, and BV510-conjugated CD3 anti-
bodies (all from BioLegend) were added to 50 pl of EDTA-treated
whole blood, previously diluted in a 1:3 ratio with in-house produced
Fc-block (2.4G2 hybridoma; ATCC), and incubated for 15 minutes
at room temperature. Red blood cells were then lysed with ACK lys-
ing buffer for 10 minutes at room temperature. After centrifugation
to remove cell debris, 25 I of Flow-Count Fluorospheres (Beck-
man Coulter) were added. Samples were acquired using a Gallios
cytometer and analyzed with Kaluza software (Beckman Coulter).

Multiparameter flow cytometric analysis and in-
tracellular staining. PBMCs were labeled with anti-CDS,
anti-CD4, anti-CD8, anti-CD45RA, anti-CD62L, anti-CD95 (all from
BioL.egend), anti-CD120a (Beckman Coulter and BD Biosciences),
and anti-CD120b (BD Biosciences and Miltenyi) antibodies. Via-
ble lymphocytes were identified based on forward scatter and
side scatter properties. CD4+ and CD8+ T cells were gated within
CD3+ lymphocytes. Expression of CD45RA and CD62L in gated
CD4+ and CD8+ T cells was used to identify naive T cells and
Tscm (CD45RA+CD62L+) cells, central memory T (Tcm; CD45RA-
CD62L+) cells, effector memory T (Tem; CD45RA-CD62L-) cells,
and terminal effector T (Temra; CD45RA+CD62L-) cells. CD95
expression on gated total CD4+ and CD8+ cells was used to dis-
criminate between naive (CD95-) and antigen-experienced (CD95+)
T cell subpopulations. The use of the same CD95 gate in selected
CD45RA+CD62L+ cells allowed reproducible discrimination
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between naive T (CD45RA+CD62L+CD95-) cells and Tscm
(CD45RA+CD6B2L+CD95+) cells. CD4+ cells specific for the previ-
ously described Epstein-Barr virus (EBV) peptide BHRF1'?"% and
for the citrullinated vimentin peptide Cit-vimentin®~" (17,18) were
detected using custom APC- or PE-conjugated HLA-DRB1*04:01-
restricted tetramers (Prolmmune), respectively. CD8+ viral-specific
lymphocytes were quantified with HLA-A2*0201-restricted, PE-
conjugated dextramers (Immudex) specific for the following viral
peptides: NLVPMVATV (CMV-pp65), GILGFVFTL (Flu-MP), and
GLCTLVAML (EBV-BMLF1).

To identify the cytokine secretion profile of discrete T cell sub-
sets, 0.4 x 10° PBMCs were preincubated with TNF proteinase
inhibitor 2 as previously described (19), then exposed to phorbol
myristate acetate/ionomycin for 4 hours at 37°C. Brefeldin A was
added for 2 additional hours. Cells were subsequently stained
with fluorochrome-conjugated antibodies specific for surface anti-
gens, washed, and then fixed and permeabilized with FoxP3 Fix/
Perm Buffer Set (BioLegend). Intracellular staining was then per-
formed and samples were acquired on an LSRFortessa cytometer
(BD Biosciences). Each acquisition was calibrated using Rainbow
Calibration Particles (Spherotech) to correct for day-to-day vari-
ation. Data were analyzed using FlowdJo version X.0.7 (TreeStar).

HLA-DRB 04:01 typing. RA patients and healthy donors
were screened by flow cytometry for HLA-DRB1*04:01 expression
by staining PBMCs with a biotinylated HLA-DRB1*04:01-specific
monoclonal antibody (One Lambda) followed by PE-conjugated
streptavidin (BiolLegend). For positive samples, molecular HLA typ-
ing was performed by the HLA typing and chimerism laboratory of
San Raffaele Scientific Institute. HLA typing was performed at high
resolution (4 digits) with a standard Sequence-Specific Priming
(SSP) technique. Briefly, CareDx (Olerup SSP) DRB1*04-specific
kits were used for performing the sequence-specific polymerase
chain reaction (PCR); the presence or absence of the sequence-
specific PCR products was determined by capillary electrophore-
sis (QIAxcel Advanced System; Qiagen). Results were interpreted
using Helmberg Score SSP software.

TCR sequencing. TCR a and 3 chains were sequenced
using a modified rapid amplification of complementary DNA
(cDNA) ends PCR protocol, independent of multiplex PCRs
(20,21). Total RNA extracted from sorted memory subpopulations
was reverse transcribed and amplified using primers specific
for a/B-chain constant regions and for the template-switching
sequence added during cDNA synthesis. Individual samples were
unequivocally tagged using a barcoded fusion primer specific
for constant TCR genes in addition to the barcoded template-
switching primer. PCR amplicons were purified with AMPure
beads (Beckman Coulter) and sequenced on a MiSeq platform
(llumina). Raw reads were sorted according to the individual bar-
code combination used for each specimen. Data were analyzed
using MiXCR software (22).

Statistical analysis. Nonparametric continuous variables
were analyzed by Mann-Whitney U test or Wilcoxon’s rank sum
test for comparing 2 independent groups and Wilcoxon'’s signed
rank test for comparing 2 dependent groups. Data were ana-
lyzed using JMP, version 10, and P values less than or equal
to 0.05 were considered significant. Graphs were created using
GraphPad Prism 8 software.

RESULTS

CD4+ Tscm cells are expanded in RA patients and
contract upon TNF blockade. \We analyzed the T cell sub-
set distribution in 27 patients with RA who had not been previ-
ously treated with biologic disease-modifying antirheumatic drugs
(DMARDs). The median DAS28 score was 4.34, indicating mod-
erate disease activity. We tracked T cell dynamics in 16 of the
27 patients upon treatment with the anti-TNF agent etanercept.
Clinical characteristics of the patients studied are summarized in
Table 1. A significant reduction in DAS28 upon etanercept admin-
istration (mean DAS28 reduction —1.64 [range —3.37, 0.65]) was
observed, with 15 of the 16 patients responding to treatment a
median of 3 months after initiation.

We first quantitatively evaluated the circulating lymphoid and
myeloid cells in RA patients before and during TNF blockade. RA
patients’ absolute numbers of circulating CD4+, CD8+, y& T cells,
CD56+ natural killer cells, CD19+ B cells, and CD14+ monocytes
were similar to those of age-matched healthy donors, with the
only exception being CD15+ granulocytes, which were signifi-
cantly increased in patients with active disease, possibly due to
concomitant steroid therapy in a fraction of patients. No signifi-
cant differences in circulating leukocyte subsets were observed
before or during anti-TNF treatment (Supplementary Figures
1A-C, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41157/abstract).

As expected, RA patients showed a significant increase in
the CD4:CD8 cell ratio compared to healthy donors, independ-
ent of treatment (Supplementary Figure 1D). We analyzed the
expression of CD45RA, CD62L, and CD95 in CD4+ and CD8+
lymphocytes by multiparameter flow cytometry (Supplementary
Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41157/abstract).
In our patient cohort, the CD4+ Tscm cell subset was the only
T cell subset significantly expanded in RA patients compared to
controls, both in terms of percentages (Figure 1A) and absolute
numbers (Figure 1B). In contrast, the percentages and numbers
of naive T cells, Tcm cells, Tem cells, and Temra cells did not differ
between patients and controls.

The CD4+ Tscm compartment contracted upon TNF blockade
(Figures 1A-C and Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41157/abstract). Consistent with the prevalent role of CD4+ lym-
phocytes in RA, there was only a slight, nonsignificant increase in
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Figure 1. CD4+ memory stem T (Tscm) cells in patients with rheumatoid arthritis (RA). The percentages and numbers of CD4+ Tscm cells were
increased in patients with active RA and significantly decreased during anti—-tumor necrosis factor (anti-TNF) treatment. A and B, Percentage
(A) and absolute number (B) of each T cell subset on total CD4+ T cells in patients with active RA (n = 27), patients with RA receiving anti-
TNF treatment (n = 16), and age-matched healthy donors (n = 15). The T cell subsets were defined as naive T (Tn; CD45RA+CD62L+CD95-)
cells, Tscm (CD45RA+CD62L+CD95+) cells, central memory T (Tcm; CD45RA-CD62L+) cells, effector memory T (Tem; CD45RA-CD62L-)
cells, and terminal effector T (Temra; CD45RA+CD62L-) cells. Symbols represent individual subjects; horizontal lines and error bars show the
mean + SEM. * = P < 0.05; ™ =P < 0.001. C, Representative fluorescence-activated cell sorting results showing the T cell subset composition
in a healthy donor and in patients 2, 3, and 18 during active disease and upon TNF blockade. The numbers in parentheses are the frequency
of Tscm cells among total CD4+ T cells.

CD8+ Tscm cells in RA patient samples compared to controls (Sup- Preferential Th17 polarization of CD4+ Tscm cells
plementary Figure 4, available on the Arthritis & Rheumatology web in RA patients. Since we observed a significant expansion of
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41157/abstract). CD4+ Tscm cells in RA, we next sought to determine the cytokine
These observations suggest that CD4+ long-lived, self-renewing secretion profile of this expanded T cell subset. Consistent with

Tscm cells may be selectively modulated depending on RA activity. previous observations on bulk CD4+ cells (23), we observed a
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significant increase in Th17+ lymphocytes in RA patients com-
pared to healthy donors, accompanied by a concomitant under-
representation of Th1 cells (Figure 2A). When focusing on CD4+
Tscm cells, we observed a significant skewing toward a Th17
polarization in RA patients compared to healthy donors
(Figures 2B and C). As shown in the heatmap in Figure 2D, Th17
polarization preferentially segregated within the CD4+ Tscm cell
compartment, thus supporting the notion of elevated Th17 potential
of CD4+ Tscm lymphocytes in the inflammatory events associated
with active RA. Given the significant reduction in Tscm cells upon
anti-TNF administration, we hypothesized that TNF may act as a
prosurvival factor for this T cell subpopulation. Consistent with this
hypothesis, we observed that the expression of the prosurvival TNF
receptor type Il (TNFRII) (CD120b) but not that of the proapoptotic
TNFRI (CD120a), was significantly higher in early differentiated Tscm
and Tcm cells than in the other T cell subpopulations (Figure 2E).

Enrichment of circulating Cit-vimentin-specific CD4+
T cells in Tscm cells in RA patients. \We next investigated
whether Tscm cells were enriched in putative autoreactive spe-
cificities. To this end we exploited a published synthetic epitope
derived from Cit-vimentin restricted to HLA-DRB1*04:01 (18,24).
Cit-vimentin—specific CD4+ lymphocytes were detected only
in HLA-DRB1*04:01—positive RA patients and not in HLA-
DRB1*04:01-negative subjects. Additionally, Cit-vimentin-specific
CD4+ cells were not detectable in HLA-DRB1*04:01-posi-
tive healthy donors. In contrast, CD4+ EBV®"™'-specific, HLA-
DRB1*04:01-restricted lymphocytes could be quantified in
both RA patients and healthy donors (Figures 3A-C). Notably,
in RA patients, we observed a trend toward contraction of Cit-
vimentin—specific T cells upon anti-TNF treatment.

Within the Cit-vimentin—specific lymphocyte pool, Tscm
cells were a major contributor, representing 31% of total antigen-
specific T cells, while only 24% of EBVE"™"-specific CD4+ T cells
displayed a Tscm phenotype (Figure 3C); although, given the lim-
ited number of HLA-DR*04:01—positive patients, this difference
did not reach significance. Interestingly, Cit-vimentin-specific
Tscm cells showed a trend toward contraction upon TNF block-
ade, while EBV®*™™'-specific T cells did not fluctuate to the same
extent (Figures 3D and E).

To explore the potential antigen-specific T cell response to anti-
TNF therapy, we analyzed the expression of CD120b and CD120a
on both Git-vimentin-specific and EBV®"*'-specific CD4+ T cells
for 2 HLA-DRB1*04:01—positive RA patients with active disease
and during anti-TNF treatment. We detected a higher frequency
of CD120b in Cit-vimentin—specific than in EBV®"™'-specific T
cells in RA patients with active disease, though the difference was
not significant. In contrast, CD120a appeared to be expressed
at lower levels in both Cit-vimentin-specific and EBV?"™'-specific
CD4+ T cells. Although the limited number of samples available
did not allow definite conclusions, these data suggest a potential
mechanism for antigen-specific T cell response to TNF (Figure 3F).

We also traced the dynamics of viral-specific (EBVgye.1,
CMV, 65, Flu) CD8+ T cells in 5 HLA-A2-positive RA patients.
Most viral-specific CD8+ T cells displayed a more differentiated
Tem or Tem phenotype, and their frequency did not vary upon
anti-TNF blockade. These results further support the notion of a
selective response of CD4+ T cells, which include Cit-vimentin—
specific T cells, to anti-TNF treatment (Supplementary Figures 5A
and B, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41157/abstract).

Oligoclonal TCR repertoire of CD4+ Tscm cells in
RA patients. We sorted circulating CD4+ naive T cells, Tscm
cells, Tcm cells, and Tem cells from 5 RA patients and per-
formed unbiased high-throughput RNA-based TCR sequenc-
ing (21). Analysis of third complementarity-determining region
(CDRB3) clonotype contribution revealed an oligoclonal a and 3
TCR repertoire in Tscm cells isolated from RA patients, with the
10 most abundant clonotypes accounting for up to 53.7% of
the total retrieved CDR3 sequences. In contrast, healthy donor
samples revealed an expected highly polyclonal TCR reper-
toire (Figure 4A). Accordingly, the Shannon index, which mea-
sures TCR repertoire richness (i.e., number of different CDR3
clonotypes), confirmed a significant reduction in TCR diversity
in the Tscm compartment and not in the other memory subsets
(Figure 4B and Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41157/abstract). For 2 additional RA patients,
we also analyzed CDR3 clonotype richness on sorted memory T
cell subpopulations within the first 100 days after anti-TNF admin-
istration. We did not observe a normalization of TCR diversity in
Tscm cells, suggesting that, in this short timeframe (3 months),
anti-TNF treatment induces a normalization in the frequency of
circulating Tscm cells, but not in their clonality (Supplementary
Figure 6, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41157/abstract).

We next characterized CDR3 sequences shared between
Tscm cells and at least one other T cell subset. Despite the fact
that shared CDR3 sequences were more frequent in healthy
donors than in RA patients (data not shown), their relative
sequence counts for a and 3 chains reached 0.27% and 0.55%,
respectively, in Tscm from healthy donors, while they accounted
for up to 3.34% and 3.11%, respectively, in Tscm cells from RA
patients (Figure 4C). This finding further confirmed that Tscm
cells from RA patients harbor a skewed TCR repertoire. Taken
together, these data highlight Tscm cells from RA patients as
a putative reservoir of autoreactive T cell clones, oligoclonally
expanded as a consequence of autoantigen recognition.

DISCUSSION

In this study, we showed that RA patients have high frequen-
cies and numbers of circulating Th17-polarized CD4+ Tscm cells,
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Representative fluorescence-activated cell sorting plots of circulating CD4+ antigen-specific T cells from an HLA-DRB1*04:01-positive RA
patient with active disease and during anti-TNF treatment. C, Distribution of T cell subsets in Git-vimentin-specific and EBV®"™'-specific CD4+
T cells. D and E, Absolute numbers of circulating Cit-vimentin-specific (D) and EBV®"™'-specific (E) CD4+ Tscm cells in RA patients with active
disease and during anti-TNF treatment. F, Frequencies of Cit-vimentin-specific and EBV®"™'-specific CD4+ T cells expressing CD120b (TNF
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D-F, bars show the mean + SEM. See Figure 1 for other definitions.



572

CIANCIOTTI ETAL

>

HD Patient#11 Patient#12  Patient#13
<., 100% AP G B0 F b Rl R B b R g B gL K oia Bl B o B 6 BT
(&)

(o
44}
=3
5
= 50% !
S Bl il
Q
2 o ledalnl/ASEmlEl ..i_.l_._l,H,i.;i_i__l_l_l_g_
Tsem Tem Tem Tsem Tem Tem Tsem Tem  Tem  Tsem Tem  Tem
5 TCR a-chain &  TCRB-chain
v T, a ® Tscm
Esf's's“v‘v 53',_&"%' a Tem
82 .ﬂ... 82 & .I. v Tem
':1 ™ 51 ]
s ©
r
S0 w0
® QO P &:@\,ﬁ\'\&\‘b\%@
LSS
QRTRT QY

C

Patient#11 B chain

Patient#12 B chain

COR3 aa

Patient#13 a chain

CDR3 aa

CAVRNOAGTALF
QAHYGONPVE

Tem ] Tem | Tn iscm

HD a chain

Figure 4. Skewed oligoclonal T cell receptor (TCR) repertoire of CD4+ Tscm cells in RA patients. A, Composition of the TCR repertoire
in 1 healthy donor (HD) and 3 RA patients. Each bar represents an individual third complementarity-determining region (CDR3) amino acid
clonotype. Sections shown in color represent the first through tenth most predominant CDR3 sequences, with red indicating the first most
predominant and violet indicating the tenth most predominant; gray indicates the remaining sequences identified in the analyzed samples. B,
Quantification of TCR repertoire richness in the Tscm, Tcm, and Tem cell subsets in a healthy donor and 5 RA patients, calculated using the
Shannon Index. C, Heatmaps showing CDR3 amino acid (aa) sequences shared between the indicated T cell subpopulations. For patient 12
and the healthy donor, only the 10 shared CDR3 amino acid sequences with the highest relative read counts are shown (the total numbers of

shared amino acids were 15 for a-chain and 14 for 3-chain for patient
Figure 1 for other definitions.

and that Tscm cell accumulation declines early upon TNF block-
ade. Recently identified, Tscm lymphocytes appear to play impor-
tant roles across a wide spectrum of clinical conditions, ranging
from infectious diseases (25-27), vaccination (7), cancer immuno-
therapy (1,4), allogeneic HSCT (9,28), and gene therapy (3,5), to
adult T cell leukemia (29). While highly desirable in the context of

12, and 47 for a-chain and 25 for 3-chain for the healthy donor). See

immunotherapy and infections, it stands to reason that long-lived,
self-renewing Tscm cells may be detrimental in T cel-mediated dis-
eases, such as T cell lymphoproliferative dyscrasias or autoimmune
diseases, where they may represent a reservoir of long-lived lym-
phocytes with undesired and detrimental specificities responsible
for disease perpetuation. To date, Tscm cells have been reported in
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type 1 diabetes mellitus (10,11) and systemic lupus erythematosus
(80). The present study is, to our knowledge, the first to demon-
strate preferential Tscm cell expansion in patients with RA.

We found that CD4+ Tscm lymphocytes were significantly
more represented, in terms of both frequencies and absolute num-
bers, in RA patients than in age-matched healthy controls. However,
the extent of Tscm cell expansion did not correlate with disease
severity. These results suggest that Tscm cells might contribute to
the development and maintenance of RA, while disease activity is
reasonably driven by other factors that affect the stimulation or acti-
vation status of the overall immune compartment and its interaction
with the tissues targeted by the autoimmune attack. Functionally,
expanded CD4+ Tscm cells displayed a preferential Th17 polariza-
tion, which is known to play a pathogenic role in rheumatic synovitis
(81,32), thus further corroborating Tscm lymphocytes as potential
novel players in RA pathogenesis and maintenance. Notably, we
did not find quantitative alterations in the circulating Treg cell pool in
our patient cohort, but we cannot exclude functional impairment in
the Treg cell compartment as previously described (33).

Interestingly, TNF blockade abated CD4+ Tscm cell expan-
sion and restored T cell homeostasis in responder patients at the
polyclonal level after a median of 3 months, suggesting that res-
toration of physiologic circulating Tscm numbers could represent
a potential biomarker for response prediction. Unfortunately, we
did not have sufficient numbers of nonresponders in our cohort to
fully validate Tscm cell decrease upon TNF blockade as a robust
biomarker of disease response. Indeed, it would be interesting in
future studies to longitudinally track fluctuations in the Tscm cell
compartment of responders, inadequate responders, and patients
who did not maintain a response not only to anti-TNF agents but
also to other biologic therapies, to further define the role of Tscm
cells in this context.

In our study, we focused on patients whose disease did not
respond to nonbiologic DMARDs and were therefore candidates for
TNF blockade, but it would also be relevant to evaluate the influence
of first-line nonbiologic DMARDs on the repertoire and frequencies of
Tscm cells, to define whether different therapeutic approaches could
have a distinct impact on the underlying T cell pathogenic events.
We found no significant differences in the expansion or repertoire
of Tscm cells between patients who were treated with conventional
DMARDs and those who were not, independent of the agent used.
However, the apparent lack of effect is difficult to interpret, due to
the small size of each group, particularly of the group of untreated
patients, and because there were no patients in whom satisfactory
clinical control was achieved with conventional DMARDs alone. Fur-
ther prospective studies that include treatment-naive patients and
longitudinally monitor the possible accumulation and repertoire of
Tscm cells will be necessary to address this question.

From a biologic point of view, 2 mechanisms could explain
the decrease in Tscm cells upon TNF blockade. First, Tscm lym-
phocytes might directly benefit from signals emanating from TNF.
TNF activates 2 receptors, namely TNFRI and TNFRII. While TNFRI

preferentially delivers proapoptotic signals by incorporating a death
domain in its structure, TNFR2 predominantly acts as a costimu-
latory molecule on lymphocytes (34). Notably, the expression of
the costimulatory TNFRII, but not that of the proapoptotic TNFRI,
was significantly higher in early differentiated CD4+ Tscm and Tem
cells than in Tem and CD4+ naive T lymphocytes, suggesting that
TNF might indeed provide a prosurvival signal to early differenti-
ated Tscm/Tcm cells, possibly including the Cit-vimentin—specific
ones, through TNFRII. Alternatively, TNF blockade might exert its
beneficial effects by interfering with other cell types supporting
Tscm cell expansion, and therefore normalization of Tscm cell fre-
quencies may be only indirectly linked to the normalization of TNF
levels. While no experimental data support this latter hypothesis,
interesting candidates for intermediate players include activated
synovial fibroblasts, which have been shown to produce high lev-
els of interleukin-17 (IL-7), and synovial macrophages, which are
responsible for local IL-15 production (35), with both cytokines
being instrumental for Tscm generation and maintenance. How-
ever, in this hypothesis, it is difficult to reconcile that a local effect
of TNF blockade (i.e., at lesion sites) could so dramatically impact
the circulating lymphocyte pool, unless the 2 compartments are
assumed to be in a state of highly dynamic equilibrium.

Since we hypothesized that Tscm lymphocytes are a reser-
voir of autoreactive specificities fueling and perpetuating disease,
we used HLA class Il tetramers to trace and characterize antigen-
specific CD4+ T cells reactive against a known arthritogenic peptide
derived from Cit-vimentin and restricted to the RA-associated HLA
class Il allele DRB1*0401. In 3 patients carrying the necessary HLA
allele, we were able to detect, prior to TNF blockade, Cit-vimentin—
specific T cells, which were enriched in Tscm cells compared to the
overall CD4+ pool. Of note, Cit-vimentin—specific T cells contracted
upon TNF blockade in all patients analyzed (albeit the difference
did not reach statistical significance). Although these observations
need to be confirmed in a larger patient cohort, overall, they sug-
gest that arthritogenic CD4+ T cell clones might be susceptible
to TNF signaling inhibition. Importantly, preferential curtailment of
autoreactive T cells was further corroborated by the absence of
fluctuations in the frequencies of viral-specific CD8+ T cells.

We next performed TCR sequencing of purified T cell sub-
sets harvested from RA patients with active disease and found
that Tscm cells displayed a far more skewed and oligoclonal TCR
repertoire than the other memory subsets, further reinforcing
the notion that the Tscm cell compartment in RA represents a
reservoir of putative autoreactive specificities. These data raise
the question of how circulating Tscm cells are linked to the
damaged synovial tissue. Early differentiated Tscm cells accu-
mulate selectively in secondary lymphoid organs and appear
hierarchically superior to other T cell subsets within a progres-
sive T cell differentiation model (9). In a model of viral infection
in nonhuman primates, antigen-specific Tscm cells were found
to preferentially localize in lymph nodes, while they were virtually
absent in mucosal surfaces (36). Taken together, the results of
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the present study and previous studies suggest that Tscm cells
identified in the peripheral blood of RA patients might represent
the circulating precursors that provide continuous refueling of
the more differentiated arthritogenic lymphocytes, such as Tem
cells, enriched in the synovia. A longitudinal, as well as cross-
sectional, tracking of T cell clonotypes in different anatomic sites
might validate this hypothesis. Finally, in future studies, it would
be of particular interest to assess whether, in the case of treat-
ment interruption, Tscm cell frequencies would increase again,
and whether the reappearing T cell clones within the Tscm cell
compartment would be the same prior to treatment.

Overall, our study provides evidence that RA patients harbor
an increased circulating CD4+ Tscm cell pool, functionally Th17
polarized, with a skewed TCR repertoire. This CD4+ Tscm cell
pool is enriched in arthritogenic clones and declines upon TNF
blockade, underscoring the importance of this T cell subset in the
pathogenesis and perpetuation of autoimmunity in RA. Additional
studies in large patient cohorts are required to validate this find-
ing. Finally, the ongoing revolution in RA therapeutics targeting
vulnerable adaptive and downstream cytokine effector pathways
will hopefully provide novel avenues for a cure. We envision that
Tscm cell clonal composition and dynamics might become useful
biomarkers to inform clinicians on the efficacy of and duration of
response to novel treatments aimed at the long-sought goal of
immunologic homeostasis and drug-free remission in RA.
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Involvement of Tumor Necrosis Factor Receptor Type Il in
FoxP3 Stability and as a Marker of Treg Cells Specifically
Expanded by Anti-Tumor Necrosis Factor Treatments in

Rheumatoid Arthritis
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Objective. To study the involvement of Treg cells expressing tumor necrosis factor receptor type Il (TNFRII) in
exerting control of inflammation in experimental models and in the response to anti-TNF treatments in patients with
rheumatoid arthritis (RA) or spondyloarthritis (SpA).

Methods. The role of TNFRII in Treg cells was explored using a multilevel translational approach. Treg cell stability
was evaluated by analyzing the methylation status of the Foxp3 locus using bisulfite sequencing. Two models of in-
flammation (imiquimod-induced skin inflammation and delayed-type hypersensitivity arthritis [DTHA]) were induced in
TNFRII”™ mice, with or without transfer of purified CD4+CD25+ cells from wild-type (WT) mice. In patients with RA and
those with SpA, the evolution of the TNFRII+ Treg cell population before and after targeted treatment was monitored.

Results. Foxp3 gene methylation in Treg cells was greater in TNFRII”~ mice than in WT mice (50% versus 36.7 %).
In cultured Treg cells, TNF enhanced the expression, maintenance, and proliferation of Foxp3 through TNFRII
signaling. Imiquimod-induced skin inflammation and DTHA were aggravated in TNFRII”~ mice (P < 0.05 for mice with
skin inflammation and P < 0.0001 for mice with ankle swelling during DTHA compared to WT mice). Adoptive transfer
of WT mouse Treg cells into TNFRII™~ mice prevented aggravation of arthritis. In patients with RA receiving anti-TNF
treatments, but not those receiving tocilizumab, the frequency of TNFRII+ Treg cells was increased at 3 months of
treatment compared to baseline (mean + SEM 65.2 + 3.1% versus 49.1 + 5.5%; P < 0.01). In contrast, in anti-TNF-
treated patients with SpA, the frequency of TNFRII+ Treg cells was not modified.

Conclusion. TNFRII expression identifies a subset of Treg cells that are characterized by stable expression of
Foxp3 via gene hypomethylation, and adoptive transfer of TNFRIl-expressing Treg cells ameliorates inflammation in
experimental models. Expansion and activation of TNFRII+ Treg cells may be one of the mechanisms by which anti-

TNF agents control inflammation in RA, but not in SpA.

INTRODUCTION

Tumor necrosis factor (TNF) is a potent proinflammatory
cytokine involved in the initiation, coordination, and perpetuation of
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inflammation and the immune response (1). TNF exerts its effects
by binding to 2 cell-membrane TNF receptors (TNFRs), TNFRI
(p55) and TNFRII (p75) (2). Anti-TNF agents are effective in a broad
spectrum of chronic inflammatory diseases such as rheumatoid
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arthritis (RA), spondyloarthritis (SpA), inflammatory bowel disease,
and psoriasis (3-6).

Besides its well-characterized proinfllmmatory role, TNF
also exerts antiinflammatory and immunosuppressive effects (7).
Administration of TNF delays the recurrence of diabetes in non-
obese diabetic mice (8) and ameliorates lupus in NZB/NZW mice
(9), but anti-TNF agents aggravate multiple sclerosis (10).

Most of the proinflammatory effects of TNF are generally
considered to be mediated by TNFRI (11), whereas the immu-
nosuppressive effects of TNF are considered to be mediated
by TNFRII (12). In particular, the antiinflammatory effects of TNF
may be dependent on its ability to activate and expand TNFRII-
expressing Treg cells (13-15). Treg cells are essential in the control
of a variety of immune responses, including allergy, autoimmunity,
inflamsmation, and tumor immunity. Treg cells play a vital role in
tolerance to self and are defective in a number of human auto-
immune diseases, including RA (16). Moreover, expression of
TNFRIl in the joints has been shown to exert a physiologic role
in the resolution of inflammation (17). We and others have shown
that anti-TNF biologic agents restore the suppressive capacities
of Treg cells in a TNF-dependent arthritis model (13) and in RA
patients (18). In this context, Nguyen et al recently showed in vitro
that adalimumab, an anti-TNF monoclonal antibody, but not the
receptor fusion protein etanercept, binds to membrane TNF on
RA monocytes and promotes Treg cell expansion via enhanced
TNFRII signaling (19). This result is of paramount interest because
it suggests that anti-TNF treatments may block the proinflamma-
tory activity of TNF while, in the meantime, promoting its immuno-
suppressive properties.

To further characterize TNFRIl-positive Treg cells and their
involvement in the control of inflammation and response to treat-
ment, we adopted a multilevel translational approach. We first
studied the effect of TNFRIl in vitro on Treg cell survival and Foxp3
methylation, and then explored the effect of TNFRII deletion in vivo
in 2 experimental models of inflammation. Finally, we longitudinally
followed up the evolution of TNFRII-positive Treg cell subpopula-
tions during anti-TNF treatments both in patients with RA and in
patients with spondyloarthritis (SpA).

MATERIALS AND METHODS

Patients and healthy donors. Individuals meeting the
American College of Rheumatology/European League Against
Rheumatism (EULAR) revised criteria for RA (20) and qualifying
for biologic treatment were selected. Eligible participants were
required to have either a Disease Activity Score in 28 joints
(DAS28) of >3.2 (21) or evidence of erosive disease on imaging
regardless of the DAS28 score. Seventeen participants starting
anti-TNF treatment (8 with etanercept, 5 with infliximab, 2 with
golimumab, 1 with adalimumab, and 1 with certolizumab) (mean
+ SD age 56.8 + 12.4 years [range 29-72 years], mean = SD
disease duration 15.5 + 8.3 years [range 2-32 years]; 16 female,

1 male) and 6 participants starting tocilizumab (mean + SD age
60.3 = 13.3 years [range 39-73 years], mean + SD disease dura-
tion 7 + 5.2 years [range 2—-13 years]; 3 female, 3 male) were
recruited. All treatments were administered according to the label
dosing recommendation. According to the EULAR response
criteria (22), good responders were defined as those who had
a decrease in the DAS28 of >1.2 points, moderate responders
were those with a decrease in DAS28 of 0.6-1.2 points, and
nonresponders were those with a stable increase or decrease in
DAS28 of <0.6 points.

We also recruited 20 individuals fulfilling the Assessment of
SpondyloArthritis international Society criteria for axial or periph-
eral SpA (23) who were starting anti-TNF treatment (4 with etan-
ercept, 9 with infliximab, 1 with adalimumab, 2 with certolizumab
pegol, and 4 with golimumab) (mean + SD age 50 + 12.6 years
[range 36-84 years], mean + SD disease duration 13.8 + 13.3
years [range 12-60 years]; 11 female, 9 male). According to the
EULAR recommendations, patients with SpA received anti-TNF
treatment if the Bath Ankylosing Spondylitis Disease Activity
Index (BASDAI) was >40 (24) or if they needed daily treatment
with nonsteroidal antiinflammatory drugs independent of the
BASDAI score. Individuals were considered to be responders if
they experienced a decrease in the BASDAI score of below 40
(of 100).

All patients underwent 2 blood sample collections: 1 before
the first biologic treatment administration, and the second after 3
months of treatment (at the time of first clinical response evalua-
tion). The study was approved by the local ethics committee (CPP
Paris lle de France, approval no. NI-2016-11-01), and informed
consent was obtained from all patients before study entry.

In addition, blood samples (stored in EDTA) from random
healthy individuals, obtained from a blood bank in Bobigny,
France, were used for in vitro culture experiments.

Mice. Homozygous TNFRII”~ mice were generated by
crossing wild-type (WT) C57BL/6 mice (Janvier) and TNFRI™~/
TNFRII”~ double-deficient mice (generated and kindly provided by
Dr. Muazzam Jacobs) (25). We obtained TNFRI**/TNFRII”~ mice
and TNFRI”/TNFRII"~ mice, but did not obtain any TNFRI™~/
TNFRIIM* mice. The TNFRI”*/TNFRII”~ mice and the TNFRI"/
TNFRII"~ mice were simply renamed as TNFRII™~ mice and
TNFRI”~ mice, respectively. The genotypes of the different mouse
strains were confirmed by polymerase chain reaction (PCR) analy-
sis of tail biopsy specimens (the primer sequences used are avail-
able from the corresponding author upon request). TNFRII™~ mice
and TNFRI™~ mice were crossed, bred, and housed in our animal
facility (agreement no. C93-008-01).

In some experiments, we used 6-12-week-old mice belong-
ing to the C57BL/6 strain (purchased from Janvier). All procedures
were approved by the Animal Care and Use Committee of the
Paris 13 University and the Charles Darwin National Animal Ethics
Committee.
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Animal models of inflammation. Generation of
imiquimod-induced psoriasis-like skin inflammation in mice. De-
tails regarding the induction and evaluation of psoriasis in an ani-
mal model of imiquimod-induced psoriasis-like skin inflammation
are available from the corresponding author upon request.

Induction and assessment of delayed-type hypersensitiv-
ity arthritis (DTHA) in mice. On day -7, 10-week-old C57BL/6
mice were injected intradermally at the base of the tail with
250 pg methylated bovine serum albumin (MBSA) emulsified
in complete Freund’s adjuvant (CFA; Difco). Four days later
(day —3), the mice received 200 pg anti-mouse type Il colla-
gen antibody cocktail (Chondrex), containing the clones A2-
10 (IgG2a), F10-21 (IgG2a), D8-6 (IgG2a), D1-2G (IgG2b), and
D2-112 (IgG2b), intravenously in 100 pl phosphate buffered
saline (PBS) (26). On day 0, mice were challenged with 200 g
mBSA subcutaneously in 20 pl PBS in the left hind foot pad.
The right hind foot pad received 20 pl PBS only and was used
as a control.

On day 0 just before mBSA challenge, thicknesses of the
left paw and left ankle were measured using an electronic caliper
(Miltutoyo) (baseline measurement). Subsequently, paw and ankle
swelling was measured, with results expressed as the difference
in the thickness of the left paw or ankle compared to the baseline
measurement.

Histologic changes in the paws were assessed on sections
stained with hematoxylin and eosin and Safranin O. The extraar-
ticular infiltration of inflammatory cells and arthritic changes (each
scored on a scale of 0-3) were assessed separately. Arthritic
changes were assessed on the ankle and tarsal joints, including
scores for synovitis, cartilage destruction, and bone erosion. The
sum score of histologic features was the mean of the 4 scores
(extraarticular infiltration, synovitis, cartilage destruction, and bone
erosion).

Cell preparation and flow cytometry. Details on the
preparation of cells and tissue samples and the staining of mouse
and human cells for flow cytometry, as well as the purification of
lymphocytes, are available from the corresponding author upon
request.

Adoptive Treg cell transfer experiments and assess-
ment of Treg cell effects. CD4+CD25+ cells in splenocytes
obtained from 12 naive mice were purified by magnetic separation.
Atotal of 7 x 10° purified cells (95% purity) was transferred by ret-
roorbital injection (100 pl) into the left foot pad of 11 TNFRII™”~ mice
2 days before mBSA challenge. Control TNFRII”™ mice or WT lit-
termate mice (each n = 12) received PBS instead. Details on the in
vitro culture of cells and measurement of Treg cell proliferation and
viability are available from the corresponding author upon request.

CD4+CD25- effector T (Teff) cells and CD4+CD25+ Treg
cells were purified from the spleens of mice with DTHA at the
time of euthanasia (details available from the corresponding

author upon request). Teff cells were prelabeled with 5 mM
5,6-carboxyfluorescein succinimidyl ester (CFSE; Invitrogen) for
10 minutes at 37°C. CFSE-labeled Teff cells (1 x 10° were cocul-
tured in flat-bottomed 96-well plates with Treg cells (1 x 10°)
(ratio 1:1) in RPMI 1640 with 10% fetal calf serum, 100 units/ml
penicillin, 100 mg/ml streptomycin, 50 mM 2-mercaptoethanol,
1M HEPES, and 5 pg/ml soluble anti-CD3 (clone 2C11; BD
Biosciences). Controls were non-CFSE-labeled Teff cells
(1 x 10°) instead of Treg cells. Antigen-presenting cells (1 x 10°
splenocytes from naive C57BL/6 mice) that had been previ-
ously treated with mitomycin (50 pg/ml) for 45 minutes at 37°C
were added to the culture medium. Cells were then incubated
at 37°C in an atmosphere of 5% CO,. After 3 days of culture,
the cells were stained with allophycocyanin-labeled anti-CD4
antibody (clone RM4-5; BiolLegend) and the proliferation of
Teff cells was determined by flow cytometry, to measure CFSE
dilution. Data were analyzed using BD FACSDiva software (BD
Biosciences).

DNA methylation analysis by pyrosequencing.
Genomic DNA was extracted from purified CD4+CD25+ or
CD4+CD25- cells using an All Prep DNA/RNA mini kit (Qiagen).
Quantitative DNA methylation analysis involved pyrosequencing
bisulfite-treated DNA (27). DNA (650 ng to 1 ug) was bisulfite-
converted using an EpiTect 96 Fast Bisulfite kit (Qiagen) accord-
ing to the manufacturer’s instructions.

The Treg-specific demethylated region (TSDR) of Foxp3 was
amplified using 30 ng bisulfite-treated mouse genomic DNA and 5
pmoles forward and reverse primers, 1 of which was biotinylated
(details on the sequences of the oligonucleotides used for PCR
amplification and pyrosequencing are available from the corre-
sponding author upon request). Reaction conditions comprised
1x HotStarTaqg buffer supplemented with 1.6 mM MgCl,, 400 uM
dNTPs, and 1.8 units HotStarTag polymerase (Qiagen) in a 25-pl
volume. The PCR program consisted of a denaturing step of 15
minutes at 95°C followed by 50 cycles of 30 seconds at 95°C, 30
seconds at 61°C, and 15 seconds at 72°C, with a final extension
of 5 minutes at 72°C. An amount of 10-15 pl PCR product was
rendered single-stranded using a previously described method
(27), and 4 pmoles of the respective sequencing primer was used
for analysis.

Quantitative DNA methylation analysis was carried out on a
PyroMark Q24 Advanced system with a PyroMark Q24 Advanced
CpG reagent kit (Qiagen). The results were analyzed using Pyro-
Mark Q24 Advanced software version 3.0.0.

Statistical analysis. Data distribution was preliminarily
checked for normality with the Kolmogorov-Smirnov test. For
in vitro and in vivo experiments, according to data distribution
and number of groups, a parametric test (analysis of variance
[ANOVA], t-test) or nonparametric test (Kruskal-Wallis, Mann-
Whitney test) was used. For comparison of data in some of the
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cell culture experiments, two-way ANOVA was used. For the
study of patient-specific parameters (disease activity scores,
Treg cell frequency) before and after biologic treatment, a paired
t-test (Wilcoxon’s test) was used. For differences between
groups, P values less than 0.05 were considered statistically
significant. Data are presented as the mean + SEM. Statisti-
cal analyses were performed with GraphPad Prism software
version 6.0.

RESULTS

Maintenance of Foxp3 expression and Treg cell pro-
liferation by TNF in vitro through TNFRII, but not TNFRI,
signaling. To assess the effect of TNF on the maintenance of
Foxp3 expression, we evaluated the impact of exogenous TNF on
purified Treg cells stimulated with soluble anti-CD3 and anti-CD28
antibodies. Alone, T cell receptor and costimulation signals

of culture. In contrast, the addition of TNF partly restored the
expression of Foxp3, exhibiting a dose-response effect, as pre-
viously described (15). Moreover, TNF decreased the frequency
of CD39+ Treg cells, but not CTLA-4+ Treg cells, with a dose-
dependent effect (details available from the corresponding author
upon request).

We then investigated whether the effect of TNF on Treg cells
was mediated by TNFRII, and not TNFRI, using anti-TNFRI or anti-
TNFRII neutralizing antibodies. TNF-induced Foxp3 expression
was abolished by anti-TNFRII antibodies, but not by anti-TNFRI
antibodies (Figures 1A and B).

To determine whether TNF exerts its effect only by prevent-
ing the loss of Foxp3 expression or whether it also can induce
Treg cell proliferation, we used a CFSE-labeling assay to assess
Treg cells from WT or TNFRII”~ mice. Following stimulation of WT
mouse Treg cells with TNF for 96 hours, we observed that TNF
induced a stronger proliferation of Treg cells as compared to cells in

were not sufficient to maintain Foxp3 expression after 72 hours culture with only anti-CD3 and anti-CD28 monoclonal antibodies
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Figure 1. Effect of tumor necrosis factor (TNF) on cultured mouse and human Treg cells. CD4+CD25+ cells were purified from the spleens
of wild-type (WT), TNF receptor type I-deficient (TNFRI™), and TNFRII”~ mice, and CD4+CD25+CD127- cells were purified from healthy
human donor peripheral blood mononuclear cells (PBMCs). In some cases, cells were labeled with 5,6-carboxyfluorescein succinimidyl ester
(CFSE). Cells were cultured for 72 hours (A, B, and D-H) or 96 hours (C) with anti-CD3 and anti-CD28 antibodies in the presence of 20 ng/ml
recombinant murine TNF (A=G) or with 400 ng/ml recombinant human TNF (H). In some experiments, 10 pg/ml anti-mouse TNFRI or TNFRII
monoclonal antibodies (A, B, and D) or 40 ug/ml anti-human TNFRII monoclonal antibodies (H) were added, with isotype (iso) used as a control.
A, Representative dot plots of CD4+FoxP3+ cell frequency among total cells. B, CD4+FoxP3+ cell frequency among total cells. Data were
pooled from 3 independent experiments. C, Percentage of proliferating CFSE™™ cells among CD4+FoxP3+CFSE+ cells. D, Frequency of dead
cells (zombie"") among CD4+FoxP3+ cells. E-G, Frequency of CD25+ cells among CD4+FoxP3+ cells in WT (E), TNFRI™~ (F), and TNFRII™™ (G)
mice. H, Frequency of CD4+FoxP3+CD25+ cells among total cells in healthy human PBMCs. In D, CD4+CD25+ cells were purified from the
spleens pooled from 2 WT mice. Data are representative of 2 independent experiments, each with similar results. In H, Treg cells were purified
from PBMCs of 1 healthy donor. Data are representative of 3 individuals, each with similar results. Results in B-H are the mean + SEM. * =

P < 0.05; ™ = P <0.01, by one-way analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons (B and E-G) or two-way
ANOVA (C). NS = not significant.
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(Figure 1C). Moreover, this TNF-induced Treg cell proliferation was
mediated by TNFRII, as indicated by the lack of increase in CFSE™™
Treg cell frequency in TNFRII”~ mice (Figure 1C). TNF also protected
Treg cells against death, since the frequency of zombie™" cells
among CD4+Foxp3+ cells was decreased in WT mice (Figure 1D).

In addition, TNF stimulation modified the expression of CD25
by Treg cells, as shown by the induction of an almost doubling
of the CD25+ Treg cell proportion by TNF (Figure 1E). Again, this
effect was mediated by TNFRII, since it occurred in Treg cells from
WT and TNFRI”~ mice only (Figure 1F) but not in Treg cells from
TNFRII~ mice (Figure 1G).

Of note, TNF induced CD25 expression by Treg cells (Fig-
ure 1E) and also increased interleukin-2 (IL-2)-induced CD25
and STAT5S phosphorylation in Treg cells (results available from
the corresponding author upon request). Subsequently, we
confirmed that TNF also sustained the expression of Foxp3
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Figure 2. Methylation of the Treg-specific demethylated region and characterization of Treg cells in WT and TNFRII

in human Treg cells through a TNFRII-dependent pathway
(Figure 1H).

Facilitation of TSDR demethylation, a driver of Foxp3
stability, by TNFRII. Treg cells with stable suppressive functions
are characterized by an unmethylated Foxp3 TSDR and stable
expression of Foxp3 (28). Because, as discussed above, TNFRII
affected the maintenance of Foxp3 expression and the proliferative
ability of Treg cells, we investigated the effect of deletion of TNFRII
on the methylation of the TSDR site. In isolated CD4+CD25- Teff
cells, which served as a control, the proportion of Foxp3 methyla-
tion was 95.4%, as compared to 36.7% in isolated CD4+CD25+
Treg cells (Figure 2A).

We therefore compared the methylation state of the
Foxp3 TSDR of freshly isolated CD4+CD25+ Treg cells from
WT and TNFRII”~ mice and in various culture conditions. The

Cultured Tregs

+ anti-CD3 + anti-CD28

Unstimulated +TNF
<\' <\r <\¢
N\ N\ N\
& & &
&S &S &S
= i CpG2
CpG 3
CpG4
CpG5
CpG 6
CpG 7
CpG 38
CpG 9
1= | CpG 10
65.2 384 585 372 536
D
15 - .
c
(o)
‘® °
8100 ———
o [ ]
Q
3
2 51 T
o
° s
0 T »
Teff WT Teff WT
+TregWT  +Treg TNFRII'"

~~mice. A and B, Genomic

DNA was extracted from CD4+CD25+ cells isolated from WT and TNFRII”~ mouse spleens (A) or from Treg cells obtained from WT and TNFRII™~
mice and cultured for 72 hours under the indicated conditions (B). In A, DNA from CD4+CD25- effector T (Teff) cells isolated from WT mouse
spleens served as a control. Amplicons are subdivided by horizontal lines, each representing an individual CpG motif. The methylation status
of individual CpG motifs is color coded according to the degree of methylation at that site. The color code ranges from green (0% methylation)
to red (100% methylation). Because of sequencing problems, the CpG motif 3 in TNFRII™~ Treg cells cultured with anti-CD3 and anti-CD28
antibodies and stimulated with TNF appears in gray (B). Results are representative of 1 of 2 independent experiments. C, The frequency of
CD39+ cells among CD4+FoxP3+ cells in WT and TNFRII”~ mice was determined by fluorescence-activated cell sorting analysis. Results are
the mean + SEM of 5 mice per group. D, The suppressive effect of CD4+CD25+ Treg cells from WT or TNFRII”~ mice on the proliferation of WT
mouse CD4+CD25- Teff cells was determined. Symbols show individual mice (n = 5 per group); horizontal lines with bars show the mean +
SEM. * = P < 0.05 by unpaired 2-tailed t-test (C) or Mann-Whitney test (D). See Figure 1 for other definitions. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41134/abstract.
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methylation proportion in the Foxp3 TSDR was higher in Treg
cells ex vivo from TNFRII™~ mice than in those from WT mice
(50% versus 36.7%) (Figure 2A). This difference was even more
pronounced in cultured cells, especially on unstimulated Treg
cells (41.3% in WT mouse Treg cells versus 65.2% in TNFRII™~
mouse Treg cells) (Figure 2B). These data suggest that TNFRII
expression is essential for optimal Foxp3 TSDR demethyla-
tion, and the findings highlight the involvement of TNFRII in
the stabilization of Foxp3 expression. Of note, greater TSDR
methylation in TNFRII”~ mouse Treg cells compared to WT
mouse Treg cells was associated with a reduced capacity to
inhibit Teff cell proliferation (Figure 2D) and a lower expression
of CD39+ Treg cells (Figure 2C), whereas the expression of
CTLA-4 in Treg cells was similar between the 2 groups (data
not shown).

Aggravated skin inflammation in the presence of
TNFRII deficiency in a mouse model of psoriasis. To assess
the role of TNFRIl in the development of in vivo inflammation, we
first evaluated the effect of TNFRII deficiency in a short-lasting
model of inflammation, namely imiquimod-induced psoriasis. Dis-
ease was aggravated in TNFRII”~ mice compared to WT mice
(Figures 3A-F). The score of inflammatory cell infiltration was the
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Figure 3. Aggravation of imiquimod-induced skin inflammation in TNFRII

most affected factor (Figure 3D), and epidermal thickness, quan-
tified on skin histology slides, was also higher in TNFRII™~ mice
compared to WT mice (Figures 3E and F), in accordance with the
findings from the clinical analysis.

We then investigated the involverent of Treg cells in the exac-
erbated skin inflammation observed in TNFRII”~ mice. The fre-
quencies and numbers of Treg cells were decreased in the spleens
and lymph nodes (LNs) of TNFRII”~ mice as compared to WT mice
(Figures 3G and H), and this was associated with a reduced inten-
sity of FoxP3 expression (results available from the corresponding
author upon request).

With regard to Treg cell activation and/or functionality
markers, the proportion of Treg cells expressing CD39 was
significantly lower in TNFRII”™ mice than in WT mice, whereas
the frequency of CTLA-4+ Treg cells was unchanged. Of note,
the frequencies and numbers of CD8+Foxp3+ Treg cells were
also lower in TNFRII”~ mice than in WT mice. Moreover, the
frequency of CD4+IFNy+ Th1 cells was lower in the spleens of
TNFRII”~ mice compared to WT mice. Local skin cell analysis
revealed that the frequency of CD45+ leukocytes was higher
in TNFRII”™ mice than in WT mice, which was related to an
increased proportion of F4/80+ macrophages, whereas the
frequency of CD3+ T lymphocytes was comparable between
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mice. Imiquimod cream was applied daily to the skin of TNFRII

mice (n = 12) and WT mice (n = 13). A-D, The extent of erythema, scales, and infiltration of the back skin was scored daily on a scale of 0-4
(B-D), along with calculation of a cumulative score for all 3 features (A). E and F, Epidermal thickness was measured on histology slides of the
skin on day 5. In E, representative skin samples are shown (original magnification x 20). In F, the epidermal thickness was measured in TNFRII™~
and WT mice (n = 8 mice per group). G and H, Fluorescence-activated cell sorting analysis was used to determine the frequency (G) and
numbers (H) of CD4+FoxP3+ Treg cells among whole splenocytes and lymph nodes of WT and TNFRII™~ mice on day 5 of skin inflammation.
Data are representative of 3 independent experiments. All results are the mean + SEM. * = P < 0.05; *** = P < 0.0001, by Student’s t-test for
area under the curve in each mouse (A-D) or by unpaired 2-tailed t-test (F-H). See Figure 1 for definitions. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41134/abstract.
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the 2 groups (results available from the corresponding author 0.26% [P < 0.02]; right LN, 1.75 + 0.05% versus 2.05 + 0.1%

upon request). [P < 0.05)).
We then evaluated the impact of TNFRII deficiency on Treg
Restoration of aggravated experimental arthritis to cell suppressive functions. We found that the capacity to inhibit
a normal level in TNFRII”" mice after adoptive transfer the proliferation of Teff cells was lower for TNFRII”~ mouse Treg
of WT mouse Treg cells. We assessed the effect of TNFRII defi- cells than for WT mouse Treg cells (Figure 4G).
ciency on the development of DTHA in mice. Arthritis developed in To assess the role of Treg cell deficiency in the exacerba-
all mice of both the WT and TNFRII™~ genotypes as soon as day 1 tion of DTHA in TNFRII”~ animals, we evaluated the capacity of
after administration of MBSA boost in the foot pad, which is usual WT mouse Treg cells to protect TNFRII”~ mice against arthritis.
in the DTHA model (26). Arthritis was aggravated in TNFRII”~ mice, CD4+CD25+ cells were purified from the spleens of WT mice
as indicated by a significant increase in both ankle and tarsus swell- and transferred into TNFRII”~ mice at 5 days after immuniza-
ing compared to that in WT mice (Figures 4A and B). Accordingly, tion with mBSA/CFA. We repeatedly confirmed that more than
the maximum ankle swelling and maximum tarsus swelling were 90% of the purified CD4+CD25+ cells expressed Foxp3. Thus,
both higher in TNFRII”~ mice than in WT mice (Figures 4C and D). CD4+CD25+ cell transfer can be considered a transfer of Treg
Histopathologic analyses were performed to assess the cells. As expected, adoptive transfer of WT mouse Treg cells sig-
extent of inflammation and cartilage and bone destruction in the nificantly attenuated arthritis as compared to that in TNFRII™~ mice
mice (26). The sum score of histologic features was higher in receiving only PBS (Figures 5A-D).
TNFRII”~ mice than in WT mice (Figures 4E and F), thus confirm-
ing the findings from clinical evaluation. Increased frequency of TNFRIl-expressing Treg cells
The frequency of CD4+FoxP3+ Treg cells was similar in the in patients with RA, but not in patients with SpA, during
spleens and LNs of WT and TNFRII”~ mice on day 0. On day 2, anti-TNF treatment. Some anti-TNF agents have been sug-
the mean Treg cell frequency was lower in TNFRII”~ mice than gested to promote the immunosuppressive activities of TNF, and
in WT mice (left LN, mean + SEM 1.61 + 0.29% versus 2.27 + therefore we studied the evolution of TNFRII-deficient Treg cells in
-« WT
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Figure 4. Exacerbation of arthritis in TNFRII™~ mice. Delayed-type hypersensitivity arthritis was induced in WT mice (n = 15) and TNFRII”~ mice (n
=13). A-D, Swelling of the tarsus (A) and ankle (B) over the duration of the study was examined, and the maximal tarsus (C) and ankle (D) swelling
during the disease course was calculated for each individual mouse. E, Ankle and tarsal joints were assessed for histologic changes on day 7 by
staining paw sections with Safranin O (upper panels) and hematoxylin and eosin (lower panels). Samples from a representative WT control mouse
and TNFRII™~ mouse are shown. F, The mean sum score of histologic features was calculated to assess the extent of extraarticular infiltration
of inflammatory cells and arthritic changes (synovitis, cartilage destruction, and bone erosion) (score scale 0-3). G, The suppressive effect of
CD4+CD25+ cells from WT or TNFRII™~ mice (n = 8 randomly chosen mice per group) on the proliferation of WT mouse CD4+CD25- effector
T (Teff) cells was determined. Results are the mean + SEM. In A-F, data are representative of 1 of 2 experiments, each yielding similar results.
P values were determined by unpaired 2-tailed t-test (A=D and F) or by Mann-Whitney test (G). mBSA = methylated bovine serum albumin
(see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41134/abstract.
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Figure 5. Adoptive transfer of CD4+CD25+ WT mouse Treg cells attenuates arthritis in TNFRII™™ mice. Delayed-type hypersensitivity
arthritis (DTHA) was induced in WT mice (n = 12) and TNFRII”™ mice (n = 23). CD4+CD25+ cells (7 x 10% from WT mice without DTHA were
intravenously transferred to TNFRII”~ mice (n = 11) at 5 days after subcutaneous immunization with methylated bovine serum albumin (mMBSA)/
complete Freund’s adjuvant; control TNFRII”~ mice with DTHA (n = 12) received only phosphate buffered saline (PBS). Boost mBSA/PBS was
administered in the foot pad 2 days later in all mice. Swelling of the tarsus (A) and ankle (B) was examined over the duration of the study, and
maximal tarsus (C) and ankle (D) swelling during the disease course for each individual mouse was calculated. Results are the mean + SEM. * =
P<0.05, " =P<0.02; " =P <0.01; ** =P < 0.001, by one-way analysis of variance (ANOVA) for the area under the curve for each mouse
(A and B) or by one-way ANOVA (C and D). See Figure 1 for other definitions.

patients with either RA or SpA who had received anti-TNF agents. In patients with RA who received tocilizumab, the Treg cell fre-
After 3 months of treatment, anti-TNF-treated patients with RA quency was significantly increased at 3 months of treatment (Fig-
showed a significantly increased frequency of peripheral blood ure BK), with a specific increase in the subpopulation of Treg cells
Treg cells among CD4+ T cells (Figure 6A), more specifically, the expressing CD39 (Figure 6L), which confirms our previous results (29).
TNFRII-positive subpopulation (mean + SEM 65.2 + 3.1% versus Importantly, TNFRIl+ Treg cells were not affected by tocilizumab treat-
49.1 + 5.5% at baseline; P < 0.01) (Figure 6B). ment (Figure 6M), which suggests that the increase in this Treg cell
Of the 17 treated patients with RA, 2 were classified as subpopulation in patients with RA may be specific to TNF inhibitors.
nonresponders, 1 had stable low disease activity, 9 were good In patients with SpA, anti-TNF treatment was not associated
responders, and 5 were moderate responders (Figure 6C). We with a significant modification in either the percentage or fre-
found no clear association between the clinical response and quency of Treg cells expressing TNFRII (Figures 6F and G). The
the modified Treg cell frequency or the expression of TNFRII by clinical response in patients with SpA was variable (Figure 6H) and
Treg cells (data not shown); nevertheless, the number of nonre- was not associated with Treg cell frequency (data not shown).

sponders was probably too low to detect a difference. Impor-
tantly, the fold increase in TNFRIl+ Treg cell frequency did not
differ between individuals who received etanercept (n = 8) and
those who received anti-TNF monoclonal antibody (n = 9) (mean TNFRIl+ Treg cells are a highly suppressive subpopulation of
+ SEM 1.92 + 0.53% versus 1.58 + 0.25% from baseline to Treg cells that are expanded by anti-TNF monoclonal antibody
month 3). treatment in RA. Among other findings, our novel data show that

DISCUSSION
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Figure 6. Evolution of peripheral blood Treg cell subpopulations from patients with rheumatoid arthritis (RA) or patients with spondyloarthritis
(SpA) after treatment with anti—-tumor necrosis factor (anti-TNF) or anti—interleukin-6 receptor (anti-IL-6R). Flow cytometry was used to analyze
cells at baseline (M0O) and at 3 months (M3) after anti-TNF treatment (etanercept n = 8, infliximab n = 5, golimumab n = 2, adalimumab n = 1,
certolizumab n = 1) of patients with RA (n = 16) or patients with SpA (n = 20) (A-J) or after tocilizumab treatment of patients with RA
(n = 6) (K-M). Analyses determined the percentage of Treg cells (CD4+CD25+FoxP3+CD127%™) (K-M) among CD4+ cells (A, F, and K), TNF
receptor type ll-positive (TNFRII+) cells among Treg cells (B, G, and M), and CD39+ cells among Treg cells (L) from RA or SpA patients, and
also determined the different degrees of clinical response to treatment according to the Disease Activity Score in 28 joints (DAS28) (C) and the
Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) (H). Representative dot plots show the frequency of TNFRII+ cells among Treg cells
in RA patients (D and E) or SpA patients (I and J) at baseline (D and I) and 3 months (E and J) after treatment initiation. Details on the gating
strategy are available from the corresponding author upon request. Each dot linked by a black line represents an individual patient. P values

were determined by Wilcoxon’s paired t-test. NS = not significant. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41134/abstract.

this phenomenon in RA is not restricted to monoclonal antibodies
but is common to the entire class of anti-TNF agents. Conversely,
this Treg cell subpopulation is not affected by anti-TNF treatment
in patients with SpA, another disease that responds to TNF block-
ade. This work also integrates multilevel data that support the rel-
evance of TNFRIl+ Treg cells in the control of inflammation, by

showing that the adoptive transfer of TNFRIl+ Treg cells is suffi-
cient to ameliorate experimental arthritis. Furthermore, our data
demonstrate, for the first time, an epigenetic change that may
underlie the suppressive capacity of this Treg cell subset.
Consistent with previous studies in mice and humans, we
showed that TNF protected against the loss of Foxp3 expression
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and induced the proliferation of Treg cells via TNFRIl in vitro (14,15).
Moreover, TNF-TNFRII signaling was associated with enhanced
expression of CD25 (the a subunit of IL-2 receptor) by Treg cells
in mice. Because Treg cells coexpressing CD25 and TNFRII were
found to be the most suppressive Treg cell subpopulation both in
mice (30) and in humans (31), we aimed to determine whether this
membrane phenotype is linked to the expression of the master
Treg cell transcription factor Foxp3. Indeed, how TNFRII signaling
mediates Foxp3 expression, and thus Treg cell stability, is unclear.
Treg cell stability is regulated by numerous microenvironment
inputs, including transcriptional and epigenetic programs and
posttranslational modifications (32). In our study, we showed that
TNFRII expression was associated with TSDR hypomethylation
and, consequently, increased Treg cell stability.

We further showed that TNF induced CD25 expression in
Treg cells and also increased IL-2—induced CD25 and STAT5
phosphorylation in Treg cells. Phosphorylated STAT5 binds to
demethylated CNS2, which contains the TSDR (33) and thus may
stabilize Foxp3 expression, leading to the high suppressive activity
of Treg cells (34). On another note, the STATS/STAT3 balance con-
trols the fate of CD4+ T cells. A predominance of phospho-STAT5
leads to the proliferation of Treg cells, whereas higher STAT3 lev-
els trigger Th17 cell differentiation (35). Thus, increased levels of
CD25 and phospho-STAT5 may up-regulate Treg cell proliferation
in the presence of IL-2 and may decrease Th17 cell differentiation
within a control loop of TNF-mediated inflammation.

After establishing the connection between membrane TNFRII
and Foxp3 expression, we wanted to study the functional relevance
of TNFRII signaling on Treg cells in the control of inflammation. Our
results showed an exacerbation of skin inflammation and arthritis
in TNFRII”~ mice. It should be noted that, although the collagen-
induced arthritis (CIA) model is a more appropriate mouse model
for RA, we used the DTHA model in our study. Indeed, TNFRII™~
mice belong to the C57BL/6 strain, but the incidence and severity
of CIA are low in this strain (36). The antiinflammatory role of TNF
signaling via TNFRII has also been demonstrated in other dis-
orders, such as experimental allergic encephalomyelitis (37,38),
TNF-induced arthritis (39), allergic airway inflammation (40), and
Mycobacterium tuberculosis infection (25). However, TNFRII sig-
naling can also mediate proinfllmmatory signals, as has been
shown in a model of colitis (41), central nervous system-induced
inflammation (42), experimental cerebral malaria (43), idiopathic
pneumonia syndrome (44), smoke-induced pulmonary inflamma-
tion (45), and experimental glomerulonephritis (46).

This apparent discrepancy in the role of TNF raises the ques-
tion as to which TNFRIl-expressing cell type responds to TNF. In
this study, we used adoptive transfer of WT mouse Treg cells to
TNFRII”~ mice, which ameliorated the experimental arthritis. This
finding suggests an antiinflammatory effect of TNF via TNFRII on
Treg cells. The relevance of TNFRII signaling on Treg cells was
shown in other experimental models. In graft-versus-host dis-
ease, a blocking antibody against TNFRII abolished the disease

control exerted by Treg cells (47), whereas TNFRII agonists could
protect against graft-versus-host disease (48) and ameliorate CIA
by promoting Treg cell expansion (49). TNFRII expression in other
immunomodulatory cells, such as myeloid-derived suppressor
cells (MDSCs), could also be associated with protection against
inflammation, because TNFRII”~ mouse MDSCs are less suppres-
sive (50,51). Thus, the pro- and antiinflammatory effects of TNFRII
signaling features a delicate balance depending on the cell type
involved. Although the actions of TNF via TNFRII can expand Treg
cells and confer higher suppressive effects to MDSCs, the same
does not apply to all cells. Nonmyeloid cells expressing TNFRII,
such as endothelial cells, can mediate an inflammatory signal upon
stimulation with TNF (43). Eventually, TNFRII expression by Teff
cells is essential for full development of experimental colitis (52).

Although TNF boosts Treg cell expansion and function via
TNFRII, anti-TNF monoclonal antibodies also restore Treg cell
function in RA (18,53) and in experimental arthritis (13). The appar-
ent paradox that both TNF and anti-TNF treatments can boost
Treg cells suggests that, at least in some circumstances, anti-TNF
treatments may block the proinflammatory activity of TNF while
preserving, or even promoting, its antiinflammatory action.

Because TNFRIl is crucial for TNF-mediated Treg cell expan-
sion, we assessed whether and how TNFRII+ Treg cells are mod-
ified by anti-TNF biologic treatments in RA and SpA. In patients
with RA, we observed an increased frequency of TNFRIl+ Treg
cells from day O up to 3 months of anti-TNF treatment. Thus
effect on TNFRIl+ Treg cells may be treatment-specific, because
tocilizumab did not affect this specific cell subpopulation. Con-
sistent with our previous results (29), we observed an increase in
the frequency of Treg cells expressing CD39 in patients receiving
tocilizumab treatment. This finding suggests that, in the same dis-
ease, different targeted treatments may modulate different sub-
sets of Treg cells. In contrast, the effect of anti-TNF treatments on
Treg cells may be, at least in part, disease-specific, because we
showed for the first time that these treatments had no effect on
total Treg cells or TNFRII+ subpopulations in patients with SpA.
Thus, anti-TNF treatments may exert their therapeutic effect by
activating different mechanisms of immune regulation depending
on the treated condition.

Nguyen et al showed that adalimumab, but not etanercept,
expanded Treg cells in vitro in RA patients who were considered
treatment responders (19). Adalimumab binds to membrane TNF
on RA monocytes to promote Treg cell expansion via enhanced
TNFRII signaling (19). In that work, only adalimumab, and not
etanercept, was associated with an expansion of Treg cells in vivo.
In our study, all anti-TNF agents, including etanercept, induced
an expansion of Treg cells and TNFRII+ Treg cells as compared
to the baseline levels. This discrepancy may be explained by the
fact that we longitudinally evaluated the evolution of Treg cell fre-
quency by studying each patient before and after treatment, as
their own control. This approach is justified by the fact that the
baseline Treg cell frequency, and more importantly, the propor-
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tion of TNFRIl-expressing Treg cells, is highly variable between
individual patients. Therefore, the frequency of these cells must
be compared before and after treatment, within each patient.
This approach may have allowed us to detect subtle differences
in the evolution of Treg cell subpopulations that may not have
been detected if we had compared the final Treg cell frequency
in patients after treatment with different anti-TNF agents. This
result suggests that mechanisms other than the up-regulation of
membrane TNF on monocytes may be involved in etanercept-
mediated Treg cell expansion. Indeed, anti-TNF monoclonal anti-
bodies and etanercept may both induce Treg cell expansion via
different mechanisms that remain to be explored.

A major limitation of this study is that the number of patients
with RA who did not respond to anti-TNF treatment was too low
to assess any correlations between the TNFRII+ Treg cell modifi-
cations and clinical response. These data are critical to establish
the real importance of TNFRII+ Treg cell expansion in the proper
response to anti-TNF treatment in RA.

TNFRII signaling may be an interesting potential therapeutic
target in RA. However, given the complexity of TNFRII signaling
on other cell types, such as conventional T cells or endothelial
cells, further studies are needed to dissect the TNFRII-dependent
pathways in those cells involved in the resolution of inflammation
in autoimmune diseases such as RA.
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Learned Immunosuppressive Placebo Response
Attenuates Disease Progression in a Rodent Model of
Rheumatoid Arthritis

Laura Lickemann," %2 Hubert Stangl,” Rainer H. Straub,” Manfred Schedlowski,’ and Martin Hadamitzky'

Objective. Patients with chronic inflammatory autoimmune diseases benefit from a broad spectrum of immuno-
suppressive and antiproliferative medication available today. However, nearly all of these therapeutic compounds
have unwanted toxic side effects. Recent knowledge about the neurobiology of placebo responses indicates that
associative learning procedures can be utilized for dose reduction in immunopharmacotherapy while simultaneously
maintaining treatment efficacy. This study was undertaken to examine whether and to what extent a 75% reduction of
pharmacologic medication in combination with learned immunosuppression affects the clinical outcome in a rodent
model of type Il collagen-induced arthritis.

Methods. An established protocol of taste-immune conditioning was applied in a disease model of chronic in-
flammatory autoimmune disease (type Il collagen-induced arthritis) in rats, where a novel taste (saccharin; condi-
tioned stimulus [CS]) was paired with an injection of the immunosuppressive drug cyclosporin A (CSA) (unconditioned
stimulus [US]). Following conditioning with 3 CS/US pairings (acquisition), the animals were immunized with type Il
collagen and Freund’s incomplete adjuvant. Fourteen days later, at the first occurrence of clinical symptoms, retrieval
was started by presenting the CS together with low-dose CSA as reminder cues to prevent the conditioned response
from being extinguished.

Results. This “memory-updating” procedure stabilized the learned immune response and significantly sup-
pressed disease progression in immunized rats. Clinical arthritis score and histologic inflammatory symptoms (both
P < 0.05) were significantly diminished by learned immunosuppression in combination with low-dose CSA (25% of
the full therapeutic dose) via B-adrenoceptor-dependent mechanisms, to the same extent as with full-dose (100%)
pharmacologic treatment.

Conclusion. These results indicate that learned immunosuppression appears to be mediated via 3-adrenoceptors
and might be beneficial as a supportive regimen in the treatment of chronic inflammatory autoimmune diseases by
diminishing disease exacerbation.

INTRODUCTION affecting patients’ quality of life (3). In the search for strategies to

overcome this disadvantage, the use of learned immunopharma-

Patients with chronic inflammatory autoimmune diseases such
as rheumatoid arthritis (RA) or inflamsnmatory bowel disease require
long-lasting if not continuous treatment with immunosuppressive
drugs to diminish symptoms (1,2). However, there is also a draw-
back of therapy with most small-molecule immunosuppressive
drugs, i.e. unwanted toxic side effects (nephrotoxicity, itchiness,
headaches, tremors, depression, and/or anxiety), detrimentally
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cologic placebo responses to allow drug dose reduction during
therapy, while simultaneously maintaining treatment efficacy (4,5),
has been suggested. Such approaches are based on classic con-
ditioning of physiologic responses and, alternatively, the bidirec-
tional communication between the central nervous system (CNS)
and the immune system (6,7). Classically conditioned or learned
immunosuppressive responses have been proven effective in
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experimental animal disease models, healthy subjects, and patient
populations (8-11). To sustain these conditioned effects, these
learned immune responses are of clinical relevance, as in rodent
studies they have been shown to prolong heart allograft survival
and attenuate allergic responses, as well as disease progression
and mortality in autoimmune diseases (10,12-15).

In an established taste-immune learning paradigm in rats,
a novel-tasting drinking solution (saccharin; conditioned stimu-
lus [CS]) is paired with an injection of the calcineurin inhibitor and
immunosuppressant cyclosporin A (CSA; unconditioned stimulus
[US]). Reexposure to the CS results in reduced consumption of the
saccharin (conditioned taste avoidance [CTA]) and, more impor-
tantly, a pronounced suppression of T cell functioning, as well
as diminished interleukin-2 (IL-2) and interferon-y (IFNy) protein
production and messenger expression (16-20). However, taste-
associative learning extinguishes when animals are repeatedly
exposed to the CS in the absence of the US (10,21). To prevent
extinction of learned immunosuppression, low subtherapeutic
dosages of the US were applied during the extinction process,
which was ineffective in inducing CTA itself. In contrast to controls
that exhibited extinguished CTA at retrieval after the presentation
of saccharin only, animals additionally treated with the “reminder
cues” (low or subtherapeutic dosages of the US) had CTA that
remained at a level similar to that acquired at acquisition (22). We
recently adapted this “memory-updating” procedure for our taste-
immune model, showing that the usage of CS saccharin together
with subtherapeutic CSA as reminder cues prevented conditioned
immunosuppression from being extinguished in rodents (10).

The present study was undertaken to test whether and to
what extent a 75% reduction of pharmacologic medication in
combination with learned immunosuppression affects the clinical
outcome in a rodent model of type II collagen—induced arthritis
(CIA) (23-26). For this purpose, signs of inflammation (such as
swollen joints, paw swelling, and grip strength) as well as histo-
logic alterations of the paws were analyzed. In addition, we inves-
tigated the role of 3-adrenoceptors (3-ARs) in modulating learned
immunosuppression during the course of disease.

MATERIALS AND METHODS

Animals. Dark agouti (DA) rats (DA/HanRj; 300 gm) were
housed in groups of 4 in a vivarium with controlled humidity of
55% (+5%) and controlled temperature of 20°C, and were main-
tained on a 12-hour reversed light/dark cycle (illuminated from
7:00 Pm to 7:00 am). All experimental procedures were conducted
under red light illumination. Before initiation of any experimental
procedure, the animals were allowed to acclimatize to the new
surroundings for 1 week after arrival. Subsequently, rats were
single-housed with ad libitum access to food, with tap water avail-
able ad libitum until the water deprivation regimen started. The
animal facilities and experimental procedures were in accordance
with National Institutes of Health and Association for the Assess-

ment and Accreditation of Laboratory Animal Care guidelines and
were approved by the Institutional Animal Care and Use Commit-
tee (LANUV; Dusseldorf, Germany).

Drugs. A stock solution of CSA (100 mg/ml; LC Laborato-
ries) was prepared every day in 900 pl of Miglyol (Caelo) and 100 pl
of 96% ethanol. This stock solution was diluted with sterile saline
(0.9% NaCl) (Braun) to gain the required drug dose of 20 mg/kg
body weight at a final injection volume of 1 ml (16,19). Nadolol pel-
lets (Innovative Research of America) with a dosage of 5 mg/pellet
and a 21-day release time (0.24 mg/day) were implanted subcu-
taneously on day 10 after immunization.

Study design. The standard conditioning paradigm started
with a water deprivation period of 5 days, allowing animals 15 min-
utes of drinking at 9:00 AM and again at 5:00 PM every day (2
drinking sessions/day). Before and after each drinking session, the
drinking bottles were weighed to measure fluid intake. Individual
mean water consumption in the morning sessions over these days
was recorded as baseline level (100%) for “normal” fluid intake. After
rats had adjusted to this procedure, acquisition started on day 6.
The animals were divided into 4 different treatment groups that con-
sisted of 3 control groups (US,,,, US4, and CS) and 1 experimen-
tal group (Cg,)- During the acquisition trials, all animals received
saccharin and an intraperitoneal (IP) injection of CSA in the morning
session. In the evening session, all animals received water. Two days
after the last acquisition day, all animals were immunized (induction
of CIA described below) and received water during the morning and
evening drinking sessions until day 14 before retrieval was initiated.

The animals in the conditioned group (CS,,,) received sac-
charin and a low dose of CSA (56 mg/kg) in the morning sessions.
The US,,, group was included to control for low-dose pharmaco-
logic effects on arthritis. All animals in this group received water
during the morning and evening sessions and a low-dose injec-
tion of CSA (5 mg/kg) in the morning session. To compare the
conditioning effect with a standard pharmacologic treatment, all
animals in the US4, group received IP injections of CSA (20 mg/
kg) during every morning session of the retrieval phase. During
the 3 acquisition trials, animals in the control group for residual
effects of CSA administration (CS,) were not reexposed to the
saccharin (CS) and did not receive additional CSA (Figure 1A).

Conditioned taste avoidance. After each morning and
evening drinking session during acquisition and retrieval phases,
the total amount of liquid consumed per session was measured
by weighing the bottles before and after each drinking session.
Saccharin consumption was calculated as a percentage of base-
line water consumption.

Extension of the retention interval. In the established
taste-immune conditioning protocol with CSA, acquisition is fol-
lowed by a 3-day retention interval before retrieval is initiated. This
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Figure 1. Paradigm of behaviorally conditioned immunosuppression in collagen-induced arthritis. A and B, Schematic representation of the
protocol (A) and group allocation and treatment design (B). During the 3 acquisition trials (conditioned stimulus [CS]/unconditioned stimulus [US]
pairings), animals in all groups (CS,,,, US,,,, US4, and CSy) received saccharin (Sac) and a 20 mg/kg injection of cyclosporin A (CSA). After the
last acquisition trial, animals were immunized to induce collagen-induced arthritis. Starting on day 14 after immunization, the CS,,, group received
saccharin together with a low-dose injection of therapeutic CSA (5 mg/kg) during retrieval. Animals in the low-dose pharmacologic control group
(US,,,) received tap water (Wat) together with a 5 mg/kg injection of CSA. The pharmacologic (Pharm.) control group (US,) received water
together with a 20 mg/kg injection of CSA. The CS, group received just tap water during the drinking sessions together with an injection of NaCl
vehicle (Veh). C, Taste avoidance index. All groups exhibited conditioned taste avoidance (CTA) in the second and third acquisition trials. During
retrieval, animals in the CS,,, group still exhibited pronounced CTA, as reflected by significantly lower fluid consumption compared to all other
groups (* = P <0.05; ™ =P < 0.01; ** = P < 0.001, by analysis of variance). Values are the mean + SEM (n = 16 or 17 per group).

standard protocol needed to be modified for the CIA experiment
by extending the retention interval to 14 days due to the late onset
of symptoms after immunization. Thus, in a pilot study, we tested
whether conditioned immunosuppression, reflected by CTA and
inhibited IFNy production, would still be detectable after an extended
retention interval between acquisition and retrieval phases (Supple-
mentary Figure 1, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract).

Induction of CIA. Under isoflurane anesthesia (~1.5-2%
mixture with oxygen), rats received an intradermal (ID) injection of
an emulsion (300 pl) containing 150 pl of type Il collagen (#304001-
sol; MD Bioproducts) and 150 pl of Freund’s incomplete adjuvant
(Sigma-Aldrich) at the base of the tail. The first symptoms of the
disease typically occur 14 days after injection/immunization.

Pain relief with osmotic pumps. To diminish animals’ pain
over the course of the experiment, all rats received analgesic med-
ication via osmotic pumps (Alzet). These pumps were filled with 2

ml of the opioid buprenorphine (Indivior EU Limited) and implanted
subcutaneously in the backs of the animals under isoflurane anes-
thesia on day 10 following collagen immunization (at a daily dose of
0.1 mg/kg of body weight with a pump rate of 5.0 pl/hour).

Assessment of clinical arthritis score. The develop-
ment of arthritis was monitored by daily determination of body
weight and arthritis score after immunization. For scoring, each
paw was evaluated separately. The maximum possible arthritis
score per extremity was 4 points. One point was assigned for
each of the following inflamed (slight or severe) regions: the dig-
its, the midfeet (metatarsus/metacarpus), and the wrists/ankles.
An additional point was given if the normal use of the paw was
impaired and the animal was limping. The maximum possible
score was 16 points. All ratings were performed by 2 experi-
menters (LL and MH) who were blinded with regard to animal
treatment group. Animals were killed on day 28 after arthritis
induction for further immunologic and histologic analyses.
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Grip strength test. Grip strength measurement has initially
been established to assess carrageenan-evoked muscle hyperal-
gesia in rats (25). In our experiments, this simple technique was
used to measure motor functionality and strength in arthritic rats.
Rats were placed on a 560 mm x 400 mm wire mesh grid (15 mm
mesh and 3 mm wire), and grip strength was measured by attach-
ing the tail of the rat to a spring balance (Pesola) with calibrated
ranges of O to 500g. Since rats have the reflex to grasp the wire
mesh in order to resist the pulling, the maximum force required
for the traction was measured and documented (Supplementary
Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract).
The first test was performed before the occurrence of symptoms
(on day 7) and in the acute phase of arthritis (on day 20).

Histologic analysis. For histologic analyses and scoring,
hind and front paws were collected, fixed with neutral buffered solu-
tion containing 3.7% formalin for 24-72 hours, and subsequently
decalcified (RDO Rapid Decalcifier). Afterwards, the paws were
washed with phosphate buffered saline (PBS; Life Technologies)
and decalcified with RDO Rapid Decalcifier (Medite) for 5 days.
When the bones were dissolved, the paws were washed with PBS
and dehydrated in 20% sucrose for at least 24 hours. All paws were
embedded in Tissue-Tek OCT medium (Sakura Finetek), frozen in
liquid nitrogen, and stored at —80°C for later histologic staining.

Paw tissue sections of 10-12 um thickness were cut using
a freezing microtome (Leica). After 1 hour of air-drying and sub-
sequent rehydration in PBS, staining with hematoxylin and eosin
(H&E) (Sigma) was performed to evaluate histologic alterations in
the joints. Hind and front paws from each rat were scored sepa-
rately in a blinded manner, and the mean score was calculated for
each animal as follows: invasion of immune cells into the articular
cavity of joints (0—4 points), invasion of immune cells into joint
adjacent tissues (0—4 points), erosions of cortical bone next to the
periosteumn and inflammation of periosteum (0-4 points), erosions
in articular and subchondral bone (0-4 points), and degradation
of articular cartilage (0-4 points). Points for each extremity were
totaled, and the mean was calculated for each animal, resulting in
a maximum possible histologic arthritis score of 20.

Statistical analysis. Statistical analyses were performed
using SigmaPlot version 12.3 and GraphPad Prism version 5. The
normality of residuals was examined using Shapiro-Wilk’s test,
and data were log-transformed when necessary. Descriptive sta-
tistics were calculated based on the mean + SEM. P values less
than 0.05 were considered significant; a trend was recognized at
P < 0.1. Behavioral data (acquisition and retrieval of CTA) were
subjected to two-way analysis of variance (ANOVA) with group
(treatment) as one factor and time (days) as a within-subject fac-
tor. Post hoc comparisons were performed using Bonferroni and
Student-Newman-Keuls corrections. Differences in the clinical
arthritis score were evaluated by two-way ANOVA with repeated

measures followed by Newman-Keuls post hoc testing. Data from
the area under the curve of clinical arthritis scores were analyzed
by one-way ANOVA with post hoc correction. Histologic arthritis
scores were analyzed by one-way ANOVA followed by Bonferroni
correction for multiple comparisons. Correlation analysis between
histologic and clinical arthritis scores was performed using Pear-
son’s correlation coefficient. The Mann-Whitney test was also
performed as histologic arthritis scores in the experiments with
nadolol failed normality testing.

RESULTS

Conditioned immunosuppression attenuates clin-
ical symptoms in a rat model of CIA. First, we tested
whether the established immune-conditioning protocol pairing
saccharin (CS) with CSA (US) is still retrievable following a pro-
longed interval between acquisition and retrieval. Three CS/US
pairings resulted in pronounced CTA as well as IFNy cytokine
suppression after a 14-day retention interval (P < 0.001) (Sup-
plementary Figures 1A-D, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41101/abstract). The findings confirmed that this associative
learning protocol can be implemented to affect disease outcome
in animal models of RA. In the main experiments, acquisition was
performed as described above. However, 2 days after the last
CS-US pairing, all animals were immunized with type Il collagen
and Freund’s incomplete adjuvant (Figures 1A and B). Pilot data
revealed that in DA rats with experimentally induced arthritis,
first clinical symptoms occurred 14 days following immuniza-
tion. Importantly, daily CSA injections of 20 mg/kg (days 1-27
after immunization) were demonstrated to diminish disease
progression (Supplementary Figure 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.41101/abstract). Based on these results,
in the present experiments animals in the conditioned group
(CS..) received saccharin paired with an injection of low-dose
CSA (5 mg/kg) starting from day 14 postimmunization. Animals
in all other groups received water with injections of either 5 mg/
kg CSA (US,,), 20 mg/kg CSA (US4, or vehicle (CS,). Com-
pared to all other groups, animals in the CS,,, group displayed
CTA during the whole experiment, reflected by reduced saccha-
rin intake (P < 0.05) (Figure 1C). This lack of fluid consumption,
however, was compensated for in the evening, when all groups
received water (Supplementary Figure 4, http://onlinelibrary.
wiley.com/doi/10.1002/art.41101/abstract).

Along with CTA, clinical arthritis scores were analyzed daily
starting on day 14 postimmunization. All animals developed clin-
ical symptoms of arthritis, first detected on day 14 and reaching
maximum scores on day 26 postimmunization (Figure 2A). Rats
treated with 20 mg/kg of CSA (US,,) and conditioned rats (CS,,,,)
that received the CS (saccharin) and only 25% (5 mg/kg) of the
full therapeutic dose of CSA had significantly diminished clinical
scores compared to controls US,,, and CS, from day 20 to the


http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract

592

LUCKEMANN ET AL

end of the experiment (P < 0.05) (Figure 2A). Moreover, additional
analysis revealed a significant effect on the clinical score, indicat-
ing lower clinical arthritis scores in the US,, and CS,,, groups
compared to controls (US,,, and CS,) (P < 0.05), with no signifi-
cant differences between the US,, and CS,,,, groups (Figure 2B).

To evaluate motor functionality and strength of the inflamed
paws, rats were tested for grip strength on day 7 (prior to the
occurrence of first symptoms) and during the acute phase of
the disease on day 20 (Supplementary Figure 2A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41101/abstract). Performance in this functional
test on day 20 was significantly better in the group treated with
full-dose CSA as well as the conditioned group compared to the
group treated with low-dose CSA and the control group that was
conditioned but not evoked (P < 0.05) (Figure 3A). Additionally,
the functional consequences of the CIA were supported by a
correlation between total grip strength and clinical arthritis score
(P < 0.01) (Supplementary Figures 2A and B).

Conditioned immunosuppression reduces histologic
signs of inflammation in CIA. Consistent with changes in the
clinical arthritis score, histologic analysis performed on rat front
paws on day 28 revealed significant differences between treatment
groups. The CS,,,, and US4, groups displayed milder overall inflam-
mation compared to the US,,,, and CS, control groups (P < 0.05)
(Figure 3B). In hind paws, a significant difference from controls was
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observed only in the US4, group (P < 0.05); however, the sum his-
tologic score of front and hind paws showed differences in both the
US4, and CS,,,, groups compared to controls (data not shown).
This finding was also supported by a correlation between total his-
tologic and clinical arthritis scores (P < 0.0001) (Figure 3C).

The density of infiltrating immune cells and bone erosion during
inflammation of the hind paws (metatarsus and ankle) was reduced
in the CS,,, group compared to the CS, group (Figure 3D). More-
over, detailed immunohistologic evaluation of individual anatomic
regions of the paws (leukocyte infiltration, synovial hyperplasia, and
bone erosion) also revealed less inflammation in CS,,,, animals com-
pared to animals in control groups US,;, and CS;, (P < 0.05; Supple-
mentary Figure 5, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract).

Learned immunosuppression in CIA is mediated via
B-AR-dependent mechanisms. Previous studies have shown
that learned suppression of calcineurin activity in T cells appears
to be mainly mediated via noradrenergic innervation of lymphatic
organs and (-AR-dependent mechanisms (27-29). To corrob-
orate this hypothesis, an additional experimental approach was
undertaken in our investigation, in which animals were continu-
ously treated with the 3-AR blocker nadolol (release 0.24 mg/day)
via subcutaneously implanted pellets 4 days prior to the first
retrieval on day 14 (Figures 4A and B and Supplementary Figure 6
[http://onlinelibrary.wiley.com/doi/10.1002/art.41101/abstract]).
Treatment with nadolol (CS,-NAD) alone did not decrease the
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Figure 2. Behaviorally conditioned immunosuppression attenuates disease progression in collagen-induced arthritis. A, Clinical arthritis
scores in each treatment group. During the course of the disease, behaviorally conditioned animals receiving low therapeutic doses of CSA
(CS,,,) had significantly milder clinical scores compared to the US,,, group (+ = P < 0.05) and the CS, group (* = P < 0.05; ™ = P < 0.01). The
US4, group, which received full-dose CSA treatment, had an improved outcome compared to the CS, group (§ = P < 0.05, §§ = P < 0.01,
and §§§ = P < 0.001) and US,,, group (# = P < 0.05, ## = P < 0.01, and ### = P < 0.001). B, Area under the curve (AUC) analysis. CS,,,
group clinical scores did not significantly differ over time compared to scores in the US,;,, group. AUC in the US,,, and US,,, groups differed
significantly, as did AUC in the CS,,,, and CS, groups. (* = P < 0.05; ** = P < 0.01, by analysis of variance). Values are the mean + SEM. max. =
maximum (see Figure 1 for other definitions).
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Figure 3. Conditioning ameliorates functional and histologic impairment caused by inflammation in collagen-induced arthritis. A, Grip strength.
On day 7 after immunization, results did not differ between groups. On day 20 after immunization, all groups exhibited worsening grip strength.
However, grip strength was higher in the CS,,,, animals compared to the CS, animals, and in the US,;y, animals compared to the US,,,, animals
(*=P<0.05; " =P<0.01; ™ =P < 0.001, by analysis of variance). Values are the mean + SEM (n = 8-10 per group). B, Histologic analysis.
Significantly milder signs of inflammation were observed in front and hind paws obtained from CS,,, animals compared to US,,,, and CS, controls
(*=P<0.05;" =P <0.01; " =P < 0.001, by analysis of variance). Values are the mean + SEM (n = 6-10 per group). C, Pearson’s correlation
coefficient between histologic and clinical scores (n = 8 or 9 per group). D, Hematoxylin and eosin staining of representative metatarsus tissue
(top panels) and ankle tissue (bottom panels) obtained from rats in the CS,,, and CS, groups. Ankle and metatarsus tissue from the CS,,,
rat exhibit mild inflammation. Ankle and metatarsus tissue from the CS, rat exhibit heavy bone and cartilage destruction as well as inflamed

hyperplasia. Red squares indicate same region. Original magnification x 50. See Figure 1 for definitions.

clinical or the histologic arthritis score when compared to the CS,
control group. However, the significantly milder arthritis scores
acquired by conditioning in the CS,,, group (versus the CS, and
CS,-NAD groups) was blocked by the (3-AR antagonist in the
CS,,,-NAD group (P < 0.05) (Figure 4C). Moreover, histologic
analysis of the paws indicated that the attenuated infllmma-
tory process in conditioned animals (CS,,) was blocked in the
nadolol-treated animals (P < 0.05) (Figure 4D).

DISCUSSION

Patients with inflammatory autoimmune diseases such
as RA require regular, often lifelong immunosuppressive med-
ication, which may cause several unwanted side effects.
Conditioned placebo effects in pharmacotherapy provide
sophisticated approaches that may reduce drug doses and det-
rimental side effects without losing therapeutic efficacy (4,5). In
this regard, based on the bidirectional communication between
the CNS and the immune system (7,30), behavioral conditioned

immunosuppression with CSA has proven useful in animal dis-
ease models, healthy subjects, and patients (8-11,31). The pres-
ent study was aimed at analyzing the potential impact of learned
immunosuppression in a rat model of CIA (23). We showed that
taste-immune conditioning, together with the application of only
25% of the drug dose (5 mg/kg), led to an almost identical clini-
cal outcome as with 100% CSA administration (20 mg/kg). Con-
ditioned animals exhibited fewer signs of inflamsmation, such as
swollen joints and paws, as well as less bone destruction and
infiltration in surrounding tissue. In addition, learned immuno-
suppression significantly improved performance in the functional
grip strength test compared to untreated and non-conditioned
controls.

Previous studies that used a taste-immune learning paradigm
with CSA have shown that the learned suppression of lymphocyte
proliferation and cytokine production is mediated via sympathetic
nervous activity and [B-AR-dependent mechanisms (15,17). Thus,
we characterized the role of these receptors in learned immu-
nosuppression during the course of inflammatory disease. We



594 LUCKEMANN ET AL

Nadolo| pellets

A Immunization arthritis
Training Acquisition Y v Retrieval
[ A I I I N B H R B B N R RN
Days 1 6 9 12 1 10 14-26 a. |
B Groups Acquisition Retrieval
Conditioned NAD |CSiow-NAD| Sac/CsA Sac/CsA 5 mg/kg
C. not evoked NAD CSo-NAD  Sac/CsA Wat/VVeh
Conditioned CSiow Sac/CsA Sac/CsA 5 mg/kg
C. not evoked CSo Sac/CsA Wat/Veh
C ; AUC
= 5l e D ; 5000 2
= 14{ ¥ CSown=17 B8 Vi
?é 13{ T CSowNAD =13 A 40004
E. 124 — I
o 1 [1] P B el *
§ g- 33000- _l_ -
£ 7 ] 7
£ & 3 2000
5 5 < /
B ; 1000 /
£ 2 /
o 4 R
0_1351-5161?|819202|22232425262728 0 : é '
days after immunization CSo CSoNAD CSiw CSkwNAD
Histological Score
D .
i i(i-ru:mt paw i hind paw
§15 * 154 :
5 = T
E ,T 7 T
4 10+
g0 ? %
3 s / 5+ /
17 0
CSo CSoNAD CSlew CSlow-NAD CSo CSo-NAD CSiow CSiow-NAD

Figure 4. Behaviorally conditioned immunosuppression in collagen-induced arthritis is mediated via 3-adrenoceptor-dependent mechanisms.
A and B, Schematic representation of the conditioning protocol (A) and group allocation and treatment design (B). During acquisition, all
animals received 3 pairings of saccharin and CSA (20 mg/kg). Two days after the third acquisition trial, the animals were immunized. Ten
days after immunization (a. I.), animals in the conditioned group (CS,,) and control group (CS,) were implanted with nadolol (NAD) pellets.
At retrieval, CS,,, and CS,,,-NAD animals received saccharin together with low-dose therapeutic CSA (5 mg/kg) starting on day 14 following
immunization. C, Clinical arthritis scores. Clinical scores were significantly milder in the CS,,,, group compared to the CS, group (* = P < 0.05), the
CS,.-NAD group (+ = P < 0.05), and the CS,-NAD group (# = P < 0.05). On days 19 and 22, a significant difference between the CS,,,,-NAD
group and the CS, group was observed (§ = P < 0.05 by analysis of variance). Values are the mean + SEM (n = 16-18 per group). Moreover, in
area under the curve (AUC) analysis, clinical scores in the CS,,, animals were reduced compared to the CS, and CS,,,,-NAD groups (* = P < 0.05;
** = P < 0.001). There was a trend (T) toward milder scores in CS,-NAD rats compared to untreated control rats (P = 0.057). Values are the
mean + SEM (n = 16-18 per group). D, Histologic (Histo) analysis of front and hind paws. Histologic evaluation of the front paws showed
significant differences between conditioned animals and controls (* = P < 0.05; ** = P < 0.01, by Mann-Whitney test). Evaluation of the hind
paws revealed a trend toward milder scores in CS,,, animals compared to CS, animals (P = 0.072 by Mann-Whitney test). Values are the
mean = SEM (n = 7-16 per group [front paws] and 7—11 per group [hind paws]). max. = maximum (see Figure 1 for other definitions).

observed that attenuating effects on inflammatory progression in previous in vitro and ex vivo data have indicated that conditioned
CIA induced by conditioning were blocked by continuous appli- immunosuppression seems to inhibit the calcineurin activity in
cation of the B-AR antagonist nadolol. Even though the precise T cells, thereby suppressing the production and release of cytokines

intracellular mechanisms underlying this effect are still unknown, and T cell activation, which is similar to the effects of CSA (27,28).
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In general, the sympathetic nervous system seems to
modulate the outcome of arthritis differently depending on the
time point of manipulation and the target structure investigated
(e.g., radiologic variables, clinical scores, plasma extravasation,
leukocyte cytokine production, lymphocyte migration) (32-35). In
the early phase of the disease, B-ARs typically stimulate arthritis,
but this effect slows down after the onset of the disease (34,36).
Similarly, the removal of the influence of the sympathetic nervous
system prior to immunization and around the onset of the dis-
ease reduces arthritis severity, but this effect is not observed in
later phases (36,37).

In our experiments, nadolol also partly reversed the strong
effect of conditioning in the CS,, group, with disease severity
reaching a level similar to that in the CS,-NAD group (Figures 4B
and C). This finding indicates that B-ARs have a beneficial role in
conditioning, most likely via the above-mentioned calcineurin path-
ways. Additionally, the effect of the B-AR blockade was probably
compounded by other arthritis-propagating pathways that usually
play a role during the early stage of the disease (from induction
to disease onset) (32-34,36,37). In other words, we observed 2
independent effects of the sympathetic nervous system, one that is
beneficial and supportive for conditioning and one that is typically
detrimental during the early phase of the disease.

Conditioned responses in general tend to decline progres-
sively when subjects are reexposed to the CS in the absence
of the US (38-41). However, evidence from animal and human
studies has demonstrated that the extinction of learned immuno-
suppression could be abrogated when sub- or low-therapeutic
doses of the US (CSA) were administered as reminder cues in
combination with the CS during the retrieval phase (10,42-44).
Such modified conditioning protocols, using reminder cues, most
likely induced a memory-updating process of the learned immu-
nosuppression during retrieval (9,10,42). The data presented
here confirm these findings and extend them to experimentally
induced autoimmune diseases, showing that the symptoms of
RA can be abrogated by administering low therapeutic doses of
the immunosuppressant drug CSA as a reminder cue combined
with the CS.

The application of learned immunopharmacologic strategies
in clinical situations as supportive therapy together with standard
pharmacologic regimens has been suggested (4,5,45). Animal
experiments indicate that this procedure can be implemented
in ongoing immunosuppressive regimens, since preexposure of
neither the conditioned nor the unconditioned (CSA) stimulus
affected learned immunosuppression (20). Indeed, it was recently
reported that in renal transplant patients, adding the condition-
ing process to the pharmacologic treatment further improved the
immunosuppressive effect (8). Additionally, there is primary evi-
dence that acute adverse effects of CSA are not conditioned dur-
ing the learned immunosuppressive response (46).

However, there are certain limitations that need to be add-
ressed. CSA is a potent immunosuppressive drug used in clini-

cal settings to prevent graft rejection after organ transplantation
or to treat inflammatory autoimmune diseases (47,48). In addi-
tion, CSA is used as US in numerous established taste-immune
learning protocols (9,15). However, it is not a first-line or stand-
ard option for the treatment of RA (49,50). Thus, it would be
of great advantage to investigate strategies, in which effects of
other, more commonly used compounds for treating RA (such
as disease-modifying antirheumatic drugs) could be used in
conditioning protocols as well. In addition, the precise beneficial
molecular mechanisms of this 3-AR-dependent learned immu-
nosuppression superimposed on harmful B-adrenergic effects in
the early phase of arthritis induction need to be further eluci-
dated in future studies.

In conclusion, this proof-of-concept study demonstrates for
the first time in a preclinical disease model the possible effectiveness
of learned immunopharmacologic strategies in clinical situations as
supportive therapy together with the standard pharmacologic regi-
men in the treatment of chronic inflammatory autoimmune diseases.
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Errata

DOI 10.1002/art.41241

In the article by Duarte-Garcia et al in the September 2019 issue of Arthritis & Rheumatology (The Epidemiology
of Antiphospholipid Syndrome: A Population-Based Study [pages 1545-1552]), there were two factual errors
introduced. In the first paragraph of the Case Finding and Ascertainment section of Patients and Methods on
page 1546, the sentence “We queried the REP patient database for any individuals who were tested for aPL,
either anti-3,GPI IgG or IgM antibodies or LAC IgG or IgM antibodies (by dilute Russell viper venom time [DRVVT],
DRVVT mix, DRVVT confirmation, or STACLOT), for whom the test result was reported as out of range or abnor-
mal” should have read “We queried the REP patient database for any individuals who were tested for aPL, either
aCL IgG or IgM, anti-B,GPI IgG or IgM, or LAC (by dilute Russell viper venom time [DRVVT], DRVVT mix, DRVVT
confirmation, or STACLOT) for whom the test result was reported as out of range or abnormal.” In the third para-
graph of the Case Finding and Ascertainment section, the sentence “The Sydney criteria are often used in clinical
research as the diagnostic classification criteria for APS and commonly used in clinical practice as a framework for
diagnosis” should have read “The Sydney criteria are used in clinical research as classification criteria and commonly
used in clinical practice as a framework for diagnosis.”

DOI 10.1002/art.41251

In the article by Mecoli et al in the January 2020 issue of Arthritis & Rheumatology (Myositis Autoantibodies: A Com-
parison of Results From the Oklahoma Medical Research Foundation Myositis Panel to the Euroimmun Research
Line Blot [pages 192-194]), an additional acknoledgment statement should have been included. The complete
Acknowledgments section should have read “We thank Dr. Ira Targoff (OMRF) for his assistance in describing OMRF
laboratory methodology. We thank Dr. C. Richardson (Division of Rheumatology, Johns Hopkins University School
of Medicine) for her contribution to data acquisition.”

DOI 10.1002/art.41256

In the letter by Mathian et al in the January 2020 issue of Arthritis & Rheumatology (Reply [page 197]), the name of
the fifth author was inadvertently omitted during copyediting. The fifth author of this letter was Guy Gorochov, MD,
PhD (Sorbonne Université, AP-HP, Groupement Hospitalier Pitié—Salpétriere, French National Referral Center for
Systemic Lupus Erythematosus, Antiphospholipid Antibody Syndrome and Other Autoimmune Disorders, Institut
E3M, INSERM UMR-S, CIMI-Paris Paris, France).

DOI 10.1002/art.41255

In the article by Kass et al in the March 2020 issue of Arthritis & Rheumatology (Comparative Profiling of Serum Pro-
tein Biomarkers in Rheumatoid Arthritis—Associated Interstitial Lung Disease and Idiopathic Pulmonary Fibrosis [pag-
es 409-419)), the first name of the eighth author was misspelled and the author’s institution was shown incorrectly.
The correct name (institution) of the eighth author is Juan Chen (First Hospital of Xiamen University, Xiamen, China).

We regret the errors.
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Multiparameter Analysis Identifies Heterogeneity in Knee
Osteoarthritis Synovial Responses

Hannah Labinsky,' Paul M. Panipinto,? Kaytlyn A. Ly,* Deric K. Khuat,? Bhanupriya Madarampalli,”
Vineet Mahajan,” Jonathan Clabeaux,’ Kevin MacDonald,? Peter J. Verdin,? Jane H. Buckner,’ and
Erika H. Noss?

Objective. Synovial membrane inflammation is common in osteoarthritis (OA) and increases cartilage injury.
However, synovial fluid and histology studies suggest that OA inflammatory responses are not homogeneous. Greater
understanding of these responses may provide new insights into OA disease mechanisms. We undertook this study
to develop a novel multiparameter approach to phenotype synovial responses in knee OA.

Methods. Cell composition and soluble protein production were measured by flow cytometry and multiplex enzyme-
linked immunosorbent assay in synovium collected from OA patients undergoing knee replacement surgery (n = 35).

Results. Testing disaggregation conditions showed that aggressive digestion improved synovial cell yield and mes-
enchymal staining by flow cytometry, but it negatively impacted CD4+ T cell and CD56+ natural killer cell staining. Less
aggressive digestion preserved these markers and showed highly variable T cell infiltration (range 0-43%; n = 32).
Correlation analysis identified mesenchymal subpopulations associated with different nonmesenchymal populations,
including macrophages and T cells (CD45+CD11b+HLA-DR+ myeloid cells with PDPN+CD73+CD90-CD34- mes-
enchymal cells [r = 0.65, P < 0.0001]; and CD45+CD3+ T cells with PDPN+CD73+CD90+CD34+ mesenchymal cells
[r = 0.50, P = 0.003]). Interleukin-6 (IL-6) measured by flow cytometry strongly correlated with IL-6 released by ex vivo
culture of synovial tissue (r = 0.59, P = 0.0012) and was highest in mesenchymal cells coexpressing CD90 and CD34.
IL-6, IL-8, complement factor D, and IL-10 release correlated positively with tissue cellularity (P = 0.0042, P = 0.018,
P =0.0012, and P = 0.038, respectively). Additionally, increased CD8+ T cell numbers correlated with retinol binding
protein 4 (P = 0.033). Finally, combining flow cytometry and multiplex data identified patient clusters with different
types of inflammatory responses.

Conclusion. We used a novel approach to analyze OA synovium, identifying patient-specific inflammatory clus-
ters. Our findings indicate that phenotyping synovial inflammation may provide new insights into OA patient hetero-

geneity and biomarker development.
INTRODUCTION

Osteoarthritis (OA) is a disabling disease of progressive
mechanical joint failure, and no approved pharmacologic agents
halt this progression. Although OA patients share similar radio-
graphic findings, OA is a heterogeneous disorder with diverse
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epidemiologic, structural, genetic, clinical, and pathologic risk
factors/phenotypes (1-6). One consistent phenotype associated
with worse clinical outcomes, including increased pain sensiti-
zation and accelerated joint damage, is joint inflammation, char-
acterized by increased synovial tissue volume, vascularity, and
proinflammatory signaling (7-12).
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Although inflammation increases with OA progression, its
true prevalence is difficult to estimate. Macroscopic visualiza-
tion by arthroscopy, ultrasound, or magnetic resonance imaging
suggests that up to 50% of patients with early OA have at least
intermittent synovitis (7,8,13,14). However, microscopic examina-
tion demonstrates that synovial abnormalities are also frequent in
early OA (4,15). Synovial changes are thought to arise from cellular
activation by damage signals released during joint injury, result-
ing in areas of synovial lining hyperplasia and sublining immune
infiltration. This activation increases production of proinflammatory
mediators and matrix-degrading proteinases, which accelerates
cartilage damage (11,12).

Synovial histology and proinflammatory mediator expression
suggest considerable variability among patients in tissue injury
response (4,15-20). Our objective was to use multiparameter
analysis to explore synovial response diversity across a late-stage
knee OA cohort, with the hope that this would provide further
insight into the cellular and molecular drivers of OA pathology. To
achieve this objective, matched OA synovial samples were either
disaggregated for cellular analysis by flow cytometry or cultured
intact to measure soluble mediator release by multiplex array. We
show that correlations between these data sets provide a rich
platform to investigate OA synovial responses, identifying poten-
tial tissue cell-cell interactions and clustering patients by their
response networks. We also demonstrate that optimizing tissue
disaggregation protocols is critical, an important reminder as syn-
ovial tissue research moves into highly detailed cellular analyses.
Our results confirm that OA inflammation is far from homogene-
ous and indicates that further inflammatory phenotyping may pro-
vide new insights into OA pathology and patient heterogeneity.

PATIENTS AND METHODS

Patient recruitment. Thirty-five OA patients who
were referred for knee replacement surgery at Virginia Mason
Medical Center were recruited with approval from the Institu-
tional Review Board at Benaroya Research Institute at Virginia
Mason. Patients had a mean + SD age of 65.39 + 8.33 years
and a mean + SD body mass index (BMI) of 32.47 + 7.72 kg/
mZ2 Twenty-three patients (66%) were female, and 32 (91%)
were white (African American, n = 1; Asian, n = 2) (see Supple-
mentary Table 1, on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41161/abstract).

Synovial tissue processing. Knee synovium was col-
lected during replacement surgery at surgical discretion, with
patients divided equally between 3 surgeons (Supplemen-
tary Table 1). Synovial tissue was dissected into ~100-mg
samples and randomly distributed between assays. Samples
were weighed (mean + SD 106 + 31.5 mg) and then cultured
overnight in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 1% fetal bovine serum (FBS; Gemini),

L-glutamine, antibiotics, 2-mercaptoethanol (50 pM), and amino
acids (6-well plates, 1 sample/well). Samples for assessment
of tissue soluble mediator release by enzyme-linked immu-
nosorbent assay (ELISA) were cultured for 24 hours in media
alone, and supernatants collected. Independent samples for
flow cytometry were cultured in 10 uM of monensin (Sigma-
Aldrich) for 14—16 hours to block cytokine release for intracel-
lular staining.

Synovial tissue disaggregation. Unless otherwise indi-
cated, 12 samples per donor (~1,200 mg tissue) were minced
and enzymatically digested at 37°C with gentle tube inversion
every 5 minutes. Base digestion medium was DMEM with 50 pg/
ml DNase (Roche). Volume, composition, and time varied accord-
ing to digestion condition (Supplementary Methods, http://online
library.wiley.com/doi/10.1002/art.41161/abstract). Released cells
were collected in cold recovery buffer (20 ml DMEM, 10% FBS,
5 mM EDTA, 10 uM monensin), debris was removed with 70-um
mesh, and erythrocytes were lysed (Alfa Aesar Red Blood Cell Lysis
Buffer; ThermoFisher Scientific). Live synovial cells were manually
counted using trypan blue exclusion.

Flow cytometry. Human cell surface marker and intra-
cellular interleukin-6 (IL-6) expression was analyzed by flow
cytometry using the listed reagents (Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.41161/abstract).
Data were analyzed with Kaluza software (Beckman Coulter),
with positive populations identified using isotype (IL-6) or
fluorescence minus one controls. Detailed staining protocols are
described in Supplementary Methods (http://onlinelibrary.wiley.
com/doi/10.1002/art.41161/abstract).

Synovial tissue culture supernatant analysis. Super-
natants from 3 independent 24-hour synovial tissue cultures per
donor were stored at —20°C until testing. Concentrations of 13
soluble mediators (full list in Supplementary Methods, http://online
library.wiley.com/doi/10.1002/art.41161/abstract) were determined
using a BiolLegend LEGENDplex Human Adipokine flow cytome-
try—based ELISA and normalized to tissue sample weight (pg/ml/
mg tissue).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 7. P values less than 0.05 were considered
significant. Digestion condition comparisons were summarized
using the mean + SD, and differences were assessed by paramet-
ric testing (Student’s paired t-test and one-way analysis of variance
with Dunnett's multiple comparison test). Patient characteristics
were summarized using the median and interquartile range (IQR),
with differences assessed by Kruskal-Wallis test with Dunn’s test
for multiple comparisons or Spearman’s rank correlation. Hierarchi-
cal clustering by correlation was performed with ClustVis (biit.cs.ut.
ee/clustvis/) (21).
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RESULTS

Developing a multiparameter approach to analyze
OA synovium. Assay approach. Many studies have demon-
strated heterogeneity in OA synovial responses (4,15-18,22-25),
reflecting potential differences in disease pathology. To pheno-
type synovial response patterns in knee OA, we combined ex
vivo flow cytometry and multianalyte ELISAs after limited culture
of intact tissue (Figure 1A). This approach allowed simultaneous
measurement of soluble mediators and cellular composition for
correlation analysis. Intracellular IL-6 staining was chosen for
this investigation, because IL-6 is independently associated with
joint damage and has highly variable expression in joint injury
(17,18,20,28,25).

Establishing culture conditions for OA tissue analysis. \We
first determined the amount of synovial tissue needed to accu-
rately sample hematopoietic immune cell (CD45+), endothelial
cell (CD45-CD31+), and mesenchymal cell (CD45-CD31-) pop-
ulations (Supplementary Figure 1A, http://onlinelibrary.wiley.com/
doi/10.1002/art.41161/abstract). Pooling randomly selected sam-
ples demonstrated that although cell yield increased linearly with
tissue amount (Supplementary Figure 1B), low variability in the
marker expression between technical replicates was seen in as little
as ~400 mg of tissue (4 samples) (Supplementary Figures 1C-E).
Since variability trended lower with higher tissue amounts, 12 sam-
ples (~1,200 mg) were pooled for each flow cytometry staining
panel. As all flow cytometry samples were treated with the protein
transport inhibitor monensin to prevent cytokine secretion (neces-
sary for intracellular staining), we also compared the cell recovery
between fresh surgical (day 0) and monensin-cultured (day 1) sam-
ples. Overnight culture with monensin decreased the cell yield by
one-third, but this cell loss did not disproportionately affect the re-
covery of total or specific hematopoietic immune, mesenchymal, or
endothelial cell populations (Supplementary Figure 2, http://online
library.wiley.com/doi/10.1002/art.41161/abstract), which validates
this ex vivo approach to intracellular cytokine staining.

Optimizing enzymatic digestion protocols for ex vivo tissue
flow cytometry. Enzymatic tissue disaggregation was chosen
over mechanical disruption alone in order to facilitate release of
joint cells from their connective tissue matrix. Since enzymatic
digestion may limit flow staining by surface molecule cleavage,
a major technical objective was to optimize digestion conditions
across diverse cell markers. We tested 6 protocols derived from
prior synovial or mesenchymal cell studies (26-30) (Figure 1B).
All 6 enzyme cocktails included collagenase and DNase but var-
ied based on media change, digestion time, and other added
enzymes. The first 3 conditions, modified from lymph node
fibroblastic reticular cell isolation (31), increased digestion effi-
ciency by adding Dispase and replacing enzymes every 15 min-
utes until tissue dissolved (~2 hours). Conditions 4-6 were more
characteristic of prior synovial protocols (27,30). Tissue was di-
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Figure 1. Influence of digestion conditions on synovial cell yield. A,
Experimental approach. Fresh osteoarthritis (OA) synovial samples
(~100 mg) were cultured overnight. Media from 3 samples were
analyzed for soluble mediator release using a multianalyte, flow-
based enzyme-linked immunosorbent assay. Independent samples
were cultured using the protein transport inhibitor monensin prior to
disaggregation for surface marker and intracellular interleukin-6 (IL-
6) analysis by flow cytometry (12 samples/digestion). B, Digestion
conditions tested for synovial disaggregation. C, Cell yield (per
gram of tissue) for each digestion condition, determined by manual
counting. D, Numbers of hematopoietic immune cells (CD45+),
endothelial cells (CD45-CD31+), and mesenchymal cells (CD45—
CD31-), calculated for each digestion condition by multiplying total
cell yield by the cell percentage measured by flow cytometry. E,
Percentage of CD45+, CD45-CD31+, and CD31-CD45- cells
released by digestion condition. In C-E, each symbol represents an
individual sample (n = 4-5); bars show the mean + SD. P values were
determined by parametric repeated measures and one-way analysis
of variance. P values not shown are >0.2. Col P = collagenase P.
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gested without enzyme replacement for a fixed period of time,
using either commercially available Liberase TL (collagenase
and thermolysin; conditions 4 and 5) or collagenase P alone
(condition 6).

Dispase addition with enzyme replacement (conditions 1-3)
increased average cell yields compared to fixed time digestions
with Liberase TL or collagenase (Figure 1C). Cell yield in high Dis-
pase (condition 1) averaged 1.8 x 10° cells/gm tissue, more than
twice that of other conditions. Differences in cell yields were not
statistically significant between other conditions, but there was a
trend toward a stronger association with Dispase (conditions 2
and 3). Not surprisingly, the absolute number of hematopoietic
immune cells (CD45+) and mesenchymal cells (CD45-CD31-)
recovered was also highest in condition 1, with endothelial cells
(CD45-CD31+) also following this trend (Figure 1D). However,
no significant differences were detected in the proportion (relative
percentage) of CD45+, CD45-CD31—, and CD45-CD31+ cells
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isolated between conditions (Figure 1E), indicating that all major
cell types were adequately sampled by all protocols. Overall, mes-
enchymal cells were the most abundant, followed by hematopoi-
etic immune cells (Figure 1D), although there was wide variability
among patients. Endothelial cells were significantly less abundant
(median 59.9% [IQR 16.6%)] for mesenchymal cells; 37.8% [IQR
16%)] for hematopoietic cells; 2.11% [IQR 2.23%)] for endothelial
cells).

Fine-tuning digestion condition by cell type. We next tested
the stability of surface marker staining under different digestion
conditions. For many markers, no differences were detected, in-
cluding for CD8, CD45RA, CD45R0O, CD11b, HLA-DR, CD14,
and CD206 (Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.41161/abstract). However, digestion pro-
tocol did impact cell viability and detection of other cell popula-
tions, including CD4+ T helper cells, natural killer (NK) cells, and
mesenchymal cells (Figure 2 and Supplementary Table 3).
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Figure2. Optimization of disaggregation for ex vivo tissue flow cytometry. A and B, Representative CD4/CD8 cell (pregate CD45+CD3+CD11b—
CD20-) staining (A) or natural killer (NK) cell (pregate CD45+CD3-CD11b-CD20-) staining (B) after digestion under different conditions
(1 donor) is shown. Condition 1 included collagenase + 800 pg/ml (high) Dispase; condition 3 included collagenase + 8 pg/ml (low) Dispase;
condition 4 included Liberase; and condition 6 included collagenase only. C and D, Recovery of CD4+ T cell subsets (C) or NK cell subsets
(D) was compared between digestion protocols by normalizing cell percentage or mean fluorescence intensity (MFI) to that observed under the
highest-expressing condition. CD4+ T cells were normalized to condition 6, and NK cells were normalized to condition 4. E, Representative
podoplanin (PDPN), CD146, CD34, CD73, and CD90 staining on mesenchymal cells (pregate CD45-CD31-) isolated from 1 donor synovium
after high Dispase (condition 1) or short Liberase (condition 4) digestion is shown. F, Relative recovery of CD146+, CD34+, and CD73+
mesenchymal cells was compared between digestion protocols by normalizing cell percentage for each condition to that observed under
condition 1. In C, D, and F, each symbol represents an individual sample (n = 3-5); bars show the mean + SD. P values were determined by
repeated measures and one-way analysis of variance with Dunnett’s test for multiple comparisons. * = P < 0.05; ** =P < 0.01; ** = P < 0.001;
** = P <0.0001. Col P = collagenase P.
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Reducing Dispase significantly improved detection of CD4,
the T helper cell coreceptor, as shown in representative flow plots
in Figure 2A and measured by average CD4+ cell percentage
and mean fluorescence intensity (MFI) (Figure 2C). CD4+ T cell
percentage was similar in low Dispase (condition 3), in short Lib-
erase (condition 4), and in collagenase alone (condition 6), while
CD4 signal intensity (MFI) was strongest in collagenase alone, with
addition of Dispase (conditions 1-3) or thermolysin (Liberase com-
ponent; conditions 4 and 5) reducing staining brightness.

Slightly different digestion conditions facilitated detection
of the following NK cell populations: CD3—-CD16+CD56"™ and
CD3-CD16%™-CD56"™" cells (Figures 2B and D). CD16+CD56%™
cells were detected under all conditions (Figure 2D), although
detection worked best with short Liberase digestion (condition 4).
CD16"™-CD56™" NK cell detection was more difficult (Figure 2D),
with staining most effective using Liberase (conditions 4-5) and
detectability completely lost with Dispase addition (conditions 1-3).

In contrast to T cells and NK cells, specific mesenchymal
markers are less well defined. CD146, podoplanin (PDPN), CD73,
CD34, and CD90 were chosen for study based on prior histol-
ogy studies (32-36) and recent synovial fibroblast flow cytometry
and transcriptional analysis (29). Detection of these markers was
facilitated by more aggressive, high-Dispase digestion (Figures 2E
and F and Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.41161/abstract). Improved staining was not
solely due to increased digestion time, as marker staining (particu-
larly for CD146) increased with dose-dependent Dispase addition
(Figure 2F). Indeed, most mesenchymal markers trended toward
better detection with increased Dispase concentrations (Supple-
mentary Table 3).

These results show that reliable ex vivo tissue flow cytome-
try requires careful optimization of tissue disaggregation protocols
to ensure marker stability. For this study, 2 disaggregation proto-
cols were chosen. High-Dispase digestion (condition 1) was used
for mesenchymal and hematopoietic immune cell analysis. Low-
Dispase digestion (condition 3) was used for T cell analysis, as it rep-
resented the best balance between CD4 discrimination, cost, and
cell yield. Further NK cell analysis was not performed in this study.

OA synovial cell analysis. Hematopoietic immune
cells. Analysis showed that ~40% of synovial cells were he-
matopoietic (CD45+) in origin, with wide variability among
patients (Figure 3A). CD11b+HLA-DR+ cells (majority mac-
rophages) were most abundant (median 71.4% [IQR 29.7%]),
followed by T cells (CD3+ 10.8% [IQR 14.3%]), neutrophils
(CD11b+HLA-DR+CD66b+ 2.22% [IQR 2.49%)]), another my-
eloid CD11b+HLA-DR- population (1.10% [IQR 1.13%]), and
B cells (CD20+HLA-DR+ 0.310% [IQR 1.14%]) (Figure 3B). A
CD45+ lineage marker—negative population (median 6.59% [IQR
9.60%)]) was also detected, likely representing a mixture of oth-
er hematopoietic cells (e.g., mast cells, NK cells) and cells with
marker cleavage during digestion.

OA T cells. Immune cell analysis showed high variability
among donors in synovial T cell percentage (0-42.6%)
(Figure 3B). Although T cell function in OA is poorly understood,
animal models suggest that both CD4+ and CD8+ T cells pro-
mote pathology after injury (37,38). Therefore, OA T cells were
further characterized by flow cytometry (Figure 3). As expect-
ed (39,40), CD4+ T helper cells were increased (median 58.4%
[IQR 17.4%]) compared to CD8+ cytotoxic T cells (29.9% [IQR
16.1%)]) (Figure 3C). However, both T cell types accumulated
with increasing total T cell numbers (Supplementary Table 4,
http://onlinelibrary.wiley.com/doi/10.1002/art.41161/abstract).
Most CD4+ T cells expressed the effector/memory marker
CD45R0 (median 91.6% [IQR 6.25%)]) (Figure 3D). Most CD8+
T cells were also effector/memory cells (CD8+CD45R0O+ median
61.3% [IQR 26.6%]), but there was a higher percentage of naive
CD45RA cells (21.5% [IQR 20.0%]) and cells positive for both
markers (4.85% [IQR 11.4%)]).
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Figure 3. Wide patient variability in T cell accumulation assessed
by hematopoietic immune cell analysis. A, Percentages of hematopo-
ietic immune cells (CD45+), endothelial cells (CD45-CD31+), and
mesenchymal cells (CD45-CD31-) in osteoarthritis synovium were
measured by flow cytometry (high-Dispase digestion; n = 35).
B, Percentages of different hematopoietic immune cell (CD45+)
populations were determined using surface expression of myeloid
(CD11b, HLA-DR), T cell (CD3), B cell (CD20), and neutrophil
(CD66b) markers (high-Dispase digestion; n = 32). C, Percentages
of CD4+ T helper cells and CD8+ cytotoxic T cells are shown (gate
CD45+CD3+; low-Dispase digestion; n = 19). D, CD4+ cell (n = 19)
or CD8+ cell (n = 26) expression of CD45RA+ (naive) and CD45RO+
(effector/memory) cells was analyzed (low-Dispase digestion). T cell
analysis began using high-Dispase digestion. Once it was determined
that CD4 staining was not reliable, digestion was switched to low
Dispase, which accounts for the reduced number of donors for CD4+
cell analysis. Each symbol represents an individual sample; bars
show the median and interquartile range.
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Mesenchymal cells. Compared to hematopoietic immune
cells, much less is known about OA mesenchymal cell (CD45-
C81-) populations. The existence of functionally distinct syno-
vial mesenchymal/fibroblast populations is supported by recent
reports showing that CD34 and/or CD90 expression skews
toward different gene transcription and functional profiles (29,41).
In the present analysis, vascular-associated mesenchymal cells
(e.g., pericytes) were first separated by expression of CD146, also
known as melanoma cell adhesion molecule (Figure 4A). CD45—
CD31-CD146+ cells help regulate vascular tone and represent a
small subset of total mesenchymal cells. The remaining CD146-
cells, mainly synovial fibroblasts as determined by transcriptional
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Figure 4. Correlations between synovial fibroblast and hema-
topoietic immune cell populations. A, Mean percentages of CD146+
vascular and CD146- nonvascular mesenchymal cells were analyzed
in osteoarthritis synovium after high-Dispase digestion (n = 28). B,
CD45-CD31-CD146- cells were further analyzed according to
podoplanin (PDPN), CD73, CD90, and CD34 expression using tree
analysis (Kaluza). Seven CD146- cell subsets with mean percent
expression >1% of total number of CD146- cells were identified. In A
and B, each symbol represents an individual sample; bars show the
median and interquartile range. C-F, The mean percent expression
of CD90-CD34- cells (C and D) and CD90+CD34+ cells (E and F)
among mesenchymal cells was positively or negatively correlated
with the mean percent expression of CD45+CD11b+CD66b-
myeloid cells (C and E) and CD45+CD3+ T cells (D and F), by
Spearman’s rank correlation (n = 28).

analysis (29), were separated into 7 populations averaging >1%
of the total mesenchymal population based on PDPN, CD73,
CD90, and CD34 surface expression (Figure 4B). The majority
of cells were PDPN+CD73+, with CD90-CD34- cells the largest
subset (median 32.4% [IQR 29.2%]), followed by CD90+CD34+
(20.0% [IQR 17.6%]), CD90+CD34—- (16.7% [IQR 24.1%)]), and
CD90-CD34+ (2.68% [IQR 5.42%]). Two PDPN+CD73- subsets
were also identified: CD90-CD34- cells (median 5.23% [IQR
15.4%]) and CD90+CD34- cells (1.48% [IQR 2.28%)). There
was also a significant marker-negative population (median 8.28%
[IQR 6.93%]), representing either a unique population and/or cells
whose surface markers were cleaved during digestion.

Clues to mesenchymal cell function. To examine the
possible function of different mesenchymal/fibroblast pop-
ulations, associations between mesenchymal and nonmes-
enchymal cells were assessed. Significant correlations were
found between the 2 largest mesenchymal and hematopoietic
immune populations (Figures 4C-F). PDPN+CD73+CD90—
CD34- cells correlated positively with CD45+CD11b+HLA-DR+
cells (largely synovial macrophages) and correlated negatively
with CD45+CD3+ T cells (Figures 4C and D). This result sug-
gests a synovial lining fibroblast population, as lining fibroblasts
tightly co-compact with synovial macrophages. In contrast,
PDPN+CD73+CD90+CD34+ cells correlated positively with
T cells and correlated negatively with synovial macrophages
(Figures 4E and F), suggesting a sublining fibroblast popu-
lation. These correlations are consistent with prior histologic
assessments (32,36) and tissue immunofluorescence staining
(29,33-35,41), which show strong CD34 and CD90 expres-
sion in rheumatoid arthritis (RA) and OA synovial sublining. Ad-
ditional correlations suggest other possible mesenchymal cell
interactions with endothelial cells, T cells, B cells, and lineage-
negative hematopoietic cells (Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41161/abstract).

OA IL-6 analysis in synovium. Major contribution by
mesenchymal cells in OA IL-6 response. Although IL-6 is associ-
ated with increased OA pain and joint damage (9,18,19,25), OA
synovial fluid IL-6 levels are highly variable, ranging from barely
detectable to levels similar to those observed in RA (17). To bet-
ter understand this variation, synovial cell IL-6 responses were
measured ex vivo by flow cytometry (Figure 5A). Validating this
approach, the number of IL-6-positive synovial cells per donor
calculated by flow cytometry strongly correlated with the IL-6
released by independent synovial tissue cultures from the same
donor (Figure 5B).

This analysis showed that although all cell types produce
some IL-6, the cell number and intensity of expression varied sig-
nificantly between different donors and cell types (Figure 5). For
most donors, the percentage of IL-6—positive cells was higher
in mesenchymal cells (median 13.6% [IQR 19.6%]) compared
to hematopoietic cells (4.44% [IQR 17.4%]) or endothelial cells
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Figure 5. Diversity of interleukin-6 (IL-6) production in osteoarthritis
synovium with robust mesenchymal expression. A, Representative
synovial hematopoietic cell (CD45+) and mesenchymal cell (CD45-
CD31-) intracellular IL-6 flow cytometry staining is shown, with
corresponding isotype controls. B, IL-6 synovial tissue culture
release (Adipokine Panel; LEGENDplex) correlated positively (by
Spearman’s rank correlation) with the total IL-6—positive cell number
independently calculated by flow cytometry. Mean value of 3
independent samples per donor (n = 27) is shown. C, F, and H, The
percentage of IL-6-positive cells was measured by flow cytometry
in the major cell (C), CD146—- mesenchymal cell (F), and CD45+
hematopoietic immune cell (H) populations. D, IL-6-positive cell
number in major cell populations was calculated from the total donor
cell yield. E, G, and I, IL-6 mean fluorescence intensity (MFI) was
calculated by subtracting background signal (antibody isotype) from
population IL-6 MFI for the major cell (E), CD146— mesenchymal
cell (G), and CD45+ hematopoietic immune cell (I) populations.
J, Synovial tissue culture IL-6 release did not correlate with the
adipocyte surrogates body mass index (BMI) or leptin release.
Spearman’s rank correlation test was used (n = 27). In C-l, each
symbol represents an individual sample; bars show the median and
interquartile range. Kruskal-Wallis test with Dunn’s multiple com-
parisons test was used to assess the significance of differences
from the following reference populations: C-E, CD45-CD31- (n = 32);
F and G, PDPN+CD73+CD90+CD34+ (n = 28); and H and I,
CD11b+CD66b-CD3-CD20-HLA-DR+ (n =28). * =P < 0.0001; ** =
P < 0.0006; ** = P = 0.007; *** = P = 0.004. PDPN = podoplanin.

(8.74% [IQR 19.6%]) (Figures 5A and C). However, in a small
number of donors (6 of 32), this trend was reversed, with a
greater percentage of CD45+IL-6+ cells. There was also a greater
number of IL-6-positive mesenchymal cells (median 0.74 x
10° [IQR 2.6 x 10°] cells/gm tissue) compared to hematopoietic
cells (0.16 x 10° [IQR 0.96 x 10°) or endothelial cells (0.0094 x
10° [IQR 0.023 x 10%) (Figure 5D). In addition, mesenchymal
cells showed an average of 3 times more IL-6 per cell, as meas-
ured by MFI (Figure 5E). Overall, this analysis demonstrated con-
siderable variability in IL-6 production according to synovial cell
type, with mesenchymal cells proving to be a major source in
most patients.

IL-6 production in synovial fibroblast subsets. Although
IL-6 was expressed by all mesenchymal populations, the per-
centage of IL-6-positive cells was highest in the following
PDPN-+CD73+ populations: CD90-CD34-, CD90+CD34—, and
CD90+CD34+ cells (Figure 5F). These results mirror the rela-
tive abundance of these subsets in OA synovium (Figure 4B).
However, the IL-6 staining intensity (MFI) was highest in the
PDPN+CD73+CD90+CD34+ (likely sublining) population and
decreasing in the PDPN+CD73+CD90-CD34- (likely lining)
population (Figure 5G). These results suggest the presence of
an IL-6 gradient across the OA synovium, pointing to further
complexity in synovial IL-6 responses.

IL-6 production in other cells. Hematopoietic cells also
contribute significantly to OA IL-6 (Figures 5A, C, D, and
E), with the greatest percentage of IL-6-positive cells in sy-
novial myeloid cells/macrophages (CD11b+CD66b-) and,
surprisingly, in neutrophils (CD66b+) (Figure 5H). IL-6 re-
sponse was significantly lower in T cells (CD3+) and B cells
(CD20+4). Interestingly, IL-6 production per cell (MFI) was high-
est and of comparable intensity in synovial macrophages and
neutrophils, roughly 5 times that of lymphocytes (Figure 5I).
However, based on cell number, neutrophils likely contribute
little to the total IL-6 response as they are a minor cell popu-
lation (Figure 3B). Similarly, although IL-6 release was clearly
detectable in endothelial cells, they also likely contribute only
a small proportion to total synovial IL-6 based on cell num-
ber (Figures 5C-E). Finally, adipocytes are another potential
source of synovial IL-6. As adipocytes are damaged by tissue
disaggregation, their IL-6 production cannot be measured by
flow cytometry. However, IL-6 release did not correlate with
the adipocyte surrogates BMI or leptin release (Figure 5J),
suggesting that adipocytes are not a major IL-6 source in
these samples.

Understanding IL-6 responses by correlation analysis. To
determine if other soluble mediators are also associated with OA
IL-6 responses, correlations between IL-6 synovial culture release
and a panel of 12 cytokines, chemokines, and adipokines were
assessed (Figure 6A and Supplementary Table 4, http://online
library.wiley.com/doi/10.1002/art.41161/abstract). IL-6 most
strongly correlated with IL-8, but it also directly correlated with
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Figure 6. Correlation-based clustering using synovial soluble mediator release and cell composition revealing different osteoarthritis (OA)
response patterns. A, Positive correlations between soluble mediators released after synovial tissue culture across multiple donors (n = 27).
No positive correlations with adiponectin or leptin release were detected (Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/
art.41161/abstract). B, Strength of correlations between the indicated cell population numbers and soluble mediators (n = 19-27). C, Data
obtained from analysis of OA synovium by cellular composition (flow cytometry [italics]) and soluble mediator release (multianalyte enzyme-linked
immunosorbent assay [boldface]), combined with body mass index (BMI) in a correlation-based hierarchical clustering algorithm to separate
different OA populations (ClustVis) (clustering method, columns and rows: correlation; clustering distance, columns and rows: Ward linkage).
Limited clinical data separated by cluster are provided below the heatmap. P values were determined by Kruskal-Wallis test (continuous
variables) or chi-square test (categorical variables). RBP-4 = retinol binding protein 4; CFD = complement factor D; IL-8 = interleukin-8; TNF =
tumor necrosis factor; IFN = interferon; MSC = mesenchymal stem cell; PDPN = podoplanin.

complement factor D (CFD), IL-10, CCL2, and CXCL10 re-
lease (Figure 6A, Supplementary Figure 3A, and Supplemen-
tary Table 4). An additional strong expression network formed
between tumor necrosis factor (TNF), interferon-y (IFNy), IL-
1(3, and resistin, linking to IL-6 through IL-10 and CCL2 ex-
pression.

Further analysis revealed additional positive correlations
between IL-6, several mediators (Figure 6A), and the numbers of
total and specific synovial cell populations (Figure 6B and Sup-
plementary Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.41161/abstract). Increased total cell number correlated with
IL-6, IL-8, IL-10, and CFD release, but not with other soluble
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mediators such as CCL2 and TNF (Figure 6, Supplementary Fig-
ure 3, and Supplementary Table 4). In general, these 4 soluble
mediators correlated with increased cell numbers across synovial
cell populations, although there were exceptions (Figure 6B). IL-6
release correlated less strongly with the dominant CD45RA-RO+
CD4+ T cell population, but it did correlate with mesenchymal cells,
macrophages, CD8+ T cells, and naive CD4+ T cells. IL-10 release
also correlated most strongly with total T cell numbers, specifically
with CD8+ T cell numbers. Finally, retinol binding protein 4 (RBP-4),
and to a lesser extent CCL2 release, emerged as a distinct marker
of increased T cell and/or T cell-associated mesenchymal cell
numbers. These data indicate that specific groups of soluble medi-
ators may be used to predict elements of synovial cell composition,
such as increased cellularity or T cell accumulation.

Clustering of OA patients based on synovial responses.
To move beyond single correlations, we used hierarchical
correlation-based clustering of flow cytometry, soluble media-
tor, and clinical data to determine if there were specific response
patterns associated with the observed patient variability. Indeed,
3 major patterns were identified (Figure 6C). Cluster 1 was most
strongly associated with increased T cells and T cell-associated
cytokines (IL-10, IFNy, and TNF), while clusters 2 and 3 were
associated with increased macrophage expression (CD45+
CD11b+CD66b-CD3-CD20-). Cluster 2 showed the highest
percentage of macrophages and potential lining fibroblasts
(PDPN+CD73+CD90-CD34-), including a subcluster with high
adiponectin expression. In contrast, cluster 3 correlated best with
high total cell yield and IL-6 and IL-8 responses, especially by mes-
enchymal cells.

Next, we examined whether these clusters are associated
with any of the limited clinical data collected (Figure 6C). There
were trends toward an association of cluster 2 with female sex
(P =0.078) and an association of cluster 3 with prior arthroscopic
or joint replacement surgery (P = 0.052). The clinical relevance of
these findings is uncertain, as the present study did not correct
for demographic and patient comorbidity confounders. However,
these results highlight the possibility that phenotyping OA synovial
responses may provide new insights into patient heterogeneity
and disease pathology.

DISCUSSION

Synovial inflammation is associated with increased OA pain
and joint damage, although there is considerable variability among
patients in inflammatory responses (7,9,14,16,17,19,23,25,42).
How this variability impacts disease development is hampered by
a limited understanding of the cellular and molecular mechanisms
active in OA synovitis. In the present study, we developed an
approach using multiparameter flow cytometry and ELISA, which
showed several findings relevant to OA pathology and synovial
tissue research generally.

Synovial tissue flow cytometry was chosen because it
increases cell identification compared to standard immunohisto-
chemistry. However, ex vivo tissue flow cytometry requires effec-
tive tissue disaggregation without significant loss of cell viability
or surface markers. We found that optimal digestion protocols
depends on cell type and marker (Figure 2 and Supplementary
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.41161/
abstract), and noted a particular difficulty staining lymphocytes
and mesenchymal cells with the same protocol. Similar chal-
lenges were recently reported by the Accelerating Medicines
Partnership Network, which found combining a commercial dis-
sociator system and Liberase TL digestion optimal in their tested
conditions (27).

One strength of this study is that it highlights that accu-
rate synovial flow cytometry analysis requires clear data on how
cell yield and surface maker stability are influenced by choice
of disaggregation protocol. Another study strength is that it
demonstrates that correlation analysis can be used to suggest
potential cellular interactions. For example, with this technique
we detected 2 prominent PDPN+CD73+ fibroblast populations:
CD90-CD34- and CD90+CD34+ cells (Figure 4). The CD90—
CD34- population correlated inversely with T cells (CD45+CD3+)
and the CD90+CD34+ population correlated inversely with mac-
rophage/myeloid cells (CD45+CD11b+CD3-CD20-CD66b-),
suggesting that CD90-CD34- cells are lining fibroblasts (posi-
tively correlated with myeloid cells) and CD90+CD34+ cells are
sublining fibroblasts (positively correlated with T cells). These
conclusions have been independently supported by tissue stain-
ing studies showing enriched CD90 and CD34 expression in OA
and RA synovial sublining (29,32,33,35,36,41). Recent ex vivo
studies also support the notion that mesenchymal subpopula-
tions may have unique functions in RA (29,41), although their
role in OA remains undefined. Given that several potential cell
interactions were detected using this small patient cohort (Fig-
ure 4 and Supplementary Table 5, http://onlinelibrary.wiley.com/
doi/10.1002/art.41161/abstract), we predict that an expanded
analysis will provide further guidance about how cellular niches
function in synovial pathology.

Cell analysis and correlation analysis also point to poten-
tial differences in CD4+ and CD8+ T cell compartments. There
was pronounced variability in T cell percentage among patients
(Figure 3), which is consistent with the variable lymphocytic sub-
lining aggregates observed in OA (39). As previously reported
(89,40,43,44), CD4+ T cells were more prevalent than CD8+
cells. However, CD8+ cells showed increased variability in expres-
sion of CD45RA (naive) and CD45RO0 (effector/memory) markers
(Figure 3D). In addition, CD8+ T cell numbers more strongly cor-
related with tissue release of several proinflammatory/regulatory
molecules (IL-6, IL-8, CFD, IL-10, RBP-4, and CCL2) (Figure 6B).
Prior studies suggest that both CD4+ and CD8+ T cells con-
tribute to OA pathology; both subtypes have a Th1 phenotype
(40,43,45,46), and the knockout of each reduces damage in
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mouse OA models (37,38). The present study broadens our per-
spective on OAT cells, suggesting more complex roles for specific
T cell subpopulations.

This study also provides the most detailed examination to
date of synovial IL-6 production. Although a pathologic role for
IL-6 is well recognized in RA, joint IL-6 also independently asso-
ciates with OA pain and radiographic progression (9,25), and its
blockade attenuates joint damage in a mouse OA model (47).
Furthermore, IL-6 is one of the most variable proinflamsmatory
cytokines in joint injury, varying 10,000-fold between patients
(17,20). This study suggests that the considerable diversity
in cellular IL-6 source (Figure 5) may help explain part of this
patient variability. On average, IL-6 expression was highest in
mesenchymal cells, although in a handful of patients, hemato-
poietic immune cell (mainly macrophage) expression was more
dominant. This complexity suggests that defining IL-6 levels and
source may be important in predicting how this cytokine affects
patient outcomes.

Our study also shows the potential power of combining dif-
ferent data types to analyze OA patient responses (Figure 6C).
Through clustering, patients were broadly categorized into a
T cell/lymphocyte cluster (cluster 1) and myeloid clusters (clus-
ters 2 and 3), with cluster 3 in particular being associated with
high tissue and mesenchymal cell IL-6 and IL-8 release. There
are early suggestions that these clusters reflect different patient
phenotypes, with cluster 2 trending toward an association with
female sex and cluster 3 with a history of prior joint surgery
(arthroscopy/arthroplasty) (Figure 6C). It remains to be seen if
these clusters can be better defined and how they relate to dis-
ease progression and clinical phenotypes.

There are several study limitations, including the need to
dissect and culture synovial tissue for flow and ELISA analysis,
which may potentially change cellular phenotypes. Additionally,
tissue sampling bias may have influenced study results. Prior RA
and OA studies suggest that good histologic or RNA sequenc-
ing reproducibility can be achieved with 3-4 ultrasound-guided
synovial biopsy samples (15,48) or with ~150 mg tissue (27).
We found low variability with 4 ~100-mg OA tissue samples,
but we generally used higher tissue amounts to reduce bias. A
larger confounder is that we did not control for anatomic loca-
tion in sampling, an issue due to patchiness in OA inflamma-
tion and regional variations in synovial anatomy. How anatomy
affects synovial responses remains an open issue in the field
and requires additional comparative studies to define how syn-
ovial responses vary by distinct regional location within each
patient. Finally, it is known that synovial findings change in OA
as disease progresses (4,15), so a similar analysis comparing
early- and late-disease tissue, along with analyzing radiographic
damage and additional clinical variables, is needed in future
investigations.

Despite these limitations, this study demonstrates that
multiparameter investigations of OA synovial responses may

provide insight into OA patient heterogeneity and supports the
possibility that synovial sampling may be a future tool in OA
patient care.
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Regulation of the Inflammatory Synovial Fibroblast
Phenotype by Metastasis-Associated Lung Adenocarcinoma
Transcript 1 Long Noncoding RNA in Obese Patients With
Osteoarthritis

Dominika E. Nanus,' Susanne N. Wijesinghe,' Mark J. Pearson,” Marina R. Hadjicharalambous,” Alex Rosser,’
Edward T. Davis,® Mark A. Lindsay,* and Simon W. Jones'

Objective. To identify long noncoding RNAs (IncRNAs) associated with the inflammatory phenotype of synovial
fibroblasts from obese patients with osteoarthritis (OA), and to explore the expression and function of these IncRNAs.

Methods. Synovium was collected from normal-weight patients with hip fracture (non-OA; n = 6) and from normal-
weight (n = 8) and obese (n = 8) patients with hip OA. Expression of RNA was determined by RNA-sequencing and
quantitative reverse transcription—-polymerase chain reaction. Knockdown of IncRNA was performed using LNA-
based GapmeRs. Synovial fibroblast cytokine production was measured by enzyme-linked immunosorbent assay.

Results. Synovial fibroblasts from obese patients with OA secreted greater levels of interleukin-6 (IL-6) (mean + SEM 162
+ 21 pg/ml; P < 0.001) and CXCLS8 (262 + 67 pg/ml; P < 0.05) compared to fibroblasts from normal-weight patients with OA
(IL-6, 51 + 4 pg/ml; CXCLS8, 78 + 11 pg/ml) or non-OA patients (IL-6, 35 + 3 pg/ml; CXCLS8, 56 + 6 pg/ml) (n = 6 patients per
group). RNA-sequencing revealed that fibroblasts from obese OA patients exhibited an inflammatory transcriptome, with
increased expression of proinflammatory messenger RNAs (mMRNAs) as compared to that in fibroblasts from normal-weight
OA or non-OA patients (>2-fold change, P < 0.05; n = 4 patients per group). A total of 19 IncRNAs were differentially ex-
pressed between normal-weight OA and non-OA patient fibroblasts, and a further 19 IncRNAs were differentially expressed
in fibroblasts from obese OA patients compared to normal-weight OA patients (>2-fold change, P < 0.05 for each), which
included the INcRNA for metastasis-associated lung adenocarcinoma transcript 1 (MALAT1). MALAT1 was rapidly induced
upon stimulation of OA synovial fibroblasts with proinflammatory cytokines, and was up-regulated in the synovium from
obese OA patients as compared to normal-weight OA patients (1.6-fold change, P < 0.001) or non-OA patients (6-fold
change, P < 0.001). MALAT1 knockdown in OA synovial fibroblasts (n = 4 patients) decreased the levels of mMRNA expression
and protein secretion of CXCL8 (>1.5-fold change, P < 0.01), whereas it increased expression of mRNAs for TRIM6 (>2-fold
change, P < 0.01), IL7R (<2-fold change, P < 0.01), HIST1H1C (>1.5-fold change, P < 0.001), and MAMLZ3 (>1.5-fold change,
P < 0.001). In addition, MALAT1 knockdown inhibited the proliferation of synovial fibroblasts from obese patients with OA.

Conclusion. Synovial fibroblasts from obese patients with hip OA exhibit an inflammatory phenotype. MALAT1
IncRNA may mediate joint inflammation in obese OA patients.

INTRODUCTION

Osteoarthritis (OA) has historically been considered a wear-
and-tear disease of the articular cartilage. In contrast to rheumatoid
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arthritis (RA), in which synovial inflammation (synovitis) is an active
driver of disease (1) and targeting of synovial fluid proinflammatory
cytokines is the rationale behind many of the existing RA therapeu-
tics, OA is often referred to as a noninflammatory joint disease. As
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such, OA drug development has predominantly focused on directly
targeting the catabolic and anabolic pathways of cartilage tissue,
which has been of limited success (2). However, increasing evi-
dence indicates that synovitis plays a significant role in OA joint
pathology (2-4) by exacerbating cartilage damage via the induction
of matrix metalloproteases and aggrecanases (5-7), and by hasten-
ing the onset of end-stage disease. Magnetic resonance imaging
and histologic analyses have shown that synovitis is present at all
stages of OA pathogenesis (8—10), with hyperplasia of the synovial
lining (11,12), infiltration of immune cells (13,14), and expression
of proinflammatory cytokines (15-17). The presence of synovitis
in early OA, in patients who have minimal radiographic signs of
cartilage loss (11), suggests that the emergence of synovitis may
represent an opportune point for early therapeutic intervention (3).

We recently reported that the synovial fluid in OA patients
who are obese contains greater levels of interleukin-6 (IL-6), tumor
necrosis factor (TNF), and CXCLS8, as compared to the synovial
fluid in normal-weight OA patients, and that isolated synovial fibro-
blasts from obese OA patients secrete more IL-6 (15). Obesity may
therefore drive synovial fibroblasts to adopt a more inflammatory
phenotype, thereby contributing to an inflammatory environment
in the joint to which the cartilage is exposed. As such, synovitis
may play a particularly significant role in the onset and progression
of OA in obese individuals, with implications for patient stratifica-
tion in clinical testing of antiinflammatory therapeutics (3). Further-
more, determining how obesity-associated inflammation within
the synovial joint tissue is regulated may lead to the development
of new antiinflammatory therapies, which could be of benefit to
patients diagnosed as having OA and might help prevent the
onset of disease in “at-risk” obese patient populations.

In attempting to better understand the cellular regulators
of synovial joint inflammation, investigators have identified long
noncoding RNAs (IncRNAs) (18,19) as a central regulator of the

Table 1. Characteristics of the study patients*

inflammatory response (20-24). We recently identified IncRNAs
that are associated with the inflammatory response in human OA
chondrocytes, which function by regulating the secretion of proin-
flammatory cytokines (22,25). Therefore, the aim of the present
study was to characterize the transcriptome of synovial fibroblasts
isolated from either obese or normal-weight patients with hip OA,
as well as synovial fibroblasts from normal-weight patients with hip
fracture (non-OA), in analyses using RNA-sequencing (RNA-seq)
to identify INcRNAs associated with the inflammatory synovial fibro-
blast phenotype, and to examine the expression and functional
role of metastasis-associated lung adenocarcinoma transcript 1
(MALATH), a differentially expressed INcCRNA in OA synovium.

PATIENTS AND METHODS

Patients and tissue samples. Obese and normal-weight
patients with hip OA and normal-weight patients with femoral
neck fracture (non-OA patients) who were scheduled to undergo
elective arthroplasty were recruited for the study. Ethics approval
was provided by the UK National Research Ethics Committee
(approval no. 14/ES/1044), and informed consent was obtained
from all patients. The characteristics of the study patients are
shown in Table 1.

Synovium was collected perioperatively. A portion of syno-
vium was snap-frozen in liquid nitrogen and pulverized for analysis
of RNA expression. The remaining synovium was used for isola-
tion of primary synovial fibroblasts.

Isolation and culture of primary fibroblasts from
synovium. Synovial membrane was diced (~1 mm® and cultured
in growth medium (RPMI 1640 containing 10% fetal calf serum
[FCS], 1% penicilin-streptomycin, 5% L-glutamine, 5% sodium
pyruvate, and 5% nonessential amino acids [Sigma-Aldrich]).

Obese OA Normal-weight OA Non-OA
(n=8) (n=28) (n=6)
Demographic
Age, years 65.1+4.6 65.5+2.3 69.7+£2.9
Female/male, % 50/50 50/50 50/50
Anthropometric
BMI, kg/m? 39.8+3.6 233 +0.3f 229+ 0.6t
Waist circumference, cm 92+18.6 75+8.1 =
Hip circumference, cm 100 £ 21.9 88+6.4 =
WHR 0.93+£0.02 0.82 +0.05 =
OA severity measure
Joint space width, mm 11+11 094+0.6 -
K/L radiographic grade
Median (IQR) 4(3.3-4) 4(3.3-4) -
Grade |, % 0 0 -
Grade I, % 12.5 12.5 -
Grade Ill, % 12.5 12.5 -
Grade IV, % 75 75 -

* Except where indicated otherwise, values are the mean + SEM. BMI = body mass index;
WHR = waist:hip circumference ratio; K/L= Kellgren/Lawrence; IQR = interquartile range.
T P<0.0001 versus obese patients with osteoarthritis (OA).
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Synovial fibroblasts were grown to 70-80% confluence, and phe-
notype was confirmed by identification of CD55-positive cells, as
described previously (15).

RNA-seq analysis. Synovial fibroblasts were cultured for 24
hours in culture medium containing 0.1% FCS, without antibiotics.
Total RNA was isolated using TRIzol (Life Technologies) and puri-
fied using an RNeasy column (Qiagen). RNA integrity number (RIN)
values (Agilent Bioanalyzer) were >7. Paired-end and stranded 75-
bp sequencing data were obtained using an lllumina HiSeq4000,
carried out at the Oxford Genomics Centre (Wellcome Centre for
Human Genetics, UK).

For the analysis of fibroblasts following knockdown of MALATA
INcRNA, RNA-seq was performed using a QuantSeq 3’ kit (Lexo-
gen). Sequencing data were analyzed as previously described (25).
Briefly, the paired-end reads were aligned to the human reference
genome (hg38) using Hisat2 (version 2.0.4) (26) with the follow-
ing command line options: hisat2 -q --dta --rna-strandness FR —x
<reference-genone.gtf> -1 <forward_strand.fa> -2 <reverse-strand
file.fa> -S <output.sam>. Using Samtools (27), output SAM files
were sorted and converted to BAM files (Samtools command
line sort -@ 8 —o output.bam output.sam) and indexed (Samtools
command line index —b output.bam). The profile of gene expres-
sion (using the Gencode version 27 database and additional novel
INcRNAs) (25) in the BAM files for each sample were determined
using Stringtie (26,28), with the following command line: stringtie
<sample.BAM> -G <GenCodev26.gtf> -0 <samples.gtf> -e -A
<sample.txt>. The differential expression of genes derived from
Gencode version 27 and our recently generated list of novel
IncRNAs implicated in the innate immune system (25) was assessed
with the geometric option in Cuffdiff version 2.2.1.3 (part of the Cuf-
flinks suite) (29), applying a significance threshold of g < 0.05. The
command line options were as follows: cuffdiff -FDR=0.05 --min-
alignment-count=10--library-norm-method=geometric--dispersion-
method=pooled -u <reference_genome.gtf> <control_1.bam>,
<control_x.bam> <activated_1.bam>,<activated_x.bam> -0 <out-
put_file_name>.

Principal components analysis (PCA) and hierarchi-
cal clustering. The abundance of Gencode version 27-defined
genes in individual samples was defined as the fragments per
kilobase exon per milion reads mapped (FPKM) and determined
using Stringtie (RNA) as described above. PCA and hierarchical
clustering on Gencode version 27 protein—coding genes that
demonstrated an expression value of >1 FPKM was performed
using Genesis (version 1.7.7) (30). Data were log,-transformed fol-
lowing the addition of 1 FPKM. The threshold for reporting gene
expression at FPKM >1 is based on the ability to validate sequenc-
ing data using quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) (31). RNA-seq data can be obtained from the
Gene Expression Omnibus database (at http://www.ncbi.nlm.nih.
gov/geo/).

Pathway analysis. Differentially expressed genes (defined
as those with >1.5-fold change in expression; P < 0.05) were iden-
tified using DAVID and Ingenuity Pathway Analysis (IPA) software
(online at https://www.ingenuity.com). In the DAVID analysis tool
(https://david.ncifcrf.gov), genes were analyzed using the KEGG
pathway option. Using IPA software, a core functional analysis
was performed to identify canonical pathways and predicted
upstream regulators that were significantly associated with the dif-
ferentially expressed messenger RNAs (MRNAs). The significance
of the association of a given canonical pathway with the differ-
entially expressed mRNAs was measured based on the ratio of
the number of mapped differentially expressed mRNAs in the data
set divided by the total number of genes that map to the canoni-
cal pathway, with P values calculated using Fisher’s exact test for
the association between each mRNA and the canonical pathway.
For the prediction of upstream regulators, P values and Z scores
were computed based on the significant overlap between genes
in the data set and known targets regulated by the transcriptional
regulator.

Quantitative RT-PCR. Primers for individual transcripts
(see Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41158/abstract) were designed using Primer Express 3 soft-
ware (Life Technologies). PCR was performed from total RNA
in a 1-step reaction (iTag Universal One-Step; BioRad). Relative
expression was determined using the AAC, method, followed by
normalization of values to those for 18S.

Inhibition of IncRNA expression using LNA GapmeRs.
Primary synovial fibroblasts (obtained from 4 patients) were trans-
fected with 2 different LNA GapmeR inhibitors (Exigon) targeting
MALAT1 IncRNA (30 nM) or with a control LNA inhibitor (30 n),
using Lipofectamine 3000 (Invitrogen). After 24 hours, the super-
natants were collected for cytokine analysis by enzyme-linked
immunosorbent assay (ELISA), and cells were lysed with RLT
buffer (Qiagen) for RNA extraction. All RIN values (Agilent Bio-
analyzer) were >8. RNA was analyzed by gRT-PCR and RNA-seq
analyses (QuantSeq 3’; Lexogen). RNA-seq data were analyzed
using Cuffdiff to identify differentially expressed genes.

Determination of synovial fibroblast proliferation.
Proliferation of synovial fibroblasts was determined using a Cell-
Titer 96 Aqueous One Solution Cell Proliferation Assay kit (Pro-
mega) in accordance with the manufacturer’s instructions. Briefly,
cells were cultured in 96-well plates and, following the addition of
MTS reagent, the absorbance at 490 nm was measured using a
microplate reader (SynergyHT; BioTek).

Statistical analysis. Data were analyzed using GraphPad
Prism 6 software. Groups were compared by one-way analysis
of variance with Dunnett’s test for multiple comparisons. Data are
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presented as the mean + SEM, with P values less than 0.05 defin-
ing statistically significant differences.

RESULTS

Inflammatory phenotype of synovial fibroblasts
isolated from obese OA patients. Synovial fibroblasts from
normal-weight non-OA patients, normal-weight OA patients, and
obese OA patients (n = 6 patients per group) were cultured for
24 hours, and the secretion of IL-6 and CXCL8 was determined
by ELISA. Compared to the normal-weight non-OA group, syno-
vial fibroblasts from normal-weight OA patients secreted moder-
ately more IL-6 (1.5-fold increase, P < 0.01), although there was
no difference in the secretion of CXCL8 (Figure 1A). In contrast,
the secretion of both IL-6 (P < 0.001) and CXCL8 (P < 0.05)
was markedly elevated in synovial fibroblasts from obese OA
patients compared to normal-weight OA and non-OA patients
(Figure 1A).

Furthermore, synovial fibroblasts from obese OA patients
were more highly proliferative. Thus, fibroblasts from obese OA
patients exhibited a more rapid increase in cellular confluence (as
determined using IncuCyte cell analysis software) over the first 24
hours following passaging, compared to either normal-weight OA
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Figure 1. Inflammatory phenotype of synovial fibroblasts from
obese patients with hip osteoarthritis (OA). A, Protein secretion
of interleukin-6 (IL-6) and CXCL8 in primary synovial fibroblasts
from normal-weight non-OA, normal-weight OA, and obese OA
patients (n = 6 per group), as quantified in culture supernatants by
enzyme-linked immunosorbent assay. B, Percentage increase in
confluency of synovial fibrobasts over 24 hours (n = 3 patients per
group), as measured by IncuCyte cell analysis. C, Proliferation of
synovial fibrobasts after 7 days of culture (n = 3 patients per group),
as measured by MTS assay. Results are the mean + SEM.
*=P<0.05 ™ =P<0.01; ™ =P < 0.001, by analysis of variance
with Bonferroni’s post hoc test.

or non-OA patient fibroblasts (Figure 1B). After 7 days of culture,
cell numbers of obese OA patient fibroblasts were significantly
greater than those of normal-weight OA and non-OA patient fibro-
blasts, as determined by MTS assay (Figure 1C).

To further investigate the phenotype of these cells, we next
isolated total RNA from the synovial fibroblasts obtained from all
3 patient groups (n = 4 patients per group) and subjected it to
75-bp, paired-end RNA-seq analysis on an lllumina 4000 (per-
formed at the Wellcome Trust Sequencing Unit, University of
Oxford, UK). Comparison of the synovial fibroblast expression
profile between normal-weight patients with OA and normal-
weight non-OA patients identified up-regulation of 344 mMRNAs
and down-regulation of 606 mMRNAs (>2-fold change, P < 0.05;
change in FPKM >1) (Figures 2A and B, and Supplementary
Tables 2 and 3, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41158/abstract).
We employed an FPKM cutoff value of >1 based on prior research
from the Sequence Quality Control Consortium (31), which
showed that this was the level that could be reliably confirmed by
gRT-PCR. In addition, our previous studies have shown that IncR-
NAs and mRNAs have a mean expression level of 2.14 FPKM and
7.03 FPKM, respectively (23) and that cutoffs significantly higher
than >1 FPKM would likely preclude large numbers of INCRNAs.

Pathway analysis (using DAVID) of these differentially expressed
mRNAs in normal-weight OA patients compared to normal-weight
non-OA patients revealed that the top canonical pathways that
were associated with the up-regulated genes were the extracellu-
lar matrix—receptor interaction and complement/coagulation cas-
cade pathways, whereas among the down-regulated genes, the
top associated pathways were those for cell cycle, RNA replica-
tion, and cytokine—cytokine interactions (Figure 2C). This was con-
firmed by IPA, which identified the top pathway as cell cycle control
of chromosomal replication, and also identified the top upstream
regulator as CDKN2, which encodes 2 proteins (p16 INK4a and
p14 arf) that regulate the cell cycle (see Supplementary Tables 4
and 5, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41158/abstract).

Comparison of synovial fibroblasts between normal-weight
OA patients and obese OA patients showed that a total of 377
mRNAs were up-regulated and 238 mRNAs were down-regulated
(>2-fold change, P < 0.05; change in FPKM >1) (Figures 2A and
B, and Supplementary Tables 2 and 3 [http://onlinelibrary.wiley.
com/doi/10.1002/art.41158/abstract]). In contrast to the compar-
ison between the normal-weight OA and non-OA patient groups,
pathway analysis revealed that the most significant up-regulated
canonical pathways in obese OA patient fibroblasts were inflam-
mation related, and included cytokine—cytokine interactions,
nucleotide-binding oligomerization domain-like receptor signa-
ling, Toll-like receptor signaling, and chemokine signaling path-
ways (Figure 2C). This inflammatory phenotype was confirmed
using IPA (Supplementary Table 4 [http://onlinelibrary.wiley.com/
doi/10.1002/art.41158/abstract]).
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Figure 2. Differentially expressed mRNAs in osteoarthritis (OA) synovial fibroblasts identified using RNA-sequencing (RNA-seq) analysis. A,
Heatmap showing fold increase in mMRNA expression in synovial fibroblasts from normal-weight (NW) non-OA, normal-weight OA, and obese
OA patients (n = 4 per group), as determined by RNA-seq. Dendograms were created using the average linkage weighted-pair group method
with arithmetic mean. B, Venn diagrams of the number of differentially expressed mRNAs (defined as >2-fold change in expression [P < 0.05])
and absolute change in expression of >1 fragments per kilobase exon per million reads mapped between normal-weight non-OA and normal-
weight OA patient fibroblasts, and between normal-weight OA and obese OA patient fibroblasts. C, Top canonical pathways of the differentially
expressed mMRNAs between normal-weight OA and normal-weight non-OA patient fibroblasts, and between obese OA and normal-weight OA
patient fibroblasts, as determined by DAVID pathway analysis. D, Differential mMRNA expression of genes representing each of the canonical
pathways between normal-weight non-OA and normal-weight OA patient fibroblasts (n = 3 per group), and between normal-weight OA and
obese OA patient fibroblasts (n = 4 per group), as determined by quantitative reverse transcription—-polymerase chain reaction. * = P < 0.05;
=P < 0.01. ECM = extracellular matrix; NOD = nucleotide-binding oligomerization domain.

We then selected key representative genes for each of the OA patient fibroblasts and non-OA patient fibroblasts uncovered
identified significant canonical pathways and performed gRT- 19 IncRNAs that were differentially expressed (>2-fold change,
PCR analysis of independent samples to validate the differential P < 0.05; change in FPKM >1) (Supplementary Table 6, available
expression of each gene between normal-weight non-OA and on the Arthritis & Rheumatology web site at http://onlinelibrary.
normal-weight OA patient fibroblasts (n = 3 patients) or between wiley.com/doi/10.1002/art.41158/abstract). This included 16 long
normal-weight OA and obese OA patient fibroblasts (n = 4 intergenic noncoding RNAs (incRNAs) and 3 antisense IncR-
patients). The expression of Col11A1 and CFH was confirmed NAs, of which 10 lincRNAs were up-regulated and 6 were down-
to be significantly up-regulated while the expression of CDK?7, regulated in normal-weight OA patient fibroblasts compared to
MCMB, MSH2, and CXCL6 was confirmed to be significantly normal-weight non-OA patient fibroblasts (Figures 3A and B).
down-regulated in fibroblasts from normal-weight OA patients as Comparison between synovial fibroblasts from obese OA
compared to fibroblasts from normal-weight non-OA patients. The patients and synovial fibroblasts from normal-weight OA patients
expression of CXCL8, IL6, CXCL5, IL13, and CCL2 was found identified a total of 19 differentially expressed INcRNAs (Sup-
to be significantly increased in synovial fibroblasts from obese plementary Table 6 [http://onlinelibrary.wiley.com/doi/10.1002/
OA patients as compared to fibroblasts from normal-weight OA art.41158/abstract]). Again, this included both antisense and lin-
patients (Figure 2D). cRNAs, of which the majority were lincRNAs (15). We observed

that 9 lincRNAs were up-regulated and 6 were down-regulated

Identification of IncRNAs associated with the in- in obese OA patient fibroblasts compared to normal-weight OA
flammatory phenotype of synovial fibroblasts from patient fibroblasts (Figures 3A and B). Among these liNncRNAs,
obese OA patients. \We next analyzed the RNA-seq data to MALAT1 demonstrated the largest absolute increase in expres-
identify INcRNAs that were differentially expressed in synovial fibro- sion, rising from 37 FPKM in normal-weight OA to 79 FPKM in

blasts between the groups. Initial comparison of normal-weight obese OA (Supplementary Table 6).
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Figure 3. Inflammation-associated long noncoding RNAs (IncRNAs) in osteoarthritis (OA) synovial fibroblasts. A, Categorization of the
differentially expressed INcRNAs, including antisense and long intergenic noncoding RNAs (lincRNAs), between normal-weight OA and non-
OA patient fibroblasts and between obese OA and normal-weight OA patient fibroblasts, as identified by RNA-sequencing. B, Heatmaps of
differentially expressed lincRNAs in normal-weight non-OA, normal-weight OA, and obese OA patient synovial fibroblasts. C, Time course of
expression of IL6 mMRNA and lincRNAs, as determined by quantitative reverse transcription—polymerase chain reaction in primary human OA
synovial fibroblasts over 24 hours following exposure to either interleukin-1(3 (IL-13) (1 ng/ml), tumor necrosis factor (TNF) (10 ng/ml), leptin
(100 ng/ml), or visfatin (100 ng/ml). Results are the mean + SEM (n =3). * =P < 0.05; T = P < 0.01; £ = P < 0.001 versus time 0, by analysis of
variance with repeated measures. Color figure can be viewed in the online issue, which is available athttp://onlinelibrary.wiley.com/doi/10.1002/

art.41158/abstract.

Rapid induction of obesity-associated lincRNAs in
response to cytokine stimulation of OA synovial fibro-
blasts. Of the lincRNAs differentially expressed between normal-
weight OA and obese OA synovial fibroblasts, we selected 7
(namely, MALAT1 as well as the lincRNAs CARMN, AF131217.1,
miR155HG, LINC01705, RP11-863p13.3, and RP11-367F23.2)
and examined their expression in response to an inflammatory
challenge. To this end, OA fibroblasts were stimulated with either
IL-1B (1 ng/ml), TNF (10 ng/ml), leptin (100 ng/ml), or visfatin (100
ng/ml), and the time course of expression of the 7 incRNAs and
of IL6 mRNA was measured over 24 hours.

As expected, stimulation of OA fibroblasts with either IL-1(3,
TNF, leptin, or visfatin induced an increase in IL6 MRNA expression
(Figure 3C). Examination of incRNA expression in the OA syno-
vial fibroblasts showed that only the expression of MALAT1 and

CARMN were significantly increased in response to stimulation
with each of the 4 cytokines, with MALAT1 demonstrating the
largest fold changes (Figure 3C). Furthermore, expression of
miR155HG increased in response to TNF and leptin, RP11-
863p and RP11-367 increased in response to IL-1(3, TNF, and
leptin, AF131217 increased in response to TNF, and LINC0O1705
increased in response to visfatin (Figure 3C). Notably, we found
that the synovial fluid cytokine concentrations of TNF (P < 0.01)
and leptin (P < 0.05) were significantly elevated in obese OA
patients compared to normal-weight OA patients, and both were
significantly correlated with the expression of MALAT1, IL6, and
CXCLS8 in obese OA patients (see Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology web site at http://onlinelibr
ary.wiley.com/doi/10.1002/art.41158/abstract). The level of IL-1[3
was also elevated in synovial fluid from obese OA patients com-
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pared to normal-weight OA patients, although this difference did
not reach statistical significance (P = 0.07). Nevertheless, IL-1[3
synovial fluid concentrations were significantly correlated with
the expression of MALAT1 (P < 0.01) (Supplementary Figure 1).
Given that MALAT1 showed both the largest absolute change
in expression between normal-weight OA and obese OA patient
fibroblasts and was ubiquitously induced (with the largest fold
changes) in response to inflammatory mediators, subsequent
studies were focused on elucidating the in vivo relevance and
function of MALATT.

Differential expression of MALAT1 in inflammatory
OA synovial tissue. To examine the potential in vivo relevance
of MALAT1, we extracted total RNA from the synovium of normal-
weight non-OA patients (n = 6), normal-weight OA patients
(n = 8), and obese OA patients (n = 8). Expression of MALAT1 was
significantly up-regulated in normal-weight OA patient synovium
compared to normal-weight non-OA patient synovium, and was
further increased in obese OA patient synovium (Figure 4A). Inter-
estingly, down-regulation of MALAT1T mRNA expression was
associated with increased expression of the inflammatory genes
IL6 and CXCLS (Figure 4A).

Regulation of the inflammatory response and cell
proliferation by MALAT1 in fibroblasts from obese OA
patients. Subsequently, we undertook knockdown studies to
ascertain whether changes in MALAT1 expression could be caus-
ally linked to the increased inflammatory and proliferative response
of synovial fibroblasts from obese OA patients. To this end, fibro-
blasts from obese OA patients were transfected with 2 different
LNA GapmeRs targeting MALAT1 or with a nontargeting control
LNA (each at 30 nM; Exiqgon). Both MALAT1 LNAs produced a
>90% knockdown in expression of MALAT1 mRNA after 24 hours,
compared to cells transfected with the nontargeting control LNA
(Figure 4B). Fibroblasts depleted of MALAT1 expressed signifi-
cantly reduced levels of CXCL8 mRNA and CXCLS8 protein secre-
tion (Figure 4C). Furthermore, fibroblasts depleted of MALAT1 also
displayed significantly reduced cellular proliferation as compared
to fibroblasts transfected with control LNA, both at 48 hours and
after 5 days of culture (Figure 4D).

To further investigate the role of MALAT1 on the OA syno-
vial fibroblast transcriptome, we then performed an additional
MALAT1 loss-of-function study. To this end, OA synovial fibro-
blasts (n = 4 patients) were transfected for 24 hours with 1 of 2
different LNA GapmeRs targeting MALAT1 or with a nontargeting
control LNA (each at 30 nM; Exiqon), and total RNA was sub-
jected to RNA-seq analysis (Lexogen).

In total, RNA-seq identified 28 mRNAs, including CXCL8
mRNA, that were differentially expressed (>1.5 fold, P < 0.05) fol-
lowing MALAT1 knockdown, with comparable findings yielded by
both MALAT1 LNA GapmeRs (Figures 5A and B, and Supple-
mentary Tables 7 and 8, available on the Arthritis & Rheumatology
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Figure 4. Expression and functional role of the long noncoding
RNA (IncRNA) for metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) in osteoarthritis (OA) synovial tissue. A,
Differential expression of MALAT1 IncRNA and inflammatory IL6 and
CXCL8 mRNAs in normal-weight non-OA (n = 6), normal-weight OA
(n = 8), and obese OA (n = 8) patient synovial tissue. Expression
was determined by quantitative reverse transcription—polymerase
chain reaction (QRT-PCR), with values normalized to the values for
18S. * = P < 0.05; ** = P < 0.01; ™ = P < 0.001, by analysis of
variance (ANOVA) with Bonferroni’s post hoc test. B, LNA-mediated
knockdown of MALAT1 in OA synovial fibroblasts. Synovial fibroblasts
were transfected for 24 hours with either a control LNA or 2 different
MALAT1 LNA GapmeRs. MALAT1 knockdown was determined by
gRT-PCR, with values normalized to the values for 18S. C, Effect
of LNA-mediated MALAT1 knockdown using 2 different MALAT1
LNA GapmerRs on the expression of CXCL8 mRNA and secretion
of CXCLS8 protein in OA fibroblasts (n = 4 patients). Expression of
mMRNA was determined by qRT-PCR, with values normalized to the
values for 18S. CXCL8 protein was measured by enzyme-linked
immunosorbent assay. InB and C, * = P < 0.05; ** =P < 0.01; ** =
P < 0.001 versus control LNA-transfected fibroblasts, by ANOVA
with Dunnett’s post hoc test. D, Effect of LNA-mediated knockdown
of MALAT1 on the proliferation of OA synovial fibroblasts 48 hours
and 5 days posttransfection, as determined by MTS assay. ** =
P < 0.001 versus control LNA-transfected fibroblasts, by ANOVA.
Results are the mean + SEM.

web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41158/
abstract).

The effect of MALAT1 knockdown on the differential expres-
sion of the mRNAs for CXCL8, TRIM6, IL7R, HIST1H1C, and
MAML3 was then validated by gRT-PCR, and a significant correla-
tion in the fold change data was observed between the RNA-seq
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Figure 5. RNA-sequencing (RNA-seq) analysis of the effects of knockdown of the metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) long noncoding RNA in OA synovial fibroblasts. A, Volcano plots and heatmaps of RNA-seq data showing fold change (FC) in the
differentially expressed mRNAs (fold change >1.5, P < 0.05) after knockdown with either MALAT1 LNA1 or MALAT1 LNA2 GapmeRs compared
to control LNA (n = 4 patients per group). B, Heatmap of expression of mMRNAs for the 28 differentially expressed genes (fold change >1.5, P <
0.05), following knockdown with the MALAT1 GapmeRs compared to control LNA. C, Comparison of RNA-seq counts with quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) relative expression data for the MALAT1, CXCLS8, TRIM6, IL7R, HIST1H1c, and MAML3
genes, and Pearson’s analysis of correlation between the PCR fold change data and RNA-seq fold change data. Results are the mean + SEM.
*=P<0.05 *=P<0.01;, ™ =P < 0.001 versus control LNA-transfected fibroblasts, by analysis of variance with Dunnett’s post hoc test.
D, Top cellular processes and disease functions as determined by Ingenuity Pathway Analysis of the differentially expressed mRNAs (fold
change >1.5, P < 0.05) following MALAT1 knockdown. Color figure can be viewed in the online issue, which is available athttp://onlinelibrary.
wiley.com/doi/10.1002/art.41158/abstract.

and qRT-PCR analyses (r = 0.93, P = 0.001) (Figure 5C). Further tory control in comparative studies of patients with rheumatoid

investigation using pathway analysis of the 28 differential mMRNAs arthritis. Importantly, in the present study we demonstrate, for the

revealed that the most significantly affected cellular processes first time, that synovial fibroblasts isolated from the synovium of

included those for cellular growth and proliferation, while the most patients with hip OA exhibit a more inflammatory and proliferative

significantly affected disease functions included inflammatory phenotype in those patients who are obese, compared to normal-
response and inflammatory disorders (Figure 5D). weight OA patients.

Synovial fibroblasts from obese OA patients secreted greater

DISCUSSION protein amount§ of IL-6 anq CXCLS8 than did sylnovial fibroblasts

from normal-weight OA patients. Notably, OA disease processes

The role of synovitis as a disease driver in OA has been largely in the absence of obesity had little effect on the inflammatory phe-

understudied, with OA tissue often being used as a noninflamma- notype of the synovial tissue. For example, synovial tissue mRNA
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expression and protein secretion of CXCL8 from isolated synovial
fibroblasts did not differ between normal-weight OA patients and
normal-weight patients without OA. Likewise, there was no dif-
ference in the synovial tissue expression of IL-6 between non-OA
and OA patients of normal weight, and only a small increase in IL-6
secretion in synovial fibroblasts from normal-weight OA patients
compared to synovial fibroblasts from non-OA patients. Further-
more, the proliferative activity of fibroblasts was similar between
non-OA and normal-weight OA.

Transcriptomics analysis of synovial fibroblasts revealed that
obese OA patient synovial fioroblasts exhibited differential expres-
sion of a plethora of inflammatory mRNAs (including cytokines,
chemokines, and their receptors), compared to normal-weight
OA patient fibroblasts. Pathway analysis of these differentially
expressed MRNAs predicted a significant role of activation
chemokine signaling pathways.

These findings may have important implications for patient
stratification. Clinical trials of antiinflammatory therapies in OA have
produced disappointing results (3). Adalimumalb, a TNF-neutralizing
antibody, was deemed ineffective at reducing disease activity in
patients with erosive hand OA (32). Similarly, treatment of knee OA
patients with AMG108, an IL-13 receptor—neutralizing antibody,
failed to significantly reduce pain (33). However, these trials did not
select patients based on their degree of synovial inflammation. Nota-
bly, in a clinical trial of the effectiveness of adalimumab to alleviate
knee pain in OA, 40% of patients had a 50% improvement in their
pain score (34). Our data would suggest that the degree of syno-
vial inflammation in the patients recruited for these studies would
have been dependent on their body mass index. Given our find-
ings, it would be pertinent to consider whether those patients who
responded were obese and exhibited greater synovial inflammation.

In addition to coding genes, our study has identified several
INcRNAs that are differentially expressed in OA patient fibroblasts
compared to non-OA patient fibroblasts, as well as INcRNAs that
are differentially expressed in obese OA patient fibroblasts com-
pared to normal-weight OA patient fibroblasts. Given the poten-
tial clinical implications of the inflammatory phenotype of synovial
fioroblasts in obese patients with OA, it was notable that the
majority of the differentially expressed INcCRNAs were classified as
lincRNAs. Evidence has emerged to indicate that IncRNAs are
central regulators of the inflammatory response in multiple cell
types. Indeed, we recently identified lincRNAs associated with
the human OA chondrocyte inflammatory response, which were
induced in response to an inflammatory challenge and functioned
to mediate the production of IL-6 (22).

In the present study we found that the expression of obesity-
associated liNncRNAs in synovial fibroblasts was modulated by
stimulation with proinflammatory cytokines and adipokines. Of
the lincRNAs investigated, MALAT1 was the most responsive to
proinflammatory challenge, being rapidly induced following stim-
ulation of synovial fibroblasts. This induction was transient, with
MALAT1 expression returning to baseline levels within 24 hours,

and occurred prior to an increase in the expression of IL6 and
CXCL8 mRNA. Such rapid and transient expression in response
to an inflammatory challenge is indicative of MALAT1 being an
important regulator of synovial fibroblast inflammation, which is
supported by our finding that depletion of MALAT1 from obese OA
patient synovial fibroblasts reduced the expression and secretion
of CXCL8, and globally had an impact on mRNAs that regulate
cellular growth and proliferation and the inflammatory response,
including IL7R, TRIM6, HIST1H1C, and MAML3. There is prece-
dent for a role of MALAT1 as a regulator of inflammation, includ-
ing the regulation of CXCL8. In hepatocellular carcinoma cells,
MALAT1 knockdown decreased the expression of CXCL8 and IL-6
(85). In human endothelial cells, depletion of MALAT1 with small
interfering RNA (siRNA) reduced the expression of TNF and IL-6
(36,37), while MALAT1 knockdown in monocytes from patients
with systemic lupus erythematosus reduced the expression of IL-
21 (38). In vivo, inflammation markers, including IL-6, IL-1[3, TNF,
and interferon-y, were all supressed in MALAT 1-knockout diabetic
mice compared to wild-type mice (36). Mechanistically, MALATA
has recently been reported to bind to and modulate NF-kB activ-
ity, thereby regulating the lipopolysaccharide-induced inflamma-
tory response (39,40).

We also found that depletion of MALAT1 reduced the pro-
liferation of synovial fibroblasts from obese OA patients, sug-
gesting that targeted inhibition of MALAT1 in the synovial joint
could have the dual action of reducing both synovial inflammation
and hyperplasia. Several studies using cancer cell models have
demonstrated that MALAT1 is a regulator of cellular proliferation.
Knockdown of MALAT1 by siBRNA in non-small cell lung cancer
A549 cells inhibited their proliferation both in vitro and in a xeno-
graft tumor growth model (41). Similarly, knockdown of MALAT1
inhibited the proliferation of the human triple-negative breast can-
cer cell line MDA-MB-453 (42).

It is important to note that our study only examined the
synovium from patients with hip OA. Similar to the knee, the hip
is a weight-bearing joint. Therefore, the obesity-associated inflam-
matory synovial fibroblast phenotype described herein may be
initiated and promoted by excess loading on the joint. However,
obesity is associated with OA in both weight-bearing and non-
weight-bearing joints, supporting the notion that the effect of obe-
sity is not simply attributable to increased joint loading. Indeed, it is
known that obesity is associated with increased circulatory levels
of proinflammatory cytokines and adipokines (43,44). We previ-
ously reported that the adipokine resistin is elevated systemically
and more highly expressed in the synovial joint tissue in obese
patients with hip OA as compared to normal-weight patients with
hip OA (45), and it was recently found that patients with hand
OA exhibit increased circulatory levels of resistin (46). Thus, the
obesity-associated inflammatory synovial fibroblast phenotype
may be replicated in non—weight-bearing OA joints.

In summary, these data demonstrate that obesity in OA
patients is associated with an inflammatory synovial fibroblast
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phenotype, and further supports the notion that IncRNAs, and
in particular MALAT1, are central regulators of the inflammatory
response in the OA synovial joint. Determining the effect of obesity
on the inflammatory phenotype of synovial tissue in both weight-
bearing and non-weight-bearing joints and the relationship to
the expression and functional role of INCRNAs will provide new
insights into our understanding of how OA joint inflammation is
regulated, and may lead to the development of novel antiinflam-
matory disease-modifying therapies or to the repurposing of exist-
ing therapies for OA.
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GRKS5 Inhibition Attenuates Cartilage Degradation via
Decreased NF-kB Signaling
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Objective. NF-kB-dependent signaling is an important modulator in osteoarthritis (OA), and G protein—coupled
receptor kinase 5 (GRK5) regulates the NF-kB pathway. This study was undertaken to investigate the functional in-
volvement of GRK5 in OA pathogenesis.

Methods. GRK5 expression in normal and OA human knee joints was analyzed immunohistochemically. Gain- or
loss-of-function experiments were performed using human and mouse chondrocytes. OA was induced in GRK5-
knockout mice by destabilization of the medial meniscus, and histologic examination was performed. OA was also
induced in wild-type mice, which were then treated with an intraarticular injection of amlexanox, a selective GRK5
inhibitor, every 5 days for 8 weeks.

Results. GRK5 protein expression was increased in human OA cartilage. In vitro, expression levels of OA-related
factors and NF-kB transcriptional activation were down-regulated by suppression of the GRK5 gene in human OA
chondrocytes (3.49-fold decrease in IL6 [P < 0.01], 2.43-fold decrease in MMP13 [P < 0.01], and 2.66-fold decrease
in ADAMTS4 [P < 0.01]). Conversely, GRK5 overexpression significantly increased the expression of OA-related
catabolic mediators and NF-kB transcriptional activation. On Western blot analysis, GRK5 deletion reduced IkBa
phosphorylation (up to 4.4-fold decrease [P < 0.05]) and decreased p65 nuclear translocation (up to 6.4-fold decrease
[P < 0.01]) in mouse chondrocytes. In vivo, both GRK5 deletion and intraarticular amlexanox protected mouse carti-
lage against OA.

Conclusion. Our results suggest that GRK5 regulates cartilage degradation through a catabolic response mediat-
ed by NF-kB signaling, and is a potential target for OA treatment. Furthermore, amlexanox may be a major compound

in relevant drugs.
INTRODUCTION

Osteoarthritis (OA) is a degenerative disease driven in part
by signaling mechanisms induced by stress- and inflammation-
induced factors (1). NF-kB signaling is known to be widely involved
in OA pathophysiology and cartilage homeostasis through various
mechanisms, including cell survival, differentiation, and inflam-
mation, and is induced in OA chondrocytes during aging and
inflammation (2-4). Therefore, targeted strategies that interfere
with NF-kB signaling may be novel therapeutic options for OA
treatment (5).

Supported by the Japan Society for the Promotion of Science (Grant-
in-Aid for Young Scientists [A] 17H05097).

'Takuya Sueishi, MD, Yukio Akasaki, MD, PhD, Norio Goto, MD,
PhD, Ichiro Kurakazu, MD, Masakazu Toya, MD, Masanari Kuwahara,
MD, Taisuke Uchida, MD, Mitsumasa Hayashida, MD, PhD, Hidetoshi
Tsushima, MD, PhD, Yasuharu Nakashima, MD, PhD: Kyushu University
Graduate School of Medical Sciences, Fukuoka, Japan; Hirofumi
Bekki, MD, PhD: Kyushu University Graduate School of Medical
Sciences, Fukuoka, Japan, and Scripps Research Institute, San Diego,

620

In the resting state, NF-kB dimers are inactive in the cyto-
plasm because of their association with IkB. When IKK is acti-
vated by extracellular stimuli, kB proteins are phosphorylated at
Ser*”®® and degraded. Following this activity, NF-kB dimers are
released, then migrate to the nucleus, leading to specific gene
transactivation (6).

A previous study demonstrated that G protein—coupled
receptor kinase 5 (GRK5) independently phosphorylated IkBa at
the same Ser***® phosphorylated by IKK in a mouse macrophage
cellline (7). Consistent with this biochemical finding, another study
using GRK5-knockout mice found that GRKS5 positively regulated
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the NF-kB pathway in cardiomyocytes (8). In addition, IkBa
phosphorylation and p65 nuclear translocation were significantly
reduced in lipopolysaccharide (LPS)-treated, GRK5-deficient
peritoneal macrophages (9). However, another group reported
the opposite results; namely, that interaction between GRK5 and
IkBa promoted the nuclear accumulation of IkBa, resulting in inhi-
bition of NF-kB activity in endothelial cells (10). Thus, the role of
GRK5 in the NF-kB pathway remains a subject of controversy.
GRKs, which comprise 7 subfamilies, have been functionally
linked to a number of cell signaling processes, related not only to
their role in G protein—coupled receptor (GPCR) phosphorylation
and desensitization (11), but also to their ability to phosphorylate
a number of intracellular signaling proteins (12,13). In particular,
GRK5 has been reported to phosphorylate histone deacetylase
5 (HDAC-5) (14), arrestin 2 (15), and p53 (16), as well as IkBa.
Therefore, GRK5 has been proposed to be a critical kinase in the
pathogenesis of several conditions, including endotoxemia (9),
cardiac hypertrophy (14), sepsis (17), Alzheimer’s disease (18),
and cancer (19).

It was hypothesized that GRK5 plays an important role in
the pathogenesis of OA because of its ubiquitous expression and
ability to regulate NF-kB signaling. This study aimed to investigate
the functional involvement of GRK5 in OA pathogenesis using
cartilage tissue and cells from both humans and GRK5-knockout
mice. Identifying the mechanisms whereby GRK5 regulates OA
progression may provide new insights into the development of
potential therapies.

MATERIALS AND METHODS

Clinical samples. Human knee joints from individuals ages
17-88 years were obtained at autopsy with the approval of the
Scripps Human Subjects Committee, or obtained from patients
undergoing total knee arthroplasty, with the approval of the Ethics
Committee of Kyushu University Hospital. The entire femoral con-
dyles of normal knee joints were harvested from 5 donors (mean
+ SD age 29.8 + 10.0 years [range 17-43 years]; OA grade |) with
no history of joint disease. Human OA joints were obtained from
5 donors (mean + SD age 68.6 + 18.5 years [range 49-88 years|;
OA grade lII-IV). Written informed consent was obtained from all
subjects.

Immunohistochemical analysis of human knee
joints. Osteochondral slabs were fixed in 4% paraformaldehyde
for 2 days. After decalcification, the femoral condyles were cut
(into 4-um-thick sections) along the sagittal plane and embedded
in paraffin. The severity of OA was classified based on the degree
of cartilage surface fibrillation. Slightly and severely fibrilated areas
were collected from the weight-bearing regions of each of the 5
OA donors. Antigen retrieval was performed overnight with 1 mM
EDTA at pH 8.0. Endogenous peroxidase activity was blocked
by 3% hydrogen peroxidase in methanol for 30 minutes. For the

blocking procedure, each specimen was placed in normal horse
serum for 20 minutes, then incubated for 1 hour at room temper-
ature with primary anti-GRK5 antibody (Proteintech). Finally, the
samples were counterstained with hematoxylin.

Quantification of positive cells in human cartilage.
GRK5 localization in each cartilage zone was systematically
assessed by counting the number of positive cells in 3 images
in each zone under 40x magnification, starting from the cartilage
surface and continuing to the deep zone. The identification of
each zone was based on previously reported characteristics (20).
The frequency of positive cells was expressed as a percentage
relative to the total number of cells counted in each zone with the
BZ-1l Analyzer software program (Keyence).

Cell isolation from human OA knee joints. Human
articular cartilage fragments were collected aseptically from OA
patients who had undergone knee joint arthroplasty at Kyushu
University Hospital. The cartilage fragments were then digested
with 2 mg/ml of collagenase for 12 hours. Chondrocytes were
then cultured in a 10-cm dish in Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 with 10% fetal bovine serum (FBS), then
used in the experiments at the time of subconfluence (1-2 weeks
or less in primary culture). Normal human chondrocytes were
purchased from Lonza.

Small interfering RNA (siRNA) transfection and
quantitative real-time polymerase chain reaction (PCR).
Human OA chondrocytes were seeded in 12-well plates at a den-
sity of 0.75 x 10° cells/well with DMEM and 10% FBS. After 1
day, siRNA targeting GRK5 (siGRK5) (8 n\M) was transfected into
cells using Lipofectamine RNAIMAX (ThermoFisher Scientific).
Small interfering GRK5 and control siRNA (siCtrl) were purchased
from Santa Cruz Biotechnology. Thirty-six hours after transfection,
cells were serum-starved for 12 hours, then stimulated with LPS
(10 pg/ml) or interleukin-1(3 (IL-1(3; 1 ng/ml) for 6 hours. Total RNA
was extracted using TRIzol reagent (ThermoFisher Scientific).
Complementary DNA (cDNA) was synthesized using a PrimeS-
cript RT Reagent kit (Takara Bio), and the resulting cDNA was
amplified with PCR using a commercially available kit (SYBR Pre-
mix Ex Taq; Takara Bio). All PCR reactions were performed using
a LightCycler 2.0 Instrument (Roche). Expression levels of /L6,
MMP13, ADAMTS4, ADAMTS5, NOS2, and GAPDH were exam-
ined. The relative ratio of each target gene to GAPDH was calcu-
lated. The primers are listed in Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41152/abstract.

Luciferase assay. Small interfering RNA-transfected hu-
man OA chondrocytes were simultaneously transfected with
PNL3.2  (NlucP/NF-kB-RE/Hygro; Promega), and pGL-CMV
(luc2/CMV/Neo; Promega) vectors using Lipofectamine 3000
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(ThermoFisher Scientific). Thirty-six hours after transfection, cells
were serum-starved for 12 hours, then stimulated with LPS
(10 pg/ml) for 6 hours. Lysates were prepared and analyzed using
a Dual Luciferase System (Promega).

Amlexanox treatment of human OA chondrocytes.
After human OA chondrocytes were serum-starved for 12 hours,
they were treated for 48 hours with 10 pM or 100 uM amlexanox
(MedChem Express), previously identified to be a GRKS5 inhibitor
(21). After amlexanox treatment for 48 hours, cells were stimulated
with LPS (10 pg/ml) for 6 hours.

Enzyme-linked immunosorbent assay (ELISA). After
amlexanox treatment for 48 hours, human OA chondrocytes were
stimulated with LPS (10 pg/ml) for 24 hours. The concentrations
of IL-6 and matrix metalloproteinase 13 (MMP-13) in the super-
natant were measured using Human IL6 and MMP13 ELISA kits
(R&D Systems).

GRK5 overexpression. Recombinant adenoviral vector
encoding constitutively active GRKS and control Ad-GFP were
purchased from Vector BiolLabs. Normal chondrocytes were
infected with adenovirus using Lipofectamine 3000 at 100 multi-
plicities of infection with or without amlexanox (100 pM). Thirty-six
hours after infection, cells were serum-starved for 12 hours, then
stimulated with LPS (10 pg/ml) for 6 hours. Fifty-four hours after
infection, cells were collected.

Cytotoxicity assay. Human OA chondrocytes were seeded
into the wells of a 96-well plate at a density of 5,000 cells/well and
cultured overnight. Then 10 pl of amlexanox solution was added
at various concentrations (10 pM and 100 pM). A Cell Counting
Kit-8 (CCK-8) assay (Dojindo) was then performed at 24, 48, and
72 hours after amlexanox treatment according to the instructions
of the manufacturer.

Mice. GRK5-deficient mice (GRK5™) and wild-type
(WT) mice with a C57BL/6 background were used in all ani-
mal experiments. GRK5”~ mice were obtained from Dr. Kurose
(Kyushu University). These GRK5-deficient mice were gen-
eral knockout mice originally generated by Dr. R. T. Premont
(Duke University, Durham, NC) (22). The sequences of the primers
used for genotyping are shown in Supplementary Table 2, availa-
ble on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41152/abstract. All experiments were
performed according to the guidelines of Kyushu University.

Histologic sections of growth plate from mice at embryonic
day 16.5 and postnatal day O were stained with hematoxylin and
eosin. Histologic sections of knee joints from 4-week-old mice
(n = 5) were stained with toluidine blue to measure the thickness
of growth plate cartilage and total articular cartilage in 2 images
per section. Double staining of mouse embryo skeletons was

performed with a solution containing alizarin red S and Alcian blue
8 GX (Sigma-Aldrich).

Isolation of cells from mouse knee joints. Immature
chondrocytes were obtained from 5-day-old GRK5™~ and WT mice
and cultured as described previously (23). Under clean operating
conditions, the femurs were dislocated, and the soft tissues around
the joints were discarded. Isolated femoral condyles and tibial pla-
teaus from 2 litters were agitated until all soft tissues detached from
the cartilage pieces; the cartilage was then digested with 2 mg/ml of
collagenase for 12 hours with moderate stirring. Chondrocytes were
plated and maintained in DMEM/F-12 with 10% FBS, then used in
experiments at the time of confluence (1-2 weeks in primary culture).

Protein extraction and quantitative Western blot
analysis. Whole-cell protein extracts were obtained using Cell Lysis
Buffer or radioimmunoprecipitation assay buffer (Sigma-Aldrich).
Nuclear extracts were isolated using Nuclear and Cytoplasmic
Extraction Reagents (ThermoFisher Scientific). The Western blot
analysis was performed with an automated system (Wes; Protein-
Simple). Briefly, extract samples (800 ng/lane) were mixed with a
master mixture to a final concentration of 1x sample buffer, 1x flu-
orescent molecular weight markers, and 40 mM dithiothreitol, and
then heated at 95°C for 5 minutes. The samples, blocking reagent,
primary antibodies, horseradish peroxidase-conjugated second-
ary antibodies, chemiluminescent substrate, and separation and
stacking matrices were dispensed into designated plate wells. The
electrophoresis and immunodetection steps were performed using
a 12-230-kd capillary system. Digital images were analyzed and
quantified with Compass software (ProteinSimple) after normaliza-
tion to lamin B1 and GAPDH. Phospho-IkBa was normalized to
total IkBa. The primary antibodies were phospho-IkBa, total-IkBa,
p65 (all from Cell Signaling Technology), lamin B1 (Abcam), and
GAPDH (Cell Signaling Technology).

Mouse OA model. OA was induced by destabilization of
the medial meniscus (DMM) in 12-week-old male GRK5”~ and WT
mice as previously described (24). Sham surgery was performed in
a separate group of mice using the same approach without DMM.
All experimental groups consisted of 10 mice. The mice were killed
8 weeks after the operation and subjected to histologic analysis.
Knee sections in the sagittal plane were stained with Safranin O—
fast green. Histologic evaluations were performed using 2 sections
of weight-bearing area per mouse. OA severity was quantified by
Osteoarthritis Research Society International (OARSI) histopathol-
ogy grading (on a scale of 0-12) (25) by 2 independent observers
in a blinded manner, and the scores were averaged to minimize
observer bias. Osteophyte maturity was evaluated by examining
anteromedial tibial regions in each mouse and was scored by 2
observers using a previously described scoring system (26). Syn-
ovial inflammation was also scored by 2 observers using a previ-
ously described scoring system (with a scale of 0-3) (27).
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Application of amlexanox to mice in the OA model. Ten microliters of either 100 pM amlexanox or saline as vehicle
DMM or sham operations were performed on the left knee was injected into the intraarticular spaces of the mouse knee
joints of mice. The injection solution comprised 10 mM aml- joints every 5 days for 8 weeks. All experimental groups con-
exanox stock solution (MedChemExpress) diluted with saline. sisted of 7 mice. Mice were killed at 20 weeks of age.
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Figure 1. G protein—coupled receptor kinase 5 (GRK5) expression in human cartilage. A, Relative expression of messenger RNA for the
GRK2, GRK3, GRK5, and GRK6 genes in normal human chondrocytes (Lonza) and chondrocytes from patients with osteoarthritis (OA). Values
are the mean + SD (n = 8 per group). ** = P < 0.01 versus normal chondrocytes. B, Representative immunohistochemical staining for GRK5
in normal cartilage, slightly fibrillated OA cartilage, and severely fibrillated OA cartilage. The severity of OA was classified based on the degree
of cartilage surface fibrillation in the weight-bearing area. Bottom panels show higher-magnification views of the boxed areas in the top panels.
Bars = 100 um. C, Quantification of GRK5-positive cells in the middle zone (MZ) and deep zone (DZ) in normal cartilage, slightly fibrillated OA
cartilage, and severely fibrillated OA cartilage. Data are shown as box plots, where the boxes represent the 25th to 75th percentiles, the lines
within the boxes represent the median, and the lines outside the boxes represent the 10th and 90th percentiles. Circles indicate individual
samples (n = 5 per group). ** = P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41152/abstract.
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Immunofluorescence staining of mouse embryo
and knee joints. Sections were stained with primary antibod-
ies at room temperature for 1 hour, then incubated with Alexa
Fluor—conjugated secondary antibodies (ThermoFisher Scien-
tific). The following primary antibodies were used: GRK5 (Protein-
tech), MMP-13 (Abcam), and IL-6 (Cell Signaling Technology).
The numbers of GRK5-positive, MMP-13-positive, and IL-6—
positive cells in the mouse model were quantified by counting
immunopositive cells in sagittal sections of the knee joint at 400x
magnification (n = 10 per group). The percentages of positively
stained cells in 2 fields per section were counted using the BZ-I
Analyzer software program. TUNEL staining was performed with
an In Situ Cell Death Detection Kit (Takara Bio). The number of
TUNEL-positive cells was quantified as described above.

Statistical analysis. Data normality was assessed by
the Shapiro-Wilk test. When the distribution was normal, statis-
tically significant differences between groups were determined
by Student’s t-test or the Tukey-Kramer test. When the distribu-

tion was not normal, the Wilcoxon test or Steel-Dwass test was
used. Statistically significant differences between 4 groups were
determined by the Steel-Dwass test. Results are reported as the
mean + SD. P values less than 0.05 were considered significant.

RESULTS

Significant increase in GRK5 protein expression in
human OA cartilage and colocalization of GRK5 protein
expression with MMP-13/ADAMTS4 expression. \We initially
compared the expression of the GRK2, GRK3, GRK5, and GRK6
genes, which are ubiquitously expressed in humans, in normal
chondrocytes versus OA chondrocytes isolated from human car-
tilage. GRK5 expression was significantly higher in OA compared
to normal chondrocytes, whereas expression of the other GRKs
did not differ between normal and OA chondrocytes (Figure 1A). In
immunohistochemical analysis, normal cartilage showed minimal
GRK5 expression and a low percentage of GRK5-positive cells in
all zones (Figure 1B). In contrast, in areas of severely fibrilated OA

A
GRK5 IL6 MMP13 ADAMTS4
1.2 900 45 70
* %k %k
40 *k
s I s 500 5 §__ |60
B E ‘@ £ [700 B E |35 w T
80 ~Ex 80 80 |3g 30 (s0
%U’l 08 %U’l 600 %U’l %U’l
o8 8 8 |s00 o8 |25 8 la0
£2lus s 25|y £s
= =
SE |V & g |400 SE SE [30
22 273|300 &0 23
53 (04 83 % 3 |10 83|20
T = @ — | 200 [ @~
[+4 0.2 o 100 '3 o 10
& i ':_I' FT 3 - - =2 % IJ = * [—1 =
: : N |
0 - 0 D ca H I 0 D ea 0 I:l i
RO I D 8 B e P L
] & gt & & S oF IS & QF S IS
PPS - - + + LPPS — - + + LIPS — — + + P — = o+ -+
B
ADAMTSS NOS2 NF-kB Luc
4 1400 8
35 J_ 1200 7 Sk
5 5 |
2| 3 3 £ [1000 6
(&) (&)
Eg 25 gg 800 5
@ (-]
o3& | 2 2 % | 600 4
&E &E
o3 (15 g% | 400 3
o o
0.5 H ' 1 D l 1 .
0 - 0 0 D [ |
& A4° © R O R
& & sg& & & F L& E & & O F
& & & & & &
LPS — — + + LPS — — + + Ps - - + +

Figure 2. Effects of knockdown of GRK5 by small interfering RNA (siRNA) on the gene expression levels of catabolic factors and NF-kB
transcriptional activation in osteoarthritic (OA) human chondrocytes. A, Changes in gene expression in response to lipopolysaccharide (LPS)
in human OA chondrocytes transfected with siRNA targeting GRK5 (siGRK5). Values are the mean + SD (n = 5 donors per group). B, NF-kB
transcriptional activation in siGRK5-transfected human OA chondrocytes. Values are the mean + SD (n = 3 donors per group). * = P < 0.05;

** = P < 0.01. siCtrl = control siRNA.
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cartilage, chondrocytes that formed clusters in the middle zones
strongly expressed GRKS5. In both middle and deep zones, the
GRK5-positive cell rates in OA cartilage were significantly higher
than those in normal cartilage (Figure 1C). The distribution pattern of
GRKS5 expression was similar to those of MMP-13 and ADAMTS4
in severely fibrillated OA cartilage (Supplementary Figure 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41152/abstract).

Attenuation of expression of /L6, MMP13, and
ADAMTS4 genes, as well as NF-kB transcriptional acti-
vation, upon GRK5 knockdown by siRNA in human OA
chondrocytes. To explore the involvement of GRKS in OA patho-
genesis, the effects of GRK5 knockdown on inflammatory and
catabolic gene expression and NF-kB transcriptional activation
were analyzed using siGRK5-transfected human OA chondro-
cytes stimulated with LPS. GRK5 knockdown by siRNA signifi-
cantly attenuated the gene expression of /L6 (3.49-fold decrease),
MMP13 (2.43-fold decrease), and ADAMTS4 (2.66-fold decrease)
compared to siCtrl in the presence of LPS (Figure 2A). In contrast,
ADAMTSS and NOS2 expression were not significantly altered by
down-regulation of GRK5. Similarly, the expression levels of the
genes IL6, MMP13, and ADAMTS4 were significantly attenuated
by GRK5 knockdown in the presence of IL-1[3 (Supplementary
Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41152/abstract).
LPS-induced NF-kB transcription activity was significantly attenu-
ated by GRK5 knockdown (Figure 2B).

Suppression of inflammatory and catabolic gene
expression, and of NF-kB transcriptional activation,
upon GRK5 inhibition by amlexanox in human OA
chondrocytes. Amlexanox, a selective GRK5 inhibitor (21),
was used to analyze the effect of GRKS5 inhibition in human
OA chondrocytes. In a CCK-8 assay, 72 hours of amlexanox
treatment at concentrations of 10 pM and 100 pM did not sig-
nificantly affect cell proliferation (Supplementary Figure 3, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41152/abstract). LPS-induced
expression of IL6, MMP13, and ADAMTS5 genes was significantly
suppressed in a dose-dependent manner by 48 hours of pretreat-
ment with amlexanox (Figure 3A). Amlexanox at a concentration of
100 pM significantly attenuated the LPS-induced gene expression
of IL6, MMP13, ADAMTS4, ADAMTS5, and NOS2. Amlexanox
significantly suppressed LPS-induced NF-kB transcription activity
at concentrations of 10 and 100 uM (Figure 3C).

Induction of inflammatory and catabolic gene ex-
pression and NF-kB transcriptional activation by GRK5
overexpression in normal human chondrocytes. GRK5
overexpression in normal human chondrocytes significantly
increased the expression of IL6, MMP13, ADAMTS4, ADAMTSS,

and NOS2 genes stimulated with LPS, and these increases were
significantly suppressed by amlexanox treatment (Figure 3D).
In the same manner, NF-kB transcription activity enhanced by
GRK5 overexpression was attenuated by amlexanox treatment
(Figure 3E).

Inhibition of IL-1B-induced IkBa phosphorylation
and p65 nuclear translocation by GRK5 knockout in
mouse chondrocytes. Chondrocytes from GRK5-knockout
mice were isolated for the following analyses. The expression
levels of 116, Mmp13, Adamts4, and Adamts5 genes were sig-
nificantly attenuated in GRK5-knockout mice compared to WT
mice in the presence of IL-13 (Figure 4A). This finding was
consistent with the results in human chondrocytes transfected
with siGRK5. In a quantitative Western blot assay (Supplemen-
tary Figure 4, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41152/
abstract), GRK5 knockout significantly inhibited the phosphor-
ylation of IkBa at Ser®® at 10 and 20 minutes after IL-1(3
stimulation (up to 4.4-fold decrease [P < 0.05]) (Figure 4B). In
addition, subsequent p65 nuclear translocation at 20 and 40
minutes after stimulation was not increased in GRK5-deficient
mouse chondrocytes, as shown by proteins in nuclear extracts
(up to 6.4-fold decrease [P < 0.01]) (Figure 4C).

GRK5 knockout does not exacerbate cartilage deg-
radation in a mouse model of OA. To examine the in vivo
effect of GRK5 deletion on OA development, a DMM model was
generated using GRK5-knockout and WT mice. GRK5-knockout
mice developed and grew without any abnormality from the
embryonic stage (embryonic day 16.5) to delivery (postnatal
day 0) (Supplementary Figures 5 and 6, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41152/abstract). Growth plate and articular car-
tilage thickness were not significantly different between GRK5-
knockout mice and WT mice at 4 weeks of age (Figure 5A). Body
weight did not differ significantly between the 2 strains at 4, 8,
12, or 20 weeks of age (Figure 5B).

Sham-operated mice showed no structural cartilage change,
with no significant difference in OARSI scores between the 2 strains.
The knee joints of WT mice showed moderate-to-severe cartilage
degeneration 8 weeks after DMM surgery (Figure 5C). In contrast,
cartilage degradation in GRK5-knockout mice was only mild. The
average OARSI score in GRK5-knockout mice was significantly
lower than that in WT mice 8 weeks after DMM (Figure 5C).

Osteophyte maturity slightly increased after DMM  surgery,
with no significant difference between genotypes (Figure 5C). Syn-
ovial inflammation was not observed in either group (Supplemen-
tary Figure 7A, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41152/abstract).
Chondrocyte apoptosis determined by TUNEL staining was signif-
icantly suppressed by GRK5 knockout (Figure 5D). Compared to
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sham surgery, DMM surgery significantly increased the number of Delayed cartilage degradation in mice with OA treated
cells expressing GRK5 in WT mice (Figure 5E). After OA induction, the with intraarticular injection of amlexanox. Finally, we exam-
rates of cells positive for IL-6 and MMP-13 in GRK5-knockout mice ined the effects of amlexanox on cartilage degradation in the OA
were significantly lower than those in WT mice (Figures 5F and G). mouse model. Amlexanox solution or saline was injected into the
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Figure 3. Effects of amlexanox and overexpression of G protein—coupled receptor kinase 5 (GRK5) on the expression of catabolic factors
and NF-kB transcriptional activation in human osteoarthritic (OA) chondrocytes. A, Changes in lipopolysaccharide (LPS)-induced IL6, MMP13,
ADAMTS4, ADAMTS5, and NOS2 gene expression in human OA chondrocytes treated with amlexanox. B, Changes in LPS-induced interleukin-6
(IL-6) and matrix metalloproteinase 13 (MMP-13) protein levels in the supernatant in human OA chondrocytes treated with amlexanox. C,
Changes in LPS-induced NF-kB transcriptional activation in human OA chondrocytes treated with amlexanox. D, Expression of inflammatory
and cartilage catabolic genes in LPS-stimulated normal human chondrocytes with overexpression of GRKS5, left untreated or treated with
amlexanox. E, NF-kB transcriptional activation in LPS-stimulated normal human chondrocytes with overexpression of GRK5, left untreated or
treated with amlexanox. Values are the mean + SD (n = 6 donors per group in A, 3 donors per group in B and E, and 4 donors per group in € and
D). *=P < 0.05; ** =P < 0.01, versus control in A, B, and C and versus the indicated group in D and E; & = P < 0.05 versus amlexanox 10 M.
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Figure 4. Effects of G protein—coupled receptor kinase 5 (GRK5) knockout (KO) on gene expression of catabolic factors, IkBa phosphorylation,
and p65 nuclear translocation in mouse chondrocytes. A, Changes in osteoarthritis (OA)-related gene expression in chondrocytes from wild-
type (WT) mice and GRK5-knockout mice in response to stimulation with interleukin-13 (IL-1[3). Values are the mean + SD (n = 6 mice per
group). * = P < 0.05; ** = P < 0.01. B, Changes over time in IL-13-induced IkBa phosphorylation in chondrocytes from WT mice and GRK5-
knockout mice. Phospho-IkBa was normalized to total IkBa. €, Changes over time in IL-13-induced p65 nuclear translocation in chondrocytes
from WT mice and GRK5-knockout mice. In B and C, values are the mean + SD (n = 4 mice per group). * = P < 0.05; ** = P < 0.01, versus
GRK5-knockout mice at the same time point. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/

doi/10.1002/art.41152/abstract.

joint space of DMM and sham-operated mouse knees every 5 days
for 8 weeks (Figure 6A). Histologic analysis 8 weeks after DMM sur-
gery revealed that the mouse knee joints treated with 100 uM of
amlexanox had a significantly lower OARSI score than those treated
with vehicle control, without any significant effect on osteophyte for-
mation or synovitis (Figure 6B) (Supplementary Figure 7B, availa-
ble on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41152/abstract). Sham-operated mice
injected with saline or amlexanox showed no structural cartilage
damage related to the use of a needle for injection (Figure 6B).
There was a significantly lower rate of TUNEL-positive cells in the
group treated with amlexanox than in the group treated with saline
(Figure 6C). Importantly, compared to vehicle, intraarticular injection
of amlexanox significantly decreased the number of cells express-
ing IL-6 and MMP-13 in articular cartilage (Figures 6D and E).

DISCUSSION

This is the first study to characterize GRK5 protein expression
in cartilage tissue and its functional involvement in OA pathogen-

esis. GRK5 was more highly expressed in human cartilage from
OA patients than from healthy controls, suggesting that GRKS is
deeply involved in OA pathogenesis. In in vitro experiments, the
OA-related catabolic mediators IL6, MMP13, and ADAMTS4 were
down-regulated by loss of GRK5 function in human and mouse
chondrocytes. Conversely, adenoviral overexpression of GRK5
resulted in increased expression of OA-related catabolic factors.
Further mechanistic analyses demonstrated that GRK5 was a
key factor for phosphorylation of IkBa at Ser**® and subsequent
P65 nuclear translocation in chondrocytes. In in vivo experiments,
GRK5-knockout mice were resistant to DMM-induced cartilage
degradation. In addition, intraarticular administration of the GRK5
inhibitor amlexanox showed protective effects against cartilage
degradation and DMM-induced expression of catabolic factors.
Taken together, our results suggested that GRK5 inhibition acted
via NF-kB signaling to decrease cartilage degradation by sup-
pressing the catabolic response.

In this study, all experimental manipulations to lower GRK5
function resulted in suppressive effects on catabolic factors; this
finding confirmed that GRK5 is an exacerbating factor of OA
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Figure 5. In vivo effect of G protein—coupled receptor kinase 5 (GRK5) deletion on osteoarthritis (OA) in a destabilized medial meniscus (DMM)

model in GRK5-knockout (GRK5-KO) mice. A, Left, Toluidine blue staining of semi-serial histologic sagittal sections of the proximal tibia from a
4-week-old wild-type (WT) mouse and a 4-week-old GRK5-knockout mouse. Right panels show higher-magnification views of the boxed areas in
the left panels. Arrows indicate weight-bearing areas. Bars = 100 pm. Right, Thickness of growth plate cartilage and total articular cartilage at the
vertex of the articular surface of the weight-bearing areas in WT and GRK5-knockout mice. Values are the mean + SD (n = 4 mice per group). B,
Body weight of WT and GRK5-knockout mice at the indicated ages. Values are the mean + SD (n = 5 mice per group). C, Left, Safranin O—fast green
staining of the knee joints of WT and GRK5-knockout mice subjected to sham operation or DMM. Bar = 100 pm. Right, Cartilage degradation, as
measured by OA Research Society International (OARSI) score, osteophyte maturity, and synovitis in WT and GRK5-knockout mice subjected to
sham operation or DMM. Horizontal lines show the mean; symbols represent individual mice (n = 10 per group). ** = P < 0.01. D, Left, DAPI (blue)
staining of nuclei for TUNEL-positive cells in WT and GRK5-knockout mice 8 weeks after DMM surgery. Bar = 40 um. Right, Rates of TUNEL-positive
cells in the indicated mouse strains. Values are the mean + SD (n = 10 mice per group). * = P < 0.05. E, Left, Representative immunofluorescence
images of GRK5-positive cells (green) in WT and GRK5-knockout mice 8 weeks after DMM surgery. Bar = 40 ym. Right, Rates of GRK5-positive
cells in the indicated mouse strains. Values are the mean + SD (n = 10 mice per group). * = P < 0.05. F and G, Representative immunofluorescence
images (left panels) and rates of cells positive for interleukin-6 (IL-6; red) (F) and matrix metalloproteinase 13 (MMP-13; green) (G) (right panels) in WT
and GRK5-knockout mice 8 weeks after DMM surgery. Bars = 40 pm. Values are the mean + SD (n = 10 mice per group). * = P < 0.05.

nuclear HDAC kinase independent of any action directly on GPCRs
(14,28). In the prostate, GRK5 was highly expressed in aggressive
prostate cancer cells, and the loss of GRK5 activity resulted in
decreased prostate tumor growth (19). In polymicrobial sepsis,

pathogenesis. Until now, no study has evaluated the functional role
of GRK5 in the joint tissue such as cartilage and bone. Regard-
ing other tissues and disorders, in the heart, GRK5 overexpression
was reported to worsen heart failure and cardiac hypertrophy as a
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Figure 6. In vivo effect of intraarticular administration of amlexanox on osteoarthritis (OA) development in wild-type (WT) mice subjected to
destabilization of the medial meniscus (DMM). A, Schematic representation of the timeline for the surgical procedure for OA induction and intraarticular
injection of treatment (saline or amlexanox) in WT mice. B, Left, Histologic assessment by Safranin O—fast green staining of the knee joints of WT mice
subjected to sham surgery or DMM and treated with saline or amlexanox. Bar = 100 um. Right, Cartilage degradation, as measured by OA Research
Society International (OARSI) score, osteophyte maturity, and synovitis in the indicated groups. Horizontal lines show the mean; symbols represent
individual mice (n = 7 per group). ™ = P < 0.01. C, DAPI (blue) staining of nuclei for TUNEL-positive cells 8 weeks after DMM surgery in WT mice
treated with saline or amlexanox. Right panels show higher-magnification views of the boxed areas in the left panels. Bars = 40 pm. Right, Rates of
TUNEL-positive cells in WT mice subjected to DMM and treated with saline or amlexanox. Values are the mean + SD (n = 7 mice per group). =P <
0.05. D, Left, Representative immunofluorescence images of staining for interleukin-6 (IL-6) (red) 8 weeks after surgery in mice subjected to DMM and
treated with saline or amlexanox. Right panels show higher-magnification views of the boxed areas in the left panels. Bars = 40 upm. Right, Rates of
IL-6—positive cells in mice subjected to DMM and treated with saline or amlexanox. Values are the mean + SD (n = 7 mice per group). * = P < 0.05. E,
Left, Representative immunofluorescence images of staining for matrix metalloproteinase (MMP-13) (green) 8 weeks after surgery in mice subjected to
DMM and treated with saline or amlexanox. Right panels show higher-magnification views of the boxed areas in the left panels. Bars = 40 um. Right,
Rates of MMP-13—positive cells in mice subjected to DMM and treated with saline or amlexanox. Values are the mean + SD (n = 7 mice per group).
* =P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41152/abstract.

NF-kB activation in sepsis-induced inflammation was significantly ergic activity (18). Taken together, these findings and the results of
inhibited by GRK5 knockout, and mortality was significantly pre- the present study indicate that GRK5 is deeply involved in a diver-
vented in GRK5-knockout mice in the presence of antibiotics (17). sity of pathogenesis and mostly functions as a progression factor.

On the other hand, in a mouse model of Alzheimer’s disease, GRK5 Mice with knockout of different GRKs show different phe-

deficiency accelerated 3-amyloid accumulation via impaired cholin- notypes; GRK2-knockout mice experience embryonic death due
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to cardiac abnormalities, but mice with knockout of other GRKs
develop normally (29). In most studies that used GRK5-knockout
mice, phenotypes caused by inhibition of GPCR desensitization
were not obvious, likely due to compensation by other GRKSs,
whereas 2 studies found disease-related phenotypic changes
associated with GPCR desensitization (22,30). GRK1, GRK4,
and GRKY7 have a limited tissue distribution; in contrast, GRK2,
GRK3, GRK5, and GRK6 are ubiquitously expressed (31,32).
Thus, most GPCRs in the body are potentially regulated by 4 of
these kinases. In contrast, several GRKs have been reported to
show disease-specific functions by interacting with intracellular
substrates in a GPCR-independent manner (33-36). In particular,
GRKS5 is one of the most important kinases that phosphorylate
IkBa in NF-kB activation (8,9,17).

It was previously demonstrated that in mouse macrophages,
GRK5 independently phosphorylated IkBa at the same Ser®?®
sites phosphorylated by IKK (7). Consistent with those findings,
the present study showed that GRKS5 deficiency significantly
decreased IkBa phosphorylation at Ser®® in chondrocytes;
however, it remains unclear whether GRK5 phosphorylated IkBa
independently of IKK. Recently, Ohba et al reported that GRK6
also directly phosphorylated IkBa at Ser*”*® independently of IKK,
and that kinase activation, a conformational change in GRK6, was
required for the promotion of NF-kB signaling after tumor necrosis
factor stimulation in macrophages (36). In the present study, one
possible reason GRK6 did not compensate for IkBa phosphor-
ylation decreased by GRK5 deletion is that GRK6 expression was
not induced at a pathologically significant level in OA chondrocytes
compared to GRKS.

The activity of the NF-kB signaling pathway has been found
to be closely associated with OA development (3,4,37), although
targeted therapeutic strategies to inhibit NF-kB activity and thus
limit OA progression have not yet been established. Intraarticular
administration of decoy oligodeoxynucleotides that inhibit NF-kB
activation was previously shown to reduce OA progression (38).
However, the half-life of free oligodeoxynucleotides was found to
be too short to achieve a sufficient therapeutic effect (39). Other
studies showed that using an adenoviral vector or peptide nano-
particle to deliver siRNA targeting NF-kB p65 into knee joints sup-
pressed cartilage degradation in rat and mouse OA models (40,41).
The transfection efficacy of viral-based vectors was excellent, but
safety concerns remain (42-44). In the present study, amlexanox, a
selective inhibitor of GRK5, successfully inhibited phosphorylation
of IkBa at Ser’™® and subsequently NF-kB activation. Amlexanox
was originally developed for the treatment of asthma, allergic rhi-
nitis, and aphthous ulcers (43,44), and given its established safety
record and low cost, it may be an interesting candidate for OA
treatment.

This study had some limitations. First, we observed incon-
sistent effects of GRKS5 inhibition on ADAMTS5 and NOS2 gene
expression depending on the experimental approach. In particu-
lar, GRK5 down-regulation by siRNA in human chondrocytes did

not decrease ADAMTS5 or NOS2 expression even though NF-kB
activity was reduced. Similarly, GRK5 knockout in mouse chondro-
cytes did not decrease Nos2 expression. Although there was no
clear explanation for these findings, we believe that various exper-
imental conditions, such as the differences in degree of GRK5
down-regulation and cell species, could be potentially influential
factors. Second, the effect of intraarticular amlexanox injection
was validated at a single time point, 8 weeks after surgery. Ideally,
additional analysis at different time points would be conducted for
elucidating further therapeutic efficacy of amlexanox.

In conclusion, our results suggest that GRK5 regulates carti-
lage degradation through a catabolic response mediated by NF-kB
signaling, and is a potential target for OA treatment. Furthermore,
amlexanox may be a major compound in relevant drugs.
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Objective. Obesity and osteoarthritis (OA) are 2 major public health issues affecting millions of people worldwide.
Whereas parental obesity affects the predisposition to diseases such as cancer or diabetes in children, transgenera-
tional influences on musculoskeletal conditions such as OA are poorly understood. This study was undertaken to as-
sess the intergenerational effects of a parental/grandparental high-fat diet on the metabolic and skeletal phenotype,
systemic inflammation, and predisposition to OA in 2 generations of offspring in mice.

Methods. Metabolic phenotype and predisposition to OA were investigated in the first and second (F1 and F2)
generations of offspring (n = 10-16 mice per sex per diet) bred from mice fed a high-fat diet (HFD) or a low-fat control
diet. OA was induced by destabilizing the medial meniscus. OA, synovitis, and adipose tissue inflammation were de-
termined histologically, while bone changes were measured using micro-computed tomography. Serum and synovial
cytokines were measured by multiplex assay.

Results. Parental high-fat feeding showed an intergenerational effect, with inheritance of increased weight gain (up
to 19% in the F1 generation and 9% in F2), metabolic imbalance, and injury-induced OA in at least 2 generations of
mice, despite the fact that the offspring were fed the low-fat diet. Strikingly, both F1 and F2 female mice showed an in-
creased predisposition to injury-induced OA (48% higher predisposition in F1 and 19% in F2 female mice fed the HFD)
and developed bone microarchitectural changes that were attributable to parental and grandparental high-fat feeding.

Conclusion. The results of this study reveal a detrimental effect of parental HFD and obesity on the musculo-
skeletal integrity of 2 generations of offspring, indicating the importance of further investigation of these effects. An
improved understanding of the mechanisms involved in the transmissibility of diet-induced changes through multiple
generations may help in the development of future therapies that would target the effects of obesity on OA and re-

lated conditions.

INTRODUCTION

Osteoarthritis (OA) is the most common arthritic joint dis-
ease and the top indication for total joint replacement surgery,
affecting more than 250 million people worldwide (1). One of the
primary risk factors for OA is obesity and its associated meta-
bolic syndrome (2). However, the mechanisms linking obesity
and OA are multifactorial and are not fully understood. Whereas
it was originally believed that the link between OA and obesity
was simply attributable to increased “wear-and-tear” of excessive
joint loading, it is now apparent that numerous additional factors
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associated with obesity, such as systemic inflammation or a high-
fat diet (HFD), may also be critical mediators of OA (3). Further-
more, a familial predisposition to OA in human subjects has been
confirmed to possess strong polygenetic and environmental risk
(4). Previous animal studies have demonstrated that diet-induced
obesity greatly affects the progression of OA. For instance, a diet
rich in saturated fat with an excess of proinflammatory fatty acids
(FASs) (i.e., omega-6 FAs) increases the predisposition to OA (5,6).

In addition to the direct effects of obesity on OA, growing evi-
dence is now showing that prenatal and postnatal development are
affected by both nutrition and environmental stimuli, particularly in
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the context of obesity (7). The health of future offspring is thought to MATERIALS AND METHODS
be influenced by diet and exercise aspects of parental lifestyle (8).

Some diseases in children, such as cancer (9) and type 2 diabetes Animal studies and experimental design. All experi-
mellitus, have been shown to correlate with both maternal (10) and mental procedures were approved by and conducted in accor-
paternal obesity (11). Several mechanisms are postulated to play dance with the Institutional Animal Care and Use Committee
an important role in mediating these changes, including epigenetic guidelines of Washington University in St. Louis. C57BL/6J mice
modifications of reproductive cells (12), disturbance in hypotha- were purchased from The Jackson Laboratory. Mice were housed
lamic hunger/satiety signaling (10), and finally, the role of intrauter- ina 12-hour light/12-hour dark cycle with access to water and food
ine (13) and maternal microbiome milieu (14) during development. ad libitum. At age 4 weeks, mice were allocated to receive either
These previous findings suggest that parental obesity may the low-fat control diet (Research Diets product no. D11120103)
be an important factor in the heritability of obesity and metabolic or the HFD (Research Diets product no. D11120105) for 11-15
dysfunction, and therefore may also influence the pathogenesis weeks. The contents of these diets (details provided in Supple-
and susceptibility to musculoskeletal diseases such as OA. We mentary Table 1, available on the Arthritis & Rheumatology web site
studied the intergenerational effects of obesity on the metabolic at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract)
and skeletal phenotype, systemic inflammation, and predisposi- have been reported previously (5). Two groups of breeding pairs
tion to OA in 2 generations (F1 and F2) of offspring bred from mice (FO breeders) were formed: FO Control (FO mice receiving the low-
fed either an HFD or a low-fat control diet (Figure 1A). We hypoth- fat control diet) and FO HFD (FO mice receiving HFD) (n = 6 mice
esized that, despite the fact that the offspring were fed the low- per breeding group). The F1 generation of offspring (both sexes)
fat control diet postweaning, the offspring would exhibit disturbed was then collected, forming F1 Control and F1 HFD groups. A sub-
metabolism and an “obese-like” phenotype, and thus would have set of F1 mice (n = 4 mice per breeding group) was also used to
an increased predisposition to develop injury-induced OA. create the F2 generation (both sexes), forming F2 Control and F2
A
Control Diet High Fat Diet
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Figure 1. Parental high-fat diet (HFD) affects weight gain, adiposity, and the metabolic profile in the first (F1) generation of offspring. A, Study
design. FO-generation mice were fed either a low-fat control diet (10% fat by kcal) or an HFD (60% fat by kcal). The F1 generation was fed the
control diet after weaning. Destabilization of the medial meniscus (DMM) surgery was performed on the left knee at age 16 weeks, and mice
were scanned with a micro—computed tomography (micro-CT) scanner for body fat analysis at age 26 weeks. Animals were killed at age 28
weeks for further analysis, according to sex and parental diet group. OA = osteoarthritis. B, Longitudinal body weight. C, Adipose tissue content
assessed by micro-CT. D, Representative images of tissue samples showing histologic staining with hematoxylin and eosin to detect subcutaneous
adipose tissue. Bar = 100 pm. E, Serum levels of adipokines (leptin, insulin, and glucagon). In B, C, and E, results are shown as the mean
+ 95% confidence interval (n = 10-16 mice per sex and per parental diet group). Symbols in € and E represent individual mice. * = P < 0.05;
=P <0.01; § =P < 0.001, by repeated measures one-way analysis of variance in B or Mann-Whitney U test in C and E. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract.
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HFD groups. The F1 breeder mice were siblings of the F1 offspring,
obtained from the same litter as used for the main experiments.

One litter per breeding pair was used, and 1-5 offspring per
litter per sex was collected. F1 and F2 mice were allocated to
receive the low-fat control diet throughout the study (Figure 1A).
Offspring were housed separately from the breeders after wean-
ing, and siblings from the same litter were housed together.

The F1 and F2 offspring mice underwent destabilization of
the medial meniscus (DMM) surgery at age 16 weeks; thereafter,
the animals were killed at age 28 weeks. At that time, the knee
joints, visceral adipose tissue (AT), subcutaneous AT, serum, and
synovial fluid were collected.

Body weight and composition. Mice were weighed
biweekly. Body fat content was measured in the mice at age 26
weeks, using a micro-computed tomography (micro-CT) scanner
(SkyScan 1176; Bruker) with a 35-pum isotropic voxel resolution
(357 pA, 500 msec integration time, 1 frame averaging). A 1-mm
aluminum filter was used to reduce the effects of beam hardening.
Images were reconstructed using NRecon software (with 30%
beam hardening and 20 ring artifact correction).

For in vivo scans, mice were anesthetized using 2-3% isoflu-
rane inhalation. Scans were reconstructed for the abdominal region
(between the proximal end of L1 and the distal end of L6 (as shown
in Supplementary Figure 1A, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41147/abstract) to quantify representative AT content in each
animal. The AT percentage was measured using a modified script
provided by CTan software (SkyScan 1176; Bruker), which delin-
eated the percentage threshold for AT as compared to that for
other tissues, as previously described (15). Briefly, the algorithm
separated the mouse body from the background to provide the
total tissue volume, while the AT threshold delineated total fat mass
from lean mass and bone (see Supplementary Figures 1B and C
at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract),
forming the AT percentage values for each scanned mouse.

OA and synovitis assessments. At age 16 weeks, all mice
underwent DMM surgery to induce knee OA in the left hind limb,
as previously described (16). To evaluate the effects of parental
diet on OA development, the mice were killed at age 28 weeks.
Briefly, both the left and right hind limbs were harvested and fixed
in 10% neutral buffered formalin. Limbs were then decalcified in
Cal-Ex solution (Fisher Scientific), dehydrated, and embedded in
paraffin. The joint was sectioned in the coronal plane at a thick-
ness of 8 um.

Joint sections were stained with hematoxylin, fast green, and
Safranin O to determine the development of OA and formation
of osteophytes. For evaluation of synovitis, sections were stained
with hematoxylin and eosin (H&E) to reveal infiltrated cells and
synovial structure. Three independent, blinded graders (YRC,
CLW, and RT) scored the joint sections for OA using a modified

Mankin scoring system (17), and scored osteophytes and synovi-
tis using a previously established protocol (18). Scores were aver-
aged among the graders for the whole joint (total Mankin score of
OA, synovitis score) or medial part of the joint (total medial oste-
ophyte score).

Measurement of serum and synovial fluid cytokine
levels. Serum and synovial fluid from the DMM-operated mouse
limbs and contralateral control limbs were collected as described
previously (5). For determination of cytokine and adipokine levels in
the serum and synovial fluid, a multiplexed bead assay (Discovery
Luminex 31-plex; Eve Technologies) was used to determine the
concentration of eotaxin, granulocyte colony-stimulating factor,
granulocyte-macrophage colony-stimulating factor, interferon-y
(IFNy), interleukin-1a (L-1a), IL-1(3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IFNy-
inducible 10-kd protein, keratinocyte chemoattractant, leukemia
inhibitory factor, lipopolysaccharide-induced CXC chemokine,
monocyte chemotactic protein 1, monokine induced by IFNy,
macrophage inflammatory protein 1a (MIP-1a), MIP-1[3, MIP-2,
RANTES, tumor necrosis factor (TNF), and vascular endothelial
growth factor. A mouse metabolic array (MRDMET; Eve Technolo-
gies) was used to measure the levels of amylin, C-peptide, ghrelin,
glucagon, insulin, leptin, phosphoprotein, peptide YY, and resistin
in the serum.

Bone microstructural analysis. Bone structural and
morphologic changes were measured in the intact hind limbs
of mice by micro-CT (SkyScan 1176; Bruker) with an 8.75-um
isotropic voxel resolution (500 pA, 500 msec integration time, 4
frame averaging). A 1-mm aluminum filter was used to reduce
the effects of beam hardening. Images were reconstructed
using NRecon software (with 30% beam hardening and 20
ring artifact correction). Subchondral/trabecular regions were
segmented using CTAn automatic thresholding software. The
tibial and femoral epiphyses were selected using the subchon-
dral plate and growth plate as references. The tibial metaphy-
sis was defined as the 1-mm region directly below the growth
plate.

Hydroxyapatite calibration phantoms were used to cali-
brate the bone density values (all in mg/cm?®). Micro-CT limb
images were analyzed for bone volume/total volume (BV/TV),
trabecular bone number (Tb.N), trabecular bone thickness
(Th.Th), trabecular bone separation (Tb.Sp), and bone mineral
density (BMD).

Detection of AT macrophages by immunofluores-
cence. Samples of visceral AT were collected, flash-frozen in OCT
compound, and cryosectioned at a thickness of 5 pm. Tissue
slides were then fixed in acetone, followed by incubation with Fc-
receptor blocking in 2.5% goat serum (Vector Laboratories) and
incubation with a cocktail of primary antibodies containing Alexa
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Fluor 488—-conjugated anti-CD11b and phycoerythrin-conjugated
CD11c (BioLegend). Nuclei were stained with DAPI. Samples
were imaged using fluorescence microscopy (VS120; Olympus).

Histologic assessment of AT. Samples of visceral AT
were fixed in 10% neutral buffered formalin, paraffin-embedded,
and cut into 5-um sections. Sections were deparaffinized, rehy-
drated, and stained with a standard H&E method. Samples were
imaged using fluorescence microscopy (VS120; Olympus). Fur-
ther details are provided in the Supplementary Methods, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41147/abstract.

Real-time polymerase chain reaction (PCR). RNA
from visceral AT (n= 5-9 samples per group) was obtained
using a Total RNA Purification kit (Norgen Biotek). RNA purity
was assessed by NanoDrop absorbance measurement with
260 nm/280 nm and 260 nm/230 nm absorbance ratios of
>1.9. One microgram of RNA was reverse transcribed using
iISCRIPT (Bio-Rad) in accordance with the instructions of the
suppliers. Real-time PCR was conducted on a QuantStudio
(ThermoFisher). Ten nanograms of complementary DNA was
analyzed. The primer concentration was used at 10 pM. The
reactions were performed in duplicate for each analyzed gene.

Reactions using SYBR Green chemistry were also subjected
to melting curve analysis. The amplification curves and efficiency of
amplification of each gene were validated, and the efficiency values
ranged from 95% to 105%. Values for target gene expression were
normalized to the average value for 3 housekeeping genes (RIp32
[for ribosomal protein 32], Ppia [for peptidylprolyl isomerase A,
and Gapdh [for glycerylaldehyde-3-phosphate dehydrogenase]).
Relative messenger RNA (mMRNA) expression was assessed using
the 2% method, with the lowest threshold cycle (C)) value of the
group serving as a calibrator (according to the method described
by Livak and Schmittgen [19]). The primer sequences used for
assessment of gene expression were as follows: for Lep, forward
GGGCTTCACCCCATTCTGAG and reverse AAGGCCAGCAGA
TGGAGGAG; for Lepr, forward CTGCAGTCTTCGGGGATGTG and
reverse TGGGCTGCAGTGACATCAGA; for Cd36, forward GACG
TGGCAAAGAACAGCAG and reverse GGCTCCATTGGGCTGTA
CAA; for AdipoQ, forward CCCTCCACCCAAGGGAACTT and
reverse TCCAGGAGTGCCATCTCTGCG; for AdipoR1, forward TGCC
TCAGGAAGAGGAGGAG and reverse TTTCAGCCAGTCAGGAA
GCA; for AdipoR2, forward GCTCAGAAAAGGGCACCAAC and
reverse ATCATGACACTCGGGCTCCT, for Pparg, forward GCCC
TGGAACTGCAGCTAAA and reverse GTGCTCTGTGACGATCTG
CCT; for Fabp4, forward TGTGATGCCTTTGTGGGAAC and reverse
ATGCCTGCCACTTTCCTTGT,; for Rpl32, forward GGTGAAGCCCA
AGATCGTCA and reverse CTCCGCACCCTGTTGTCAAT,; for Ppia,
forward AGGATTCATGTGCCAGCGTG and reverse TTGCCATG
GACAAGATGCCA; and for Gapdh, forward GGCAAATTCAACGG
CACAGT and reverse GTCTCGCTCCTGGAAGATGG.

Statistical analysis. Statistical analyses were performed
using IBM SPSS software, with significance reported at the
95% confidence level. All data are presented as the mean =
95% confidence interval. Regular two-way analysis of var-
iance (ANOVA), Mann-Whitney U test, or repeated measures
two-way ANOVA was used for group comparisons, followed
by Bonferroni’s test for multiple comparisons where appropri-
ate. The right (non—-DMM-operated) contralateral leg was used
as a control. All analyses were performed within separate sex
groups. Spearman’s bivariate regression was used to evaluate
the association between the left (DMM-operated) joint OA score
and other outcomes. The Spearman’s rank-order correlation
test was conducted to assess correlations between the left joint
OA score and 52 separate measurements, including weight,
serum cytokine levels, and adipokine levels, as well as synovial
fluid cytokine levels.

RESULTS

F1 offspring. Weight gain, adiposity, and metabolic profile.
Female and male F1 HFD mice were significantly heavier than
their corresponding F1 Control mice (Figure 1B). F1 HFD females
had a significantly higher percentage of AT than did F1 Control
females, and there was a trend (P = 0.055) toward increased
abdominal fat in F1 HFD males compared to F1 Control males
(Figure 1C).

We observed increased adipocyte hypertrophy in the sub-
cutaneous AT from both female and male F1 HFD mice com-
pared to their F1 Control counterparts (Figure 1D). Furthermore,
in female F1 HFD mice compared to female F1 Control mice,
the serum leptin levels were significantly higher, insulin trended
toward higher levels, and glucagon trended toward lower lev-
els (Figure 1E). In F1 male mice, no significant differences were
found in the serum adipokine levels of leptin, insulin, or gluca-
gon between the diet groups. Levels of other serum adipokines
did not differ between the diet groups (see Supplementary Fig-
ures 2A-E, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract).

Systemic and local inflammation. Serum IL-1[3 levels trend-
ed higher in female F1 HFD mice compared to female F1 Con-
trol mice, whereas there was no change in serum TNF and IL-6
levels. Serum levels of IL-1q, IL-10, and IP-10 were significantly
lower in female F1 HFD mice compared to female F1 Control
mice. There was a trend toward higher levels of IL-17 in female
F1 HFD mice compared to female F1 Control mice (Figure 2A).
Levels of other cytokines did not differ between the analyzed
groups (see Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41147/abstract).

Visceral AT from F1 HFD offspring had a higher content
of fibrotic areas when compared to their sex-matched controls
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Figure 2. Parental HFD affects the immune profile of the F1 generation of offspring. A, Serum levels of the cytokines interleukin-1(3 (IL-1[3), tumor
necrosis factor (TNF), IL-6, IL-1a, IL-10, interferon-y-inducible 10-kd protein (IP-10), eotaxin, IL-13, and IL-17 in each group. B, Representative
images of histologic staining with hematoxylin and eosin to detect visceral adipose tissue (VAT) in each group. Arrows indicate fibrosis. Bar =
100 pm. C, Immunohistochemical staining of visceral AT for CD11b (green), CD11c (red), and nuclei (blue) among M1 (proinflammatory)
macrophages. Arrows indicate double-positive cells. Bar = 100 um. D, Fold change in expression of the leptin (Lep), leptin receptor (Lepr), and
Cd36 genes in visceral AT and subcutaneous AT (SAT). Symbols in A and D represent individual mice; horizontal lines with bars show the mean
+ 95% confidence interval (n = 6-16 mice per sex and per diet group). * P < 0.05; ** = P < 0.01, by Mann-Whitney U test. See Figure 1 for other
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract.

(Figure 2B and Supplementary Figures 3A-D, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41147/abstract). Furthermore, CD11b+CD11c+
labeling indicated an increased number of M1-like macrophages
in visceral AT from male F1 HFD mice compared to male F1
Control mice. The number of M1-like macrophages in the visceral
AT was comparable in female mice of both diet groups (Figure 2C

and Supplementary Figure 3E [http://onlinelibrary.wiley.com/
doi/10.1002/art.41147/abstract]).

Gene expression analysis of the visceral AT showed signif-
icantly higher Lep levels and a trend toward higher Cd36 levels
in male F1 HFD mice, but significantly lower Lepr levels in female
F1 HFD mice, compared to their sex-matched controls. Similar
trends in the subcutaneous AT were seen in terms of higher Lep
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of DMM-operated joints. Arrowhead indicates evident synovitis. Bar = 100 pm. C-F, DMM-operated joints (left knee) were compared to
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(D), total synovitis score (E), and synovial fluid (SF) levels of interferon-y-inducible 10-kd protein (IP-10), interleukin-10 (IL-10), and IL-1a (F).
G and H, Spearman’s correlation tests assessed bivariate correlations between the total OA score in the DMM-operated (left) knee joint and
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expression and significantly higher Cd36 expression in male F1
HFD mice compared to male F1 Control mice (Figure 2D).

OA severity, osteophyte formation, and synovitis. A mod-
ified Mankin scoring system was used to analyze the severity
of DMM-induced OA in F1 mice (5). Comparison by two-way
ANOVA within each sex revealed that there was a significantly
higher predisposition to injury-induced OA in female F1 HFD
mice, with a similar trend (P = 0.058) in male F1 HFD mice,
compared to their corresponding F1 Control mice (Figures 3A
and C).

Osteophyte formation was detected in the DMM-operated
joints (Figure 3A), with the total medial osteophyte score being
significantly higher in female F1 HFD mice compared to female F1
Control mice (Figure 3D). Furthermore, although there was no signif-
icant interaction, we found that there was a significant parental diet
effect on the total synovitis score in female F1 HFD mice compared
to female F1 Control mice (Figures 3B and E and Supplementary
Figures 4A-C, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract).
There were no significant differences in synovial fluid cytokine lev-
els in the analyzed F1 offspring group (Figure 3F). In addition, we
did not observe any significant differences in the synovial F4/80+
macrophage influx between the analyzed groups (see Supplemen-
tary Figures 5A, C, and D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/
abstract).

Total Mankin scores of OA in the DMM-operated joints cor-
related positively with weight and with the serum leptin levels in
F1 females, but not in F1 males. Moreover, serum IP-10 levels
correlated negatively with the total OA score in F1 females, while
the serum IL-6 level showed a positive correlation with the total
OA score in F1 males (Figures 3G and H).

Bone microstructure changes. Micro-CT imaging revealed
differences in the bone microstructure in F1 mice (Figure 3l). The
BV/TV, BMD, and Tb.N of the tibial metaphysis were each signifi-
cantly lower in female F1 HFD mice compared to female F1 Con-
trol mice (Figure 3J). In addition, female F1 HFD mice displayed a
significantly lower BV/TV and Tb.Th of the trabecular bone in the
medial femoral condyle, but no major differences were detected
in the tibial plateau epiphysis (see Supplementary Figures 6A-D,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41147/abstract). In male F1
mice, we did not observe any major significant changes in bone
microstructure, regardless of the diet fed to the parents.

F2 offspring. Weight gain, adiposity, and metabolic
profile. The female F2 HFD and Control groups of mice did
not differ in weight, whereas the male F2 HFD mice were sig-
nificantly heavier than the male F2 Control mice (Figure 4A).
Male F2 HFD mice also had a significantly higher percentage
of AT compared to male F2 Control mice (Figure 4B). There
was no noticeable difference in adipocyte size in the subcuta-
neous AT of female F2 mice in either diet group, while a trend
toward enhanced adipocyte hypertrophy was present in male
F2 HFD mice compared to male F2 Control mice (Figure 4C
and Supplementary Figure 3A [http://onlinelibrary.wiley.com/
doi/10.1002/art.41147/abstract]). In addition, we observed a
trend toward a lower glucagon level in female F2 HFD mice,
and toward higher serum levels of insulin and leptin, as well
as lower serum levels of resistin, in male F2 HFD mice com-
pared to male F2 Control mice (Figure 4D and Supplemen-
tary Figure 7A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
41147/abstract). Levels of other serum adipokines did not
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Figure 4. Grandparental HFD affects weight gain, adiposity, and the metabolic profile in F2 offspring. The F2 generation was fed the control
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longitudinal body weight. B, Adipose tissue content assessed by micro-CT. C, Representative images of tissue samples showing histologic
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glucagon). Symbols in B and D represent individual mice; horizontal lines with bars show the mean + 95% confidence interval (n =10-16 mice
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differ between the analyzed groups (Supplementary Figures
7B-E [http://onlinelibrary.wiley.com/doi/10.1002/art. 41147/
abstract]).

Systemic and local inflammation. Similar to the findings in
the F1 generation of offspring mice, we found that serum IL-
1(3 trended toward higher levels, whereas serum IP-10 levels
were significantly lower, in female F2 HFD mice compared to

female F2 Control mice (Figure 5A). No significant differences
were observed in the levels of other cytokines, including IL-10,
between the female F2 mice of either diet group (see Supple-
mentary Table 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/
abstract). We also did not find any significant difference in se-
rum cytokine levels between F2 male mice of either diet group.
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, Serum levels of interleukin-103 (IL-1[3), tumor necrosis factor (TNF), IL-6,

IL-1q, IL-10, interferon-y—inducible 10-kd protein (IP-10), eotaxin, IL-13, and IL-17 in each group. B, Representative images of histologic staining

with hematoxylin and eosin to detect visceral adipose tissue (VAT) in each g

roup. Bar =100 pm. C, Immunohistochemical staining of visceral AT for

CD11b (green), CD11c (red), and nuclei (blue) among M1 (proinflammatory) macrophages. Arrows indicate double-positive cells. Bar = 100 pm.
D, Fold change in expression of the leptin (Lep), leptin receptor (Lepr), and Cd36 genes in visceral AT and subcutaneous AT (SAT). Symbols in A

and D represent individual mice; horizontal lines with bars show the mean

+ 95% confidence interval (n = 5-16 mice per sex and per diet group).

* = P < 0.05 by Mann-Whitney U test. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at

http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract.
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Furthermore, we did not observe any remarkable differences
in fibrosis among the analyzed groups, although there was a
trend toward a higher number of M1-like macrophages in male
F2 HFD mice compared to male F2 Control mice (Figures 5B and
C and Supplementary Figure 3E [http://onlinelibrary.wiley.com/
doi/10.1002/art.41147/abstract)).

Gene expression analysis of the visceral AT and subcutane-
ous AT from the F2 offspring groups showed no significant differ-
ences in the levels of Lep, Lepr, or Cd36 genes (Figure 5D).

OA severity, osteophyte formation, and synovitis. We found
that female F2 mice from HFD-fed grandparents had a signifi-
cantly higher predisposition to develop OA, while there was no
difference in OA development in male F2 mice of either grand-
parental diet group (Figures 6A and C). We also found that the
osteophyte scores were not affected by grandparental diet in
the analyzed groups of F2 mice (Figure 6D and Supplemen-
tary Figures 4D-F, http://onlinelibrary.wiley.com/doi/10.1002/
art.411147/abstract). Interestingly, there was a significantly high-
er total synovitis score in the male F2 HFD mice compared to the
male F2 Control mice (Figures 6B and E).

We did not find differences in the synovial fluid cytokine levels
in any of the analyzed F2 offspring (Figure 6F and Supplemen-
tary Table 3, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract).
In addition, we did not observe significant differences in the pres-
ence of synovial F4/80+ macrophages in the analyzed groups of
F2 mice (see Supplementary Figure 5B, http://onlinelibrary.wiley.
com/doi/10.1002/art.41147/abstract).

The total Mankin scores of OA assessed in the DMM-
operated joints did not correlate with the weight and serum leptin
levels in female and male F2 mice. However, the serum C-pep-
tide level correlated positively with the total OA score in female
F2 mice, and the serum insulin level showed a positive correlation
with the total OA score in male F2 mice (Figures 6G and H).

Bone microstructure changes. Bones of F2 mice were im-
aged with micro-CT (Figure 6l). The BV/TV and Tb.N, but not the
BMD, of the tibial metaphysis were significantly lower in female
F2 HFD mice compared to female F2 Control mice (Figure 6J).
In addition, female F2 HFD mice displayed significantly lower
trabecular bone BV/TV in the epiphysis of the lateral femoral
condyle, while male F2 HFD mice had significantly lower BV/TV
in the lateral tibial plateau, as compared to their corresponding
Control mice (Supplementary Figures 8A-D and 9A-D, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41147/abstract).

DISCUSSION

Our findings show that high-fat feeding has an intergener-
ational effect on the inheritance of increased risk of weight gain,
metabolic imbalance, and OA in mice for at least 2 generations
of offspring. Both F1 and F2 offspring groups, despite being

allocated to receive the standard low-fat control diet, demon-
strated a dysregulated systemic metabolism, weight gain, and dis-
turbed musculoskeletal integrity. Strikingly, both F1 and F2 female
mice showed an increased predisposition to injury-induced OA
and severe bone microarchitectural changes that were attributed
to parental and grandparental high-fat feeding. These findings
indicate that in addition to well-characterized genetic factors (20),
the heritability of OA risk may involve epigenetic factors secondary
to diet-induced obesity (21) that may be passed through multiple
generations of offspring.

Significantly higher weight and AT content in F1 (male and
female) offspring and F2 male offspring of HFD-fed parents, in
comparison to offspring of low-fat control diet-fed parents, is
consistent with the results of previous studies in which it was
shown that combined parental diet had a cumulative effect on
weight gain and adiposity in multiple generations of offspring. For
instance, it has been reported that maternal fructose consumption
during pregnancy increases metabolic syndrome and AT content
in F1 female mice (22), while maternal high-fat feeding increases
adiposity in adult male rats (23). Paternal hyperglycemia was
also shown to affect obesity predisposition in offspring (24), and
maternal obesity leads to an increased weight gain across multiple
generations (25). While the mechanisms involved in this process
remain to be determined, it has been postulated that reduced
quality of oocyte and sperm cells due to an HFD, epigenetic mod-
ifications, dysregulated hypothalamic signaling, the effect of the
maternal microbiome (14), and intrauterine nutrient transfer (7)
may each play an essential role.

Leptin and insulin signaling have been postulated as being
key contributors in fetal programming. Dysregulated leptin hypo-
thalamic signaling in leptin-sensitive neurons of overfeeding moth-
ers has been shown to be passed on to male offspring, and in
fact, to mediate an “obese” phenotype in future generations (26).
Several previous studies have also shown that both maternal
hyperglycemia (27) and paternal obesity lead to a modification
in insulin sensitivity and glucose tolerance (28). In the present
study we show that there are significant sex-dependent differ-
ences in circulating leptin, insulin, and glucagon levels, as well as
differences in Lepr gene expression, within both F1 and F2 HFD
offspring as compared to their controls. The serum leptin level
significantly correlated with the OA score in F1 females, but not in
any of the other analyzed groups, while serum insulin levels corre-
lated significantly with the OA score only in the male F2 offspring
group. Interestingly, leptin is postulated to be a key mediator in
the pathogenesis of OA (29), while the loss of leptin signaling is
protective against obesity-induced OA in mice (30). Moreover, cir-
culating leptin levels differ between male and female mice, and
leptin has been shown to affect males and females differently
(81). Although we did not investigate fasting metabolite levels in
our animal cohort, the data presented imply that both leptin and
glucose metabolism may be significantly affected in offspring in a
sex-dependent manner.
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Figure 6. Grandparental HFD affects the musculoskeletal integrity of F2 offspring. A, Representative images show Safranin O—fast green
staining of the DMM-operated knee joints. Bar = 100 um. B, Representative images show hematoxylin and eosin staining of the medial femoral
condyles of DMM-operated joints. Arrowhead indicates evident synovitis. Bar = 100 pm. C-F, DMM-operated joints (left knee) were compared
to non-DMM-operated control joints (contralateral right knee) to assess the total modified Mankin score of OA (C), total medial osteophyte score
(D), total synovitis score (E), and synovial fluid (SF) levels of interferon-y—inducible 10-kd protein (IP-10), interleukin-10 (IL-10), and IL-1a (F). G
and H, Spearman’s correlation tests were used to assess bivariate correlations between the total OA score in the DMM-operated (left) knee
joint and weight, serum leptin levels, and serum C-peptide or insulin levels in F2 females (G) or F2 males (H). I, Representative images show
reconstructed micro-CT images of the tibial metaphysis from each group. J, Micro-CT analysis of the tibial metaphysis from DMM-operated
joints examined trabecular bone fraction bone volume/total volume (BV/TV), trabecular bone number (Th.N), and bone mineral density (BMD).
Symbols in C-F and J represent individual mice; horizontal lines with bars show the mean + 95% confidence interval (n = 10-16 mice per sex
and per diet group). Groups not sharing the same letter (a, b, or ¢) are significantly different (P < 0.05 by two-way analysis of variance with
Bonferroni post hoc analysis) within each sex. § = P < 0.001 by Mann-Whitney U test. See Figure 1 for other definitions. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41147/abstract.
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Obesity-induced systemic and local inflammation plays an
important role in the progression of OA damage. The results of
the present study and other previous studies have shown that
immune cells colocalize within the knee joint during obesity-
induced OA (32-34). In addition, the systemic proinflammatory
milieu has been shown to be important in the pathogenesis of OA,
potentially through interactions with local injury-induced inflamma-
tion (18). Before we addressed the ramifications of obesity as it
relates to the development and progression of OA in our mouse
study, we showed that obesity-related local and systemic immune
changes are affected by parental and grandparental HFD. Local
AT inflammation, as indicated by AT fibrosis and CD11b+CD11c+
macrophage infiltration, was mainly observed in male F1 and F2
HFD mice, although no serum proinflammatory cytokines were
significantly affected in these groups. However, we found that
serum levels of proinflammatory IL-1[3 trended higher in female F1
HFD mice, whereas serum levels of antinflammatory IL-10 were
significantly lower in female F1 and F2 HFD mice, compared to
their Control groups.

Studies have suggested that immune cells play an impor-
tant role in mediating the transgenerational effect of obesity in off-
spring. For instance, recent studies have shown that monocytes
and macrophages obtained from cord blood of obese mothers
had significantly changed levels of IL-1(3 and IL-10, as well as sig-
nificant differences in DNA methylation of IL-10 promotor in those
cells (85). Furthermore, children born to obese mothers were
observed as having a significantly lower number of eosinophils
and CD4+ T helper cells and a reduced monocyte response to
inflammation (36).

Finally, the findings in our study show, unexpectedly, that
serum IP-10 levels were significantly lower in both female F1 and
female F2 HFD mice compared to their Control groups, and this
was negatively correlated with the OA score in the female F1
group. The maternal diet has been proposed as a regulator of the
fate of hematopoietic cells (37). Indeed, our findings and those
of others are consistent with this notion, as they indicate that the
immunometabolism in offspring of mice having received an HFD
is compromised, potentially leading to observed changes in body
composition and musculoskeletal integrity (for a summary of these
intergenerational effects, see Supplementary Table 4, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41147/abstract).

Although OA has been historically considered to be a “wear
and tear” disease, it is now commonly accepted that OA-related
changes are attributable to multifactorial processes affecting
multiple joint tissues and are correlated with the progression of
systemic and local inflammation. We and other groups have pre-
viously shown that injury-induced OA is significantly affected by
obesity (5,18,38). In addition, previous studies in humans have
also indicated a strong correlation of obesity with the familial pre-
disposition to OA (39-41). In the present study we also show that
there are significant changes in the predisposition to injury-induced

OA, particularly in female F1 and F2 HFD mice, despite the fact
that there were changes in body weight or composition in both
male and female offspring. Furthermore, we did not find any sig-
nificant differences in local synovial fluid cytokine levels or synovial
F4/80+ macrophage content in the joints of the offspring, which
may suggest that factors beyond injury-induced inflammation play
an important role in the intergenerational inheritance of OA. The
mechanisms modulating the inheritability of cartilage damage
remain to be determined, but epigenetic regulation has become
a central mechanism in the hypothesis of fetal developmental
programming affected by parental obesity (42). For example,
grandparental HFD-induced obesity has been shown to affect the
skeletal muscle transcriptome transgenerationally (43). In addition,
maternal HFD has been shown to impair muscle mitochondria in
female offspring (44).

Regardless of whether OA is surgically induced, the struc-
ture and integrity of the subchondral bone are postulated to play
an important role in the progression of OA (45). Previous studies
showed that maternal diabetes affects bone health and growth
in offspring (46). Similarly, the results of our study show that HFD
affects the bone structure of only female offspring in the F1 and
F2 generations; trabecular bone BV/TV, Tb. N, and BMD across
the tibial metaphysis and femoral condyle of the knee joint were
found to be significantly impacted in the female F1 and F2 HFD
offspring. Previous studies have shown that maternal HFD impairs
offspring skeletal development by affecting osteoblast differentia-
tion and promoting cell senescence (47,48). Furthermore, intra-
uterine exposure to HFD was shown to negatively regulate the
bone microstructure (49). There are several factors that could pos-
sibly explain these observations. For instance, Liang et al pointed
out that the observed HFD-mediated reduction in bone quality
may, in fact, mirror the findings from human epidemiologic studies
in which it was demonstrated that HFD-induced delayed skeletal
development is associated with bone fragility during aging (49).
Furthermore, the detrimental effect of the microbiome on bone
quality due to HFD has been postulated as an important mecha-
nism in reducing bone microarchitectural changes (50).

It is important to note several points that may influence
the interpretation of our findings. Although we did not examine
the role of the microbiome in this studly, it has been reported that the
obesity-induced microbiome may play an important role in muscu-
loskeletal integrity (50). For example, obesity can significantly disrupt
the gut microbiome, which has a detrimental role in OA progression
(33). In addition, parental HFD has been shown to affect the micro-
biome of offspring, predisposing them to autoimmune diseases (51).

Another potential limitation of the current study is the lack
of direct measurement of the dysfunction in glucose metabo-
lism and insulin resistance in offspring, which would allow further
understanding of the potential role of metabolic syndrome in the
observed outcomes. Furthermore, the described disturbance in
leptin and its satiety/hunger role could possibly be explained by
analysis of food intake in studied mice.
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In conclusion, our results indicate that high-fat feeding of
mice plays a sex-dependent detrimental role in musculoskeletal
integrity in at least 2 generations of offspring. We showed that
offspring metabolism, adiposity, immune profile, and cartilage and
bone integrity are significantly affected by parental high-fat feed-
ing. These findings have significant implications for the inheritabil-
ity mechanism of obesity-triggered OA, and such findings should
prompt an in-depth investigation of the role of epigenetic and envi-
ronmental stimuli as factors in the progression of OA. Future stud-
ies confirming the beneficial role of maternal and paternal diet,
exercise, and microbiome interventions may benefit the muscu-
loskeletal integrity of offspring and perhaps mitigate the observed
transgenerational inheritance of a predisposition to OA.
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Interleukin-17 Inhibition in Spondyloarthritis Is Associated
With Subclinical Gut Microbiome Perturbations and a
Distinctive Interleukin-25-Driven Intestinal Inflammation

Julia Manasson,' “22 David S. Wallach,” Giuliana Guggino,® Matthew Stapylton,” Michelle H. Badri,*

Gary Solomon,' Soumya M. Reddy,' Roxana Coras,” ) Alexander A. Aksenov,® Drew R. Jones,’

Parvathy V. Girija," Andrea L. Neimann,' Adriana Heguy,' Leopoldo N. Segal,’ Pieter C. Dorrestein,®

Richard Bonneau,” Monica Guma,” 2 Francesco Ciccia,® Carles Ubeda,’ Jose C. Clemente,” and Jose U. Scher'

Objective. To characterize the ecological effects of biologic therapies on the gut bacterial and fungal microbiome
in psoriatic arthritis (PsA)/spondyloarthritis (SpA) patients.

Methods. Fecal samples from PsA/SpA patients pre- and posttreatment with tumor necrosis factor inhibitors (TNFi;
n = 15) or an anti-interleukin-17A monoclonal antibody inhibitor (IL-17i; n = 14) underwent sequencing (16S riboso-
mal RNA, internal transcribed spacer and shotgun metagenomics) and computational microbiome analysis. Fecal
levels of fatty acid metabolites and cytokines/proteins implicated in PsA/SpA pathogenesis or intestinal inflammation
were correlated with sequence data. Additionally, ileal biopsies obtained from SpA patients who developed clinical-
ly overt Crohn’s disease (CD) after treatment with IL-17i (n = 5) were analyzed for expression of |L-23/Th17-related
cytokines, IL-25/IL-17E-producing cells, and type 2 innate lymphoid cells (ILC2s).

Results. There were significant shifts in abundance of specific taxa after treatment with IL-17i compared to TNFi,
particularly Clostridiales (P = 0.016) and Candida albicans (P = 0.041). These subclinical alterations correlated with
changes in bacterial community co-occurrence, metabolic pathways, IL-23/Th17-related cytokines, and various fatty
acids. lleal biopsies showed that clinically overt CD was associated with expansion of IL-25/IL-17E—producing tuft
cells and ILC2s (P < 0.05), compared to pre-IL-17i treatment levels.

Conclusion. In a subgroup of SpA patients, the initiation of IL-17A blockade correlated with features of subclinical gut
inflammation and intestinal dysbiosis of certain bacterial and fungal taxa, most notably C albicans. Further, IL-17i-related
CD was associated with overexpression of IL-25/IL-17E-producing tuft cells and ILC2s. These results may help to explain
the potential link between inhibition of a specific IL-17 pathway and the (sub)clinical gut inflammation observed in SpA.
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INTRODUCTION

The microbiome, the collection of microorganisms that
co-inhabit human surfaces, serves many important func-
tions, ranging from carbohydrate metabolism and synthesis of
essential vitamins to immune system modulation and protec-
tion from pathogens (1). Intestinal dysbiosis (i.e., the imbalance
in the composition of gut microbiota), has been implicated in
the development of autoimmune disorders and chronic inflam-
matory arthritis, including axial and peripheral spondyloarthri-
tis (SpA) (2), ankylosing spondylitis (AS) (3), psoriatic arthritis
(PsA) (4), reactive arthritis (5), and inflammatory bowel disease
(IBD) (6).

Notably, the microbiome can affect the metabolism, bicavail-
ability, efficacy, and toxicity of drugs (7). Recent examples include
novel checkpoint inhibitors (8,9), whose anticancer efficacy and
safety are also microbiome-dependent. Conversely, several drugs,
including those that lack known antibiotic properties, can alter the
gut microbial composition (10). Of direct relevance to autoimmune
and chronic inflammatory arthritis, interleukin-17A (IL-17A) block-
ade has been associated with candidiasis (11) and exacerbation
of Crohn’s disease (CD) (12), a condition linked to higher frequen-
cies of Candida albicans colonization (13). This is not unexpected
since IL-17A is known to provide protection against extracellular
pathogens and maintain intestinal epithelial health (14).

In this study, we characterized the ecological effects of the
most commonly prescribed biologic therapies in PsA and SpA on
the gut bacterial and fungal microbiome. We hypothesized that bio-
logic therapy, particularly IL-17A inhibition, would perturb the gut
bacterial and fungal communities, altering their interrelationships
and causing downstream changes in gut metabolite and local
cytokine production. We further examined ilieal biopsy specimens
from patients who developed gut inflamsmation after treatment with
IL-17i, and characterized changes in adhesive/invasive bacterial
scores and local immune responses.

PATIENTS AND METHODS

Patient recruitment. Adult PsA/SpA patients were
recruited from the New York University (NYU) clinics prior to
initiating biologic therapy. Fifteen patients analyzed in the TNFi
cohort were either naive to prior biologic treatment (93.3%) or
had brief exposure >1 year prior to enroliment (6.7%). They were
compared to 15 age-, sex-, and ethnicity-matched controls to
determine differences between healthy and PsA/SpA subjects.
A different set of 14 patients in the IL-17i cohort were also com-
pared to the TNFi cohort, of which 9 (64.3%) were inadequate
responders to TNFi, warranting the switch to IL-17i therapy
(secukinumab). This allowed us to observe the natural history of
microbiome fluctuation in a typical clinical progression of biologic
therapy for SpA and psoriatic disease. lleal biopsy specimens
were analyzed from an additional cohort (University of Palermo)

of 5 HLA-B27—-positive SpA patients (all diagnosed as having
AS) who developed CD after treatment with secukinumab, com-
pared to 5 who did not.

Patient evaluation and sample collection. For the
TNFi and IL-17i NYU cohorts, demographic and clinical data
were recorded. Fecal samples were collected for microbiome,
metagenomic, metabolomic, and cytokine/inflammatory protein
analyses. Blood was collected for basic laboratory testing and
HLA typing. In the TNFi cohort, samples were collected at base-
line and 6 months after starting therapy (maintenance visit; mean +
SD 27 + 10 weeks). In the IL-17i cohort, samples were collected at
baseline, 5 weeks after starting therapy (loading visit; mean + SD
7 + 2 weeks), and 3 months after starting therapy (maintenance
visit; mean + SD 17 + 5 weeks). All 14 patients provided samples
at the baseline and loading visits, and 9 provided samples at the
maintenance visit. For the SpA (AS) cohorts, ileal biopsy samples
were collected before (at baseline) and after initiation of IL-17i ther-
apy (post-IL-17i), and used for histologic, immunohistochemical,
and messenger RNA quantification analyses.

DNA extraction, 16S ribosomal RNA (rRNA) and internal
transcribed spacer (ITS) gene sequencing, and data analy-
sis. Gut bacterial and fungal DNA was extracted and sequenced
as previously described (15). Bacterial microbiota composition
was determined by sequencing the V4 hypervariable region
of bacterial 16S rRNA (llumina MiSeq platform) (5). Fungal
microbiota composition was determined by sequencing the
fungal ITS1 region using published primers (16). Obtained
sequences were demultiplexed and clustered into operational taxo-
nomic units (OTUs) with closed-reference OTU picking using Quan-
titative Insights into Microbial Ecology (QIIME), version 1.9.1 (17).
QIIME and R software, version 3.4.3 (18), were used to calculate
alpha and beta diversity, taxa summary, and the change in taxa rel-
ative abundance in the NYU cohorts. The Linear discriminant anal-
ysis effect size (LEfSe) tool, version 1.0.7 (19), was used to identify
differentially abundant bacterial taxa between groups.

Co-occurrence networks. Taxa were summarized at the
genus level and pruned to >0.1% relative abundance in >2 sam-
ples. Co-occurrence of taxa was calculated using SparCC (20),
and results were validated with 10 rarefactions of the input table.
Significantly co-occurring taxa (P < 0.05) were kept for further
analysis. Cytoscape, version 3.2.1 (21), was used to visualize the
co-occurrence networks.

Shotgun sequencing and metagenomic analysis. DNA
libraries were generated following the Nextera XT lllumina protocol
and sequenced on the lllumina NextSeq platform. Raw sequenc-
ing reads were processed using HUMANN2 (22). The Kruskal-
Wallis test was used to identify differentially abundant enzymatic
pathways in the TNFi and IL-17i cohorts.
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Measurement of fecal cytokines/proteins and fatty Metadata correlation analysis. Spearman’s correlations
acid metabolites. Fecal protein was extracted (4) and used were performed on pooled pre- and posttreatment samples to
to measure PsA/SpA-related cytokines and inflammatory pro- identify bacterial and fungal taxa that significantly correlate with
teins with multiplex and enzyme-linked immunosorbent assays. cytokines/proteins and FAs. Using QIIME, OTUs were grouped
Short-, medium-, and long-chain fatty acid (FA) levels were at the genus level and tables pruned to contain only OTUs with
measured using gas chromatography mass spectrometry (GC- >0.5% relative abundance in >2 samples, followed by Spear-
MS) and liquid chromatography mass spectrometry (LC-MS) man’s correlations with false discovery rate (FDR) correction.
methods. Associations with genera that achieved FDRs of <0.1 and <0.2
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Figure 1. Bacterial composition at different stages of tumor necrosis factor inhibitor (TNFi) therapy and interleukin-17 inhibitor (IL-17i) therapy.
A, Alpha diversity as measured by the Shannon diversity index. There were no significant differences (ns) between pre- and posttreatment visits
in the TNFi (baseline [pre] versus 6-month [maintenance] visits) and IL-17i (baseline [pre] versus 5-week [loading] and baseline [pre] versus
3-month [maintenance] visits) cohorts by Wilcoxon’s signed rank test. B, Principal coordinates analysis plot of beta diversity as measured by
the Bray-Curtis distance. No distinct clustering patterns were identified. C, Community dissimilarity pre- to posttreatment with TNFi (distance
measured between baseline and maintenance visits) and IL-17i (distance measured between baseline and loading visits and between baseline
and maintenance visits). No significant differences were seen when comparing TNFi to IL-17i by Mann-Whitney U test. D, Mean relative
abundance of taxa at the order level pre-TNFi treatment to post-IL-17i treatment. Relative abundance is shown in parts per unit. Legend lists
only the top taxa. In A and C, data are shown as box plots, where each box represents the interquartile range (IQR). Lines inside the boxes
represent the median. Whiskers represent the 10th and 90th percentiles. O = order; IR = inadequate responders. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract.
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were plotted as correlograms based on previously published
thresholds (4).

Biopsy specimen collection, processing, and analy-
sis. lleal mucosal biopsy specimens were collected from 10 addi-
tional SpA patients before and after IL-17i therapy (5 patients who
developed CD and 5 controls who did not). Presence of adherent
and invasive bacteria was assessed using Warthin-Starry staining
and antibodies directed against bacterial lipopolysaccharide, as
previously described (23). Messenger RNA levels of tight junc-
tion proteins Occludin and Claudin 1 were assessed with reverse
transcriptase—polymerase chain reaction (RT-PCR). In the 5 sub-
jects who developed CD, ileal biopsy specimens were histolog-
ically evaluated for inflammation using hematoxylin and eosin
and immunoperoxidase staining, as previously described (24).
Expression of IL-25/IL-17E, IL-25R/IL-17RB, IL-17A, IL-23p19,
and IL-13 was assessed with RT-PCR and immunohistochemical
staining. Type 2 innate lymphoid cells (ILC2s) were identified and
quantified by techniques based on confocal microscopy and flow
cytometry of lamina propria mononuclear cells. Detailed methods
for analyses, sequencing, cytokine/protein measurement, GC-
MS, LC-MS, and biopsy specimen collection/processing, as well
as links to publicly available data can be found in the Supplemen-
tary Methods (available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract).

RESULTS

Baseline characteristics. Characteristics of the TNFi
and IL-17i cohorts are shown in Supplementary Table 1 (http://
onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract). The
IL-17i cohort tended to be older (P not significant) and female-
predominant (P not significant), compared to the TNFi cohort.
Body mass index was comparable in both cohorts. Phenotyp-
ically, the majority of patients had PsA, with a small minority
diagnosed as having axial SpA. All patients from the TNFi cohort
had psoriasis (mostly mild) and either peripheral PsA (63.3%) or
a combination of peripheral and axial PsA (46.7%). The average
tender and swollen joint counts were 5.5 and 3.6, respectively. In
the IL-17i cohort, 9 patients had psoriasis (64.3%) and were diag-
nosed as having either peripheral PsA (35.7%), axial PsA (7.1%),
a combination of peripheral and axial PsA (28.6%), or axial SpA
(21.4%). One patient had predominantly skin disease. Very few
patients in both cohorts were HLA-B27—positive and about one-
third of patients in each cohort had elevated CRP (28.6% in IL-17i
versus 33.3% in TNFi; P not significant).

PsA/SpA characterized by intestinal bacterial dys-
biosis. Using 16S rRNA gene sequencing, we compared the
intestinal microbiota of biologic-naive PsA/SpA patients (TNFi
baseline) to age-, sex-, race-, and ethnicity-matched healthy
controls. We noted an expansion of Clostridiales (order) and

Erysipelotrichales (order), as well as a reduction of Bacteroidales
(order) relative abundance in PsA/SpA, compared to healthy sub-
jects (Supplementary Figure 1A, http://onlinelibrary.wiley.com/
doi/10.1002/art.41169/abstract). Furthermore, and as previously
shown by our group, several low abundance taxa were overrep-
resented in healthy controls, the majority of which belong to the
Bacteroidales order (Supplementary Figure 1B).

Distinctive features in intestinal bacterial perturba-
tions after TNFi and IL-17i therapies. \We next analyzed the
microbiota of fecal samples from subjects pre- and posttreatment
with TNFi and IL-17i. Neither alpha nor beta diversity were signif-
icantly different within each cohort (Figures 1A and B and Sup-
plementary Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.41169/abstract). We then analyzed whether there were commu-
nity dissimilarities over time between the TNFi and IL-17i cohorts.
While changes in beta diversity did not show significant differences
(Figure 1C), there were noticeable perturbations in specific taxa. In
particular, there was an expansion of Clostridiales and a reduction of
Bacteroidales at the TNFi maintenance visit compared to baseline,
and an opposite reduction of Clostridiales with concomitant expan-
sion of Bacteroidales at the IL-17i maintenance visit (Figure 1D).
Furthermore, we observed high variability in therapy response in
specific patients. There were prominent shifts in Clostridiales rel-
ative abundance (both expansion and reduction) with IL-17i ther-
apy, which were not pronounced with TNFi therapy (P < 0.005 and
P < 0.05, respectively) (Figures 2A-C).

We found a similar pattern at higher taxonomic levels, par-
ticularly with Firmicutes (phylum) (Supplementary Figures 3A-C,
http://onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract)
and Clostridia (class) (Supplementary Figures 3D-F). In contrast,
most patients had a reduction of Bacteroidales relative abun-
dance with TNFi, and about one-third of patients showed expan-
sion with IL-17i (Figures 2D-F). Additional taxa of interest are
summarized in Supplementary Table 2 (http://onlinelibrary.wiley.
com/doi/10.1002/art.41169/abstract).

IL-17i disrupts bacterial interactions in the gut. To fur-
ther explore perturbations in the bacterial community, we performed
a network analysis to identify groups of intestinal bacteria that co-
occur with one another before and after biologic therapy with TNFi
(Supplementary Figures 4A, 4B, and 14 and Supplementary Table
3A) or IL-17i (Figure 3, Supplementary Figures 15A and B, and Sup-
plementary Table 3B, http://onlinelibrary.wiley.com/doi/10.1002/
art.41169/abstract). At the pre-TNFi phase, there were 2 clusters
dominated by Bacteroides and Ruminococcaceae (family) that
became less prominent (nodes arranged in a linear structure rather
than in clusters) with treatment (Supplementary Figures 4A, 4B,
and 14 and Supplementary Table 3A). In contrast, in the pre-IL-17i
phase, there was a strong positive correlation between Bacteroides
and Ruminococcaceae, with nodes arranged in a linear struc-
ture. However, post-IL-17i Bacteroides and Ruminococcaceae
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Figure 2. Changes in Clostridiales and Bacteroidales relative abundance with TNFi therapy and IL-17i therapy. Changes in relative abundance
of Clostridiales (order) and Bacteroidales (order) with TNFi therapy (A and D, respectively) and with IL-17i therapy (B and E, respectively) are
shown. Each line represents an individual patient. Relative abundance is shown in parts per unit. Magnitude of change in relative abundance
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represents the IQR. Lines inside the boxes represent the median. Whiskers represent the 10th and 90th percentiles. Statistical comparisons
within each cohort were calculated by Wilcoxon’s signed rank test. Statistical comparisons between TNFi and IL-17i cohorts were calculated

by Mann-Whitney U test. See Figure 1 for other definitions.

separated into 2 negatively correlated clusters (Figure 3, Supple-
mentary Figures 15A and B, and Supplementary Table 3B).

Of note, the pre—IL-17i network differed markedly from the pre-
TNFi network, likely reflecting prior exposure to TNFi in this group
(i.e., altered baseline). In addition, the pre—IL-17i network showed
differences with the post-TNFi network, which could be partially
due to different durations of exposure to biologic agents. Overall,
however, these findings suggest that biologic therapy is not only
associated with perturbations at the level of the individual taxon
but also with changes in the interconnectivity and co-occurrence
among specific bacteria, especially with IL-17i, where positive sym-
biotic correlations became negative associations after treatment.

Intestinal Candida expansion with IL-17i treat-
ment. Using ITS sequencing, we analyzed changes in fungal
microbiota following biologic therapy. Akin to results from the
bacterial data, alpha and beta diversity were not significantly
different in the TNFi- or IL-17i-treated cohorts (alpha diversity
displayed in Figure 4A and Supplementary Figure 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract; beta
diversity displayed in Figures 4B and C). However, there
were noticeable perturbations in specific fungal taxa. These
included an expansion of Saccharomycetales (order) at the
TNFi and IL-17i maintenance visits relative to baseline, both
on average (Figure 4D) and in the majority of patients in each
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cohort (Supplementary Figures 6A-C, http://onlinelibrary.
wiley.com/doi/10.1002/art.41169/abstract).

There were notable IL-17i treatment—specific differences in a
subset of patients, including a robust expansion of Candida (29%
of cohort) (Figure 5B) and C albicans (21% of cohort) (Figure 5E).
A smaller subset of patients demonstrated a similar magnitude in
reduction of Candida (14% of cohort) (Figure 5B) and C albicans
(7% of cohort) (Figure 5E). Moreover, the magnitude of change in
C albicans relative abundance (expansion or reduction) was sig-
nificantly higher with IL-17i compared to TNFi between baseline
and maintenance visits (P < 0.05) (Figure 5F). In contrast, several
patients showed a robust expansion of Saccharomyces cerevi-

siae, mostly in the TNFi cohort (40% of cohort) (Supplementary
Figure 6D, http://onlinelibrary.wiley.com/doi/10.1002/art.41169/
abstract). Correspondingly, the magnitude of S cerevisiae relative
abundance change was significantly higher in TNFi compared
to IL-17i between baseline and maintenance visits (P < 0.05)
(Supplementary Figure 6F). Additional taxa of interest are sum-
marized in Supplementary Table 4 (http://onlinelibrary.wiley.com/
doi/10.1002/art.41169/abstract).

We then performed differential enrichment analysis to iden-
tify bacterial taxa that could distinguish subjects with high Can-
dida and C albicans expansion (‘expanders”) from all other
patients pre- and posttreatment with IL-17i (none achieved
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FDR) (Supplementary Figures 7 and 8, respectively). Pretreat-
ment, Candida expanders associated with a higher abundance
of taxa from the Clostridiales order, most notably Faecalibacte-
rium (Supplementary Figure 7A, http://onlinelibrary.wiley.com/doi/
10.1002/art.41169/abstract). At the maintenance visit, Candida
expanders were distinguished by higher abundance of Bacte-
roidetes and taxa within the Bacteroidetes phylum (i.e., Bac-
teroides) (Supplementary Figure 7B). In the case of C albicans,
the most prominent taxon distinguishing high expanders at the
pretreatment visit was the Veillonellaceae family, also belonging

to the Clostridiales order (Supplementary Figure 8A, http://online
library.wiley.com/doi/10.1002/art.41169/abstract). Posttreatment,
expanders were again characterized by higher abundance of
Bacteroidaceae and Bacteroides (Supplementary Figure 8B).

Microbial gene pathway perturbations after biologic
therapy. Shotgun sequencing and metagenomic analysis were
performed to identify functional changes that occur in response
to biologic therapy. We identified several differentially abundant
microbial pathways in both cohorts. In the TNFi-treated patients,
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S = species (see Figure 1 for other definitions).

the majority of pathways that changed with therapy were related to
nucleotide metabolism (Supplementary Figure 9 and Supplemen-
tary Table 5, http://onlinelibrary.wiley.com/doi/10.1002/art.41169/
abstract). In contrast, pathways that changed with IL-17i therapy
were related to cell wall, vitamin, carbohydrate, and amino acid
metabolism, particularly tryptophan (Supplementary Figure 10 and
Supplementary Table 6, http://onlinelibrary.wiley.com/doi/10.1002/
art.41169/abstract).

Changes in key bacterial and fungal taxa correlate with
fecal levels of IL-23/Th17 cytokines and immunomodula-
tory metabolites. \We measured levels of cytokines and pro-
teins that have been implicated in either PsA/SpA pathogenesis

and/or intestinal inflammation, including IL-12, IL-23, the IL-17
family, calprotectin, CCL20, and secretory IgA (slgA). We also
measured short-, medium-, and long-chain FAs. We found sev-
eral correlations between these metadata and intestinal micro-
biota at the genus level in TNFi- and IL-17i-treated patients
(Supplementary Figures 11 and 12 and Supplementary Tables
7 and 8, http://onlinelibrary.wiley.com/doi/10.1002/art.41169/
abstract).

Interestingly, the TNFi cohort had mostly negative corre-
lations with cytokines and other metadata, whereas the IL-17i
cohort had mostly positive correlations. In the TNFi cohort,
Bacteroides positively correlated with CCL20, slgA, and several
cytokines involved in the IL-23/Th17 axis. In contrast, Prevotella
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and Catenibacterium negatively correlated with the same IL-17i-induced CD is characterized by decreased
cytokines and inflammatory proteins. In addition, several taxa bacterial counts and simultaneous expansion of both
from the Clostridiales and Bacteroidales orders negatively cor- IL-25/1L-17E-producing tuft cells and ILC2s in the lamina
related with calprotectin (Supplementary Figures 11A and 12A, propria. The described observations in gut microbiota dynam-
http://onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract). ics following TNFi and IL-17i treatment were seen in patients
In the IL-17i cohort, members of the Bacteroidales order had exposed to their respective therapies for relatively short periods
strong positive correlations with IL-25/IL-17E, while members of time. Despite correlations with fecal levels of intestinal inflam-
of the Clostridiales order showed weak positive correlations matory mediators, none of the participants developed clinically
with IL-21 and/or IL-23. Of interest, Faecalibacterium correlated evident gut inflammation. Therefore, and to further characterize
positively with propionic acid and negatively with octanoic acid, the effects of IL-17A inhibition on gut immunity and inflamma-
while taxa of the Clostridiales order positively correlated with tion, we examined ileal biopsy samples from an additional cohort
several long-chain FAs. Of the fungal taxa, Candida positively of SpA (AS) patients who developed clinically overt CD after IL-
correlated with slgA and negatively correlated with valeric acid 17i exposure. All 5 patients demonstrated reduction in adher-
and stearic acid (Supplementary Figures 11B and 12B, http:// ent and invasive bacteria in nonlesional ilieal biopsy samples via
onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract). Warthin-Starry staining and lipopolysaccharide immunostaining,
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Figure 6. Interleukin-25 (IL-25)-driven inflammation characterizes colitis seen in spondyloarthritis (SpA) (ankylosing spondylitis) patients after
IL-17 inhibitor (IL-17i) therapy. A and B, Representative hematoxylin and eosin-stained images demonstrating histologic changes in the ileum
of SpA patients at baseline (A) and after the onset of clinically evident Crohn’s disease (CD) (B) during treatment with IL-17i (secukinumab). C,
Histologic score in SpA ileal samples at baseline and after the onset of CD. D-F, Relative mRNA levels of IL-25/IL-17E (D), IL-25R/IL-17RB (E),
and IL-17A (F) in SpA patients at baseline and after the onset of CD, as assessed by reverse transcriptase—polymerase chain reaction (RT-PCR).
G and H, Representative images showing IL-25 immunostaining in SpA ileal samples at baseline and after the onset of CD. I, Number of IL-25-
positive cells in SpA patients. J, Representative image showing the expression of IL-25/IL-17E in the context of specialized gut epithelial cells
that were morphologically identified as tuft cells in the gut of SpA patients after the onset of CD during treatment with secukinumab. K, Number
of IL-25—positive tuft cells at baseline and after the onset of CD. L-N, Representative confocal microscopy images of IL-4 (L), chemoattractant
receptor-like molecule expressed on Th2 cells (CRTH2) (M), and GATA-3 (N) in SpA ileal tissue after the onset of CD during treatment with
secukinumab. O, Merged triple-stained image showing IL-4/CRTH2/GATA-3-positive type 2 innate lymphoid cell (ILC2) colocalization in the gut
of SpA patients. P, Number of ILC2s in the gut of SpA patients. Q, Percentage of ILC2s evaluated by flow cytometry in the gut of SpA patients
at baseline and after the onset of CD during treatment with secukinumab. R, Relative mRNA levels of IL-13 in the ileum of SpA patients at
baseline and after the onset of CD, as assessed by RT-PCR. Symbols represent individual samples; bars with whiskers show the median with
interquartile range. Statistical comparisons were calculated by Student’s t-test and Mann-Whitney U test.
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as well as increased expression of 2 tight junction proteins,
Occludin and Claudin 1 (Supplementary Figure 13, http://
onlinelibrary.wiley.com/doi/10.1002/art.41169/abstract). Curiously,
the same pattern was observed in 5 control SpA (AS) subjects
who were also treated with IL-17i but did not develop CD.

In those with colitis, histologic evaluation of ileal sam-
ples pre- and post-IL-7i treatment clearly demonstrated the
presence of a Crohn’s-like inflammation after therapy (Fig-
ures 6A-C). This inflammation was characterized by increased
expression of IL-25/IL-17E, IL-25R/IL-17RB, and IL-17A post-L-17i,
as evaluated by RT-PCR (Figures 6D-F) and immunohistochem-
istry (Figures 6G-K), and increased numbers of IL-25/IL.-17E-
positive tuft cells (Figures 6J and K), which are chemosensory
cells lining the intestinal epithelium, known to secrete IL-25/IL-17E
in response to parasitic infections (25). There were no changes in
IL-23 levels. The higher expression of IL-25/IL.-17E was accom-
panied by expansion of ILC2s (P < 0.05), defined as CD3-
IL-4+CRHT2+GATA3+ cells by confocal microscopy (Figures 6L—P)
or Lin—(ST2-)CD45+IL-25R+KLRG1+Thy1+ cells by flow cytome-
try (Figure 6Q), as well as increased production of IL-13 (Figure 6R).

DISCUSSION

We describe, for the first time, the effects of 2 biologic thera-
pies (i.e., TNFi and IL-17i) on the intestinal microbiome of PsA and
SpA patients. Through our longitudinal study approach, we were
able to directly discern changes in the microbiome before and
after therapy. Consistent with our previous findings, we observed
intestinal dysbiosis in PsA/SpA patients prior to the initiation of
biologic therapy. Although variations in specific taxa differed from
our previous study (4), this was unsurprising given that microbi-
ome sequencing was performed using different platforms. After
biologic therapy, patients demonstrated further bacterial and fun-
gal perturbations, which were more prominent with IL-17i and
characterized by significant changes in Clostridiales and related
taxa. This is relevant because Clostridia contribute to the mainte-
nance of intestinal homeostasis (26), with many species produc-
ing butyrate, a short-chain FA that can induce the differentiation
of colonic regulatory T cells (Treg cells) (27), which are critical for
self-tolerance and prevention of autoimmune disease. Moreover,
Clostridia species play a physiologic role in gut protection since
early inoculation with Clostridium renders mice resistant to the
development of colitis (28). In humans, low abundance of Faecal-
ibacterium prausnitzii not only associates with IBD but also cor-
relates with both ulcerative colitis (UC) disease activity (29) and
postoperative recurrence of CD (30).

In the present study, IL-17i led to a robust expansion of
Candida and C albicans in a subgroup of patients of varying clin-
ical phenotypes, with a few patients demonstrating a reduction.
We also found that at the pretreatment stage, these Candida and
C albicans expanders were associated with a higher abundance
of taxa from the Clostridiales order. Similarly, Candida expand-

ers were associated with a higher abundance of Bacteroides
(and related taxa) posttreatment. A variant of this relationship
was seen in a recent study showing that commensal Clostridia
and Bacteroidetes were critical for the prevention of C albicans
intestinal colonization in mice (31).

Other groups have demonstrated microbial changes after
biologic therapies. For example, CD patients had a significant
decrease in Escherichia coli after adalimumab (a TNFi), which
was shown to shift their microbiome closer to the composition of
healthy individuals (32). Furthermore, CD patients who responded
to ustekinumab, an IL-12/23 inhibitor, had higher bacterial diver-
sity pretreatment, while several taxa (e.g., Faecalibacterium) dis-
tinguished responders from nonresponders (33). In axial SpA,
patients who improved with TNFi had a stable microbiome, which
was less prone to perturbations with treatment. Additionally,
patients who responded to TNFi tended to have higher taxa
diversity prior to treatment (34).

Our study showed that bacterial and fungal dysbiosis do not
happen in isolation. As indicated in our network analysis, treat-
ment with IL-17i turned positive mutualistic associations between
taxa into negative ones, particularly Bacteroides and Ruminococ-
caceae, a member of the Clostridiales order. In turn, changes in
the relative abundance of key taxa correlated with shifts in intes-
tinal levels of IL-23/Th17-related cytokines and beneficial short-
chain FAs such as propionic acid, linked to Treg cell expansion
and abrogation of gut inflammation (27,35). In the fungal com-
munity, changes in Candida correlated positively with slgA and
negatively with valeric acid, which has been associated with IL-10
production and reduction of IL-17A (36). Moreover, metagenomic
analysis demonstrated that treatment with IL-17i was associated
with up-regulation of L-tryptophan biosynthesis. This is relevant
because in vitro binding of a tryptophan-derived photoproduct
enhances Th17 cell development and IL-17A expression (37). The
reasons for these findings are likely multifactorial but it is possible
that, in response to IL-17 blockers, microbial-derived tryptophan
is overproduced as a positive feed-forward loop in order to main-
tain Th17 cell homeostasis in the lamina propria.

Some of the unfavorable associations with Candida are not
surprising, as prior work suggests that this taxon may be linked
to gut inflammation and CD (38). In fact, C albicans was shown
to be an immunogen for anti-Saccharomyces cerevisiae antibod-
ies (ASCA), a sensitive serologic marker for IBD (39). Moreover,
families with CD (both affected and unaffected relatives) are more
frequently colonized by C albicans (13), and the abundance of
a different Candida species, Candida tropicalis, is significantly
higher in CD compared to nondiseased first-degree relatives,
positively correlating with ASCA levels (40). The role of fungal flora
in the development of IBD is further supported by the fact that
mice lacking dectin 1 have increased susceptibility to dextran sul-
fate sodium (DSS)-induced colitis (41). Dectin 1, a receptor for
B-glucan found in fungal cell walls, recognizes fungal organisms
and induces a strong Th17 response upon binding (42). In the SKG
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mouse model, systemic exposure to curdlan (1,3-3-glucan aggre-
gates) results in the development of a SpA phenotype and CD-like
colitis, while inhibition of dectin 1 can prevent the onset of arthritis
(43). Because IL-17 confers protection from extracellular pathogens,
IL-17 inhibition is likely to allow fungal outgrowth, as in observed
cases of candidiasis during IL-17i clinical trials (44,45). IL-17i has
also been shown to exacerbate CD in some patients (12), which
has led to the hypothesis that IL-17 inhibition could prompt intestinal
C albicans expansion and downstream intestinal inflammation (42).

In our study, IL-17i resulted in CD-like inflammation in a small
cohort of SpA (AS) patients and a reduction in adhesive/invasive
bacterial scores in patients who developed CD (nonlesional ileum)
as well as those who did not (healthy ileum). This may be related to
the normalization of tight junction expression after treatment, which
was observed as independent of clinically overt CD. Remarkably,
ileal biopsy samples from patients who developed colitis demon-
strated significantly higher levels of IL-25/IL-17E—producing
tuft cells and concomitant expansion of IL-13-producing ILC2s
compared to pretreatment levels. These data differ from findings
in naturally occurring CD, where gut mucosal levels of IL-25/
IL-17E not only are reduced, but also are inversely correlated with
endoscopic disease severity (46). Furthermore, a number of stud-
ies have demonstrated significant alterations in specific subsets of
ILC1 and ILC8 rather than ILC2 cells in naturally occurring CD (47).
These differences may be attributable to the underlying diagnosis
of AS in the cohort, which is known to be associated with clini-
cal and subclinical gut inflamsnmation. Therefore, it is possible that
patients had a priori subclinical gut inflammation and were predis-
posed to CD. Alternatively, ILC2 expansion may actually correlate
with treatment efficacy as a recent study showed that higher circu-
lating ILC2 counts are associated with PsA remission (48).

Taken together, our results suggest that IL-17i-induced CD
is driven by divergent pathways compared to typical, “idiopathic”
CD. It is, however, essential to note that while IBD exacerbation
was frequently observed following IL-17i in CD studies (up to 10%)
(12), exacerbations of (or de novo) IBD occurred in <1% of SpA
patients enrolled in randomized clinical trials (11,49). Nevertheless,
several confirmed cases in routine clinical practice have since been
reported (50-52).

Perturbations seen with IL-17i may be specifically related
to the inhibition of IL-17A, one of several IL-17 isoforms. This
was elegantly demonstrated in IL-17F”~ mice which, unlike IL-
17A™" animals, were resistant to DSS-induced colitis compared
to wild-type controls (563). Importantly, the attenuation of colitis in
IL-17F”~ mice was linked to overexpansion of Treg cells in the
lamina propria and a higher abundance of commensal Clostridia
(53). Pretreatment with a monoclonal antibody against IL-17F also
attenuated colitis (53). Thus, unlike IL-17A inhibition, which may
promote deleterious effects on the intestine, blockade of IL-17F
or other isoforms (e.g., IL-17E) may have a rather positive out-
come and abrogate inflammation in rodents. Whether this is true
in human disease will require demonstration in clinical trials.

Limitations of our study include small cohort sizes, subject
recruitment from geographically different regions and dietary
practices, a phenotypically heterogeneous population, and differ-
ent drugs used in the TNFi cohort. Although specific microbiota
perturbations were pronounced in both bacterial and fungal com-
munities, these results will require validation in larger prospective
cohorts, especially since the TNFi cohort was naive to treatment
with biologic agents, but the majority of patients in the IL-17i cohort
were previously treated with a TNFi. Extending our results would
also help us understand whether baseline gut microbiota can be
used as predictors of biologic therapy response, as in the case of
cancer immunotherapies. In addition, current databases for taxa
identification are significantly more comprehensive for bacteria
relative to fungi. However, we utilized the same publicly available
databases cited by a number of other publications, allowing for
data comparison across studies. Improvement in fungal genome
sequencing and expansion of taxonomic tools in the near future
should enhance our ability to classify these communities in further
detail. Given the correlative nature of microbiome studies, it is pos-
sible that shifts in Candida (and other bacterial taxa) rather follow
changes in immune pressure after local inflammation. Although
further work is needed to elucidate directionality, recent human
and animal studies imply that candidiasis is likely involved in the
pathogenesis of IBD. Finally, the present study is not mechanistic
in nature and cannot address how microbial fluctuations correlate
with disease outcomes. Future research is therefore needed.

In summary, our findings demonstrate that biologic therapies
in PsA and SpA not only modulate immune cell response but also
are associated with perturbations in specific bacterial and fungal
taxa. IL-17i leads to significant changes in Clostridiales and nota-
ble expansion of Candida and C albicans in more than a quarter of
patients, which are accompanied by changes in metabolic path-
ways and levels of PsA/SpA-related cytokines, proinflammatory
molecules, and FA production. Furthermore, IL-17i-induced CD in
human SpA differs from idiopathic CD and appears to be driven
by diverging IL-17 family pathways (i.e., IL-25/IL-17E). Moving for-
ward, these IL-17i—-induced microbial and immune perturbations
should be explored, perhaps through a machine learning model,
and incorporated into the clinic by predicting which individuals
are susceptible to adverse outcomes from IL-17A and related
therapies such as candidiasis and (sub)clinical gut inflammation.
Ultimately, understanding the downstream effects of these per-
turbations could allow for the development of precision medicine
approaches in PsA, SpA, and related rheumatic diseases.
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Objective. The Systemic Lupus International Collaborating Clinics (SLICC) frailty index (FI) has been shown to
predict mortality, but its association with other important outcomes is unknown. We examined the association of
baseline SLICC FI values with damage accrual in the SLICC inception cohort.

Methods. The baseline visit was defined as the first visit at which both organ damage (SLICC/American College of
Rheumatology Damage Index [SDI]) and health-related quality of life (Short Form 36) were assessed. Baseline SLICC
FI scores were calculated. Damage accrual was measured by the increase in SDI between the baseline assessment
and the last study visit. Multivariable negative binomial regression was used to estimate the association between
baseline SLICC FI values and the rate of increase in the SDI during follow-up, adjusting for relevant demographic and
clinical characteristics.

Results. The 1,549 systemic lupus erythematosus (SLE) patients eligible for this analysis were mostly female
(88.7%) with a mean + SD age of 35.7 + 13.3 years and a median disease duration of 1.2 years (interquartile range
0.9-1.5 years) at baseline. The mean + SD baseline SLICC Fl was 0.17 + 0.08. Over a mean + SD follow-up of
7.2 £ 3.7 years, 653 patients (42.2%) had an increase in SDI. Higher baseline SLICC Fl values (per 0.05 increase) were
associated with higher rates of increase in the SDI during follow-up (incidence rate ratio [IRR] 1.19 [95% confidence
interval 1.13-1.25]), after adjusting for age, sex, ethnicity/region, education, baseline SLE Disease Activity Index
2000, baseline SDI, and baseline use of glucocorticoids, antimalarials, and immunosuppressive agents.

Conclusion. Our findings indicate that the SLICC FI predicts damage accrual in incident SLE, which further sup-

ports the SLICC Fl as a valid health measure in SLE.
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INTRODUCTION

The clinical course of systemic lupus erythematosus (SLE)
is variable and challenging to predict. In geriatric medicine (1)
and other disciplines (2-5), susceptibility to adverse outcomes
is quantified using the construct of frailty, defined as increased
vulnerability due to diminished ability to respond to physiologic
stressors (6). One approach to operationalizing frailty is through
a frailty index (Fl) (7), which measures the accumulation of health
deficits across multiple systems (8). Individuals with few deficits
are considered relatively fit, while those with more health problems
are considered increasingly frail (9). The validity of the Fl approach
is well-established in nonlupus populations (7,10-13). Recently,
in the Systemic Lupus International Collaborating Clinics (SLICC)
inception cohort, we constructed the first Fl for SLE patients (14)
and demonstrated an association between higher SLICC Fl val-
ues and increased mortality risk (15).

Organ damage is a core disease domain in SLE (16). It is eval-
uated using the SLICC/American College of Rheumatology (ACR)
Damage Index (SDI) (17), which measures damage occurring after
the diagnosis of SLE, regardless of attribution (17,18). Among SLE
patients, higher SDI scores are associated with increased mor-
tality (19-24), higher health care costs (25), greater activity limi-
tations (26), and lower health-related quality of life (19,27). Since
organ damage accumulates at different rates in individual patients
(20), predicting which SLE patients are likely to experience greater
damage accrual would be valuable.

We hypothesized that the SLICC FI would identify which SLE
patients are most likely to accumulate organ damage over time.
The primary objective of this study was to estimate the association
between baseline SLICC Fl values and the rate of damage accrual
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in the SLICC inception cohort. Preexisting organ damage also
predicts future damage in SLE (19,20). Therefore, a secondary
aim was to compare the abilities of the SLICC FI and the SDI for
the prediction of damage accrual.

PATIENTS AND METHODS

Data source. This was a secondary analysis of longitudi-
nal data from the SLICC inception cohort. SLICC comprises 52
investigators at 43 academic centers in 16 countries. From 1999
to 2011, an inception cohort of SLE patients was recruited from
31 SLICC sites in Europe, Asia, and North America. In total, 1,826
SLE patients were enrolled within 15 months of SLE diagnosis (28).
Data were collected per a standardized protocol, submitted to the
coordinating centers at the University of Toronto and Dalhousie
University, and entered into centralized databases. The study was
approved by the institutional research ethics boards of all participat-
ing centers, and all participants provided written informed consent.

Clinical and laboratory assessments. Patients were
evaluated at enrollment and annually for the following variables:
demographic features (age, sex, race/ethnicity, and years of post-
secondary education), physical measurements (blood pressure,
height, and weight), medication use (glucocorticoids, antimalar-
ials, and immunosuppressive agents), individual ACR classifica-
tion criteria for SLE (28), medical comorbidities, neuropsychiatric
events (29,30), SLE disease activity (SLE Disease Activity Index
2000 [SLEDAI-2K]) (81), cumulative organ damage (SDI) (17),
and health-related quality of life (Medical Outcomes Study Short
Form 36 [SF-36]) (32). Pertinent laboratory investigations were
performed locally at each visit (19). Antibodies to cardiolipin,
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B,-glycoprotein |, and the lupus anticoagulant were measured at a
central laboratory at the Oklahoma Medical Research Foundation
as previously described (33).

Construction of the SLICC FI. The procedure for SLICC Fl
construction has been described in detail previously (14). Briefly,
we established a baseline data set of 1,683 patients, consisting
of the first visit at which both the SDI and SF-36 had been com-
pleted. Variables were included in the SLICC FI if they met the
standard criteria for a health deficit, defined as any symptom,
disease process, functional impairment, or laboratory abnormality
that 1) is acquired, 2) is associated with chronological age, 3) is
associated with adverse health outcomes, 4) is present in >1%
and <80% of the sample, and 5) has nonmissing values for >95%
of the sample (7). Of 222 candidate variables, 48 health deficits
met the inclusion criteria, spanning multiple organ systems and
incorporating organ damage, disease activity, comorbidities, and
functional status (14). For each of the 48 health deficits, patients
were assigned a score between O (complete absence of the
deficit) and 1 (deficit fully present) using definitions from the SLE
literature (17,28,29,31,32). More detailed information has been
published previously (15).

Calculation of baseline SLICC FI scores. A baseline
SLICC FI score was calculated for each patient as the sum of
their individual health deficit scores divided by the total number of
deficits. For example, an individual in whom 12 of the 48 health
deficits in the SLICC Fl are fully present at baseline would have a
baseline SLICC FI score of 12/48 = 0.25. Each additional health
deficit increases the SLICC Fl score by 0.021.

Measurement of organ damage accrual. To measure
damage accrual, we calculated the change in SDI during follow-up
for each patient by subtracting their baseline SDI score from their
SDI score at last follow-up. Patients with no follow-up assess-
ments after their baseline visit (n = 134) were excluded.

Statistical analysis. Descriptive statistics were calculated
for baseline demographic and clinical characteristics, baseline
SLICC Fl values, and change in SDI values during follow-up. Using
a frailty cutoff value established in non-SLE populations (12,34,35),
we compared the rate of change in SDI score between patients
classified as frail (SLICC FI >0.21) at baseline and those who were
not (SLICC FI <0.21). We also compared rates of damage accrual
between those with organ damage (SDI >0) at baseline and those
without (SDI 0).

We initially fit Poisson regression models for the change
in SDI score during follow-up, using likelihood ratio tests to
evaluate for overdispersion. However, all Poisson models
demonstrated overdispersion, and therefore negative binomial
models were fit instead. To account for differential duration of
patient follow-up, we considered the rate of change in SDI as

the outcome of interest by including follow-up time (patient-
years) as an offset. All models were evaluated for goodness
of fit and assessed for multicollinearity between independent
variables.

First, a univariable model was constructed with baseline
SLICC Fl (per 0.05 increase) as the independent variable. To iden-
tify potential confounders of the relationship between the baseline
SLICC FI and damage accrual, we considered baseline demo-
graphic and clinical variables associated with damage accrual in
SLE (19,20). Univariable models for rate of change in SDI were
constructed for each potential confounder.

Amultivariable model for the rate of damage accrual included
the baseline SLICC Fl, as well as any potentially confounding
variables with P values less than 0.1 in univariable analyses. Sim-
ilarly, univariable and multivariable models were constructed for
the rate of damage accrual with 1) baseline SDI score (per 1-unit
increase) as the independent variable of interest; and 2) both
baseline SLICC FI and SDI scores as independent variables in
the same model. We then used likelihood ratio tests to compare
the multivariable model containing both baseline SLICC Fl and
SDI scores to the multivariable models containing 1) the baseline
SLICC Fl alone and 2) the baseline SDI alone. We compared the
relative performance of these alternative models using Akaike’s
information criterion (AIC), with smaller AIC values indicating bet-
ter predictive quality. Data analysis was conducted using Stata/
IC, version 14 (StataCorp).

Sensitivity analysis. The SLICC FI contains health defi-
cits that overlap with items captured by the SDI. To determine
the relationship between baseline SLICC Fl scores and damage
accrual independent of the baseline SDI, we repeated the above
analyses after removing overlapping SDI items from the SLICC FI
and recalculating SLICC FI scores using the remaining 33 health
deficits. We investigated whether the SLICC Fl could predict
damage accrual in patients without baseline damage by reas-
sessing the association of baseline SLICC Fl scores with the rate
of change in the SDI in a subgroup of patients without baseline
damage (baseline SDI 0).

To address differential durations of follow-up, we selected
different follow-up time cut points, based approximately on the
10th percentile (2.5 years), 25th percentile (5 years), 50th per-
centile (7.5 years), 75th percentile (10 years), and 90th percentile
(12.5 years) in the data set. We then repeated the above anal-
yses separately for patients with follow-up time above versus
below each cut point.

RESULTS

Baseline patient characteristics. There were 1,549
patients (92.0% of the baseline data set) with >1 follow-up visit
such that 2 data points were available to model change in SDI
score. Baseline demographic and clinical characteristics are
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shown in Table 1. The median SLE disease duration at baseline
was 1.2 years (interquartile range [IQR] 0.9-1.5 years), and most
patients (n = 1,300 [83.9%)]) had their baseline visit within 2 years
of SLE diagnosis.

At the baseline assessment, SLICC Fl values ranged from
0.004 to 0.510, with a median of 0.16 (IQR 0.11-0.22) and a
mean + SD of 0.17 + 0.08. In total, 422 patients (27.2%) were
classified as frail at baseline (SLICC Fl >0.21). There were 370
patients (23.9%) with preexisting organ damage (SDI >0) at
baseline and 1,179 patients (76.1%) without baseline organ
damage (SDI 0). Baseline SLICC Fl scores were higher among
patients with baseline organ damage (mean baseline SLICC FI
0.203) than among those without damage at baseline (mean

Table 1. Baseline demographic and clinical characteristics of the
SLE patients in the SLICC inception cohort eligible for the analysis of
organ damage accrual (n = 1,549)*

Age at baseline, mean + SD years 357+133
Sex
Female 1,374 (88.7)
Male 175 (11.3)
Race/ethnicity
White 767 (49.5)
Black 249 (16.1)
Asian 245 (15.8)
Hispanic 236 (15.2)
Other 52 (3.4)
Region
us 393 (25.4)
Canada 377 (24.3)
Mexico 192 (12.4)
Europe 433 (28.0)
Asia 154 (9.9)
Postsecondary education 782 (51.2)
SLE disease duration, median (IQR) 1.2 (0.9-1.5)
years
SLEDAI-2K, median (IQR) 2 (0-6)
Baseline SDI of O 1179 (76.1)
Medications
Glucocorticoids 1,089 (70.3)
Antimalarials 1,048 (67.7)
Immunosuppressive agents 631 (40.8)
Comorbidities
Antihypertensive agent use 460 (29.8)
Diabetes mellitus 33(2.2)
Current smoker 224 (14.5)
Body mass index, mean + SD kg/m’ 257+6.0
Antiphospholipid antibody positivity
Lupus anticoagulant 209 (22.8)
Anticardiolipin 119 (13.1)
Anti-B3,-glycoprotein | 135 (14.8)

* Data were missing for 21 patients (1.4%) for postsecondary edu-
cation, 5 patients (0.3%) for Systemic Lupus Erythematosus Disease
Activity Index 2000 (SLEDAI-2K) score and antihypertensive agent
use, 2 patients (0.1%) for antimalarial use and immunosuppressive
agent use, 34 patients (2.2%) for diabetes mellitus, 63 patients (4.1%)
for body mass index, 631 patients (40.7%) for lupus anticoagulant,
and 638 patients (41.2%) for anticardiolipin and anti-[3,-glycoprotein
|. Except where indicated otherwise, values are the number (%). SLE =
systemic lupus erythematosus; SLICC = Systemic Lupus International
Collaborating Clinics; IQR = interquartile range; SDI = SLICC/American
College of Rheumatology Damage Index.

baseline SLICC FI 0.155), and this difference was statistically
significant (P < 0.0001 by t-test).

Excluded patients. A total of 134 patients (8.0% of the
baseline data set) were excluded from this analysis. One patient
was excluded due to insufficient baseline data for calculation
of a baseline SLICC Fl score. The remaining 133 patients were
excluded due to lack of available follow-up data to model changes
in SDI score. Eight patients died prior to their next follow-up visit,
while 125 patients were lost to clinic follow-up. There were no sig-
nificant baseline differences between excluded and nonexcluded
patients with respect to age, sex, education level, marital status,
cigarette smoking, SLEDAI-2K score, therapeutic exposures, or
specific SLE manifestations (data not shown). There were dif-
ferences between the excluded and nonexcluded patients with
regard to race/ethnicity, which were largely explained by a higher
proportion of excluded patients at study sites within the US (data
not shown). SLE disease duration at baseline was longer among
excluded patients (median 15.6 months versus 14.0 months
among nonexcluded patients; P = 0.003). Baseline SDI scores
were slightly higher among excluded patients (mean 0.54 versus
0.40 among nonexcluded patients; P = 0.05). However, this differ-
ence in baseline SDI values was no longer statistically significant
after accounting for differences in baseline disease duration.

Organ damage accrual. Over a mean + SD follow-up of
7.2 + 3.7 years and 11,189 patient-years, there were 896 patients
(567.8%) with no change in SDI score. There were 332 patients
(21.4%) with an increase of 1, 178 patients (11.5%) with an
increase of 2, and 143 patients (9.2%) with an increase of >3 in
SDI score during follow-up.

Baseline SLICC Fl and organ damage accrual. Patients
classified as frail at baseline demonstrated a rate of increase
in SDI per patient-year of follow-up that was twice the rate
observed among patients who were classified as nonfrail, with
an incidence rate ratio (IRR) of 1.98 (95% confidence interval
[95% CI] 1.68-2.34). Patients with damage at baseline (SDI >0)
demonstrated a higher rate of change in SDI score during follow-
up compared to patients without baseline organ damage (IRR
1.70 [95% Cl 1.43-2.01]).

Unadjusted models for organ damage accrual. In unad-
justed analysis, each 0.05 increase in baseline SLICC Fl was associ-
ated with a 26% increase in the rate of change in the SDI (RR 1.26
[95% CI 1.20-1.33]). Similarly, each 1-point increase in baseline
SDI was associated with a 31% increase in the rate of subse-
quent damage accrual (IRR 1.31 [95% CI 1.20-1.43]). When
baseline SLICC FI (IRR 1.23 [95% CI 1.17-1.30]) and baseline
SDI (IRR 1.19 [95% CI 1.09-1.31]) were included in the same
model, both measures maintained independent associations
with the rate of damage accrual.
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Identification of other factors associated with dam-
age accrual in univariable analysis. Older age, male sex,
glucocorticoid use, immunosuppressive agent use, and higher
disease activity (SLEDAI-2K) at baseline were associated with a
higher rate of increase in the SDI score during follow-up (Table 2).

Table 2. Univariable negative binomial regression models for the
association of baseline demographic and clinical variables with
the change in SDI score during follow-up among SLE patients in the
SLICC inception cohort (n = 1,549)*

Table 3. Multivariable negative binomial regression models for the
association of baseline SLICC FI and SDI scores with the change
in SDI score during follow-up among SLE patients in the SLICC
inception cohort*

Univariable Multivariable
model model
(n = 1,549) (n=1,539)f
IRR (95% ClI)
Model 1: SLICC FI (per 0.05 1.26(1.20-1.33) 1.20(1.14-1.27)
increase)

Model 2: SDI (per 1.0 increase)

Model 3: SLICC FI and SDI
SLICC Fl (per 0.05 increase)
SDI (per 1.0 increase)

1.31(1.20-1.43)

1.23(1.17-1.30)
119 (1.09-1.31)

117 (1.07-1.28)

119 (1.13-1.25)
110(1.01-1.21)

Independent variable IRR (95% Cl) P
Baseline age (years) 1.015 (1.010-1.020) <0.0001
Male sex 1.66(1.33-2.07) <0.0001
Race/ethnicity

White Referent -
Hispanic 1.37(1.09-1.73) 0.007
Black 1.82(1.46-2.26) <0.001
Asian 0.72 (0.56-0.92) 0.008
Other 1.55(1.04-2.31) 0.030
Geographic location
us Referent -
Canada 0.53(0.42-0.66) <0.001
Mexico 0.77 (0.59-1.02) 0.064
Europe 0.52 (0.42-0.64) <0.001
Asia 0.38(0.28-0.52) <0.001
Postsecondary educationt
No Referent -
Yes 0.80 (0.68-0.95) 0.009
Cigarette smoking
No Referent -
Yes 1.09 (0.87-1.36) 0.449
Glucocorticoid use at
baseline
No Referent -
Yes 1.49 (1.24-1.78) <0.0001
Immunosuppressive agent
use at baseline
No Referent -
Yes 1.44.(1.22-1.70) <0.0001
Antimalarial use at baseline
No Referent -
Yes 0.79(0.67-0.94) 0.007
SLEDAI-2K at baseline 1.05 (1.03-1.07) <0.0001
(per 1.0)
SLE disease duration at 1.00 (0.99-1.01) 0.528
baseline (years)
Lupus anticoagulant
positivity at baselinet
No Referent -
Yes 1.19(0.94-1.50) 0.152
Anticardiolipin positivity at
baseline¥
No Referent -
Yes 1.23(0.92-1.65) 0.164
Anti-3,-glycoprotein |
positivity at baselinet
No Referent -
Yes 1.06 (0.76-1.50) 0.727

* |RR = incidence rate ratio; 95% Cl = 95% confidence interval (see
Table 1 for other definitions).

t A “missing” indicator was included for the 1.4% of patients for
whom this data was lacking.

¥ Analysis included 911 patients with complete antiphospholipid
antibody data.

Overall model comparisons,
LR test statistic (P)

Model 1 versus model 3 15.35 (<0.001) 5.18(0.023)

Model 2 versus model 3 67.64(<0.001) 40.49 (<0.001)
AIC

Model 1: SLICC FI 3,735.12 3,566.78

Model 2: SDI 3,787.41 3,602.09

Model 3: SLICC FI and SDI 3,721.78 3,563.60

* Fl = frailty index; IRR = incidence rate ratio; 95% Cl = 95% confidence
interval; LR = likelihood ratio; AIC = Akaike's information criterion (see
Table 1 for other definitions).

t Adjusted for the baseline characteristics age, sex, glucocorticoid
use, antimalarial use, immunosuppressive agent use, ethnicity/loca-
tion, postsecondary education, and SLEDAI-2K..

Antimalarial use and postsecondary education at baseline were
associated with lower rates of damage accrual (Table 2). There
were also differences in the rate of increase in the SDI based on
race/ethnicity and geographic region (Table 2). Since the effects
of race/ethnicity and geographic region could not be evaluated
independent of one another, a combined ethnicity/region variable
was created for multivariable analysis.

Multivariable models for organ damage accrual. The
relationship between the baseline SLICC Fl and the rate of increase
in the SDI during follow-up remained largely unchanged following
multivariable adjustment (Table 3). Each 0.05 increase in the base-
line SLICC Fl was associated with a 20% increase in the rate of
subsequent damage accrual (IRR 1.20 [95% Cl 1.14-1.27]) after
adjusting for baseline age, sex, glucocorticoid use, antimalarial
use, immunosuppressive agent use, ethnicity/location, postsec-
ondary education, and SLEDAI-2K.

Baseline SDI scores also remained significantly associated
with the rate of further damage accrual after multivariable adjust-
ment (Table 3). In the multivariable model including both the
baseline SLICC FI and baseline SDI as independent variables,
both measures maintained statistically significant associations
with the rate of increase in the SDI per patient-year of follow-up
(Table 3). Compared to the models containing either the baseline
SLICC Fl or the baseline SDI alone, the model containing both
baseline SLICC FI and SDI scores was superior for predicting
the rate of subsequent damage accrual (Table 3). In particular,
the addition of the baseline SLICC Fl to the model containing



PREDICTING DAMAGE ACCRUAL IN SLE USING THE SLICC FI

663

the baseline SDI alone was associated with significant improve-
ment in model fit (for model 2 versus model 3, likelihood ratio
test statistic 40.49 [P <0.001]) and relative predictive quality (AIC
3602.1 for model 2 versus 3563.6 for model 3).

Results of the sensitivity analysis. The association
between higher baseline SLICC FlI values and higher rates of
damage accrual remained statistically significant when the above
analyses were repeated after removing all SDI-related items from
the SLICC FI (Table 4). We also repeated the above analyses in
the subgroup of patients without preexisting organ damage (SDI
0) at baseline. Among these 1,179 patients, those classified as
frail at baseline (SLICC FI >0.21) accrued organ damage at a rate
that was 89% higher than in nonfrail individuals (IRR 1.89 [95% Cl
1.51-2.36)). In multivariable analysis, each 0.05 increase in base-
line SLICC FI was associated with a 21% increase in the rate of
change in the SDI during follow-up (IRR 1.21 [95% CI 1.14-1.30))
after adjusting for baseline age, sex, glucocorticoid use, antima-
larial use, immunosuppressive agent use, ethnicity/location, post-
secondary education, and SLEDAI-2K.

The main analyses were then repeated in subgroups strati-
fied by follow-up time (Table 5). The relationship between baseline
SLICC Fl scores and subsequent damage accrual was maintained
in all subgroups, with the exception of the small subset of patients
(n = 188) who were followed up for <2.5 years after their baseline
assessment. This may have been related to the small sample size,

Table 4. Negative binomial regression models for the association
of baseline SLICC Fl and SDI scores with the change in SDI score
during follow-up among SLE patients, excluding damage-related
health deficits from the SLICC FI*

Table 5. Negative binomial regression models for the association
between baseline SLICC FI values and the change in SDI score
during follow-up among SLE patients, stratified by follow-up time*

Full
Univariable  multivariable
model modelT
Cut point 2.5 years follow-up
<2.5 years follow-up (n = 188) 1.09 (0.91-1.30) 0.93(0.77-1.11)

>2.5 years follow-up (n=1,361)
Cut point 5.0 years follow-up

<5.0 years follow-up (n = 486)

>5.0 years follow-up (n = 1,063)

1.27(1.21-1.34)

1.23(1.11-1.36)
1.26(1.19-1.33)

1.22(1.16-1.29)

115 (1.04-1.27)
1.22(1.15-1.29)

Univariable Multivariable
model model
(n = 1,549) (n=1,539)t
IRR (95% Cl)
Model 1: SLICC Fl (per 0.05 117 (1.12-1.21) 113(1.09-1.17)
increase)
Model 2: SDI (per 1.0 1.31(1.20-1.43) 117 (1.07-1.28)
increase)

Model 3: SLICC Fl and SDI
SLICC Fl (per 0.05
increase)t
SDI (per 1.0 increase)
Overall model comparisons,
LR test statistic (P)

1.15(1.11-1.20) 112 (1.08-1.16)

1.26(115-1.37)  1.15(1.05-1.25)

Model 1 versus model 3 26.46 (<0.0001) 10.74 (0.001)

Model 2 versus model 3 61.25 (<0.0001) 35.72 (0.0001)
AIC

Model 1: SLICC FI 3,752.61 3,57712

Model 2: SDI 3,787.41 3,602.09

Model 3: SLICC FI and SDI 3,728.16 3,568.37

* IRR = incidence rate ratio; 95% Cl = 95% confidence interval; LR =
likelihood ratio; AIC = Akaike's information criterion (see Table 1 for
other definitions).

t Adjusted for the baseline characteristics age, sex, glucocorticoid
use, antimalarial use, immunosuppressive agent use, ethnicity/loca-
tion, postsecondary education, and SSLEDAI-2K.

} Baseline SLICC frailty index (FI) calculated using the 33 health defi-
cits not related to organ damage.

Cut point 7.5 years follow-up
<7.5 years follow-up (n = 825)
>7.5 years follow-up (n = 724)
Cut point 10.0 years follow-up
<10.0 years follow-up (n = 1,184)
>10.0 years follow-up (n = 365)
Cut point 12.5 years follow-up
<12.5years follow-up (n = 1,395) 1.25(1.18-1.32) 1.19(1.13-1.25)
>12.5 years follow-up (n=154)  1.42 (1.25-1.62) 1.35 (1.16-1.56)
* Values are the incidence rate ratio per 0.05 increase in baseline
SLICC frailty index (FI) score (95% confidence interval). See Table 1 for
other definitions.
t Adjusted for the baseline characteristics age, sex, glucocorticoid
use, antimalarial use, immunosuppressive agent use, ethnicity/loca-
tion, postsecondary education, and SLEDAI-2K.

122 (114-1.32) 114 (1.06-1.22)
1.30 (1.22-1.37) 1.25(1.17-1.34)

1.26(1.19-1.33) 1.18(1.12-1.26)
1.27(117-1.38) 1.22(1.12-1.34)

as well as a low event rate, as most of these patients (75.5%;
n = 142) did not experience any damage accrual during follow-up.

DISCUSSION

In a well-characterized, international cohort of recently diag-
nosed SLE patients, we have demonstrated an association
between higher baseline SLICC Fl values and higher rates of
increase in the SDI during follow-up, independent of other demo-
graphic and clinical characteristics known to predict damage
accrual in SLE. This finding adds to our previous work that demon-
strated that the SLICC Fl predicts mortality in SLE (15) and further
supports the notion that the SLICC Flis a valid and robust measure
for predicting clinically meaningful outcomes among SLE patients.

The association between the SLICC Fl and organ damage
accrual in SLE is consistent with prior work investigating frailty in
nonlupus populations. For example, in addition to mortality, frailty
indices can predict other important health outcomes, includ-
ing falls, fractures, health service utilization, hospitalizations,
institutionalization, and multimorbidity (11-13,36,37). The ability
of baseline SLICC Fl values to predict future damage accrual is
also consistent with the theoretical basis of the deficit accumu-
lation approach to frailty. Since frailty represents a loss of phys-
iologic reserve with resultant inability to withstand future insults
(8), it is expected that SLE patients with higher baseline SLICC
Fl values will be more likely to sustain organ damage when faced
with new health threats.

Given the importance of preexisting damage, measured
using the SDI, for predicting subsequent damage accumulation
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in SLE (19,21,22), some may question whether the ability of the
SLICC FI to predict damage accrual is heavily reliant upon the
baseline SDI score. However, our sensitivity analysis demon-
strated persistence of the relationship between baseline SLICC
Fl values and the rate of damage accrual during follow-up even
when all SDI-related items were removed from the index. This
suggests that it is not only organ damage, but the global effect
of deficit accumulation, that drives the association between
baseline SLICC Fl values and the rate of subsequent damage
accrual. This highlights a key strength of the deficit accumulation
approach to frailty—it is the cumulative impact of all health defi-
cits, and not the specific nature of the individual deficits, that is
important (9,38).

We found that the baseline SLICC Fl and the baseline SDI
were both significant predictors of the rate of damage accrual
during follow-up. Thus, these two instruments are likely mea-
suring separate constructs that each provide valuable prog-
nostic information. Since many SLE patients will remain free
of organ damage captured by the SDI for several years after
diagnosis (20), the added prognostic value of the SLICC Fl
when compared with the SDI may be most evident early in
the disease course. For example, even in our subgroup analy-
sis of patients without organ damage at baseline, the baseline
SLICC FI remained a significant predictor of damage accrual
over time.

Importantly, this study focused on predictors of damage
accrual based on information available to clinicians early in the
course of incident SLE. As a result, our analysis does not account
for the complex variations in disease activity, therapeutic expo-
sures, and frailty that subsequently occur over the course of fol-
low-up. While the current analysis provides relevant information for
clinical decision-making early in disease, the impact of changes
in frailty over time on the risk of adverse outcomes remains to be
determined. Future work will investigate how the trajectories of
SLICC Fl scores over multiple time points are related to the risk of
future adverse health outcomes in incident SLE. It would also be
valuable to determine whether SLICC FI scores are more strongly
associated with the development of certain types of organ dam-
age. While damage accrual in this sample was not sufficient to
facilitate an analysis of the association between baseline SLICC FI
values and individual damage items, this is an objective for future
studies.

QOur study has some limitations. First, observation time dif-
fered between patients, which could introduce bias if the asso-
ciation between the SLICC Fl and damage accrual were to vary
depending on follow-up time. However, our sensitivity analysis
stratified by length of follow-up demonstrated a consistent asso-
ciation between baseline SLICC Fl values and the rate of dam-
age accrual across strata, suggesting that this was not a major
concern. Second, our analysis assumed a constant rate of dam-
age accrual throughout the follow-up period and thus could not
account for potential accelerations or decelerations in the average

rate of change in SDI score over time. However, consistent with
the results of previous studies conducted in a variety of differ-
ent health care systems (19,21,39,40), we found a steady, linear
rate of increase in mean SDI score during follow-up, suggesting
that our assumption about the constant rate of damage accrual
among SLE patients is valid. Third, 277 patients (15.2% of the
SLICC cohort) were excluded due to missing baseline or follow-up
data. This raises the possibility of selection bias due to exclusion
of more severe SLE cases with early mortality. However, the demo-
graphic and clinical characteristics of the patients included in our
analysis were comparable to those of the excluded patients, and
were similar to those reported in previous studies of the SLICC
cohort (19,30), suggesting that our data set remained represent-
ative of the overall cohort. Last, it should be acknowledged that
the SLICC FI has been constructed and evaluated in a cohort of
relatively young, incident SLE patients. It remains unclear whether
these findings can be generalized to older patients with longstand-
ing SLE. Therefore, external validation of the SLICC Fl in prevalent
SLE cohorts is required.

In conclusion, the SLICC Fl predicts damage accrual among
patients with SLE, which is clinically relevant given the associa-
tion of organ damage with increased mortality risk (19-24), lower
quality of life (19,27), and increased health care costs (25). The
SLICC FI holds potential value as a prognostic tool for identify-
ing SLE patients who are at increased risk for the development
of significant organ damage. Since frailty is potentially reversible
(1), the SLICC FI may also be useful as an outcome measure in
future intervention studies.
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Clinical Images: Jaccoud'’s arthropathy
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The patient, a 55-year-old woman, presented with a 10-year history of progressive deformity of the hands and feet. The patient had been
diagnosed as having systemic lupus erythematosus (SLE) 10 years previously, with high-titer antinuclear antibody (ANA) positivity, low
complement levels, oral ulcers, arthritis, and deep vein thrombosis in the left leg. The patient did not adhere to treatment and only took
low-dose prednisone and warfarin intermittently. There was severe deformation of the interphalangeal joints of the hands (A) and feet, but
most of the joints were reducible. ANA, anti-Ro/SSA, and anti-RNP antibodies were all positive; anti—cyclic citrullinated peptide antibodies
and rheumatoid factor were absent. Radiography of the hands and wrists showed severe luxation and subluxation of the interphalangeal
joints and multiple mild erosive lesions below the articular surfaces of the metacarpal and wrist joints (B). Jaccoud’s arthropathy has been
described in patients with chronic rheumatic diseases, especially SLE (1). Joint deformity is caused by tendon and ligament laxity. Its
features may be easily confused with deformities seen in rheumatoid arthritis. While previously regarded as a nonerosive arthritis, it is now
accepted that imaging can reveal erosions (2,3).
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Diagnostic Assessment Strategies and Disease Subsets
in Giant Cell Arteritis: Data From an International
Observational Cohort

K. Bates Gribbons,' Cristina Ponte,” Anthea Craven,? Joanna C. Robson,* Ravi Suppiah,® Raashid Lugmani,’
Richard Watts,® Peter A. Merkel,” and Peter C. Grayson'

Objective. Diagnostic assessment in giant cell arteritis (GCA) is rapidly changing as vascular imaging becomes
more available. This study was undertaken to determine if clinical GCA subsets have distinct profiles or reflect dif-
ferential diagnostic assessments.

Methods. Patients were recruited from an international cohort and divided into 4 subsets based on a temporal ar-
tery (TA) abnormality (positive TA biopsy [TAB] or halo sign on TA ultrasound [TA-US]) and/or evidence of large vessel
(LV) involvement on imaging: 1) both TA abnormality and LV involvement (TA+/LV+ GCA); 2) TA abnormality without
LV involvement (TA+/LV- GCA); 3) LV involvement without TA abnormality (TA-/LV+ GCA); and 4) clinically diagnosed
GCA without LV involvement or TA abnormality (TA-/LV- GCA).

Results. Nine hundred forty-one patients with GCA were recruited from 72 international study sites. Most patients
received multiple forms of diagnostic assessment, including TAB (n = 705 [75%)]), TA-US (n = 328 [35%)]), and LV imaging
(n =534 [57%)]). Assessment using TAB, TA-US, and LV imaging confirmed the diagnosis of GCA in 66%, 79%, and 40%
of cases, respectively. GCA subsets had distinct profiles independent of diagnostic assessment strategies. TA+/LV—-
were the most common subset (51%), with a high burden of cranial ischemia. Those in the TA-/LV- subset (26%) had a
high prevalence of cranial ischemia and musculoskeletal symptoms. Patients in the TA—/LV+ subset (12%) had prevalent
upper extremity vascular abnormalities and a low prevalence of vision loss, and those in the TA+/LV+ subset (11%) were
older and had a high prevalence of cranial ischemia, constitutional symptoms, and elevated acute-phase reactant levels.

Conclusion. Vascular imaging is increasingly incorporated into the diagnostic assessment of GCA and identifies

clinical subsets of patients based on involvement of temporal and extracranial arteries.

INTRODUCTION

Giant cell arteritis (GCA) is a rare form of vasculitis that causes
inflammation of the medium-sized and large arteries. GCA is a
heterogeneous disease (1) in which symptoms and the extent
of arterial involvement often vary between patients. Traditionally,
GCA was thought to be confined to the cranial arteries; however,
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many patients also have evidence of large vessel (LV) involvement
(2-5). GCA patients with LV involvement often present with differ-
ent clinical features than are found in patients with cranial GCA,
but the extent to which patients have overlapping versus distinct
cranial and extracranial disease is not well characterized (5-9).

A temporal artery biopsy (TAB) demonstrating mononu-
clear cell infiltration or granulomatous inflammation remains the
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gold standard for the diagnosis of GCA. Although highly specific
by definition, the sensitivity of TABs has decreased over time,
highlighting that many patients with GCA are diagnosed with-
out histologic evidence of arteritis (10-13). Patients with sus-
pected GCA are increasingly diagnosed using TA ultrasound
(TA-US) (14). A homogeneous, hypoechoic wall thickening of
the TA, termed the “halo sign,” has been proposed as a diag-
nostic equivalent of a positive TAB (15). Additionally, LV imag-
ing has become an increasingly common form of diagnostic
assessment and clinical evaluation in GCA. A substantial per-
centage of patients with GCA, with or without a positive TAB,
have LV involvement, with estimates ranging from 20% to 67%
by angiography, 83% by '®F-fluorodeoxyglucose—positron emis-
sion tomography (**F-FDG-PET) imaging, and 100% by autopsy
(2-5,16-18).

Patients can receive a diagnosis of GCA based on a com-
bination of cranial and LV assessments. With the expansion of
diagnostic modalities in GCA, the extent to which cranial GCA and
LV GCA are distinct entities, or whether co-occurrence is under-
detected, is poorly understood. The objectives of this study were
to 1) detail the assessment strategies currently utilized to diagnose
GCA using data collected within a large, international observa-
tional cohort and 2) determine if subsets of GCA, defined by TAB
and vascular imaging, are associated with distinct clinical profiles
or merely reflect differential diagnostic testing.

PATIENTS AND METHODS

Patient selection. The Diagnostic and Classification Cri-
teria for Vasculitis (DCVAS) is an international observational cohort
of patients with vasculitis (19,20). Patients were enrolled within 2
years from the time of diagnosis. Only physician-submitted cases,
with a diagnosis of GCA confirmed by an expert panel review,
were included in this study.

Clinical variables. Comprehensive demographic, clinical,
and vascular imaging data were collected using standardized
forms. Data were available for the following clinical aspects of
disease: visual changes and other symptoms of cranial ischemia;
pulmonary, musculoskeletal, and constitutional symptoms; vas-
cular abnormalities; and laboratory findings. All variables were
recorded only if present by the time of diagnosis.

Vascular abnormalities. TA physical examination abnormal-
ities were defined as tenderness, diminished or absent pulse,
and/or a nodular, cord-like TA. Blood pressure (BP) was recorded
in both arms, and BP difference between the arms was catego-
rized as either <10 mm Hg or >10 mm Hg. Pulse abnormality
was defined as diminished or absent pulse in either the upper
limbs (subclavian, axillary, brachial, or radial arteries) or lower
limbs (femoral, popliteal, posterior tibial, or dorsalis pedis arter-
ies). Bruits in the abdominal aorta, carotid, subclavian, axillary, or
renal arteries were recorded.

Laboratory findings. The maximum values of the erythrocyte
sedimentation rate (ESR) and C-reactive protein level by the time
of diagnosis were recorded. Anemia was defined as hemoglobin
<10 gm/dl, hypoalbuminemia was defined as albumin <30 gm/liter,
and thrombocytosis was defined as platelet count >500 x 10%liter.

Temporal artery biopsies. TABs were performed at the dis-
cretion of the physician. A positive TAB result was recorded if
active vasculitis was histologically evident as assessed by the
pathologist at the local level.

LV and TA imaging. TA ultrasonography was performed in
a subset of patients at the discretion of the submitting physician.
A positive TA-US result was recorded if the presence of a halo sign
was reported by the submitting physician.

LV involvement was assessed in a subset of patients, using
a combination of angiography (magnetic resonance, computed
tomography, or catheter-based), ultrasonography, or *F-FDG-
PET imaging. Clinical radiologists or nuclear medicine physicians
at each participating institution assessed vascular imaging data.
Angiographic and ultrasound damage was defined as stenosis,
occlusion, or aneurysm. Wall thickness was not included in the
definition of arterial damage. "®F-FDG-PET scans were assessed
according to local practices (21). LV involvement was recorded
if arterial damage or abnormal FDG uptake was present and
attributed to vasculitis, according to the reader, within 14 arterial
territories of interest: right and left carotid, subclavian, axillary, ili-
ofemoral, and renal arteries; mesenteric arteries; and ascending,
descending, and abdominal aorta.

Subset definitions. Patients were divided into 4 subsets
based on TAB, TA-US, and/or LV imaging findings. Patients with
evidence of both LV involvement on imaging and either a positive
TAB or halo sign on TA-US were classified as having TA+/LV+
GCA. Patients with a TAB showing definite vasculitis or a halo
sign seen on TA-US but without evidence of LV involvement on
imaging were classified as having TA+/LV- GCA. Patients with
evidence of LV involvement on imaging without a positive TAB
or halo sign on TA-US were classified as having TA-/LV+ GCA.
Patients with a clinical diagnosis of GCA but without evidence of
LV involvement on imaging, positive TAB, or a halo sign on TA-US
were classified as having TA-/LV— GCA. Clinical differences were
analyzed between the 4 subsets.

Restricted cohort. Since TAB, TA-US, and LV imaging
assessments were performed at the discretion of the treating phy-
sician, patients could have received different diagnostic assess-
ments. To determine the extent to which differences between
the subsets were related to clinical differences versus diagnostic
bias from differential assessments, analyses were performed in a
restricted cohort of patients who received both TA assessment
(TAB or TA-US) and LV imaging, and the results were compared
to data from the overall cohort.
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Statistical analysis. Chi-square, Mann-Whitney, and
Kruskal-Wallis tests were used, as appropriate. P values less than
0.05 were considered significant. Nominal logistic regression was
used to analyze the association between the clinical decision to
undergo a specific diagnostic test and clinical features of disease.
All analyses were performed using GraphPad Prism V.7.0a.

RESULTS

Patient characteristics. A total of 941 patients with GCA
were included, representing 72 study sites, 26 countries, and 5

continents. Demographic information is listed in Table 1.

Diagnostic assessment strategies in the DCVAS
cohort. Patients received vascular assessments at the sub-
mitting physician’s discretion. In general, 705 patients (75%)
had a TAB, 328 patients (35%) had TA-US, 534 patients (57%)
had LV imaging, and 431 patients (45.8%) had both LV and TA
assessments (Table 1). Only 33 patients (3.5%) did not have
any diagnostic testing performed beyond clinical assessment
(see Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41165/abstract).

Diagnostic assessment by demographics. The use of
the various diagnostic assessments differed between pa-
tients based on demographics, including age and sex. Male
patients were more likely to undergo a TAB compared to fe-
male patients (male 81.4% versus female 71.6%; P = 0.001).
In logistic regression models, male patients were 34% more
likely to undergo a TAB compared to female patients inde-
pendent of symptoms of cranial ischemia, age at diagnosis, TA

abnormality on physical examination, and LV involvement on
imaging (see Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41165/abstract). There was no difference in
the rate of TA-US by sex (male 36.8% versus female 33.9%;
P = 0.38) or LV imaging (male 57.7% versus female 56.3%;
P =0.70). Male and female patients were equally likely to have
a positive TAB (male 61.6% versus female 64.3%; P = 0.51)
and evidence of LV involvement on imaging (male 36.2% ver-
sus female 42.6%; P = 0.16). Male patients were more likely
than female patients to have a halo sign on TA-US (85.0%
versus 75.4%; P = 0.05).

Patients who underwent TAB were older (mean 73.4 years
versus 70.5 years; P < 0.0001), and patients who had LV imaging
were younger (mean 71.9 years versus 73.8 years; P = 0.0009).
There was no significant difference in age between patients who
did and those who did not undergo a TA-US (mean 72.8 years
versus 72.6 years; P =0.71).

Diagnostic assessment by continent. Diagnostic assess-
ment differed among patients based on the continent in which
they were seen. The percentage of patients who underwent a
TAB did not differ significantly between continents (North Amer-
ica 82.8%, Europe 73.1%, Asia 82.8%, Oceania [defined as
the islands of the Central and South Pacific, including Australia]
88.9%) (Figure 1). Patients from European centers were more
likely to have undergone TA-US (North America 2.7%, Europe
41.0%, Asia 13.8%, Oceania 0.0%). LV imaging was performed
in approximately half of patients from North American, Europe-
an, and Asian centers, but less commonly in Oceanian centers
(North America 58.6%, Europe 57.7%, Asia 51.7%, Oceania
11.1%).

Table 1. Demographic characteristics and diagnostic assessment of giant cell arteritis patients in the overall cohort and by subset*

Overall TA-/LV- TA+/LV- TA+/LV+ TA-/LV+
(n=941) (n = 245) (n =480) (n=100) (n=116)
Age, mean + SD yearst 726+9.0 71.0+8.5 741 £9.2 74.2+79 68.6+ 8.6
Femalet 634 (67.4) 173 (70.6) 309 (64.4) 64 (64.0) 88(75.9)
Continent
Europe 783(83.2) 187 (23.9) 411 (52.4) 92 (11.8) 93(11.9)
North America 111 (11.8) 38(34.2) 50 (45.1) 5(4.5) 18(16.2)
Asia 29(3.1) 15(51.7) 7(24.7) 3(10.3) 4(13.8)
Oceania 18 (1.9) 5(27.8) 12 (66.7) 0(0.0) 1(5.6)
Diagnostic assessment
TAB 705 (75.0) 174.(71.0) 430 (89.6) 74.(74.0) 27(23.3)
TA-US 328(35.0) 22(9.0) 225 (46.9) 61 (61.0) 20(17.2)
LV imaging 534 (57) 90 (36.7) 228 (47.3) 100 (100) 116 (100)
Angiography 227 (24.) 54(22.1) 65 (13.5) 52(52.0) 56 (48.3)
Ultrasonography 307 (32.6) 36 (14.8) 160 (33.3) 58 (58.0) 53 (45.7)
"®F-FDG-PET 175 (18.6) 21 (8.6) 29 (6.0) 45 (45.0) 80 (69.0)
Comprehensives 431 (45.8) 59 (24.1) 227 (47.3) 100 (100) 45 (38.8)

* Except where indicated otherwise, values are the number (%). TA-/LV- = patients without evidence of temporal artery (TA) or large
vessel (LV) involvement; TA+/LV- = patients with TA involvement; TA+/LV+ = patients with both TA and LV involvement; TA-/LV+ =
patients with LV involvement; TAB = TA biopsy; TA-US = TA ultrasound; "®F-FDG-PET = "*F-fluorodeoxyglucose-positron emission

tomography.

t P<0.001, by Kruskal-Wallis test comparing across all subgroups.
¥ P=0.049, by Kruskal-Wallis test comparing across all subgroups.

8 A comprehensive diagnostic assessment was performed on patients who underwent both TA and LV assessments.
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Figure 1. Diagnostic assessment of giant cell arteritis by continent. The percentage of patients with giant cell arteritis who underwent a

temporal artery biopsy (TAB), temporal artery ultrasound (TA-US), or large vessel (LV) imaging from North American, European, Asian, and

Oceanian study centers was calculated.

Patients receiving multiple forms of diagnostic assess-
ment. Most patients underwent multiple forms of diagnostic
assessment. The majority of patients who underwent a TAB re-
ceived additional vascular imaging regardless of the TAB result
(TAB positive 57.2%, TAB negative 56.2%) (see Supplementary
Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41165/abstract).
Vascular imaging was performed in 86.1% of patients who did
not receive TAB (Supplementary Table 1 and Figure 2). Disease
was confirmed in 70.0% of these patients. TA-US was rarely
used alone as a form of vascular assessment. Only 1.1% of
patients received TA-US without another form of vascular as-
sessment, compared to 10.9% of patients who received only
LV imaging and 32.3% of patients who received only TAB.

TAB results were not associated with LV imaging or TA-US
results (Figure 2). Patients with a positive TAB and those with a
negative TAB were equally likely to have evidence of LV involve-
ment on imaging (positive TAB 31% versus negative TAB 27%;
P = 0.54). Similarly, patients with a positive TAB and those with
a negative TAB were equally likely to have a halo sign on TA-US
(positive TAB 82% versus negative TAB 76%; P = 0.38).

Clinical GCA subsets in the overall cohort. Subsets
of GCA were defined according to cranial and LV involvement.
Among the overall cohort, patients were characterized into 1 of
4 subsets: 480 patients (51.0%) as having TA+/LV— GCA, 245
patients (26.0%) as having TA-/LV- GCA, 116 patients (12.3%)
as having TA-/LV+ GCA, and 100 patients (10.6%) as having

Poshive Negative Positive MNegative Positive Negative
LV-imaging LV-imaging LV-imaging Lv-imaging L\-imaging LV-imaging
n =68 (31%) n = 151 (69%) n =33 (27%) n = 88 (73%) n = 115 (59%) n =79 (41%)
g
E
>
Mo Lviimaging Mo Lv-imaging No Lv-imaging
n= 227 (51%) n = 137 (53%) ™| n=43(18%)
@
a . "
2 Positive TAB Negative TAB Did not have TAB
< n=446 n= n=237
™~
Did not have Did not have Did not have
TA-US | TAUS TA-US
n = 294 (56%) n =183 (71%) n = 136 (57%)
:
=
E
£
Pasitive TA-US Negative TA-US Puositive TA-US Negative TA-US Puositive TA-US Negative TA-US
n=124 (82%) n =28 (18%) n =57 (76%) n =18 (24%) n =77 (76%) = 24 (24%)

Figure 2. Diagnostic assessment of giant cell arteritis (GCA) by temporal artery biopsy (TAB) results. Large vessel (LV) imaging and temporal
artery ultrasound (TA-US) results were stratified by whether TAB was diagnostic for GCA (positive TAB), was nondiagnostic for GCA (negative
TAB), or was not performed (did not have TAB). A positive TA-US result was recorded based on the presence of a halo sign. A positive LV
imaging result was recorded based on evidence of vasculitic involvement of the aorta or branch arteries on angiography, ultrasonography, or

'®F_fluorodeoxyglucose—positron emission tomography imaging.
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TA+/LV+ GCA. Demographic characteristics and assessment
strategies in the overall cohort and by subset are shown in Table 1.

Clinical GCA subsets in the restricted cohort. Clini-
cal subsets of GCA were characterized in a restricted cohort of
patients who had both temporal and large artery assessments.
Of the 431 patients in the restricted cohort (46% of the overall
cohort), 340 (79%) underwent TAB, 258 (60%) underwent TA-US,
and all patients received LV imaging. Compared to patients who
did not have assessment of both the temporal and large arteries,
patients who had comprehensive assessment were older, more
likely male, and presented more frequently with fever, weight loss,

syncope, scalp tenderness, arm claudication, upper extremity
pulse abnormality, or elevated ESR (P < 0.01). All 4 clinical sub-
groups were again represented in the restricted cohort, includ-
ing 59 patients (14%) in the TA—/LV— GCA subset, 227 patients
(53%) in the TA+/LV— GCA subset, 100 patients (23%) in the TA+/
LV+ GCA subset, and 45 patients (10%) in the TA-/LV+ GCA
subset (Table 2).

Subset diagnosed by TAB or TA-US in the restricted cohort.
Patients in the TA+/LV— GCA subset had a high prevalence of
TA abnormalities on physical examination, visual changes, and
other symptoms of cranial ischemia, including amaurosis fugax,
sudden ongoing vision loss, jaw claudication, scalp tenderness,

Table 2. Clinical associations in patients with giant cell arteritis who had both TA and LV assessments (restricted cohort)*

TA-/LV- TA+/LV— TA+/LV+ TA-/LV+
(n =59) (n=227) (n=100) (n =45) P
Age, mean + SD years 69.34 +7.54 73.67 £798 7417 £7.93 70.31+9.32 <0.001
Female 41 (69.5) 142 (62.6) 64 (64.0) 28 (62.2) 0.794
Diagnostic assessment, no./no.
assessed
Positive TAB 0/54 151/185 68/74 0/27 <0.001
Halo sign on TA-US 0/14 148/163 55/61 0/20 <0.001
Temporal artery abnormality 20(33.9) 145 (63.9) 51 (51.0) 7 (15.6) <0.001
Visual changes 19(32.2) 82 (36.1) 25(25.0) 7(15.6) 0.03
Amaurosis fugax 7(11.9) 37 16.3) 6 (6.0) 4(8.9) 0.06
Sudden visual loss 9(15.3) 4(14.9) 9(9.0) 1(2.2) 0.06
Blurred vision 8(13.6) 38 16.7) 16 (16.0) 5(11.1) 0.77
Ischemic cranial symptoms 53(89.8) 201 (88.5) 78 (78.0) 24 (53.3) <0.001
Jaw claudication 25 (42.4) 125 (55.1) 42 (42.0) 10(22.2) <0.001
Scalp tenderness 22(37.3) 68 (29.9) 21 (21.0) 10(22.2) 0.11
Headache 49 (83.1) 178 (78.4) 69 (69.0) 20 (44.4) <0.001
Pulmonary symptoms 6(10.2) 24.(10.6) 16 (16.0) 9(20.0) 0.22
Dyspnea 4(6.8) 10 (4.4) 9(9.0) 2 (4.4) 0.40
Nonproductive cough 3(5.1) 16 (7.1) 8(8.0) 8(17.8) 0.08
Musculoskeletal symptoms 28 (47.5) 88 (38.8) 45 (45.0) 22 (48.9) 0.41
Morning stiffness >1 hour 16 (27.1) 34(14.9) 14.(14.0) 7 (15.6) 012
Neck or torso 8(13.6) 19 (8.4) 8(8.0) 8(17.8) 017
Hip and thighs 12 (20.3) 33(14.5) 15 (15.0) 6(13.3) 0.71
Muscle tenderness 1(18.6) 17 (7.5) 13(13.0) 1(.2) 0.01
Myalgia 7 (28.8) 67 (29.5) 33(33.0) 12 (26.7) 0.87
Vascular abnormalities 24 40.7) 58 (25.6) 37 (37.0) 18 (40.0) 0.03
Arm claudication 5(8.5) 1(0.44) 1(1.0) 6(13.3) <0.001
Leg claudication 8(13.6) 6(2.6) 4(4.0) 2(4.4) 0.005
Any bruit 9(15.3) 18(7.9) 16 (16.0) 8(17.8) 0.06
Pulse abnormality
Upper limb 2(3.4) 3(1.3) 4(4.0) 8(17.8) <0.001
Lower limb 4(6.8) 20(8.8) 15 (15.0) 4(8.9) 0.27
Absent blood pressure 0(0.0) 0(0.0) 1(1.0) 1(2.2) 017
Blood pressure difference 14.(23.7) 31(13.7) 15(15.0) 1(24.4) 012
Constitutional symptoms 33(55.9) 117 (51.5) 68 (68.0) 28 (62.2) 0.04
Night sweats 12 (20.3) 52 22.9) 29(29.0) 3(18.9) 0.49
Fever, >38°C 15 (25.4) 5(19.8) 30(30.0) 3(28.9) 0.19
Weight loss 21 (35.6) 80 35.2) 52 (52.0) ZO (44.4) 0.03
Laboratory findings 24 (40.7) 66 (29.1) 38(38.0) 15(33.3) 0.23
ESR, mean + SD mm/hour 75.8 +34 69.2 + 31 809 +32 80.6 + 31 0.009
CRP, median (range) mg/liter 51.7 (22-150) 68 (34-128) 75.9 (46-139) 50 (26-90) 0.06
Anemia 11 (18.6) 25(11.0) 22(22.0) 15(33.3) 0.001
Hypoalbuminemia 12 (20.3) 30(13.2) 24.(24.0) 7(15.6) 0.10
Thrombocytosis 26 (27.1) 35(15.4) 25(25.0) 11 (24.4) 0.07

* Except where indicated otherwise, values are the number (%). ESR = erythrocyte sedimentation rate; CRP = C-reactive protein (see

Table 1 for other definitions).
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Figure 3. Clinical characteristics of patients in the restricted cohort by giant cell arteritis subset. Differences in the prevalence of ischemic
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Figure 4. Clinical profile of patients with giant cell arteritis (GCA) in the restricted cohort by clinical subset. Some of the defining clinical features
of each GCA subset are displayed. ESR = erythrocyte sedimentation rate (see Figure 3 for other definitions).

and new-onset headache. Patients in the TA+/LV— GCA subset
were older than patients without TA involvement and had a low
prevalence of vascular abnormalities, laboratory abnormalities,
and constitutional and musculoskeletal symptoms compared
to other subsets (Table 2).

Subset diagnosed by clinical symptoms but without con-
firmatory histologic or imaging findings in the restricted cohort.
Patients in the TA—/LV— GCA subset were most similar to patients
in the TA+/LV- GCA subset (Table 2 and Figure 3). When com-
pared to the TA+/LV- GCA subset, patients in the TA—/LV- sub-
set had a similarly high prevalence of visual changes and other
symptoms of cranial ischemia, including sudden ongoing vision
loss, jaw claudication, scalp tenderness, and headache. Patients
in the TA-/LV— subset had a high prevalence of musculoskeletal
symptoms, including the highest prevalence of morning stiffness

>1 hour, morning stiffness in the hips and thighs, and muscle ten-
derness. Despite normal LV assessment by imaging, a propor-
tion of patients in the TA—/LV- subset had leg claudication (14%),
arterial bruits (15%), and BP difference between the arms of
>10 mm Hg (24%).

Subset diagnosed by LV imaging abnormalities in the restrict-
ed cohort. Patients in the TA—/LV+ GCA subset had significantly
fewer symptoms of cranial ischemia and TA abnormalities com-
pared to the other subsets (Table 2 and Figure 3). Those in the
TA-/LV+ GCA subset had a high prevalence of vascular symp-
toms (i.e., arm claudication) and vascular abnormalities on ex-
amination (i.e., vascular bruit, upper limb pulse abnormality, BP
difference between arms of >10 mm Hg), pulmonary symptoms
(i.e., nonproductive cough), and constitutional symptoms (i.e.,
fever, weight loss).
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Subset diagnosed by TA and LV imaging abnormalities in
the restricted cohort. The clinical profile of the TA+/LV+ GCA
subset included features similar to those found in the TA+/LV—
GCA and TA-/LV+ GCA subsets, as well as features that were
not seen in either subset (Table 2 and Figure 3). Patients in the
TA+/LV+ GCA subset had a high prevalence of TA abnormal-
ities and ischemic cranial symptoms, significantly higher than
the TA-/LV+ GCA subset but lower than the TA+/LV- GCA
subset, including jaw claudication and new-onset headache.
Although the overall prevalence of ischemic cranial symptoms
was similar between the TA+/LV+ GCA and TA+/LV- GCA
subsets, patients in the TA+/LV+ GCA subset were less likely
to experience visual changes, including amaurosis fugax and
sudden ongoing vision loss. Patients in the TA+/LV+ GCA
and TA-/LV+ GCA subsets had a similarly high prevalence of
vascular abnormalities, including bruit and lower limb pulse
abnormality, and constitutional symptoms (i.e., night sweats,
fever, weight loss) (Table 2 and Figure 3). However, patients
in the TA+/LV+ GCA subset had significantly fewer vascular
symptoms and examination abnormalities of the upper limbs
compared to those in the TA-/LV+ GCA subset, including arm
claudication and upper limb pulse abnormality. Patients in
the TA+/LV+ GCA subset had a high prevalence of laboratory
abnormallities, including elevated acute-phase reactant levels
(Table 2).

Clinical GCA subsets in the overall versus the re-
stricted cohort. A summary of the clinical subsets observed
in the restricted cohort is provided in Figure 4. In general, the
clinical associations were consistent between the GCA sub-
sets in the overall cohort and the subsets in the restricted
cohort, with only minor differences (see Supplementary Table
3, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41165/abstract). In the
overall cohort compared to the restricted cohort, there was
no difference in prevalence of the TA+/LV— GCA subset (51%
versus 53%; P = 0.57) or the TA-/LV+ GCA subset (12% ver-
sus 10%; P = 0.31). Patients in the restricted cohort were less
likely to have TA-/LV— GCA (14% versus overall cohort 26%;
P < 0.0001) and more likely to have TA+/LV+ GCA (23% versus
overall cohort 11%; P < 0.0001). Unlike the restricted cohort,
differences in sex were observed between the clinical subsets
using data from the overall cohort (Table 1). Within the overall
cohort, the percentage of patients who were female was higher
in the TA—/LV+ subset compared to the other subsets, and
the percentage who were male was higher in the TA+/LV- and
TA+/LV+ subsets. Compared to patients in the TA—/LV- subset
in the restricted cohort, patients in the TA-/LV— GCA subset
in the overall cohort had a significantly lower prevalence of leg
claudication (restricted cohort 13.6% versus overall cohort
4.9%; P < 0.0001) and arterial bruit (restricted cohort 15.3%
versus overall cohort 7.0%; P = 0.04).

DISCUSSION

Diagnostic assessment in GCA is rapidly changing, as
noninvasive vascular imaging techniques become increasingly
available to categorize the extent of arterial involvement. Data
from this study demonstrate how clinicians across the world
use different diagnostic assessment strategies to assess arte-
rial involvement in GCA. Although TAB is still the most common
form of diagnostic assessment, noninvasive techniques such as
ultrasonography, angiography, and PET imaging are increasingly
used to assess disease in GCA. Patients who have isolated or
overlapping cranial and LV involvement are now more frequently
recognized. This study also details the characteristics of clini-
cal subsets based on documented involvement of the cranial
or large arteries. Besides differences in the extent of vascular
involvement, patients in these subsets have different clinical
profiles that likely reflect underlying biologic differences. These
findings should inform clinicians on the clinical variability among
patients with GCA and aid in researching more homogeneous
patient populations.

TAB remains the diagnostic gold standard for GCA; however,
the sensitivity of TAB has declined in recent years (22). Decreasing
sensitivity is due in part to the growing practice of using vascu-
lar imaging as a diagnostic surrogate for biopsy to detect arterial
involvement in and beyond the temporal arteries. Three-quarters
of patients with a physician-confirmed diagnosis of GCA in the
DCVAS cohort underwent TAB to diagnose GCA, but one-third of
those biopsies were not diagnostic. Of those with a nondiagnos-
tic TAB, 32.6% had evidence of vascular involvement by vascular
imaging and 67.4% were diagnosed based on clinical symptoms
alone. Vascular imaging was used as an alternative method to
diagnose GCA in one-quarter of patients who did not have a TAB.

Vascular imaging techniques are being used to complement
TAB and to capture the full extent of arterial disease. More than half
of the patients who had a TAB had additional vascular imaging, inde-
pendent of TAB results. Of the patients receiving a TAB, ~50% had
LV imaging and ~30% had TA-US. Regional practices strongly influ-
enced diagnostic assessment strategies, as TA-US was performed
mostly at European centers. Patients who had TA-US also typically
had concomitant TAB, although recent recommendations suggest
that TA-US may be a diagnostic surrogate for TAB in patients in
whom a clinical diagnosis of GCA is highly suspected (23). Patients
with a negative TAB and those with a positive TAB were equally likely
to have a halo sign on TA-US, suggesting that TA-US and TAB may
identify different aspects of disease.

The increased use of vascular imaging in both the assess-
ment and the evaluation of patients with suspected GCA has
seemingly expanded the definition of GCA, with more patients
now receiving this diagnosis. This evolution of clinical practice may
result in not only a larger population of individuals receiving a GCA
diagnosis, but also a change in the relative prevalence of different
clinical characteristics of the condition labeled as GCA.
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Clinical subsets of GCA have been proposed to account for
the significant clinical heterogeneity seen among patients with
GCA. Patients with LV involvement often present with different
clinical features when compared to patients with cranial GCA, but
the extent to which patients have overlapping versus distinct cra-
nial and extracranial disease is not well characterized. In this study,
clinical subsets were created a priori based on documented cra-
nial and LV involvement. Different clinical profiles were observed in
patients with GCA based on whether or not disease was detected
in the cranial or large arteries. Restriction of analyses to a subset
of patients who had comprehensive TA and LV assessments con-
firmed that these clinical differences were not simply the product
of differential diagnostic testing. However, some bias in diagnostic
assessment was also observed. Women were less likely than men
to undergo TAB to confirm a GCA diagnosis, independent of dif-
ferences in the presenting clinical features of disease.

The TA+/LV— GCA subset represents patients with a tradi-
tional GCA clinical profile. These patients had a high burden of
symptoms of cranial ischemia and visual changes, and had limited
evidence of LV involvement. Patients with isolated LV involvement
differed substantially from patients with isolated TA involvement in
their demographic and presenting clinical features. Patients in the
TA-/LV+ GCA subset had a high burden of upper extremity vas-
cular abnormalities, and constitutional and pulmonary symptoms.

A subset of patients with GCA have overlapping cranial and
LV abnormalities, leading to speculation that the extent of arte-
rial involverent may be underdetected in patients with isolated
cranial or LV involvement. More of these patients were identified
in the restricted cohort, where assessment of both the tempo-
ral and large arteries was performed. However, in the DCVAS
cohort, patients with overlapping cranial and LV involvement had
unique clinical associations, confirming that patients with over-
lapping disease represent an independent subgroup that is not
merely due to underdetection of arterial involvement in the other
subgroups. Patients with overlapping disease were older and
had a high prevalence of cranial ischemia similar to patients with
isolated cranial disease, and had a high prevalence of vascu-
lar abnormalities, bruits, and constitutional symptoms similar to
patients with isolated LV disease. Patients with overlapping dis-
ease also had a high prevalence of laboratory abnormalities and
constitutional symptoms. Similar to prior studies (6), patients with
LV involvement, including those with overlapping disease, were
less likely than patients without LV involvement to have visual
changes.

In the DCVAS cohort, almost all patients had some form
of arterial assessment, but one-quarter of patients did not have
diagnostic confirmation of either cranial or extracranial artery
involvement. The clinical profile of these patients was nearly indis-
tinguishable from that of patients in the TA+/LV— GCA subgroup.
Patients in the DCVAS cohort also had an increased burden of
polymyalgia rheumatica (PMR)-like symptoms and had vascular
examination abnormalities and symptoms associated with the

large arteries in the absence of corresponding imaging findings.
Even in the setting of negative diagnostic assessment, these
patients were diagnosed as having GCA, most likely due to the
suggestive pattern of symptoms of cranial ischemia and PMR-like
symptoms.

This study has potential limitations to consider. Diagnostic
and imaging assessments were not standardized across the
cohort. TA or LV involvement may have been underdetected.
Additionally, standardized definitions for a diagnostic TAB or halo
sign on TA-US were not used, and instead were at the discre-
tion of the submitting physician. LV imaging was not standard-
ized in the DCVAS cohort. Different rates of LV involvement in
GCA have been described based on modality, and there is no
gold standard for assessing LV involvement in GCA. LV involve-
ment may be overestimated due to difficulty distinguishing
between atherosclerosis and vasculitis on imaging, particularly
in the lower extremities. Treatment data were not available in the
DCVAS cohort, and use of glucocorticoids in particular may have
impacted the performance characteristics of diagnostic testing.
There is circularity in subgrouping based on documented arterial
involvement, since vascular assessment may be driven by the
presenting clinical symptoms. However, in the restricted cohort,
where patients had cranial and LV assessments, all 4 subgroups
exhibited a similar pattern of clinical symptoms as in the overall
cohort. The majority of participating centers in the DCVAS cohort
are tertiary research hospitals; therefore, diagnostic assessment
may not be fully representative of general practice. Long-term
outcome data were not available in the DCVAS cohort, and
might reveal other signs and symptoms of GCA and/or increased
prevalence of involvement of the large arteries at later stages of
disease.

With the widespread adoption of vascular imaging into clinical
practice, clinical variability among patients with GCA is increasingly
being recognized. Previous studies have shown that patients with
GCA can differ in their systemic inflammatory response, extent
of arterial involvement, and treatment response (6), and suggest
that there are distinct subgroups of GCA with potentially diver-
gent disease etiology. Identifying subgroups may lead to stratified
clinical decision-making and enable research into differences in
disease pathology. In this study, subsets of patients with GCA had
distinct clinical profiles based on cranial or large artery involve-
ment. The extent to which differences in biologic mechanisms of
disease underlie these subsets is unknown. Prospective studies
to assess potential differences in disease risk factors, response
to treatment, and long-term outcomes among subsets of patients
with GCA are warranted. Comprehensive vascular assessment of
the cranial and large arteries should be considered in the diagnos-
tic assessment of all patients with suspected GCA.

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



676

GRIBBONS ET AL

to be published. Dr. Gribbons had full access to all 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. Gribbons, Ponte, Craven, Robson,
Suppiah, Lugmani, Watts, Merkel, Grayson.

Acquisition of data. Gribbons, Ponte, Craven, Robson, Suppiah,
Lugmani, Watts, Merkel, Grayson.

Analysis and interpretation of data. Gribbons, Ponte, Craven, Robson,
Suppiah, Lugmani, Watts, Merkel, Grayson.

RE
1.

FERENCES

Buttgereit F, Dejaco C, Matteson EL, Dasgupta B. Polymyalgia
rheumatica and giant cell arteritis: a systematic review. JAMA 2016;
315:2442-58.

Garcia-Martinez A, Hernandez-Rodriguez J, Arguis P, Paredes P,
Segarra M, Lozano E, et al. Development of aortic aneurysm/dilata-
tion during the followup of patients with giant cell arteritis: a cross-
sectional screening of fifty-four prospectively followed patients.
Arthritis Rheum 2008;59:422-30.

Nuenninghoff DM, Hunder GG, Christianson TJ, McClelland RL,
Matteson EL. Incidence and predictors of large-artery complication
(aortic aneurysm, aortic dissection, and/or large-artery stenosis) in
patients with giant cell arteritis: a population-based study over 50
years. Arthritis Rheum 2003;48:3522-31.

Cid MC, Prieto-Gonzalez S, Arguis P, Espigol-Frigolé G, Butjosa M,
Hernandez-Rodriguez J, et al. The spectrum of vascular involvement
in giant-cell arteritis: clinical consequences of detrimental vascular
remodelling at different sites. APMIS Suppl 2009;10-20.
Prieto-Gonzalez S, Arguis P, Garcia-Martinez A, Espigol-Frigolé G, Ta-
vera-Bahillo |, Butjosa M, et al. Large vessel involvement in biopsy-
proven giant cell arteritis: prospective study in 40 newly diagnosed
patients using CT angiography. Ann Rheum Dis 2012;71:1170-6.

Van der Geest KS, Sandovici M, van Sleen Y, Sanders JS, Bos
NA, Abdulahad WH, et al. What is the current evidence for disease
subsets in giant cell arteritis? [review]. Arthritis Rheumatol 2018;
70:1366-76.

Muratore F, Kermani TA, Crowson CS, Green AB, Salvarani C,
Matteson EL, et al. Large-vessel giant cell arteritis: a cohort studly.
Rheumatology (Oxford) 2015;54:463-70.

De Boysson H, Liozon E, Lambert M, Dumont A, Boutemy J, Maigné
G, et al. Giant-cell arteritis: do we treat patients with large-vessel
involvement differently? Am J Med 2017;130:992-5.

De Boysson H, Liozon E, Ly KH, Dumont A, Delmas C, Aouba A. The
different clinical patterns of giant cell arteritis. Clin Exp Rheumatol
2019;37 Suppl 117:57-60.

. Lugmani R, Lee E, Singh S, Gillett M, Schmidt WA, Bradburn M,

et al. The role of ultrasound compared to biopsy of temporal arteries

20.

21.

22.

23.

in the diagnosis and treatment of giant cell arteritis (TABUL): a diag-
nostic accuracy and cost-effectiveness study. Health Technol As-
sess 2016;20:1-238.

. Hunder GG. Giant cell arteritis and polymyalgia rheumatica. Med Clin

North Am 1997;81:195-219.

. Hedges TR I, Gieger GL, Albert DM. The clinical value of negative

temporal artery biopsy specimens. Arch Ophthalmol 1983;101:
12514,

. Roth AM, Milsow L, Keltner JL. The ultimate diagnoses of pa-

tients undergoing temporal artery biopsies. Arch Ophthalmol 1984;
102:901-3.

. Nesher G, Shemesh D, Mates M, Sonnenblick M, Abramowitz HB.

The predictive value of the halo sign in color Doppler ultrasonog-
raphy of the temporal arteries for diagnosing giant cell arteritis
[abstract]. J Rheumatol 2002;29:1224-6.

. Chrysidis S, Duftner C, Dejaco C, Schéfer VS, Ramiro S, Carrara G,

et al. Definitions and reliability assessment of elementary ultrasound
lesions in giant cell arteritis: a study from the OMERACT Large Vessel
Vasculitis Ultrasound Working Group. RMD Open 2018;4:e000598.

. Blockmans D, de Ceuninck L, Vanderschueren S, Knockaert D,

Mortelmans L, Bobbaers H. Repetitive ®F-fluorodeoxyglucose pos-
itron emission tomography in giant cell arteritis: a prospective study
of 35 patients. Arthritis Rheum 2006;55:131-7.

. Ostberg G. Morphological changes in the large arteries in polymyal-

gia arteritica. Acta Med Scand Suppl 1972;533:135-59.

. Ostberg G. An arteritis with special reference to polymyalgia arteriti-

ca. Acta Pathol Microbiol Scand Suppl 1973;237:1-59.

. Lugmani RA, Suppiah R, Grayson PC, Merkel PA, Watts R. Nomen-

clature and classification of vasculitis—update on the ACR/EULAR
Diagnosis and Classification of Vasculitis Study (DCVAS) [review].
Clin Exp Immunol 2011;164 Suppl 1:11-3.

Craven A, Robson J, Ponte C, Grayson PC, Suppiah R, Judge A,
et al. ACR/EULAR-endorsed study to develop Diagnostic and Clas-
sification Criteria for Vasculitis (DCVAS). Clin Exp Nephrol 2013;
17:619-21.

Slart RH, Glaudemans AW, Chareonthaitaweec P, Tregliab G, Besson
FL, Bley TA, et al. FDG-PET/CT(A) imaging in large vessel vasculitis
and polymyalgia rheumatica: joint procedural recommendation of the
EANM, SNMMI, and the PET Interest Group (PIG), and endorsed by
the ASNC [review]. Eur J Nucl Med Mol Imaging 2018;45:1250-69.
Rubenstein E, Maldini C, Gonzalez-Chiappe S, Chevret S, Mahr A.
Sensitivity of temporal artery biopsy in the diagnosis of giant cell
arteritis: a systematic review and meta-analysis. Rheumatology
(Oxford) 2019. E-pub ahead of print.

Dejaco C, Ramiro S, Duftner C, Besson FL, Bley TA, Blockmans D,
et al. EULAR recommendations for the use of imaging in large vessel
vasculitis in clinical practice. Ann Rheum Dis 2018;77:636-43.



Arthritis & Rheumatology AMERICAN COLLEGE

Vol. 72, No. 4, April 2020, pp 677-686 of EUMATOLOGY

DOI 10.1002/art.41150 X .
© 2019, American College of Rheumatology Empowering Rheumatology Professionals

Increased T Cell Plasticity With Dysregulation of

Follicular Helper T, Peripheral Helper T, and Treg Cell
Responses in Children With Juvenile Idiopathic Arthritis and
Down Syndrome-Associated Arthritis
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Objective. Juvenile idiopathic arthritis (JIA) is the most common inflammatory arthritis in children; however, an ag-
gressive, erosive arthritis of little-known immunologic mechanism occurs 20 times more frequently in children with Down
syndrome. This study was undertaken to characterize T cell and B cell polyreactivity, follicular helper T (Tth) cell, periph-
eral helper T (Tph) cell, and Treg cell responses, and synovial inflammation in Down syndrome-associated arthritis (DA).

Methods. Multiparametric flow cytometric analysis and Simplified Presentation of Incredibly Complex Evaluations
(SPICE) software were used to examine peripheral blood B cell populations and T cell cytokine responses in patients
with DA, JIA, Down syndrome (trisomy 21 [T21]), and in healthy controls. Tth and Tph cell frequency and origin, in
addition to Treg cell frequency, were also evaluated. Synovial inflammation was assessed by immunohistology.

Results. Expansion of IgM-only memory B cells was demonstrated in DA compared to JIA (mean + SEM 22.48
+ 3.278 versus 9.011 = 1.317; P = 0.005), paralleled by decreased frequency of transitional B cells. T cell responses
in DA were characterized by marked functional plasticity, as was evident from the increased frequency of polyfunc-
tional CD8+ Th cells (P < 0.05), CD161+ Th cells (P < 0.05), and CD8- Th cells (P < 0.001), and positivity for tumor
necrosis factor, interferon-y, interleukin-17A, or granulocyte—-macrophage colony-stimulating factor, compared to all
other groups. Significant expansion of CXCR3+CCR6+ (Th1/Th17) Tfh cells (P = 0.003) and CXCR3+CCR6+ Tph cells
(P = 0.01), paralleled by a decrease in CXCR3-CCR6- (Th2) Tfh cells was observed in DA compared to T21. Treg
cells were significantly reduced in DA compared to T21 (mean = SEM 7.111 + 0.9518 versus 11.96 + 1.055 versus;
P = 0.0028), with a specific reduction in the naive:memory Treg cell ratio. Marked synovial tissue inflammation and
increased T cell and B cell infiltrations were demonstrated in DA compared to JIA.

Conclusion. DA is more common and more aggressive than JIA. It is characterized by increased polyreactive
Th, Tfh, and Tph cell responses, reduced Treg cell frequency, and evidence of increased synovial inflammation, all of
which are potentially distinct from JIA and T21.

INTRODUCTION

Down syndrome (trisomy 21 [T21]) is the most common
chromosomal abnormality globally, with 1 in 700 children in the
US born with it each year, and its prevalence is increasing. We
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previously reported prevalence of 8.7 in 1,000 (1,2). With little
information available regarding clinical and epidemiologic char-
acteristics of this inflammatory arthritis and a lack of awareness
about the increased risk of arthritis in children with T21, this group
is at a potentially greater risk of long-term complications.

To better understand the immunologic factors contributing
to the pathogenesis of DA, we first need to consider the immune
system in T21 and JIA. In T21, there is a reported decrease in
Treg cell capacity to suppress effector T cell responses (3). Fur-
ther evidence suggests a failure of central tolerance mediated
by reduced availability of thymic antigens, thereby facilitating the
escape of potentially autoreactive T cells from the thymus (4).
While the extent of B cell contribution to T21 remains unclear,
one study suggests that IgM-expressing nonswitched memory B
cells (CD27+IgD+IgM+) show reduced proliferation capacity and
somatic hypermutation potential. Generalized B cell lymphope-
nia has also been reported, with a reduction in transitional
(CD38""CD24"" and switched memory B cells (5).

Characterizing immunologic features of DA is further compli-
cated by the complexity of JIA, a clinically heterogeneous auto-
immune disease (6,7). Similar to T21, impaired Treg suppressive
function with restricted clonotypic expansion has been reported
in JIA, which potentially limits the array of immune responses that
Treg cells are able to control. Importantly, Th17 plasticity leading
to CD161+ Th17 cells expressing interferon-y (IFNy) has previ-
ously been identified in the joints of JIA patients, with the cytokine
environment of the inflamed joint promoting this effect (8). Epige-
netic polymorphisms of the T cell compartment can be indicative
of remission maintenance and are associated with clinical pathol-
ogy of JIA, while the transcription factor cAMP response element
contributes to the CD161+ T cell proinflammatory profile in JIA
synovial fluid (9,10). Accumulation of switched memory B cells in
the synovial fluid of JIA patients has also been reported, along with
a potential decrease in regulatory B cell-enriched peripheral blood
B cells (CD24™"CD38"") (11,12).

Due to the lack of information on the unique immunologic
features of DA and the implications this may have for treatment,
we performed an in-depth characterization of B cell and T cell
responses in children with DA. We found alterations in both B
cell and T cell compartments, with increased IgM-only memory
B cells in DA compared to T21, as well as increased T cell poly-
functionality in DA compared to T21 and JIA. Traditionally, CD4+
T cells have been categorized in populations based on expression
of a key cytokine, including Th1 (IFNy-positive), Th17 (interleukin-
17A [IL-17A]-positive), Th22 (IL-22-positive), etc. However,
recent studies demonstrate the importance of T cell plasticity
and polyfunctionality in infection and autoimmunity (8,13,14).
Elevated T cell proinflammatory cytokine responses in DA, com-
pared to JIA, were evident due to the marked increase in tumor
necrosis factor (TNF)—positive and IFNy-positve CD8— T cells
and a significantly higher proportion of CD8-, CD8+, and Th17-
lineage T cells (CD161+4) expressing multiple proinflammatory

cytokines simultaneously and thus exhibiting polyfunctionality. We
also showed differential distribution of follicular helper T (Tth) cell
(CD3+CD8-CXCR5+ICOS+/-PD-1+/-) subsets and peripheral
helper T (Tph) cell (CD3+CD8-CXCR5-ICOS+/-PD-1+) sub-
sets in DA, with significant expansion of CXCR3+CCR6+ (Th1/
Th17) Tth cells and CXCR3+CCR6+ Tph cells, paralleled by
decreased CXCR3-CCR6- (Th2) Tth cells observed in DA com-
pared to healthy controls and children with T21. Decreased Treg
cell (CD3+CD8-CD127-CD39+/-Foxp3+CD25+) frequency and
evidence of increased synovial inflammation and cellular infiltra-
tion in DA highlight the potentially distinct (from JIA) immunologic
profile of DA.

PATIENTS AND METHODS

Patients and sample collection. Children with DA and
children with JIA were recruited from the National Centre for Pae-
diatric Rheumatology (NCPR) at Our Lady’s Children’s Hospital,
Crumlin (OLCHC). Based on clinical manifestation, laboratory
findings, and pattern of joint involvement, arthritis in children with
Down syndrome is a polyarticular form of rheumatoid factor (RF)—-
negative inflammatory arthritis found in children and young peo-
ple with T21 (2). Therefore, children with polyarticular RF-negative
JIA were included in all comparative studies (see Supplementary
Table 1, on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41150/abstract). Children with
T21 were recruited from musculoskeletal screening clinics set up
and run by clinicians at the NCPR. These children had a diagnosis
of Down syndrome but no evidence of past or present arthritis.
Healthy controls included children without Down syndrome and
with no medical history of inflammatory or autoimmune disease
who were recruited from the orthopedic department at OLCHC.
Fully informed parental consent and participant assent was
obtained for all subjects who provided blood and synovial tissue.
The OLCHC Ethics Committee granted approval for this studly.

Flow cytometric analysis. For the flow cytometric anal-
ysis of peripheral blood B cells and Tth cells, 1 x 10° peripheral
blood mononuclear cells (PBMCs) were used per sample. Cells
were washed in ice-cold phosphate buffered saline (PBS) prior to
incubation with Live/Dead Fixable Near-IR dye (ThermoFisher). An
Fc receptor blocking step was performed by incubating the cells
with TruStain FcX Fc blocking solution (BioLegend). Cells were
then stained for 30 minutes at 4°C with the following antibodies:
anti-CD38 (HIT2; BioLegend), anti-CD24 (ML5; BD Biosciences),
anti-CD20 (2H7; BD Biosciences), anti-CD27 (0323; BiolLLegend),
anti-lgM (G20-127; BD Biosciences), anti-CD138 (MI15;
BiolLegend), anti-CD45 (H130; BioLegend), anti-CD19 (HIB19;
BioLegend), anti-CD40 (5C3; BioLegend), anti-IgD (1A6-2) or anti-
CD45RO (UCHL1) (both from BioLegend), anti-CD57 (HNK-1),
anti-programmed death 1 (anti-PD-1) (EH12.2H7), anti-CD4
(A161A1), anti-CD3 (OKT3), anti-CCR6 (GO34E3), anti-CXCR5
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(J252D4), anti-CXCR3 (G025H7), anti-CCR7 (G043H7), anti-
CD45 (HI30), and anti-CD161 (HP-3G10) (all from BioLegend).
For further details on antibodies used and fluorochrome conju-
gates please refer to Supplementary Tables 2 and 3 (http://online
library.wiley.com/doi/10.1002/art.41150/abstract).

For Th cell and Treg cell characterization and cytokine detec-
tion, cells were subjected to a cell surface staining step with the
following antibodies: anti-CD3 (B27; BD Bioscience), anti-CD8
(SK1; eBioscience), anti-CD161 (HP-3G10) or anti-CD3 (SK7)
(both from eBioscience), anti-CD4 (A161A1), anti-CD45RO
(UCHL1), anti-CD39 (A1), anti-CD152 (BNI3), anti-CD25 (BC96),
anti-CCR7 (G043H7), and anti-CD45 (HI30) (all from BioLegend).
For intracellular staining, cells were fixed and permeabilized using
a FoxP3 staining buffer set (eBiosciences) followed by staining
with the following antibodies: anti—IL-17A (BL168; BioLegend), anti—
granulocyte—-macrophage colony-stimulating factor (anti—-GM-CSF)
(BVD2-21C11; BioLegend), anti-tumor necrosis factor (anti-TNF)
(Mab11; eBioscience), anti-IFNy (B27; BD Biosciences) or anti-
FoxP3 (150D; BioLegend), and anti—Ki-67 (Ki-67; BioLegend). For
further details on antibodies used and fluorochrome conjugates,
please refer to Supplementary Tables 2 and 3 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41150/abstract). Acquisition was per-
formed on a 3-laser Beckman Coulter CyAn ADP analyzer or a
4-laser BD LSR Fortessa Il cell analyzer. Software-assisted com-
pensation was performed with the use of single antibody-stained
compensation beads (BD Biosciences). Data were analyzed using
FlowdJo, version 10 (Treestar), with a t-distributed Stochastic
Neighbor embedding (tSNE) add-on, and Simplified Presentation
of Incredibly Complex Evaluations (SPICE), version 6 (15). Doublet
cell exclusion was performed, and Florescence Minus One con-
trols were used to determine gating parameters.

Cell stimulation. For PBMC stimulation and cytokine de-
tection, 2 x 10° cells were placed in each well of a flat bottom 96-
well plate in 100 pl of cRPMI (RPMI GlutaMAX, 10% fetal bovine
serum, and penicillin/streptomycin) (ThermoFisher). Cells were
then stimulated with Cell Stimulation Cocktail (phorbol myristate
acetate/ionomycin) (eBioscience) for 1 hour prior to the addition
of 0.05 pg/ml brefeldin A (ThermoFisher) for 5 hours of incubation.
Cells were analyzed by flow cytometry.

Immunohistologic analysis of DA and JIA synovial
membrane. Synovial biopsy samples (JIA, n = 4; DA, n = 3) were
obtained by ultrasound-guided biopsy at the time of therapeutic
arthrocentesis, before intraarticular steroid delivery, and were cry-
opreserved by snap-freezing in OCT (Sigma-Aldrich), followed by
storage at —80°C (clinical characteristics available in Supplemen-
tary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.41150/
abstract). Seven-micrometer sections were cut, and a routine 3-stage
immunoperoxidase labeling technique incorporating avidin—biotin—
immunoperoxidase complex (Dako) was used. Sections were incu-
bated with primary mouse anti-CD3 and anti-CD20 monoclonal

antibodies (Dako) at room temperature for 1 hour. Color was
developed in solution containing diaminobenzidine tetrahydro-
chloride (0.5% H,O, in PBS, pH 7.6) (Sigma-Aldrich). Slides were
counterstained with hematoxylin (Sigma-Aldrich) and mounted
using DPX according to instructions from the manufacturer (Dako).
For overall inflamsmation and vascularity, a scoring range of 0-3
was used. For cell-specific markers, a well-established semi-
quantitative scoring method (range 0-4) was used as previously
described (16). Briefly, a score of 1 is representative of 5-24% of
cells being positive for the cell-specific marker, a score of 2 repre-
sents 25-49%, 3 represents 50-74%, and 4 represents 75-100%
of cells being positive for the cell-specific marker.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software, version 7. One-way or two-way
analysis of variance with Tukey’s multiple comparisons test and
Student’s unpaired 2-tailed t-test were used as indicated. P values
less than 0.05 were considered significant.

RESULTS

Increased IgM-only memory B cells in patients with
DA. Patient demographics are described in Supplementary Table 1
(http://onlinelibrary.wiley.com/doi/10.1002/art.41150/abstract).
Following the identification of CD19+CD20+/- cells, B cells
were further analyzed based on the expression of membrane-
bound IgD and the memory B cell marker CD27, allowing for
the identification of 4 major B cell subpopulations with distinct
functionalities: naive B cells (IgD+CD27-), nonswitched mem-
ory B cells (IgD+CD27+), double-negative memory B cells
(Igb-CD27-), and switched memory B cells (IgD-CD27+)
(Figure 1A and Supplementary Figure 1A, http://onlinelibrary.wiley.
com/doi/10.1002/art.41150/abstract). In accordance with pre-
vious findings (5), the frequency of B cells in patients with T21
was significantly reduced when compared to healthy controls
(P = 0.03). Children with DA showed a greater reduction in B cell
frequency compared to healthy controls (P < 0.001) and children
with T21 (P < 0.05) (Figure 1B). There was also a significant decrease
in memory B cells (CD27+) in children with T21 compared to
healthy controls (P < 0.01), with memory B cell frequency restored
in DA (Figure 1B). Interestingly, the peripheral blood IgM-only ger-
minal center—like B cells (IgM+IgD-CD27+) recently described in
humans (17) were significantly increased within the IgD-CD27+
memory compartment in DA compared to healthy controls and
JIA (P = 0.01 and P = 0.005, respectively) (Figure 1C). No differ-
ences were observed in the frequency of circulating plasma cells
(CD138™"CD27"") between DA and all other groups (Figure 1D).

Transitional B cells (CD24""CD38"") are enriched in poten-
tially immunoregulatory IL-10—producing cells (18). We found a
decrease, although not statistically significant, in the frequency of
transitional B cells in JIA and DA compared to healthy controls
and T21, respectively (Figure 1E).
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Figure 1. Peripheral blood B cell subpopulation distribution and
increased IgM-only memory B cells in Down syndrome—-associated
arthritis (DA). A, Representative flow cytometric analysis plots for
the identification of B cell subpopulations based on expression of
CD27 and IgD in healthy controls (HCs) and in children with juvenile
idiopathic arthritis (JIA), Down syndrome (trisomy 21 [T21]), or DA.
B, Frequency of the indicated B cell populations in the peripheral
blood of healthy controls and children with JIA, T21, or DA. C,
Gating example and overall frequency of IgM-only memory B cells
in peripheral blood from the indicated groups. D, Representative
flow cytometric analysis plots for the identification of plasma cells
(CD138+CD27"" and frequency of plasma cells in peripheral
blood from the indicated groups. E, Representative gating for the
identification of transitional B cells (CD24""CD38"") and frequency
of transitional B cells in peripheral blood from all groups. In B, C,
and E, each symbol represents an individual sample (n = 10-11
per group); bars show the mean + SEM. Statistical analysis was
performed by one-way analysis of variance with Tukey’s multiple
comparisons test. * = P < 0.05; ** = P < 0.01; ** =P < 0.001.

Increase in proinflammatory cytokine responses of
CD8- and CD8+ T cells in DA. Previous studies of JIA have
identified increased frequency of IFNy- and IL-17A-expressing
T cells, highlighting potential pathogenic roles for Th1 (IFNy) and
Th17 (IL-17A) cells (19). Following stimulation in vitro, we identi-
fied proinflammatory cytokine-producing CD8+ and CD8- T cells
in healthy controls and in patients with JIA, T21, and DA (Sup-
plementary Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.41150/abstract). Children with DA had the highest levels of
cytokine production compared to patients with T21 or JIA and
healthy controls, with significant increases in TNF, IFNy, and IL-17A
CD8+ T cell responses (P < 0.05 for all) (Figures 2A and B).

CD161 is a novel marker for all T cell subsets that are or have
been producing IL-17A. Some Th17 cells, due to increased func-
tional plasticity, can convert to ex-Th17. These cells no longer pro-
duce IL-17A but have instead switched to IFNy production. During
this transition from Th17 to ex-Th17 cells, they maintain CD161
expression (20). In the present study, the majority of IL-17A—
producing cells resided within the CD8-CD161+ T cell compart-
ment (Figure 2C), with a substantial population producing TNF and
IFNy (Figure 2D). A higher frequency of CD8-CD161+ T cells was
observed in DA compared to all other groups (Figures 2E-G). Marked
differences in the proinflammatory cytokine production of CD8+ T
cells were also evident, with significant increases in the frequency
of TNF- and IFNy-producing CD8+ T cells in DA compared to JIA
(P =0.017 and P = 0.003 respectively) (Figures 2H-J).

Increased T cell polyfunctionality in DA. T cell func-
tional plasticity provides flexibility to the immune system and is
needed for adequate response to pathogens. Previous studies
have shown correlations between T cell polyfunctionality and
disease progression of rheumatoid arthritis (RA) and psoriatic
arthritis (PsA) (14,21). Polyfunctional CD8- T cells have a unique
transcriptional profile in comparison to monofunctional T cells,
and this is indicative of stark differences in their activation, traf-
ficking, and metabolism (22). In order to identify polyfunctional T
cells, we used the SPICE algorithm. SPICE is a supervised algo-
rithm that uses labeled flow cytometric data for the visualization
of complex data sets and the identification of cell populations
that express combinations of different markers. In the present
study, using multidimensional SPICE analysis, we demonstrated
a dramatic increase in CD8- T cell polyfunctionality in DA com-
pared to all other groups (Figure 2K). This was characterized by
an increased frequency of cells simultaneously producing multi-
ples of the proinflammatory cytokines TNF, IFNy, GM-CSF, and
IL-17A (P < 0.001) (Figure 2K). Increased polyfunctionality was
also a characteristic of CD161+CD8- and CD8+ T cells, with sig-
nificantly higher frequency in DA compared to T21, JIA, or healthy
controls (Figure 2K). These results indicate a global dysregulation
of T cell plasticity in DA that could be an important contributor to
disease progression.
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Figure 2. Increased T cell proinflammatory cytokine responses and T cell polyfunctionality in DA. A, Representative flow cytometry analysis
plots and overall frequency of CD8- peripheral blood T cells expressing tumor necrosis factor (TNF) in the indicated groups. B, Frequency of
CD8- peripheral blood T cells expressing TNF, interferon-y (IFNy), interleukin-17A (IL-17A), or granulocyte-macrophage colony-stimulating
factor (GM-CSF) in the indicated groups. C, Representative flow cytometry analysis plots showing the expression of IL-17A by CD8-CD161—
or CD8-CD161+ (Th17-lineage) cells. D, Gating for the identification of IFNy-producing ex-Th17 cells. E=G, Frequency of total CD8-CD161+
cells (E), TNF-expressing CD8-CD161+ cells (F), and IFNy-expressing CD8-CD161+ cells (G) in all groups. H=J, Proinflammatory cytokine
expression by CD8+ cells in the indicated groups. K, Simplified Presentation of Incredibly Complex Evaluations analysis for the identification of
T cells (of the indicated populations) expressing multiple proinflammatory cytokines. Pie segments indicate frequency of cells producing different
combinations of cytokines. Surrounding arcs denote the specific cytokines produced by the cells in each pie segment. In B, E-G, and H-J,
each symbol represents an individual sample (n = 811 per group); bars show the mean + SEM. Statistical analysis was performed by one-way
analysis of variance with Tukey’s multiple comparisons test. * = P < 0.05; ** = P < 0.001. See Figure 1 for other definitions.

Dysregulated Tfh and Tph responses in DA due to descent (23,24). While we observed no differences in the fre-
increased CXCR3+/CCR6+ cells. Tth cells are instrumental in quency of peripheral blood Tfh cells between groups (Figure 3A),
their capacity to provide B cell help for optimal T cell-dependent significant differences were demonstrated in the Tfth subpopulation
antibody responses to occur. CXCR5+CD4+ Tfh cells have dif- distribution. In children with DA, there was a significant expansion
ferential cytokine profiles and capacity to provide B cell help, of CXCR3+CCR6+ double-positive (Th1/Th17) Tfh cells com-
which are reflected by the expression of CXCR3 and CCR6 (23). pared to healthy controls, JIA, and T21 (P = 0.009, P =0.0232, and

CXCR3+CCR6- Tfh cells are of Th1 descent, CXCR3-CCR6+ P = 0.0034, respectively), with a specific decrease in CXCR3-
Tth cells are of Th17 descent, CXCR3-CCR6- Tfh cells are of CCR6- (Th2) Tth T cells compared to healthy controls and T21
Th2 descent, and CXCR3+CCR6+ Tth cells are of dual Th1/Th17 (P =0.03 and P = 0.018, respectively) (Figure 3B).
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Figure 3. Enhanced follicular helper T (Tfh) and peripheral helper T (Tph) cell plasticity with increased Th1/Th17-like cells. A, Total Tth cell
frequency in all groups. B, Subpopulation distribution, showing the frequency of CXCR3+CCR6+ and Inducible costimulator (ICOS)-positive
Tth cells in all groups. C, CXCR3+CCR6+ Tfh cell frequency. D, ICOS-positive Tth cell frequency. E, Total Tph cell frequency. F, Subpopulation
distribution, showing the frequency of CXCR3+CCR6+ Tph cells in all groups. G, CXCR3+CCR6+ Tph cell frequency. In A, C, D, E, and G,
each symbol represents an individual sample (n = 5-8 per group); bars show the mean + SEM. Statistical analysis was performed by one-way

analysis of variance with Tukey’s multiple comparisons test. * = P < 0.05; **

Figure 1 for other definitions).

Inducible costimulator (ICOS) expression by Tfh cells has pre-
viously been shown to maintain the Tfh phenotype and prevent Tth
cells from returning to their previous non-Tfh state (25). Interestingly,
we found that ICOS-positive Tth cells were significantly decreased
in DA compared to all other groups (P < 0.0001 versus JIA and
healthy controls; P = 0.0022 versus T21) (Figures 3B and D). A
recent study has revealed that CXCR5— T cells that express PD-1
(Tph) can have a potential B cell helper function that resembles that
of conventional Tth cells (26). We examined the frequency of Tph
cells in the peripheral blood of healthy controls and children with
JIA, T21, and DA (Supplementary Figure 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.41150/abstract). A nonsignificant increase in
the frequency of Tph cells in T21 and DA was observed (Figure 3E),
and similar to the observed increase in CXCR3+CCR6+ (Th1/
Th17) Tfh cells, we noted a significant increase in CXCR3+CCR6+
Tph cells in DA compared to healthy controls, JIA, and T21
(P =0.0008, P = 0.0276, and P = 0.04, respectively) (Figures 3F
and G). These results highlight a potentially pathogenic dysregu-
lation of Tth responses in DA that favors the expansion of plastic
CXCR3+CCR6+ (Th1/Th17) Tth and Tph cells.

Impaired Treg cell responses in DA with reduced cell
frequency and altered naive:memory Treg cell ratio.
In order to assess Treg cell frequency, activation, and memory
status, we performed unbiased, unsupervised, multidimensional
analysis of flow cytometric data (27) (Figure 4A). Following pre-
gating on CD8- T cells, clustering was performed using the tSNE
algorithm. T-distributed SNE is an unsupervised algorithm (i.e.,
does not require data labeled by the user) that performs dimen-
sionality reduction of complex data by clustering cells that have
similar expression profiles. Therefore, tSNE performs unbiased
analysis and can be used for data exploration in order to identify

=P < 0.01; ™ =P < 0.001. PD-1 = programmed death 1 (see

novel cell populations, and it also assists with data visualization
as cell clusters can be more clearly distinguished without the
need for multiple conventional flow cytometry scatter plots.

Our analysis revealed 2 distinct Treg cell populations present in
all samples tested, and tSNE analysis validation was performed by
conventional 2-dimensional gating (Supplementary Figure 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.41150/abstract). These 2
populations correspond to naive and memory Treg cells (Figure 4A).
In DA, there was a statistically significant reduction in the frequency
of Treg cells compared to T21 (P = 0.016), with a reduction in the
naive:memory Treg cell ratio (Figures 4B and C). Although not sta-
tistically significant, alterations in proliferating T cells were observed,
with an increase in Ki67+ T cells in T21 and DA (Figure 4D). Inter-
estingly, there was a strong negative correlation between the fre-
quency of peripheral blood Tph cells and Treg cells, specifically
for DA patients, with high Tph cell frequency observed in patients
with low Treg cell frequency (Figure 4E). These results highlight an
impairment in Treg cell responses in DA compared to T21.

Evidence of increased synovial pathology and inflam-
mation in DA. In DA synovial tissue, there was evidence to
suggest an overall increase in inflammation, with increased vas-
cularity and lining layer thickness, compared to that of JIA tissue
(Figures 5A and B), which may contribute to the more erosive dis-
ease observed in DA compared to JIA. Furthermore, an increase in
the number of CD20+ B cells (Figures 5C and D) and CD3+ T cells
(Figures 5E and F) was observed in DA compared to JIA.

DISCUSSION

We recently showed that the estimated prevalence of DA is
20 times greater than that of JIA (2). DA is a newly characterized,
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Figure 4. Treg cell identification by unsupervised clustering and
reduced Treg cell frequency in DA. Multiparametric flow cytometric
data on total CD8- cells were subjected to unsupervised clustering
by t-distributed Stochastic Neighbor embedding (tSNE) algorithm
following data concatenation. Data concatenation and relative
expression by the indicated parameters are shown. A, Identification
of Treg cell populations. On the basis of FoxP3, CD25, CD127, and
CD45R0 expression of CD8- T cells, 2 populations of Treg cells were
identified: naive Treg cells (Ti) (CD25+CD127-FoxP3+CD45R0O-)
and memory Treg cells (Tii) (CD25+CD127-FoxP3+CD45R0O+). B,
Frequency of peripheral blood Treg cells in the indicated groups. C,
Naive:memory Treg cell ratios. D, Frequency of Ki67+ CD3+ T cells.
E, Correlation between peripheral helper T (Tph) cell frequency and
Treg cell frequency in DA patient peripheral blood samples. In B-E,
each symbol represents an individual sample (n = 5-10 per group);
bars show the mean + SEM. Statistical analysis was performed by
one-way analysis of variance with Tukey’s multiple comparisons test.
* =P < 0.05. See Figure 1 for other definitions.

aggressive, erosive arthritis, with little information on the underlying
immune dysregulation. Therefore, effective treatment of DA is cur-
rently hindered. In the present study, we examined for the first time
the adaptive immune system in children with DA, with a specific
focus on identifying whether defects in immune regulation drive
the clinically aggressive, erosive phenotype observed. We identi-
fied an expansion of IgM-only memory B cells in DA compared to
JIA, and a decreased frequency of transitional B cells that could
contribute to a failure of immune regulation. Importantly, proin-
flammatory cytokine TNF and IFNy responses by CD8- T cells
and TNF and IL-17A responses by CD8+ T cells were higher in

DA compared to JIA. The increased proinflammatory cytokine
responses were associated with increased T cell plasticity as evi-
dent by marked polyreactivity of CD8+, CD8-, and ex-Th17 cells
in DA compared to JIA. The observed enhanced T cell plasticity
in DA was not restricted to cytokine production, as an analysis
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Figure 5. Increased synovial inflammation and cellular infiltration in
DA compared to JIA. A, Representative images of DA and JIA synovial
tissue biopsy sections stained with hematoxylin. Lines indicate
synovial lining layer thickness. B, JIA and DA synovial inflammation
and vascularity scores and lining layer thickness (number of cells). C,
Representative immunohistochemistry staining for the identification
of CD20+ cells in the synovial tissue of JIA and DA patients. D,
Global, sublining (SL), and lining layer (LL) scores for the presence
of CD20-expressing cells. E, Representative immunohistochemistry
staining for the identification of CD3+ cells in the synovial tissue of
JIA and DA patients. F, Global, sublining, and lining layer scores for
the presence of CD3-expressing cells. Original magnification x 20.
Bars show the mean + SEM. See Figure 1 for other definitions.
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of Tth and the recently described Tph cells showed an elevated
frequency of plastic Th1/Th17-like cells within these populations.
An additional contributing factor in DA immune dysregulation is the
significant reduction in the frequency of Treg cells in DA compared
to T21, as well as an inverse correlation between the frequency of
Tph and Treg cells in DA. Finally, evidence suggests the presence
of increased synovial tissue inflammation and tissue infiltration of T
and B cells in DA compared to JIA. Taken together, these results
indicate that DA is potentially distinct from JIA and manifests with
more aggressive proinflammatory, polyfunctional Th, Tth, and Tph
cell responses, accompanied by reduced Treg cell frequency and
increased synovial pathology.

In this study, we show that despite B cell ymphopenia in DA,
there is an increased relative frequency of IgM-only—producing
CD27+IgD- memory B cells. These cells differ from nonswitched
memory B cells (IgM+IgD+CD27+) and may represent a popula-
tion that has exited the germinal center early or that was formed
outside of a germinal center (17). There are no studies to date on
B cell distribution in DA, and the extent to which B cells contrib-
ute to the features of T21 is currently a matter of debate due to
the limited (and at times conflicting) findings on peripheral blood
B cell population distribution and serum immunoglobulin lev-
els. One study suggests that B cells are altered in T21. Despite
normal serum Ig levels, IgM-expressing nonswitched memory B
cells (lgM+IgD+CD27+) show reduced proliferation capacity and
somatic hypermutation potential (28). Deficiency in natural effector
B cells could result in an increased risk of infection, which is char-
acteristic of T21 (28). Generalized B cell lymphopenia has also
been reported, with reduction in transitional (CD38""CD24"")
and switched memory B cells. Interestingly, however, under Toll-
like receptor 9 stimulation, T21-derived B cells have been shown
to differentiate into antibody-producing plasma cells and prolifer-
ate at a higher degree than control-derived B cells (5).

T cellresponsesin DA are characterized by marked functional
plasticity, as evidenced by the increased frequency of polyfunc-
tional CD8+, CD8—, and CD161+ Th cells. Previous studies have
highlighted the role of CD4+ T cells producing multiple cytokines
simultaneously in the pathogenesis and progression of spondy-
loarthritides, RA, and PsA (14,21,29). These cells are molecularly
distinct from monofunctional T cells and are subject to differential
chemotaxis, activation, and metabolism (22). Among the Th sub-
sets, CD161+ Th cells and ex-Th17 cells have increased poly-
functionality (20,21). Ex-Th17 cells can be identified based on
expression of CD161, a marker of the Th17 lineage, and a switch
from IL-17A production to IFNy production. CD161+ Th cells and
ex-Th17 cells have previously been reported to accumulate at the
site of inflammation in RA, PsA, and, importantly, JIA (14,20,30).
The pathogenic nature of these cells is further exacerbated by
their increased survival, cytokine production, and resistance to
Treg cell-mediated suppression (20). Herein, we report that in
DA there is an increased frequency of proinflammatory cytokine—
producing T cells and increased polyfunctionality that is not

restricted to CD8- T cell responses but is evident in CD8+ and
CD161+ Th cells. This shows a generalized dysregulation of T
cell plasticity in DA over that in JIA, which is a potentially impor-
tant contributor to disease pathophysiology.

We also demonstrated that dysregulated plasticity is pres-
ent in the Tfh compartment, with enhanced Tfh responses of
a CXCR3+CCR6+ hybrid Th1/Th17-origin cell population. Tfh
cell plasticity in DA may be associated with the reduced ICOS
expression, since high expression of ICOS has previously been
shown to act as an enforcing factor of Tfh cell lineage commit-
ment (25). We performed an analysis of the newly described
Tph cells under the CXCR3/CCR6 paradigm, and, similar to
findings in the Tfh compartment, CXCR3+CCR6+ Tph cells
were increased in DA. In addition to mirroring the observed
increased plasticity of Th cells in DA, dysregulated Tth and Tph
cell responses could promote a pathogenic T cell-dependent
antibody repertoire.

We performed unbiased multidimensional clustering anal-
ysis for the identification of Treg cell populations and, similar to
previous findings (27), identified 2 distinct populations: naive
and memory Treg cells (31). Notably, we observed a decrease
in Treg cells in DA compared to T21 as well as an inverse cor-
relation between the frequencies of Tph and Treg cells in DA.
Naive and memory Treg cells reportedly have similar suppres-
sive potential, but a reduced frequency of naive T cells has
previously been associated with autoimmune disorders, and
memory Treg cells are potentially less able to maintain FoxP3
expression and their own suppressive capacity (31-33). Pre-
vious studies in RA have shown no defect in the suppressive
capacity of naive or memory peripheral blood Treg cells, but in
T21 this suppressive capacity was diminished (31-34). Defec-
tive Treg cell responses have also been reported in JIA, with
restricted T cell receptor repertoire and a clonotypic expansion
profile similar to findings in other arthritides, which can limit the
array of T cell responses these cells are able to suppress (35).
The enhanced proinflammatory and diminished regulatory pro-
cesses in the peripheral blood of children with DA is reflected by
the increased inflammation and immune cell infiltration in a joint
affected by DA compared to JIA. Interestingly, synovial inflam-
mation in DA does not correlate with erythrocyte sedimentation
rate (ESR). As we have previously demonstrated in the largest
DA patient cohort to date, ESR levels in children with DA are
significantly lower than in children with JIA and are of low
diagnostic or prognostic value (2). This further highlights the
need for careful and thorough examination of suspected DA.

The relatively increased duration of disease in children with DA
compared to children with JIA (Supplementary Table 1, http://online
library.wiley.com/doi/10.1002/art.41150/abstract) is a potential
confounding factor that might influence the differences observed
between the 2 groups. Although this is a limitation of the study,
it emphasizes the increased need for awareness regarding
the diagnosis of DA, as DA diagnoses are significantly delayed


http://onlinelibrary.wiley.com/doi/10.1002/art.41150/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41150/abstract

T CELL PLASTICITY WITH DYSREGULATION OF Tfh, Tph, AND Treg CELL RESPONSES IN JIAAND DA 685

compared to JIA diagnoses (2). Additionally, due to the size of
the patient cohort, a potential effect of biologic treatment on the
immunologic features of DA cannot be excluded, despite prelim-
inary data suggesting that the immune phenotype observed is
independent of treatment or disease duration.

In conclusion, we have for the first time identified an underly-
ing immune system dysregulation in DA, which is potentially more
aggressive than JIA and is characterized by enhanced polyreactive
T, Tth, and Tph cell responses, reduced Treg cell frequency, and
increased synovial inflammation. The accumulation of this altered
immune profile can influence disease progression in DA. A more
comprehensive understanding of these mechanisms will lead to
improved diagnostic and prognostic outcomes for this disease.
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Disease Severity Linked to Increase in Autoantibody
Diversity in 1gG4-Related Disease
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Objective. Four autoantigens have been described recently in 1IgG4-related disease (IgG4-RD): prohibitin, an-
nexin A11, laminin 511-E8, and galectin-3. However, no external validation has been performed, and the possibility
that some individuals break tolerance to more than 1 autoantigen has not been explored. We undertook this study
to evaluate the relative frequencies of antibody responses against these autoantigens in order to explore the role of
adaptive immune response in IgG4-RD.

Methods. Autoantibody responses against prohibitin, annexin A11, and laminin 511-E8 were measured among
a clinically diverse cohort of IgG4-RD patients (n = 100) using enzyme-linked immunosorbent assays. Autoantibody
responses were correlated with disease severity and organ distribution.

Results. The frequencies of IgG4 autoantibody responses against prohibitin (10%), annexin A11 (12%), and laminin
511-E8 (7%) were not significantly different from those of controls. A portion of the cohort (n = 86) had been analyzed pre-
viously at our center for anti—galectin-3 antibody responses, with 25 patients (29%) having IgG4 anti—galectin-3 antibodies.
Of these 86 patients, 32 (37%) had IgG4 antibodies to >1 of the 4 autoantigens and 12 (14%) showed reactivity with >2
of the tested antigens. The subset of patients with >2 autoantibodies had higher total levels of IgG1, 1gG2, 1gG4, and
C-reactive protein, were more commonly hypocomplementemic, and were more likely to have visceral organ involvement.

Conclusion. Antibodies against prohibitin, annexin A11, and laminin 511-E8 were found in only a small portion of
patients with IlgG4-RD. A subset of IgG4-RD patients, however, had IgG4 antibodies against >2 autoantigens. These
patients presented with robust IgG subclass elevations, complement consumption, and visceral organ involvement.

This broader break in immunologic tolerance in IgG4-RD was associated with more severe disease.

INTRODUCTION

lgG4-related disease (IgG4-RD) is an insidiously progres-
sive autoimmune fibrotic disease of unknown etiology that often
presents with tumor-like masses involving multiple organs (1).
Seemingly disparate organ manifestations are unified by the
pathologic findings of a dense lymphoplasmacytic infiltrate,
fibrosis in a “storiform” pattern (derived from the word “storea,”
Latin for woven mat), and obliterative phlebitis, with prominent
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lgG4-positive plasma cells noted on immunostaining (2). Char-
acteristics of this disease include the oligoclonal expansion of
both plasmablasts and tissue-infiltrating CD4-positive cyto-
toxic T lymphocytes, the identification of specific autoantigens
as B cell targets, and consistent clinical responsiveness to
B cell depletion (3—11). These observations support the possi-
bility that IgG4-RD is an autoimmune disease, with an impor-
tant role for adaptive immune responses in the associated
tissue fibrosis.
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Since 2015, 4 autoantigens have been described as poten-
tial triggers for IgG4-RD: prohibitin, annexin A11, laminin 511-E8,
and galectin-3 (5-8). However, validation of these findings using
external patient cohorts and characterization of the relationship
between these specific autoantigens has yet to be achieved. Fur-
thermore, annexin A11 and laminin 511-E8 have been reported
only in the organ-specific contexts of IgG4-related autoimmune
pancreatitis (AIP) and 1gG4-related autoimmune cholangitis (AIC)
for the former, and AIP for the latter (6,8). In order to explore the
role of the adaptive immune response in IgG4-RD, we examined
the relative frequencies of antibody responses against prohibitin,
annexin A11, laminin 511-E8, and galectin-3 using a large, clini-
cally diverse cohort of patients with IgG4-RD. We analyzed these
4 autoantibodies for correlation with organ distribution, disease
severity, and co-occurrence with each other.

PATIENTS AND METHODS

Patient cohorts. One hundred patients with IgG4-RD were
recruited between January 10, 2012 and June 25, 2018 through
the Division of Rheumatology, Allergy and Immunology at Massa-
chusetts General Hospital. IgG4-RD was defined by the fulfilment
of either established histopathologic or comprehensive diagnostic
criteria (2,12). The cohort of 100 IgG4-RD patients included those
with involvement of the major salivary glands (n = 55), pancreas
(n=32), lacrimal glands (n = 31), kidneys (n = 21), retroperitoneum
(n=20), lungs (n = 18), and/or biliary tract (n = 14) (Table 1). Informa-
tion regarding demographics, treatment, disease activity, labora-
tory parameters, and disease manifestations was extracted from
the medical records. Disease activity was quantified using the
lgG4-RD Responder Index, with active disease defined as a score
of >1 (13). All patients had active disease at the time of sample
collection despite the fact that 14% were receiving some form of
immunosuppression. Seventy-six patients had an elevated serum
lgG4 level, and 30 were hypocomplementemic at the time of sam-
pling. The cohort consisted primarily of white patients (n = 69), with
only 12 patients being of Asian descent (Table 1). Visceral organ
involvement was defined by the presence of lung, pancreas, bile
duct, or kidney involvement. We clustered our cohort into subsets
of patients according to their number of autoantibody responses
(no response, 1 response, and >2 responses) and compared clin-
ical parameters among these groups.

To control for nonspecific observations that may arise in the
setting of any chronic fibroinflammatory disease, we used idio-
pathic pulmonary fibrosis (IPF) plasma samples as a disease con-
trol. Samples from IPF patients (n = 50) were obtained through
Massachusetts General Hospital’s Division of Pulmonary & Critical
Care Medicine’s Biorepository of Interstitial Lung Diseases, as pre-
viously described (14). Samples from 50 age- and sex-matched
healthy donors were obtained through the Division of Rheumatol-
ogy, Allergy and Immunology at Massachusetts General Hospital
and through Partners HealthCare Biobank, an enterprise-wide

Table1. Demographic, clinical, and laboratory data on the IgG4-RD
cohort (n = 100)*
Demographic data

Age at onset, median (IQR) years 55 (44-66)
Age at diagnosis, median (IQR) years 61 (49-69)
Male sex 68
Ethnicity
White 69
Asian 12
Hispanic 5
African American 4
Other 10
Clinical data
Clinically active disease 100
|gG4-RD Responder Index, median 4 (2-6)
(IQR) score
Receiving treatment 14
Organ involvement
Multiorgan involvement 68
No. of organs involved, median (IQR) 3(2-4)
Salivary glands 55
Lymph nodes 41
Submandibular glands 48
Pancreas 32
Parotid glands 26
Lacrimal glands 31
Lungs 18
Retroperitoneum 20
Kidney 21
Bile ducts 14
Laboratory parameters
Elevated total IgG (>1,295 mg/dl) 63
Elevated serum IgG1 (>928.6 mg/dl) 43
Elevated serum IgG2 (>700.3 mg/dl) 39
Elevated serum 1gG3 (>176.1 mg/dl) 36
Elevated serum IgG4 (>86.4 mg/dl) 76
Elevated serum IgE (>114 kU/liter) 54
Low serum IgM (<53 mg/dl) 39
Hypocomplementemia (C3 <81 mg/ 30
dl or C4 <12 mg/dl)
Elevated CRP (>8.0 mg/liter) 35
Elevated ESR (>13 mm/hour) 63

* Except where indicated otherwise, values are the percent. IgG4-RD =
IgG4-related disease; IQR = interquartile range; CRP = C-reactive pro-
tein; ESR = erythrocyte sedimentation rate.

repository of samples obtained from consenting subjects. For
healthy controls, we excluded those with any history of malig-
nancy, autoimmune disease, or recurrent/chronic infections by
review of the medical records. All studies were approved by the
Partners Institutional Review Board, and written informed consent
was obtained prior to sample collection. Plasma was collected
from subjects, separated by centrifugation, and stored at —80°C
until the time of use. Autoantibody diversity was defined as anti-
body responses to >2 self antigens from an individual subject.

Enzyme-linked immunosorbent assays (ELISAs).
ELISAs for antibodies against prohibitin, annexin A11, and
laminin 511-E8 were performed as previously described in
the identification of galectin-3 autoantibody responses in the
context of IgG4-RD (7). Briefly, alternating rows of 96-well
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plates were coated with antigen to allow for negative con-
trol wells (bovine serum albumin [BSA] only) specific for each
sample tested. Plate coating concentrations and plasma
dilutions used for each antigen were consistent with those
in previous studies: prohibitin (no. 178465; Abcam) (coating
concentration 0.5 pg/ml, plasma dilution 1:100), annexin A11
(no. 101050; Abcam) (coating concentration 1 ug/ml, plasma
dilution 1:100), and laminin 511-E8 (no. 892011; Nacalai)
(coating concentration 2 pg/ml, plasma dilution 1:20). Each
plasma sample was tested in triplicate with corresponding
triplicate BSA-only wells without antigen coating to control
for nonspecific protein—protein and protein—plate interactions.
Secondary antibodies included rabbit anti-human 1gG (no.
6759; Abcam), mouse anti-human IgG1 (no. 99774; Abcam),
and mouse anti-human 1gG4 (no. 99817; Abcam). The same
mouse anti-human IgG4 secondary antibody that was previ-
ously used to identify anti—-galectin-3 responses in IgG4-RD
was employed in the current study. If any individual well devi-
ated by >50% from its respective replicates, that well was not
included in the calculation of the average absorbance. A cut-
off value of 2 standard deviations above the mean in healthy
donors was used to categorically define a positive antibody
response.
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Statistical analysis. Descriptive measures such as me-
dian, interquartile range, frequency, and percentage were used to
summarize the data. The Mann-Whitney test was used to com-
pare continuous variables between 2 groups. For comparisons
between >2 groups, the Kruskal-Wallis test with Dunn’s post hoc
analysis was used. Regression analyses using logistic regression
models were utilized to assess the predictors of diverse autoan-
tibody responses. The maximum likelihood method was used to
estimate model parameters, and significance was tested using
Wald'’s test statistic. P values (2-sided) less than 0.05 were con-
sidered significant. Statistical analysis was performed using SAS
9.4 and GraphPad Prism 8.0.

RESULTS

Low frequencies of IgG4 antibodies against prohibi-
tin, annexin A11, and laminin 511-E8 in systemic IgG4-RD.
The frequencies of antibodies were similar across all 3 auto-
antigens: 10% for prohibitin, 12% for annexin A11, and 7% for
laminin 511-E8 (Figures 1A-C). None of these frequencies among
the IgG4-RD patients differed significantly from those in controls.

To investigate consistency with previously published data
related to laminin 511-E8, we examined total IgG and IgG1-specific
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Figure 1. Frequencies of autoantibody responses against prohibitin (A), annexin A11 (B), and laminin 511-E8 (C) and against IgG1 laminin
511-E8 (D) among patients with systemic IgG4-related disease (IgG4-RD). Symbols represent individual subjects; bars show the mean + SD.
Dotted lines show the cutoff for positivity (2 SD above the mean in healthy donors). IPF = idiopathic pulmonary fibrosis; NS = not significant.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41140/abstract.
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responses against this antigen among our cohort, but observed
only a low frequency of reactivity using either of these secondary
antibodies (1% for IgG and 6% for IgG1) (Figure 1D and Sup-
plementary Figure 1A, on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41140/abstract).
For IgG anti-laminin 511-E8 responses, we observed higher
frequencies among both control groups compared to IgG4-RD
patients (Supplementary Figure 1A). To understand the discrep-
ancy in IgG4 and total IgG antibody response frequencies against
laminin 511-E8, we studied the relative sensitivity of each of these
secondary antibodies in detecting purified human IgG4. We
observed the ability of the anti-human IgG4 secondary antibody to
detect plate-bound IgG4 at a concentration of 1 ng/well. In con-
trast, the anti-human IgG secondary antibody required a 10-fold
greater coating concentration in order to generate a comparable
colorimetric signal on ELISA (Supplementary Figure 1B).

Frequencies of annexin A11 and laminin 511-E8
autoantibodies are not increased in patients with pan-
creatobiliary disease. Because annexin A11 and laminin
511-E8 have been described in smaller IgG4-RD cohorts with
high frequencies of pancreatobiliary involvement (annexin A11) or
pancreatic involvement (laminin 511-E8) (6,8), we evaluated the
frequency of those antibody responses within the corresponding
subset of organ involvement in our cohort. We found that 22%
of the AIP or AIC patients had IgG4 antibody responses against
annexin A11. For laminin 511-E8, we observed IgG4 antibodies
among 12.5% of the AIP patients.

In contrast to annexin A11 and laminin 511-E8, only anti-
prohibitin antibodies had been reported in the context of multiorgan
systemic IgG4-RD (5), thereby permitting a direct comparison to the
present cohort. The frequency of anti-prohibitin responses observed
among the systemic and clinically diverse cohort was 10%.

We also assessed whether antibody responses against
annexin A11 or laminin 511-E8 could be predicted by stratifying

our cohort based on specific organ involvement, with the stratifi-
cations designed to reflect the patient populations from the stud-
ies in which antibodies to annexin A11 and laminin 511-E8 were
originally identified. We therefore compared annexin A11 autoan-
tibody responses between IgG4-RD patients with AIP or AIC and
those without such involvement and compared laminin 511-E8
responses between IgG4-RD patients with and without pancre-
atic involvement. No significant differences were seen between
the groups (Figures 2A and B), suggesting that these autoantigen
responses are not predicted by such organ-specific involvement.

Reactivity against multiple autoantigens in a subset
of IgG4-RD patients. \We previously reported that 28% of subjects
from a cohort of 121 IgG4-RD patients had autoantibodies directed
against galectin-3 (7). We examined the reactivity in patients in the
present cohort who had data available regarding galectin-3 anti-
body responses (n = 86). Among these patients, 32 (37%) had
lgG4 reactivity with >1 of the 4 autoantigens. We also explored the
number of specific autoantibody responses for each patient with
>1 autoantibody response. The majority of these patients (62.5%;
n = 20) showed reactivity with only 1 of the 4 autoantigens, but
12 patients (37.5%) reacted with >2 autoantigens. Five patients
(15.6%), 4 patients (12.5%), and 3 patients (9.4%) responded to 2,
3, or all 4 autoantigens, respectively (Figure 3A).

When analyzing the overlapping reactivity between these 4
autoantigens, we did not observe any IgG4 anti-laminin 511-E8
responses in isolation (Figure 3B). All 7 patients with IgG4 anti—
laminin 511-E8 responses also showed reactivity with >1 other
autoantigen studied. Galectin-3, the autoantigen with the high-
est baseline frequency of reactivity in this cohort, had the high-
est proportion of isolated autoantibody responses. Fourteen
(56%) of the 25 patients with anti-galectin-3 antibodies had no
response to any of the other 3 autoantigens studied. Overall, we
did not observe any specific clustering in co-occurrence of anti-
body responses among the 4 autoantigens tested (Figure 3B).
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Figure 3. B cell responses of IgG4-related disease (IgG4-RD)
patients to autoantigens. A, Percentages of subject reactivity with
number of specific autoantibodies (among 32 patients with response
to >1 autoantibody). B, Overlap in antigen reactivity between annexin
A11, laminin 511-E8, prohibitin, and galectin-3 among all subjects
with response to >1 IgG4 autoantibody (n = 32).

Correlation of disease severity with T-dependent B
cell responses to multiple autoantigens in patients with
18G4-RD. We examined the correlation between the number of
specific autoantibody responses per patient and the severity of
the clinical phenotype. No clinical phenotypic differences were
observed between the group with no autoantibody responses

and those with a single autoantibody response (data not shown).
Given the similarities between these groups, we then compared
the subset of patients with >2 autoantibody responses, represent-
ing 14% of our cohort (n = 12), to all other patients and observed
a distinctly more severe clinical phenotype among patients in this
subset. Higher levels of IgG1, IgG2, IgG4, and C-reactive protein
(CRP), greater complement consumption, and more frequent vis-
ceral organ involvement were associated with diverse autoanti-
body responses (Figure 4).

DISCUSSION

Considerable insight into the immunologic mechanisms of
IgG4-RD has been achieved in the last decade, but few system-
atic efforts to identify the antigens driving this immune response
have been undertaken (15). Given the protean clinical nature of
lgG4-RD and the possibility that a diverse array of proteins may
be involved in driving the disease in different patients, external
validation of any proposed autoantigen in this disease is essen-
tial. In the present study, we leveraged a large, clinically diverse
cohort of IgG4-RD patients to assess the frequency of antibody
responses against 3 antigens recently described as being associ-
ated with IgG4-RD: annexin A11, laminin 511-E8, and prohibitin.
We observed IgG4-specific autoantibody responses against each
of these proteins, but the frequency of such responses was rel-
atively low among our cohort compared to the results from the
3 cohorts in which these autoantibody responses were initially
described (5,6,8).

For these 3 autoantibodies, the low frequency observed in
lgG4-RD patients is similar to the frequency observed in controls.
With antibody response frequencies of only 7%, 10%, 12%, and
28% for laminin 511-E8, prohibitin, annexin A11, and galectin-3,

Odds Ratio and 95% CI OR LCL UCL P-value
Total IgG —a— 1895 1087 3303 0.0242
IgG1 —=— 1735 1024 2939 00404
lgG2 . — 223 1243 a0 00072
9G4 —s— 2488 1336 4631 0.0041
c3 —e— 0289 0121 0695 00055
Cc4 — | 0.357 0.169 0754 0.0069
CRP —a— 1798 0599 323 00505
Vital Organ | | 4399 11 176 00363
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Figure 4. Association of disease severity in IgG4-related disease (IgG4-RD) and response to multiple autoantibodies. Forest plot shows
the odds ratio (OR) and 95% confidence interval (95% ClI) for multiple autoantigen responses in relation to the presence of increased levels
of different categorical and continuous variables. Variables favoring response to 1 or no autoantigens and those favoring response to multiple
autoantigens are shown. LCL = lower control limit; UCL = upper control limit; CRP = C-reactive protein. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41140/abstract.
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respectively, it seems clear that none of these autoantigens con-
stitutes a dominant antigen in the context of IgG4-RD. Additionally,
we did not observe any organ-specific enrichment for pancreatic
or biliary involvement among the patients with autoantibodies
directed against annexin A11 and laminin 511-E8 (6,8). The fre-
quencies of antibody responses against these 2 autoantigens
among subsets of our patients with AIP or AIC were comparable
to those previously reported: 22% versus 18% for annexin A11 in
AIP/AIC patients (6), and 12.5% versus 10% for laminin 511-E8
in AIP patients (8).

Some of the antibody response frequencies observed
among patients in this cohort were widely discrepant from those
previously reported. Anti-laminin 511-E8 IgG was detected in
only 1% of our IgG4-RD cohort, which is comparable to the 1.6%
response frequency observed among controls by Shiokawa et al,
but markedly below the 51% frequency reported in their cohort
of IgG4-related AIP patients (8). Similarly, although anti-prohibitin
IgG4 was reported to occur in 73% of IgG4-RD patients with
diverse organ manifestations (5), we found only 10% IgG4 reactiv-
ity among the patients in our similarly diverse cohort. One possi-
ble explanation for these discrepancies may be related to genetic
differences between the studied cohorts. For example, HLA class
Il molecules that are more prevalent among East Asian popula-
tions compared to white populations may be much more efficient
at presenting immune-dominant peptides from laminin 511-E8 or
prohibitin to follicular helper T cells, thereby permitting such IgG
or IgG4 antibody responses. This possibility highlights the impor-
tance of cross-validation studies in patients of both East Asian
and Western descent. More exuberant serum IgG4 increases
were recently demonstrated to occur among East Asian patients
with IgG4-RD compared to other patients (16). Such ethnic com-
parisons will be important in understanding the generalizability of
regional findings related to IgG4-RD.

Autoantibody responses are surrogate markers of autoreac-
tive B cell clones that have evaded normal tolerance mechanisms.
In 1IgG4-RD, the oligoclonal proliferation of antibody-producing
cells has been tied to disease activity, and the marked clinical
responsiveness to B cell depletion reinforces the importance of
B cells in the pathophysiology of 1gG4-RD (3,9,17-19). Whether
this is related to cytokine secretion, the elaboration of pathogenic
autoantibodies, the presentation of antigen to disease-driving
CD4+ cytotoxic T cells, a direct cytotoxic effect of B cell subsets,
or a combination of these effector functions remains unknown.
The adoptive transfer of purified immunoglobulin from IgG4-RD
patients to mice results in disease within organs typically affected
by 19G4-RD, suggesting the possibility that antibodies may have
a direct pathogenic role in IgG4-RD (20). The finding that a dis-
tinct subset of IgG4-RD patients with multiple autoantibodies of
differing specificity suggests that some patients have a more fla-
grant breach of B cell tolerance compared to others. This subset
of patients was clinically marked by a robust humoral immune
response (higher IgG, 1gG1, IgG2, IgG4 levels), greater comple-

ment consumption (low C3 or C4 levels), more systemic inflam-
mation (higher CRP levels), and more severe disease (higher
likelihood of visceral organ involvement). These correlations sug-
gest that patients with diverse B cell autoantigen responses have
a more severe clinical phenotype.

The correlation of hypocomplementemia with diverse autoan-
tibody responses supports the possibility that immune complexes
are relevant to the disease process in a subset of patients with
lgG4-RD (21,22). However, it is also possible that in patients with
more severe disease, breaking of immune tolerance is more effi-
cient, higher nonpathogenic antibody titers against self antigens
are generated, and the transient formation of circulating immune
complexes, and thus hypocomplementemia, is induced. These
findings could also merely represent epiphenomena of limited rel-
evance to the pathogenesis of IgG4-RD.

The IgG4-RD Responder Index is designed to measure dis-
ease activity longitudinally on an individual basis but is not suited
to comparisons of disease severity across subjects (13). For
instance, a patient with asymptomatic disease confined to the
lacrimal, parotid, and submandibular glands would be assigned a
score of 6, while a patient admitted to the hospital with obstructive
jaundice secondary to a pancreatic mass would be given a score
of 4. Similarly, the number of organs involved, or multiple organ
involvement versus single organ involvement, is susceptible to lim-
itations in broadly assessing disease severity.

Without a validated tool to gauge disease severity, we used
the likelihood of having visceral organ involvement (lung, pancreas,
bile ducts, kidney) as a surrogate indicator of disease severity. In
contrast to patients with disease limited to the lacrimal or salivary
glands, those with visceral organ involvement generally require
more urgent therapeutic intervention. This clinical phenotype of
visceral organ involvement did correlate with the number of dif-
ferent autoantibody responses per individual patient. Our group
recently described the clustering of IgG4-RD patients based on
the clinical phenotypes of organ distribution, with certain clus-
ters being distinguished by visceral organ involvement (23). The
positive correlation of more severe disease involvement with IgG4
autoantibody diversity supports the possibility that such antibod-
ies may be pathogenic in IgG4-RD. Additional studies of IgG4
autoantibodies in the pathophysiology of IgG4-RD and their rela-
tionship to disease severity are warranted.

A potential limitation of the present study is the inclusion
of samples from patients exhibiting galectin-3 autoantibody
responses, from our previously described IgG4-RD cohort (7).
The plasma samples utilized here to validate anti-annexin A11,
anti-laminin 511-E8, and anti-prohibitin autoantibody responses
were chosen based on sample availability. Among the 86 patients
used for the current validation studies who also had available
data regarding galectin-3 responses, 25 (29%) had known IgG4
anti-galectin-3 autoantibody responses. This response rate was
comparable to the anti—galectin-3 response frequency we previ-
ously reported among the larger cohort of 121 IgG4-RD patients
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(28%), which suggests that the patients used in the current anal-
ysis were reflective of the greater cohort. Moreover, as a means
of eliminating detection bias, the same healthy subject and IPF
plasma samples that had previously been used in our work on
galectin-3 (7) were used in the present studly.

In summary, we evaluated prohibitin, annexin A11, and
laminin 511-E8 as autoantigens in IgG4-RD using a large and
clinically diverse cohort of IgG4-RD patients. Antibodies to these
autoantigens were observed only at a low frequency in the pres-
ent cohort, were equally frequent in control subjects, and were not
associated with specific organ involvement. We identified the pres-
ence of a subset of IgG4-RD patients with multiple autoantigen B
cell responses who were clinically characterized by more severe
disease with higher IgG4 levels, more complement consumption,
higher CRP levels, and more visceral organ involvement. While
these findings suggest the underlying importance of B cell toler-
ance and the potential pathogenicity of autoantibodies in IgG4-RD,
they also highlight the unmet need for identifying a dominant and
specific antigen that may drive the pathogenesis of IgG4-RD. Such
a discovery would create a novel diagnostic option and broaden
our understanding of this immune-mediated fibrotic disease.
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Additional analyses to confirm relationship of hydroxy-
chloroquine blood levels to retinopathy: comment on
the article by Petri et al

To the Editor:

We read with great interest the report by Petri et al describ-
ing their study of the association between hydroxychloroquine
(HCQ) blood levels and frequency of HCQ retinopathy (Petri M,
Elkhalifa M, Li J, Magder LS, Goldman DW. Hydroxychloroquine
blood levels predict hydroxychloroquine retinopathy. Arthritis
Rheumatol 2020;72:448-53). The authors concluded that moni-
toring HCQ blood levels has clinical value in predicting retinopathy.
However, some issues remain to be resolved.

First, mean or maximum HCQ blood levels were used to
investigate the relationship with risk of HCQ retinopathy in this
study. We noted no rigidly bound treatment intervals (quarterly
or more frequently if necessary) in the prospective study, and a
considerable variation in HCQ blood levels over time, in the 492
patients with median of 7 measurements. Therefore, we believe
time-adjusted mean HCQ blood levels would be more appro-
priate and should be applied to strengthen the reliability of the
key finding (Ibafiez D, Urowitz MB, Gladman DD. Summarizing
disease features over time. |. Adjusted mean SLEDAI derivation
and application to an index of disease activity in lupus. J Rheu-
matol 2003;30:1977-82). Furthermore, as the risk of HCQ toxicity
is closely associated with duration of HCQ intake, we think an
additional subgroup analysis according to duration of HCQ intake
or using Cox regression models could be performed to demon-
strate the (independent) value of HCQ blood levels in predicting
retinopathy. Finally, patients with a diagnosis of “no” or “possible”
HCQ toxicity were classified as not having toxicity, with only those
for whom “yes” was recorded categorized as having it. Although
this approach is acceptable, we strongly suggest that a sensitivity
analysis excluding individuals with “possible” HCQ toxicity or clas-
sifying them into the “yes” group should be conducted.

Wen-hui Xie, PhD

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

DOI 10.1002/art.41146
Reply

To the Editor:

We thank Drs. Xie and Zhang for their suggestions regarding
additional analyses of our data we could perform. In response, we
have conducted the suggested analyses.
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First, as suggested, we reclassified patients based on their
time-adjusted mean HCQ blood levels. Tertiles of time-adjusted
mean levels (N = 164 per tertile) were as follows: 0-739 ng/ml,
740-1,180 ng/ml, and 1,181-3,466 ng/ml. In the lowest, inter-
mediate, and highest tertiles, respectively, the number of patients
exhibiting HCQ toxicity was 2 (1.2%), 5 (3.1%), and 14 (8.5%)
(P = 0.0036, P for trend = 0.0010). Thus, the observed relation-
ship between HCQ blood levels and risk of toxicity in this analysis
was very similar to the findings presented in our published article.

Second, we used logistic regression to determine whether
there was still a statistically significant association between
mean HCQ blood levels and retinopathy after adjustment for
duration of HCQ treatment. The results were again similar to
those described in our article, as well as those reported above
(P =0.016, P for trend = 0.003).

Third, we performed a sensitivity analysis in which patients
in the “possible” retinopathy group were included with the “yes”
group. In this analysis, the estimated risk of retinopathy doubled
t0 8.6%. However, almost all of the relationships with predictors
were similar to those described in the article. One exception
was that, after inclusion of the patients with “possible” retinopa-
thy in the “yes” group, we found a statistically significant associ-
ation with body mass index (BMI) (P = 0.0032), with higher rates
of retinopathy among those with a BMI of >25 kg/m®.

There are always multiple decisions to be made when ana-
lyzing data. It is reassuring that in this case, the main conclusions
were not affected by the decisions we made.

Michelle Petri, MD, MPH

Jessica Li, MPH

Johns Hopkins University School of Medicine
Laurence S. Magder, PhD, MPH

University of Maryland School of Medicine
Daniel W. Goldman, PhD, MCS

Johns Hopkins University School of Medicine
Baltimore, MD

DOI 10.1002/art.41178

Does leukopenia influence performance of the new
European League Against Rheumatism/American College
of Rheumatology classification criteria in an African-
descendent population with childhood-onset systemic
lupus erythematosus? Comment on the article by
Aringer et al

To the Editor:
We read with great interest the article by Dr. Aringer et al,
describing the development of the 2019 European League
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Table 1. Performance measures for the new EULAR/ACR criteria in classifying childhood-onset SLE at first visit/baseline
and at 1-year follow-up, excluding patients who fulfilled the hematologic domain through isolated leukopenia*

Time of assessment, Sensitivity, %

Specificity, %

Cutoff point accuracy, %

cutoff point (95% Cl) (95% Cl) PPV, % NPV, % (95% Cl)
First visit/baseline
Total score =10 83.7(75.1-90.2) 70.4(59.2-80.0) 78.4 77.0 77.8(71.2-83.6)
Total score >13 74.0 (64.5-82.1) 92.6 (84.6-97.2) 92.8 73.5 82.2 (75.9-87.4)
1-year follow-up
Total score 210 94.3(88.1-97.9) 61.5(49.8-72.3) 76.9 88.9 80.4 (74.0-85.9)
Total score >13 89.6(82.2-94.7) 88.5(79.2-94.6) 91.4 86.3 89.1(83.7-93.2)

* EULAR = European League Against Rheumatism; ACR = American College of Rheumatology; 95% Cl = 95% confidence
interval; PPV = positive predictive value; NPV = negative predictive value.

Against Rheumatism (EULAR)/American College of Rheumatol-
ogy (ACR) classification criteria for systemic lupus erythematosus
(SLE) (1). These new criteria include positive antinuclear antibody
(ANA) as an obligatory entry criterion and additive weighted cri-
teria grouped in 7 clinical and 3 immunologic domains. Patients
accumulating >10 points are classified as having SLE. The new
EULAR/ACR criteria set has strong operating characteristics, with
excellent sensitivity and specificity compared to the 1997 update
to the 1982 ACR criteria for the classification of SLE and the Sys-
temic Lupus International Collaborating Clinics 2012 criteria (2,3).

Our group recently published a study that assessed the
performance of the new EULAR/ACR classification criteria in
a population with childhood-onset SLE and controls with other
defined rheumatic diseases that often are difficult to distinguish
from childhood-onset SLE in daily clinical practice (4). Both our
childhood-onset SLE group and the control patients were all posi-
tive for ANA, which may constitute an external validation since the
original derivation and validation cohorts did not include patients
with childhood-onset SLE, as stated by Aringer et al (1). We found
that in the juvenile population, the EULAR/ACR SLE criteria set
could still be used to classify patients as having childhood-onset
SLE, but with a cutoff of >13 rather than >10.

We subsequently tested the hypothesis raised by Aringer et al
that leukocyte counts of <4,000/mm?® may have an influence on
criteria performance in African American cohorts. Although each
individual criterion was counted only when not better explained
by another condition, we were interested in testing the idea that
by excluding from the performance analysis those patients in our
childhood-onset SLE cohort who fulfiled the hematologic domain
through isolated leukopenia, a score of >13, would still be most
appropriate to classify childhood-onset SLE.

We found that a scoreof >13 did in fact result in higher
specificity (P < 0.001), positive predictive value, and cutoff
point accuracy, at first visit and 1-year follow-up (Table 1). We
conclude that a total EULAR/ACR score of >13 would still be
most appropriate to classify childhood-onset SLE based on
our study, which included a predominantly African-descendent
population, even if patients who fulfilled the hematologic domain
due to leukopenia alone were excluded from the performance
analysis.

Adriana R. Fonseca, MD, MSc

Marta C. F. Rodrigues, MD, MSc
Flavio Sztajnbok, MD, PhD

Marcelo G. P. Land, MD, PhD
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Reply

To the Editor:

Dr. Fonseca and colleagues refer to their analysis of the
new EULAR/ACR 2019 criteria in a group of 122 patients
with childhood-onset SLE and 89 patients with other diag-
noses mimicking SLE (1). This analysis was published before
the full contents of the EULAR/ACR 2019 criteria were avail-
able, which may explain why some important aspects were not
taken into account. Using the EULAR/ACR criteria under these
conditions, Fonseca et al found a sensitivity of 87.7% at the
first visit (close to the 89.3% sensitivity of the Systemic Lupus
International Collaborating Clinics [SLICC] criteria [2]). However,
specificity was lower in their pediatric control cohort of 89 sub-
jects (67%) than in our adult non-SLE validation cohort of 574
subjects (93%).
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While unfortunately details on the exact distribution of the
EULAR/ACR criteria items were not provided by Fonseca et al
(1), the data on the SLICC criteria items listed suggest that item
attribution for the EULAR/ACR criteria may not have been cor-
rectly performed. For example, 25% of the non-SLE patients
in their sample had an acute cutaneous lupus erythematosus
(ACLE) rash (1). If this were true ACLE by the EULAR/ACR defi-
nition (“Malar rash or generalized maculopapular rash observed
by a clinician. If skin biopsy is performed, typical changes must
be present [interface vacuolar dermatitis consisting of a perivas-
cular lymphohistiocytic infiltrate, often with dermal mucin noted.
Perivascular neutrophilic infiltrate may be present early in the
course]”), many of these patients would be expected to have SLE,
as it is a highly specific manifestation and carries a weight of 6
points in the EULAR/ACR criteria. However, if these were other
rashes and not true ACLE, they should not be attributed to SLE
according to the guidelines for scoring the EULAR/ACR criteria.

The EULAR/ACR SLE criteria attribution rule specifies that
items should only be counted if there is no more likely alternative
(3). In essence, if the scorer believes that a manifestation is more
likely due to another cause than to SLE, it should not be scored
for classification according to the new criteria. In addition, in the
study by Fonseca and colleagues, 5.6% of the pediatric patients
without SLE had SLE-specific antibodies to double-stranded DNA
by Crithidia luciliae test and/or anti-Sm antibodies, which would
also have to be explained, since these are also specific and heav-
ily weighted criteria, carrying 6 points in the EULAR/ACR 2019
criteria.

We are grateful to Fonseca and colleagues for their efforts
to test the new criteria in a South American pediatric popula-
tion and for their reiteration that leukopenia in patients of African
descent is common and may lead to misclassification if not cor-
rectly attributed to ethnicity. The significant prevalence of SLE-
specific items in their non-SLE patient population (1), however,
sheds doubt on the correct use of the EULAR/ACR 2019 SLE
classification criteria attribution rule or, less likely, the non-SLE
diagnoses in this cohort. This may explain some of the discrep-
ancies between their cohort and the EULAR/ACR SLE criteria
validation cohort.
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University Medical Center
and TU Dresden Faculty of Medicine Carl Gustav Carus
Dresden, Germany
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Brigham and Women'’s Hospital
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Freie Universitdt Berlin
Humboldt-Universitdt zu Berlin
and Berlin Institute of Health
Berlin, Germany

Sindhu R. Johnson, MD, PhD, FRCPC
Toronto Western Hospital
Mount Sinai Hospital
and University of Toronto
Toronto, Ontario, Canada

1. Rodrigues Fonseca A, Felix Rodrigues MC, Sztajnbok FR, Gerardin
Poirot Land M, Knupp Feitosa de Oliveira S. Comparison among
ACR1997, SLICC and the new EULAR/ACR classification criteria
in childhood-onset systemic lupus erythematosus. Adv Rheumatol
2019;59:20.

2. Petri M, Orbai AM, Alarcon GS, Gordon C, Merrill JT, Fortin PR, et al.
Derivation and validation of the Systemic Lupus International Collabo-
rating Clinics classification criteria for systemic lupus erythematosus.
Arthritis Rheum 2012;64:2677-86.

3. Tedeschi SK, Johnson SR, Boumpas D, Daikh D, Dérner T, Jayne
D, et al. Developing and refining new candidate criteria for system-
ic lupus erythematosus classification: an international collaboration.
Arthritis Care Res (Hoboken) 2018;70:571-81.

DOI 10.1002/art.41198

CD4+ T cells as key players in the immunopathology of
Takayasu arteritis: comment on the article by Zhang et al

To the Editor:

| read with interest the report by Zhang et al, describing
their study demonstrating that CD4+ T cells isolated from
patients with Takayasu arteritis (TAK) are biased to detect the
spontaneous differentiation of Th1 and Th17 cells because of
hyperactivity of mechanistic target of rapamycin complex 1
(MTORCT) (1). Subsequently, using human artery-NSG mouse
chimeras, they showed that mTORCT1 inhibition, by either rapa-
mycin or RNAI technology, effectively abrogated the maldiffer-
entiation of TAK CD4+ T cells and vascular inflammation (1).
The data presented are convincing; however, | would like to add
some comments.

First, TAK and giant cell arteritis (GCA) are categorized as large
vessel vasculitides in which vascular inflammation is considered to
be mediated by Th1 and Th17 cells (2,3). CD8+ T cells are rarely
seen in GCA (2,3), whereas cytotoxic CD8+ T cells are implicated
in the pathogenesis of TAK, with perforin expression believed to
play a key role (4). Zhang et al did not test mTORC1 activity in TAK
CD8+ T cells. Thus, an unanswered question, whether mTORC1
hyperactivity is specific to TAK CD4+ T cells, remains.

Second, the authors mainly focused on effector CD4+ T cell
differentiation into Th1 and Th17 cells. However, a previous study
from their group showed that CD8+ Treg cells, but not CD4+ Treg
cells, are deficient and dysfunctional in GCA (5). It remains unclear
whether TAK shares this phenotype with GCA.

Third, the authors established a vasculitis model by engraft-
ing human aortic arteries into the backs of the NSG mice into
which TAK peripheral blood mononuclear cells were then injected.
CD3+ T cells extracted from the artery grafts were predominantly
CD4+ T cells (Figure 5C of the article). A very important question is
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why CD4+ T cells, not CD8+ T cells, are selectively recruited to the
vascular lesion. Is mTORC1 activity in TAK CD4+ T cells related to
this phenomenon? The elucidation of the molecular mechanism
underlying this selective recruitment may lead to identification of a
novel therapeutic target in both TAK and GCA.
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Osaki Citizen Hospital

Osaki, Japan
and Tohoku University Graduate School of Medicine
Sendai, Japan
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Reply

To the Editor:

Dr. Watanabe raises 3 questions that are relevant to our
study: first, whether mTORC1 hyperactivity is restricted to CD4+
T cells; second, whether functional CD8+ Treg cells are defi-

cient; and third, whether mTORC1 hyperactivity in CD4+ T cells
accounts for their infiltration of arterial lesions. To address these
questions, we recruited 6 patients with TAK and 5 age-matched
healthy donors and analyzed mTORC1 activity in CD8+ T cells
(1), NADPH oxidase 2 (NOX-2) expression in CD8+ Treg cells (2),
and the function of mMTORC1 in CD4+ T cell mobility (3). Written
informed consent was provided by all subjects, and this study was
approved by the Ethics Committee of Soochow University.

After stimulation of CD8+ T cells from patients with TAK and
healthy donors with anti-CD3/CD28 beads, higher mTORC1 activ-
ity was identified in TAK patient T cells (Figure 1A). This observation
is supported by earlier reports that, while perforin™CD8+ T cells
have been implicated in arterial lesions in TAK patients (4), mTORC1
activity is associated with the production of effector molecules such
as perforinin CD8+ T cells (5). Such findings suggest that mTORC1
hyperactivity might be a common feature in T cells, reinforcing the
critical involvement of mMTORC1 in TAK pathogenesis.

Treg cells are critical for maintaining immune hemostasis
and thus preventing autoimmune inflammation. CD8+ Treg cells
suppress the activation of CD4+ T cells by transferring NOX-2—
containing exosomes, and such functional NOX-2+CD8+ Treg cells
are diminished in older adults (2). Of importance, NOX-2+CD8+ Treg
cells are essentially absent in patients with GCA, an age-related,
autoimmune, large vessel vasculitis (2,6). In contrast, NOX-2 expres-
sion in CD8+ Treg cells of TAK patients was generally comparable
with that in age-matched healthy donors (Figure 1B), indicating that
a deficiency of NOX-2+CD8+ Treg cells is specific to GCA.

In the humanized TAK model, we observed significant infil-
tration of CD4+ T cells in the arterial lesion. This phenomenon
is similar in the human GCA model and is also in accordance
with clinical and pathologic observations (7,8). Since inhibition of
mTORC1 by rapamycin abrogated the migration of CD4+ T cells
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Figure 1. A, CD8+ T cells from TAK patients (n = 6) or healthy donors (n = 5) were isolated and stimulated with anti-CD3/CD28 beads

(cell:bead ratio 2:1) for 3 days, then analyzed for mTORC1 activity by quantifying intracellular levels of phosphorylated ribosomal protein S6
(S6RP). B, CD8+FoxP3+ Treg cells were gated from fresh peripheral blood mononuclear cells and analyzed by flow cytometry for membrane
NADPH oxidase 2 (NOX-2) expression. C, CD4+CD45RA+ T cells were stimulated with anti-CD3/CD28 beads (cell:bead ratio 2:1) for 2 days
in the presence or absence of rapamycin (RAPA) (10 pM), and analyzed for cell migration by Transwell assay. Symbols represent individual
subjects; bars show the mean + SEM. ** = P < 0.01 by Student’s t-test. MFI = mean fluorescence intensity; NS = not significant.
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(Figure 1C), high mTORC1 levels are clearly related to CD4+ T
cell infiltration of the arterial lesion. However, we do not believe
hyperactivity of mTORC1 could solely account for the dominant
infiltration of CD4+ T cells, given our finding of mMTORC1 hyper-
activity in TAK CD8+ T cells as well. Rather, we speculate that
arterial tissue-resident cells might constitute a unique microenvi-
ronment that biases the recruitment of CD4+ T cells. Future stud-
ies to address this question would potentially be relevant for the

development of novel therapeutic targets for both GCA and TAK.
Supported by the Soochow University’s Start-Up Research Fund for
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AMERICAN COLLEGE OF RHEUMATOLOGY
2200 Lake Boulevard NE, Atlanta, Georgia 30319-5312
www.rheumatology.org

ACR Meetings

Annual Meeting
November 6-11, 2020, Washington, DC
November 5-10, 2021, San Francisco

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

For additional information, visit rheumatology.org/Learning-Center/
Educational-Activities.

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

The American College of Rheumatology Committee on
Journal Publications announces the search for the position of Ed-
itor, Arthritis Care & Research. The official term of the next Arthri-
tis Care & Research editorship is July 1, 2021-June 30, 2026;
however, some of the duties of the new Editor will begin during a
transition period starting April 1, 2021. ACR/ARP members who
are considering applying for this prestigious and rewarding posi-
tion should submit a nonbinding letter of intent by May 4, 2020 to
the Managing Editor, Maggie Parry, at mparry@rheumatology.org,
and are also encouraged to contact the current Editor-in-Chief,
Dr. Marian Hannan, to discuss details. Initial contact should be
made via e-mail to Hannan@hsl.harvard.edu. Applications will
be due by June 15, 2020 and will be reviewed during the sum-
mer of 2020. Application materials are available on the ACR
web site at https://www.rheumatology.org/Learning-Center/Publi-
cations-Communications/Journals/AC-R.

Nominations for ACR Awards of Distinction and
Masters Due May 15

The ACR has many Awards of Distinction, including the Pres-
idential Gold Medal. Members who wish to nominate a colleague or
mentor for an Award of Distinction must complete the online form at
www.rheumatology.org by May 15, 2020. The nomination process
includes a letter of nomination, 2 additional letters of recommenda-
tion, and a copy of the nominee’s curriculum vitae. Recognition as a
Master of the American College of Rheumatology is one of the highest
honors the ACR bestows. The designation of Master is conferred on
ACR members age 65 or older who have made outstanding contri-
butions to the field of rheumatology through scholarly achievements
and/or service to their patients, students, and the profession. To nom-
inate someone for a Master designation, members must complete the
online nomination form at www.rheumatology.org and include a letter
of nomination, 2 supporting letters from voting members of the ACR,
and the nominee’s curriculum vitae. Nominees for ACR Master must
have reached the age of 65 before October 1, 2020

ACR Invites Nominations for Volunteer Positions

The ACR encourages all members to participate in forming policy
and conducting activities by assuming positions of leadership in the or-
ganization. Positions are available in all areas of the work of the American
College of Rheumatology and the Rheumatology Research Foundation.
Please visit www.rheumatology.org for information about nominating
yourself or a colleague for a volunteer position with the College. The
deadline for volunteer nominations is June 1, 2020. Letters of recom-
mendation are not required but are preferred.
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