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

Periodontally

Healthy Patients with Rheumatoid Arthritis

Have Dysbiotic Microbial Communities

Earlier research has shown that gram-
negative anaerobes play an important
role in the initiation of periodontitis
1m8 and possibly even
p' the pathogenesis of
IS rheumatoid arthritis
(RA). Researchers have also identified an
association between RA and a dyshiotic
oral microbiome; however, theresultsare
confounded by the presence of extensive
periodontitisin these individuals.

In this issue, Lopez-Oliva et al (p.
1008) report on their investigation of the
role of RA in modulating the periodontal
microbiome. The investigators’ study
compared periodontally healthy
individualswith RA and without RA. They
found that the oral microbiomein patients
with RA is enriched for inflammophilic
and citrulline-producing organisms.

Specifically, when the researchers
compared the subgingival microbiomes of
patients with RA and controls, they found
that 41.9% of the communitiesdifferedin
abundance and 19% differed in member-
ship. Controls tended to have sparse and
predominantly congeneric co-occurrence

networks. In contrast,
patients with RA had
a highly connected
grid that contained a
large intergeneric hub
anchored by known
periodontal pathogens.
When the investigators
performed predictive
metagenomic analysis,
they found that arachi-
donic acid and ester lipid
metabolism pathways
appeared to at least par-
tially explain the robust-
ness of the clustering.
When the team

Figure 1. Differences in a- and (3-diversity metrics between periodontally

healthy subjects with RA (RA_NoPD) and periodontally healthy subjects

looked specifically at a
periodontally healthy
cohort, they found

without RA (NoRA_NoPD). Kernel plots of a-diversity (abundance-based
coverage estimator [ACE]). The peak indicates the median value for each
group. The x-axis indicates the data range.

that Porphyromonas
gingivalis and Aggregatibacter
actinomycetemcomitans occurred at
similar levels in patients with RA and
controls. In contrast, Cryptobacterium
curtum, an organism that can produce
large amounts of citrulline, was a robust

discriminant of the microbiome in
individuals with RA. This finding led
the authors to propose that these
organisms may play a role in the
production of autoantigenic citrullinated
peptidesin RA.

Even Healthy Individuals Have Sacroiliitis

In this issue, de Winter et al (p. 1042) describe the results of their
comparison of magnetic resonance images (MRlIs) of the sacroiliac
(S1) joints of healthy subjects and individuals with known mechan-

ical strain acting on the Sl joints to those with
p. 1042 axial spondyloarthritis (SpA) and patients with
I chronic back pain.The researchers found, using
the Assessment of Spondyloarthritis international Society (ASAS)
definition, that a substantial proportion (23.4%) of healthy individ-
uals without current or past back pain had a magnetic resonance
image (MRI) showing the presence of sacroiliitis—considered by
trained readers to be highly suggestive of axial SpA.
Not surprisingly, 91.5% of patients with axial SpA had an MRI

that was positive for sacroiliitis, and only 6.4% of patients with
chronic back pain had an MRI positive for sacroiliitis. A more

detailed analysis revealed that 12.5% of the runners and 57.1%
of women with postpartum back pain had a positive MRI.When
the investigators used a Spondyloarthritis Research Consortium
of Canada (SPARCC) index cutoff of 22 for positivity, they found
that 25.5% of healthy volunteers, 97.9% of positive axial SpA
patients, 10.6% of controls with chronic back pain, 16.7% of run-
ners, and 57.1% of women with postpartum back pain had posi-
tive MRls.

When the researchers looked specifically at deep bone
marrow edema (BME) lesions, they found them almost exclusively
in patients with axial SpA. That said, | woman of 7 (14.3%) with
postpartum back pain had deep BME lesions.The findings are con-
sistent with results from a previous study in which 25% of healthy
participants had BME lesions on MRIs of the Sl joint.
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Patients with AAV Can Be Classified by Cytokine Profile

Inthisissue, Berti et al (p. 1114) report the
results of an exploratory analysisof patients
with severe antineutrophil cytoplasmic

antibody (ANCA)—asso-
P. 1114 ciated vasculitis (AAV).
I They found that patients
with proteinase 3 ANCA (PR3-ANCA)
have distinct cytokine profiles when
compared to patients with myeloperoxi-
dase ANCA (MPO-ANCA). Similarly,
patients with granulomatosis with polyan-
giitis (GPA) have cytokine profiles that are
distinct from those in patients with micro-
scopic polyangiitis (MPA).

Specifically, the levels of 9 circulating
cytokines or immunoregulators were signifi-
cantly higher in PR3-ANCA when compared
to MPO-ANCA: interleukin-6 (IL-6),

granul ocyte-macrophage colony-stimulating
factor (GM-CSF), IL-15, IL-18, CXCL8/
IL-8, CCL-17/thymus and activation-regu-
lated chemokine (TARC), IL-18 binding
protein (IL-18 BP), soluble IL-2 receptor
o (sIL-2Ra), and nerve growth factor [3
(NGFp). In contrast, 4 mediators were higher
in MPO-ANCA thanin PR3-ANCA: sIL6R,
soluble tumor necrosis factor receptor type
[1 (STNFRII), neutrophil gelatinase-associ-
ated lipocalin (NGAL), and soluble inter-
cellular adhesion molecule 1 (SICAM-1).
Patients with GPA had higher levels of IL-6,
GM-CSF,IL-15,1L-18,sIL-2Ra, and NGFf3
than patientswith MPA. In contrast, patients
with MPA had higher levels of osteopontin,
STNFRII, and NGAL. In almost all cases,
the difference between PR3-ANCA and

Clinical Evolution in
Patients with New-
Onset Inflammatory

Back Pain

Physicians diagnose inflammatory back pain (IBP) when
patients report symptoms of morning stiffness and pain
that changes with activity or rest.Since IBP can be an early

manifestation  of

p. 1049

spondyloarthritis
(SpA), health care providers tend to
use the presence of IBP as a factor

when diagnosing SpA. Although rheumatologists know
that some patients experience resolution of their IBP, the
prognosis of patients with incident IBP is unknown.

In this issue, Wang et al (p. 1049) report the results
of their investigation into the long-term outcomes in

N: 124 75 73 65 61

patients with IBP from a population-based cohort. They

found that new-onset IBP resolves in most patients and
progresses to SpA in only a minority of patients.The fact
that IBP tends to resolve may underlie the difference
between the prevalence of IBP (3—6%) and the prevalence

of SpA (0.4—1.3%).

The investigators evaluated 5,304 patients with back
pain and identified 124 patients with new-onset IBP. Patients were
followed up for a median of 13.2 years, at which point IBP had
progressed to SpA in 39 of the patients. Most patients (58) had
resolution of IBP, and |5 patients developed a non-SpA diagnosis.
The researchers calculated that, at 10 years, the probability of

at each time point.

MPO-ANCA was larger than the difference
between GPA and MPA.

When the investigators performed a
multivariate analysis, they found that 8
circulating mediators distinguished patients
with AAV better when grouped by ANCA
than when grouped by clinical diagnosis:
IL-15, IL-8, IL-18 BP, NGFf, sICAM-1,
TARC, osteopontin, and kidney injury mole-
cule 1. Thus, the differences in the circu-
lating immune mediatorswere more strongly
associated with ANCA specificity than with
clinical diagnosis. The results suggest that
heterogeneity in the AAV subtypes extends
beyond clinical phenotypes. In other words,
certain combinations of pathways might be
more important for PR3-ANCA than GPA,
MPA, and MPO-ANCA.

Years after fulfilling IBP criteria
53 48 38 28 20 19 18 13 11 5 4

Figure 1. Progression from IBP to SpA, a non-SpA diagnosis, or resolution of back pain
(resolved) beginning at the time of fulfillment of IBP criteria. Area graph shows the proportion
of each outcome, including SpA, a non-SpA diagnosis, resolution of back pain, or persistent
IBP or unknown status (persist/unk) over time. The n values are the number of patients at risk

having SpA was 30% and the probability of resolution of IBP was
43%. They identified uveitis, male sex, and family history of SpA
as the most important predictors for progression to SpA.These
results suggest that the symptom complex described by IBP may
often reflect a self-limiting process.
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Clinical Connections

Inflammation Intensity—Dependent Expression of
Osteoinductive Wnt Proteins Is Critical for Ectopic
New Bone Formation in Ankylosing Spondylitis

Li et al, Arthritis Rheumatol 2018;70:1056—1070.

CORRESPONDENCE
Hiu Liu, MD, PhD: liuhui58@mail.sysu.edu.cn

. ) SUMMARY
i Ectopic bone formation resulting in spinal fusion is a hallmark feature
) . i of disease in ankylosing spondylitis (AS).The relationship between
Caggfgg[!,c Agc;fi;gi;lc inflammation and bone formation in AS is still an enigma. Since bone

formation requires critical osteogenic molecules and pathways,
¢ inflammation-induced activation of osteogenic signaling pathways
is a logical link between inflammation and new bone formation.
Results of a study by Li et al suggest that Wnt proteins act as a

S i molecular bridge between inflammation and bone formation. The
odB®

ngh intensity

i authors established an in vitro cell culture system mimicking the
s inflammatory microenvironment of the bone-forming site and found
CO LB | that only secreted products from monocytes stimulated with low-
cells i dose tumor necrosis factor (TNF), but not high-dose TNF, induced
persistent Wnt expression and new bone formation. Furthermore,
both the canonical Wnt/B-catenin and noncanonical Wnt/protein
kinase C& (PKC9) signaling pathways were required for new bone
formation. The association between Wnt proteins and new bone
formation was confirmed in two distinct mouse models of AS;
inhibiting either canonical or noncanonical Wnt signaling pathways
i suppressed ectopic bone formation and spinal kyphosis. These findings
indicate that the osteogenic molecules induced by proinflammatory
cytokines link inflammation and new bone formation and moreover,
i that inflammation intensity is a bone formation switch.

/Preinflammator y
cells

“Inflammatory
cytokines

@@

KEY POINTS

* Constitutive low-intensity inflammation stimulation can induce new
bone formation.

* Inflammation-induced osteogenic signaling pathways link
inflammation and bone formation.

* Both canonical Wnt/B-catenin and noncanonical Wnt/PKC3 signaling
pathways are required for new bone formation in mouse models of AS.
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Lupus Regulator Peptide P140 Represses B Cell
Differentiation by Reducing HLA Class Il Molecule

Overexpression

Wilhelm et al, Arthritis Rheumatol 2018;70:1077—1088.

CORRESPONDENCE
Sylviane Muller, PhD: sylviane.muller@unistra.fr

P140 peptide enters B cells via
clathrin-dependent endocytosis
pathway
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SUMMARY
Current treatments for systemic lupus erythematosus focus on downstream effector responses and do not target
disease pathogenesis, which remains largely unknown. The action of the immunoregulatory peptide P 140, which
is under evaluation in clinical trials, was investigated in human cells by Wilhelm and colleagues. They found that
P 140 has no direct effect on B cell receptor signaling in memory, naive, mature, transitional, or Bl cells, suggesting
that it does not alter B cell survival and maturation in these B cell subsets. However, it strongly reduces the
overexpression of major histocompatibility complex (MHC) class Il molecules on lupus B cells acting as antigen-
presenting cells. P140 down-regulates differentiation of B cells into plasma cells and decreases IgG secretion. It
reaches B cell lysosomes using a clathrin coat—dependent endocytosis portal. In late lysosomal vesicles, it likely
hampers peptide-MHC molecule loading by down-regulating excessive autophagy processes, which ultimately
down-regulates pathogenic autoantibody production.

KEY POINTS

* P140 decreases the
overexpression of
MHC molecules
occurring in antigen-
presenting B cells in
lupus.

This effect hampers
the process leading
to presentation

of self peptides to
autoreactive T cells.

As a downstream
consequence,

the activation of
autoreactive B
cells and their
differentiation
into autoantibody-
secreting cells is
repressed.
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EDITORIAL

Functional Connectivity: Dissecting the Relationship Between the Brain and
“Pain Centralization” in Rheumatoid Arthritis

Yvonne C. Lee

Pain is a frequent and disabling symptom experi-
enced by individuals with inflammatory arthritis. More
than 50% of patients with inflammatory arthritis report
visual analog scale (VAS) pain scores >30/100 mm
despite treatment with disease-modifying antirheumatic
drugs (DMARD:s) (1). Patients often equate pain with
peripheral inflammation, as evidenced by studies dem-
onstrating that pain is the primary factor influencing
patient global assessment of disease activity (2). How-
ever, recent clinical studies suggest that rheumatoid
arthritis (RA) patients may exhibit signs of central sen-
sitization, which may be why treating peripheral inflam-
mation does not always translate into effective pain
relief (3). However, the only study to directly examine
the predictive effect of temporal summation, a measure
of central sensitization, did not reveal a significant
association between temporal summation and DMARD
response (4). Thus, the extent to which RA patients
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demonstrate neural mechanisms consistent with central
sensitization is still unclear.

Advances in neuroimaging have enabled the
assessment of functional connectivity between brain
regions, allowing researchers to better understand
the neural mechanisms underlying spontaneous clinical
pain states. Functional brain connectivity assesses syn-
chronization in activity displayed by two or more brain
regions when they are “communicating” (e.g., when one
region is exchanging information with the other). The
connectivity between the insular cortex and a network of
brain regions collectively known as the default mode
network (DMN) (a group of interconnected brain
regions including the medial prefrontal cortex, posterior
cingulate cortex, precuneus, inferior parietal lobule,
hippocampal formation, and lateral temporal cortex [5])
has attracted particular attention in recent years. In
healthy subjects, anterior and middle insula activity typi-
cally shows no correlation (or, sometimes, weak negative
correlation) with DMN regions. However, in patients
with chronic pain disorders, insula subregions can
become functionally connected with the DMN.

Following the original observation by our group
in fibromyalgia (FM) patients (6), an elevation of con-
nectivity between the insula and the DMN (or to a
specific core DMN region, such as the medial pre-
frontal cortex) has been documented in several pain
conditions, including noninflammatory and inflamma-
tory chronic low back pain (7-9), osteoarthritis (8), and
migraine (10). Intriguingly, the strength of DMN-insula
connectivity was positively correlated with clinical pain
severity in many studies (6-8), although investigators in
at least one study reported negative correlations in the
context of an acute migraine attack (10). In addition,
DMN-insula connectivity was found to be reduced
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after successful pharmacologic (11) and nonpharmaco-
logic (12) treatment, therefore raising the possibility
that this feature may one day be considered an imaging
biomarker of pain perception.

The study reported by Basu et al in this issue of
Arthritis & Rheumatology tested the hypothesis that RA
patients demonstrate neuronal hallmarks of pain cen-
tralization similar to those observed in FM (13). To this
end, they enrolled 54 RA patients who met the 2010
American College of Rheumatology (ACR)/European
League Against Rheumatism classification criteria (14)
and who had experienced clinically significant fatigue
during the past 3 months. The subjects underwent func-
tional magnetic resonance imaging (fMRI), and an
independent component analysis assessed functional
connectivity between 4 networks of interest, including
the DMN, and the rest of the brain. Subjects also
completed the 2011 ACR FM survey, a measure of
“fibromyalgianess” (FMness), which is thought to rep-
resent the clinical manifestations of pain centralization
(15). In the study by Basu et al, the average score on
the 2011 ACR FM survey was 13.2 (the cutoff for the
ACR modified preliminary criteria for FM diagnosis is
13), which is compatible with previous studies suggest-
ing that a significant number of RA patients demon-
strate comorbid FM. Of note, the ACR FM survey
score was significantly positively associated with DMN-
insula functional connectivity.

With these results in a population of RA
patients, Basu et al reinforce the generalizability of
DMN-insula connectivity as a potential marker across
etiologically heterogeneous pain conditions. However,
the distinction between this study and studies of other
conditions is that there was no correlation between
DMN-insula connectivity and spontaneous clinical pain
severity, assessed at the time of the scan. By showing
that DMN-insula connectivity was more associated with
FMness than with current pain severity, this study sug-
gests another interpretation about the potential func-
tional significance of this marker—that it is not a
marker of “pain intensity” per se, but rather a marker
of “pain centralization.” It may be that previous studies
demonstrated an association with clinical pain severity
because pain intensity is more closely associated with
measures of pain centralization (e.g., FMness) in func-
tional pain disorders than in RA, which is known to
have a significant peripheral component (e.g., periph-
eral joint inflammation). Of note, however, an fMRI
study of patients with ankylosing spondylitis, a systemic
rheumatic disease characterized by inflammatory back
pain, did show associations between back pain severity
and DMN connectivity with the salience network (of
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which the insula is a prominent component) (9). Thus,
future studies are needed to better understand the rela-
tionship between DMN-insula activity and pain severity
in systemic inflammatory conditions. In particular, we
recommend that studies include different measures of
pain (e.g., pain severity, FMness, pain interference,
pain catastrophizing, etc.) to better define the nature
of observed associations.

Strengths of the study by Basu et al include the
assessment of multiple relevant clinical characteristics,
including age, sex, amitriptyline use, inflammatory dis-
ease activity measures (e.g., C-reactive protein [CRP]
level and the Disease Activity Score in 28 joints [16]),
and levels of pain, fatigue, sleep disturbance, and
depression. By including age, sex, CRP level, and
amitriptyline use in the linear regression models, Basu
et al were able to take into account the roles of these
variables as possible confounders of the association
between network—whole brain connectivity and FMness.
Ultimately, adjusting for these variables did not change
the magnitude of the association, which reassures that
the observed associations are not an artifact of con-
founding due to relationships between the covariates,
network—-whole brain connectivity, and FMness. The
assessment of pain, fatigue, sleep disturbance, and
depression also enabled analyses examining correlations
between these variables and DMN-insula connectivity.
These analyses were post hoc and should therefore be
considered exploratory. Nevertheless, these results pro-
vide clues to the underlying cause of the association
between DMN-insula connectivity and FMness, sug-
gesting that this association may reflect a distinct phe-
notype associated with pain centralization.

Another strength of the study is the large sam-
ple size. With a study sample of 54 RA patients, this is
the largest fMRI study to assess functional connectivity
in individuals with RA. A sufficient sample size is
required for stable and reproducible results and to
enable correction for multiple testing, which is inherent
in neuroimaging studies. Each fMRI image volume can
comprise hundreds of thousands of voxels, or volume
elements, each of which is used for separate statistical
testing (17). Fortunately, neuroimagers take advantage
of the fact that “genuine brain activity” tends to cluster
in regions usually spanning many adjacent voxels (as
opposed to random noise, which can lead to spurious
small clusters in a “salt and pepper” pattern) (18). In
the study by Basu et al, per commonly adopted proce-
dure, the statistical significance of each cluster was
determined based on the size of the cluster and a
family-wise error cluster corrected P value of less than
0.05, thereby accounting for multiple comparisons.
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Despite these strengths, the study had some limi-
tations. Perhaps the most important was the absence of a
control group, which limits whether we can truly con-
clude that DMN-insula connectivity is significantly
altered in RA patients. Another potential limitation is
that the data used to perform functional connectivity
analyses were collected while the participants were
engaged in a cognitive task (the Paced Auditory Serial
Addition Test) rather than at rest. While computing con-
nectivity metrics during a task is not uncommon (19), this
feature may limit our ability to directly compare the
results from Basu et al’s study with those from previous
studies evaluating the role of the DMN in chronic pain,
as in most or all of those studies connectivity analyses
were performed using unconstrained resting-state data.

As the authors note, another primary limitation
is generalizability. Inclusion criteria required that par-
ticipants have a score of >3 on the Chalder Fatigue
Binary Scale (20), restricting the study sample to indi-
viduals with clinically meaningful levels of fatigue. Few
studies have used the Chalder Fatigue Scale to assess
fatigue in RA, and even fewer have reported on the
binary scoring system (21). Thus, it is difficult to ascer-
tain what a score of >3 means in the context of RA
patients, and it would be informative to know the pro-
portion of interested participants who were screened
out because of this criterion. Future studies are needed
to determine if the relationship between DMN-insula
connectivity and FMness holds among individuals with
lower levels of fatigue.

Finally, as with all fMRI studies, this study is lim-
ited in that it cannot provide direct information on the
neurophysiologic processes underlying the observed neu-
roimaging signals. The investigators utilized a standard
fMRI technique using an endogenous contrast mechanism
called blood oxygen level-dependent (BOLD) imaging.
BOLD fMRI takes advantage of neurovascular coupling
in response to brain activity and serves as a proxy for neu-
ral activity. However, within each neuroimaging voxel,
hundreds of thousands to millions of neurons exist, and
the dynamic interrelationships between these neurons are
complex. Thus, basing the interpretation of fMRI signal
on neural activity, or “connectivity” as was used by Basu
et al, requires several assumptions, the validity of which
may differ from study to study (22).

Despite these limitations, fMRI can provide
novel insights into the central nervous system (CNS)
pathways involved in the expression of difficult-to-
quantify symptoms, such as pain and fatigue, in RA.
This study extends findings demonstrated in many pre-
vious studies of noninflammatory pain conditions to
RA, a systemic inflammatory condition. Specifically,
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the study provides evidence highlighting DMN-insula
connectivity as one of the most reliable imaging mark-
ers of chronic pain reported in the literature thus far.

For rheumatologists, the implications of this
observation are broad. First, by identifying associations
between aberrant brain functional connectivity and
phenotypic characteristics (primarily FMness and sec-
ondarily fatigue and sleep disturbance), this study
underscores the importance of considering CNS factors,
in addition to peripheral joint inflammation, when eval-
uating symptoms experienced by our RA patients. Sec-
ond, by showing that despite associations between
DMN-insula connectivity and FMness, DMN-insula
connectivity was not associated with pain severity, this
study highlights the importance of carefully considering
the types of pain measures included in studies. FMness
includes assessments of widespread pain (e.g., pain dis-
tribution) and somatic symptoms, while the pain VAS
only assesses pain intensity. Although they are related,
these concepts are inherently different. Third, by pro-
viding evidence of a neurobiologic underpinning for
FMness in RA, this study points toward the potential
role of treatment strategies previously shown to modu-
late DMN-insula connectivity (e.g., acupuncture, Y-
aminobutyric acid analogs) in individuals with RA and
high levels of FM symptoms (23).

In summary, the study by Basu et al is an impor-
tant step toward understanding the role of the brain in
modulating pain in patients with systemic inflammatory
conditions. Future investigations of these findings are
needed to examine their generalizability (e.g., in studies
including RA patients with lower levels of fatigue,
studies of newly diagnosed and hence drug-naive RA
patients, etc.) and reproducibility (e.g., in observational
longitudinal studies), as well as the responsiveness of
these neuroimaging markers to interventions (e.g., in
clinical trials of DMARDs and/or analgesic medica-
tions). As more neuroimaging studies are performed
and reported, rheumatologists should become familiar
with the strengths and limitations of these types of
studies. Characterizing the complex interrelationships
between the brain, peripheral nervous system, and
immune pathways (both peripheral and central) holds
promise for the development of safe and effective pain
management strategies, which are sorely needed to
improve quality of life for our patients with systemic
inflammatory conditions.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published.



980

10.

11.

12.

13.

REFERENCES

. Rifbjerg-Madsen S, Christensen AW, Christensen R, Hetland

ML, Bliddal H, Kristensen LE, et al. Pain and pain mechanisms
in patients with inflammatory arthritis: a Danish nationwide
cross-sectional DANBIO registry survey. PLoS One 2017;12:
¢0180014.

. Ferreira RJ, Dougados M, Kirwan JR, Duarte C, de Wit M,

Soubrier M, et al. Drivers of patient global assessment in
patients with rheumatoid arthritis who are close to remission: an
analysis of 1588 patients. Rheumatology (Oxford) 2017;56:1573—
8.

. Lee YC, Lu B, Edwards RR, Wasan AD, Nassikas NJ, Clauw DJ,

et al. The role of sleep problems in central pain processing in
rheumatoid arthritis. Arthritis Rheum 2013;65:59-68.

. Christensen AW, Rifbjerg-Madsen S, Christensen R, Dreyer L,

Boesen M, Ellegaard K, et al. Ultrasound Doppler but not tem-
poral summation of pain predicts DAS28 response in rheumatoid
arthritis: a prospective cohort study. Rheumatology (Oxford)
2016;55:1091-8.

. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s

default network: anatomy, function, and relevance to disease.
Ann N Y Acad Sci 2008;1124:1-38.

. Napadow V, LaCount L, Park K, As-Sanie S, Clauw DJ, Harris

RE. Intrinsic brain connectivity in fibromyalgia is associated with
chronic pain intensity. Arthritis Rheum 2010;62:2545-55.

. Loggia ML, Kim J, Gollub RL, Vangel MG, Kirsch I, Kong J,

et al. Default mode network connectivity encodes clinical pain:
an arterial spin labeling study. Pain 2013;154:24-33.

. Baliki MN, Mansour AR, Baria AT, Apkarian AV. Functional

reorganization of the default mode network across chronic pain
conditions. PLoS One 2014;9:¢106133.

. Hemington KS, Wu Q, Kucyi A, Inman RD, Davis KD.

Abnormal cross-network functional connectivity in chronic pain
and its association with clinical symptoms. Brain Struct Funct
2016;221:4203-19.

Coppola G, Di Renzo A, Tinelli E, Di Lorenzo C, Scapeccia M,
Parisi V, et al. Resting state connectivity between default
mode network and insula encodes acute migraine headache.
Cephalalgia 2017:333102417715230.

Harris RE, Napadow V, Huggins JP, Pauer L, Kim J, Hampson J,
et al. Pregabalin rectifies aberrant brain chemistry, connectivity,
and functional response in chronic pain patients. Anesthesiology
2013;119:1453-64.

Napadow V, Kim J, Clauw DJ, Harris RE. Decreased intrinsic
brain connectivity is associated with reduced clinical pain in
fibromyalgia. Arthritis Rheum 2012;64:2398-403.

Basu N, Kaplan CM, Ichesco E, Larkin T, Harris RE, Murray A,
et al. Neurobiologic features of fibromyalgia are also present

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

LEE ET AL

among rheumatoid arthritis patients. Arthritis Rheumatol 2018;
70:1000-7.

Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham
CO III, et al. 2010 rheumatoid arthritis classification criteria: an
American College of Rheumatology/European League Against
Rheumatism collaborative initiative. Arthritis Rheum 2010;62:
2569-81.

Wolfe FE, Clauw DJ, Fitzcharles MA, Goldenberg DL, Hauser W,
Katz RS, et al. Fibromyalgia criteria and severity scales for clini-
cal and epidemiological studies: a modification of the ACR pre-
liminary diagnostic criteria for fibromyalgia. J Rheumatol 2011;
38:1113-22.

Prevoo ML, van ‘t Hof MA, Kuper HH, van Leeuwen MA, van
de Putte LB, van Riel PL. Modified disease activity scores that
include twenty-eight—joint counts: development and validation in
a prospective longitudinal study of patients with rheumatoid
arthritis. Arthritis Rheum 1995;38:44-8.

Lindquist MA. The statistical analysis of fMRI data. Stat Sci
2008;23:439-64.

Woo CW, Krishnan A, Wager TD. Cluster-extent based
thresholding in fMRI analyses: pitfalls and recommendations.
Neuroimage 2014;91:412-9.

Beaty RE, Kenett YN, Christensen AP, Rosenberg MD, Benedek
M, Chen Q, et al. Robust prediction of individual creative ability
from brain functional connectivity. Proc Natl Acad Sci U S A
2018;115:1087-92.

Chalder T, Berelowitz G, Pawlikowska T, Watts L, Wessely S,
Wright D, et al. Development of a fatigue scale. J Psychosom
Res 1993;37:147-53.

Hewlett S, Dures E, Almeida C. Measures of fatigue: Bristol
Rheumatoid Arthritis Fatigue Multi-Dimensional Questionnaire
(BRAF MDAQ), Bristol Rheumatoid Arthritis Fatigue Numerical
Rating Scales (BRAF NRS) for severity, effect, and coping,
Chalder Fatigue Questionnaire (CFQ), Checklist Individual
Strength (CIS20R and CIS8R), Fatigue Severity Scale (FSS),
Functional Assessment Chronic Illness Therapy (Fatigue)
(FACIT-F), Multi-Dimensional Assessment of Fatigue (MAF),
Multi-Dimensional Fatigue Inventory (MFI), Pediatric Quality Of
Life (PedsQL) Multi-Dimensional Fatigue Scale, Profile of Fa-
tigue (ProF), Short Form 36 Vitality Subscale (SF-36 VT), and
Visual Analog Scales (VAS). Arthritis Care Res (Hoboken)
2011;63 Suppl 11:5263-86.

Logothetis NK. What we can do and what we cannot do with
fMRI. Nature 2008;453:869-78.

Napadow V, Harris RE. What has functional connectivity and
chemical neuroimaging in fibromyalgia taught us about the mech-
anisms and management of ‘centralized’ pain? Arthritis Res Ther
2014;16:425.



ARTHRITIS & RHEUMATOLOGY

Vol. 70, No. 7, July 2018, pp 981-983

DOI 10.1002/art.40462

© 2018, American College of Rheumatology

EDITORIAL

Inflammatory Back Pain and Axial Spondyloarthritis: Lessons for Clinical Practice

and Epidemiologic Research

Maureen Dubreuil (5" and Joachim Sieper?

The delay between symptom onset and diagnosis in
axial spondyloarthritis (SpA) remains unacceptably long,
recently estimated to still be >6 years (1). Accumulating
data demonstrate that early treatment with tumor necrosis
factor inhibitors reduces both disease activity and radio-
graphic progression in ankylosing spondylitis, the prototypi-
cal form of axial SpA (2,3). To encourage timely and correct
diagnosis and enable early treatment, strategies to better
identify patients with axial SpA have been studied in several
populations (4). Many of these strategies relied on the pres-
ence of inflammatory back pain (IBP) as a criterion for
referral to a rheumatologist, and IBP is one of the parame-
ters used for classification of axial SpA (5). However, the
specificity of IBP for an SpA diagnosis is limited, which
makes it challenging to distinguish SpA from other causes
of back pain, given that back pain is highly prevalent.

The term “inflammatory” back pain suggests that
a patient’s back pain is caused by inflammation. How-
ever, the definition of IBP is neither sensitive nor specific
for SpA, meaning that not all SpA patients have IBP and
that a substantial number of patients with other back
pain diagnoses report the presence of IBP. IBP is gener-
ally considered present in people whose chronic back
pain began insidiously at a young age, is associated with
morning stiffness, and improves with movement but not
with rest (6). However, a precise definition for this dec-
ades-old concept remains elusive despite attempts to
refine it (7). For example, although IBP criteria specify
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insidious onset of the pain and improvement with exer-
cise, some SpA patients may report the opposite pattern
—that heavy exertion worsens pain acutely, particularly
during flares. Similarly, SpA patients who experience
stiffness much of the day may not recognize “morning
stiffness™ as outlined in IBP criteria (7). The published
specificity of IBP for an SpA diagnosis ranges from 72%
to 92%, and subsequent attempts to revise IBP criteria
resulted only in similar specificities (8,9).

Nonetheless, IBP is a relevant clinical parameter as
a screening and diagnostic tool for axial SpA because back
pain is so common. Indeed, the larger landscape of back
pain is staggering: in the US, 19.4% of adults have chronic
back pain. However, only ~5% of people with chronic back
pain have SpA (10). Thus, the pretest probability for a
patient with chronic back pain to have SpA is 5%. For
example, if IBP is assumed to have a sensitivity of 75% and
a specificity of 76% for SpA (resulting in a positive likeli-
hood ratio of 3.1), the presence of IBP in a patient with
chronic back pain increases the posttest probability of SpA
only to 14% (11). Thus, although the symptom of IBP is an
important parameter in the evaluation of people with
chronic back pain, the value of IBP lies within the context
of other clinical, laboratory, and imaging parameters.

Referral strategies have been developed with the
aim of increasing the likelihood that patients who are
referred from primary care to the specialist do have axial
SpA. These referral strategies are necessary to avoid over-
whelming the constrained resources that exist within the
US (or any) health care system. When IBP was used as
one of several screening parameters, ~33-46% of referred
patients were ultimately diagnosed as having axial SpA by
a rheumatologist in different studies (4). Thus, IBP seems
to be suitable as a referral parameter for identifying axial
SpA patients in primary care. If these criteria were incor-
porated as part of a more restrictive referral strategy, it
would mean that more axial SpA patients would fail to be
referred, and the opportunity to prevent morbidity among
those patients would thereby be lost.

In this issue of Arthritis & Rheumatology, Wang and
colleagues describe the clinical course in 124 patients with
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new-onset IBP in the Rochester Epidemiology Project
(REP), finding that 30% of IBP patients ultimately
received a diagnosis of SpA (12). This study adds to the
limited literature on IBP in the US, and by its observational
nature, provides insight into how care for patients with
back pain is truly provided in the real world, outside of spe-
cialized referral centers and structured research protocols.

The study by Wang et al importantly highlights lost
opportunities in the community care of patients with back
pain, and specifically those with axial SpA. First, Wang
and colleagues report that only 2.3% of patients with back
pain were found to have IBP. In contrast, estimates from
the US National Health and Nutrition Examination Survey
(NHANES), in which subjects were systematically queried
about IBP features, suggest that nearly a quarter of adults
with chronic back pain have IBP (13). Thus, the findings
of Wang et al suggest that front-line providers either did
not document IBP features in the electronic medical
record (EMR) in a way that researchers could access or,
more likely, that providers did not systematically ask
patients with chronic back pain about IBP features (4,14).
The challenge of defining and eliciting the presence of
IBP may explain the low prevalence of IBP in this study.
Rheumatologists, who are familiar with the nuanced fea-
tures and descriptions of IBP, may capture its presence as
part of a detailed history; however, the same nuance may
not be appreciated by generalists in a referral intervention
study, or in generalists’ notes, as assessed in the study by
Wang et al. A standardized assessment of patients with
chronic back pain is likely to pick up more IBP cases as
compared to the varied assessments performed during rou-
tine clinical care by general practitioners (25-31% of
patients with chronic back pain had IBP in the NHANES,
versus 2.3% in the study by Wang et al) (12,13).

A second lost opportunity is reflected in the low
proportion of patients who were evaluated by a rheuma-
tologist—only 23%. Similarly, only 21% of IBP patients
underwent HLA-B27 testing, and a limited number of
patients had pelvic radiographs or magnetic resonance
imaging. Both HLA-B27 testing and pelvic radiography
would be standard management of IBP under the care of
a rheumatologist. One line of thinking may be that some
patients did not need to be evaluated by a rheumatologist
because their symptoms were mild or transient. However,
it is likely that since the majority of IBP patients were not
evaluated further, at least some patients with SpA were
incorrectly diagnosed and undertreated, with resulting
functional losses and other morbidity. Therefore, these
findings highlight the need for primary care providers to
better understand the importance of IBP as a screening
tool for SpA and the value of early diagnosis and treat-
ment in SpA.

DUBREUIL AND SIEPER

Overall, despite the limited detection of IBP and
low referral rate, the finding by Wang et al that 30% of
IBP patients received a diagnosis of SpA is fairly consis-
tent with the results of studies on referral strategies.
Taken together, the study by Wang et al and existing liter-
ature clearly demonstrate that IBP is a syndrome that is
common to diseases beyond SpA.

Beyond clinical practice, there is also the need to
identify subjects with axial SpA in large data sets to allow
epidemiologic research. Many studies of the epidemiology
of extraarticular manifestations, comorbidities, or the
comparative effectiveness of treatments in SpA would be
prohibitively lengthy or expensive to perform prospec-
tively. Thus, an accurate algorithm to predict axial SpA is
also needed for research.

Accurately identifying SpA in observational studies
also has challenges. The study by Wang et al demonstrates
some of the challenges of using large EMR or claims
data sets to address important research questions. First,
although the authors began with >5,000 eligible subjects
with back pain, the pool was reduced to 124 subjects with
IBP, a number that is insufficient to provide precise esti-
mates for many clinically important outcomes. Second, the
process by which the larger pool was reduced (i.e., by
which IBP patients were selected) was chart review, which
is labor intensive and prone to human error and fatigue.
Despite these challenges, large data sets like the REP have
an important place in SpA research. These data sets are
likely the only way in which we can learn about rare but
severe disease manifestations or comorbidities in the near
future. The large samples from such data sets are also nec-
essary to detect small but common treatment effects,
which are important on a population level (e.g., reductions
in cardiovascular events or mortality).

In order to fully harness the potential of EMR
data bases such as REP, more sophisticated programming
tools are necessary to accurately predict and detect dis-
ease, and to more finely phenotype SpA subjects. Some
predictive methods, including algorithms that incorporate
diagnostic codes, and natural language processing, have
been used in other diseases but rarely applied in SpA.
SpA, with a myriad of potential manifestations, represents
an ideal family of diseases for the application of some of
these advanced methods because the disease heterogene-
ity makes statistical methods such as stratification or
adjustment implausible. As computing power continues to
become more accessible, these methods may become
more common.

Furthermore, the study by Wang et al highlights
the limitations of existing EMR infrastructure, particu-
larly in the US. In the current system, potential subject
populations are segmented into EMRs on the basis of
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geography or insurer, rendering study samples fairly small
and thereby limiting the precision of outcome estimates.
Indeed, other observational studies based on EMR or
administrative data from the US have suffered similar
limitations, and many useful epidemiologic studies are
performed in countries with single-EMR health care sys-
tems or other nationwide databases.

From the study by Wang et al and preexisting liter-
ature on IBP as a referral strategy or as a parameter for
identification of axial SpA, several lessons have been
learned. First, awareness of axial SpA must be increased
among general practitioners and others who provide care
to patients with back pain, in order to effectively channel
those who have a moderate or high probability of SpA
into care by a rheumatologist. While IBP may form the
basis for referral strategies, IBP alone is neither necessary
nor sufficient to diagnose axial SpA; rather, an IBP assess-
ment must be part of a comprehensive evaluation that
includes HLA-B27 testing and sacroiliac joint imaging.
Strategies for identifying axial SpA must have high sensi-
tivity, so that the vast majority of persons with axial SpA
are evaluated by a rtheumatologist. Simultaneously, these
strategies must incorporate caution not to overburden
rheumatologists with the care of patients with noninflam-
matory pain, who would be better suited in the care of
other providers. Finally, epidemiologic research in SpA is
likely to require large EMR databases and the use of
advanced programming methods to accurately find and
phenotype SpA cases. Taken together, the results of the
study by Wang et al and of earlier trials of IBP as a refer-
ral or classification parameter clearly indicate that the
majority of patients with symptoms of IBP do not have or
develop axial SpA. Nonetheless, IBP is a relevant clinical
tool as part of the assessment for axial SpA.
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Synovial Cell Metabolism and Chronic Inflammation in
Rheumatoid Arthritis
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Metabolomic studies of body fluids show that
immune-mediated inflammatory diseases such as rheu-
matoid arthritis (RA) are associated with metabolic
disruption. This is likely to reflect the increased bioener-
getic and biosynthetic demands of sustained inflamma-
tion and changes in nutrient and oxygen availability in
damaged tissue. The synovial membrane lining layer is
the principal site of inflammation in RA. Here, the resi-
dent cells are fibroblast-like synoviocytes (FLS) and syno-
vial tissue macrophages, which are transformed toward
overproduction of enzymes that degrade cartilage and
bone and cytokines that promote immune cell infiltra-
tion. Recent studies have shown metabolic changes in
both FLS and macrophages from RA patients, and these
may be therapeutically targetable. However, because the
origins and subset-specific functions of synoviocytes are
poorly understood, and the signaling modules that con-
trol metabolic deviation in RA synovial cells are yet to be
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explored, significant additional research is needed to
translate these findings to clinical application. Further-
more, in many inflamed tissues, different cell types can
forge metabolic collaborations through solute carriers in
their membranes to meet a high demand for energy or
biomolecules. Such relationships are likely to exist in the
synovium and have not been studied. Finally, it is not yet
known whether metabolic change is a consequence of dis-
ease or whether primary changes to cellular metabolism
might underlie or contribute to the pathogenesis of early-
stage disease. In this review article, we collate what is
known about metabolism in synovial tissue cells and
highlight future directions of research in this area.

Introduction

Rheumatoid arthritis (RA) is a systemic chronic
inflammatory disease that principally manifests in the
articular joints. Recent research has yielded biologic ther-
apies and small molecules to target signaling pathways
and pathogenic components involved in inflammation
and immunity, but in spite of these reasonably successful
treatments, very few RA patients are able to achieve and
remain in a state of drug-free disease remission. Innova-
tive strategies are needed to obtain new insights into
mechanisms that underlie disease pathogenesis and to
identify potential new treatments.

In fields such as oncology, the concept of under-
mining or reprogramming metabolism to improve patient
outcomes is established, and we and other investigators
believe that using similar strategies in immune-mediated
inflammatory diseases has great potential (1,2). For 3 de-
cades, researchers have hypothesized an intermediate role
for metabolic alterations and local hypoxia in RA pathology
(3,4). Indeed, RA and related immune-mediated inflamma-
tory diseases are associated with systemically measurable
metabolic disruption. This is likely to reflect the increased
bioenergetic and biosynthetic demand placed on immune
and stromal cells in a persistently activated state. We now
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have the tools to better understand and translate past
observations and to explore our hypothesis that metabolic
deviation in synovial cells has a role in early pathogenesis
rather than being a consequence of tissue damage.

Qualitative changes to cellular metabolism are
indeed essential to support physiologic and pathologic
responses seen in the RA synovium, and we describe these
changes below. RA-associated characteristics include pro-
liferation, migration, and invasion, which are hallmarks of
activated fibroblast-like synoviocyte (FLS) behavior, and
also proinflammatory mediator production, which is char-
acteristic of activated synovial tissue macrophages (5-7).
The phenotypic transformation of FLS from a quiescent
cell to an aggressive, metabolically active cell, the activa-
tion of synovial tissue macrophages, and the increasingly
hypoxic and nutrient-deprived microenvironment that
develops in the RA joint are characteristics that closely
resemble those seen in solid tumors.

Immunometabolism research has recently expanded
after lessons were gleaned from the more advanced can-
cer literature, and this has led to the identification of
potential new drug targets for immune-mediated
pathologies (1,8). Limitation of metabolic substrate
availability, modulation of signaling pathways that con-
trol metabolism, and targeting of channels through
which metabolic intermediates are shared are exciting
new strategies for treatment. Because there is now wide-
spread acceptance that the future of RA treatment may
lie in targeting synovial tissue and in particular the stro-
mal cell microenvironment, it is logical to apply new
therapies targeting metabolism in the synovium (9,10).
In this review article, we describe our current knowledge
of synovial metabolism and the therapeutic opportuni-
ties this field might present. We focus on FLS and syno-
vial tissue macrophages, which together form a
destructive frontier (pannus), the aberrant behavior of
which is underpinned by pathologic metabolic changes.

A systemic metabolic phenotype in RA

Metabolic perturbations have long been associated
with RA, and the hallmark “calor” (heat) observed in the
rheumatoid joint is widely considered to be a consequence
of metabolic activity. Daily whole-body resting energy
expenditure is 8% higher in patients with RA than in
healthy individuals, which suggests that these metabolic
changes are significant and systemic (11). RA patients
have an increased susceptibility to cardiovascular comor-
bidity and metabolic syndrome during the progression of
their disease that is associated with disruption of lipid
and glucose metabolism (12). Furthermore, the catabolic
condition “cachexia” occurs in patients with RA, with
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muscle atrophy and increase in body fat associated with
systemically elevated levels of proinflammatory cytokines
such as tumor necrosis factor (TNF), interleukin-1 (IL-
1B), leukocyte inhibitory factor, interferon-y (IFNy), and
IL-6 (13).

Untargeted metabolomic studies of body fluids are
helping to characterize the observed systemic symptoms
and changes alluded to above. These involve analysis of
small molecules (<3 kd) usually using 1-dimensional
nuclear magnetic resonance spectroscopy, or mass spec-
trometry coupled to gas or liquid phase separation tech-
niques, technologies that our group recently compared and
evaluated (14). This approach has highlighted urinary
metabolite signatures that can identify the 6 most prevalent
immune-mediated inflammatory diseases (15) and a serum
metabolite signature that is correlated with the C-reactive
protein (CRP) level and links metabolism with underlying
inflammatory mechanisms (16). Serum (17) and synovial
fluid (SF) (18,19) metabolomic profiles have also demon-
strated the potential to distinguish RA from psoriatic
arthritis and other diseases (14). Furthermore, our data
and that of other investigators show that patient responses
to biologic agents including etanercept and rituximab can
be predicted from urine, serum, and plasma metabolic pro-
files, highlighting the power of metabolomics in stratifying
patients and directing RA treatment (20-22).

Because immune and stromal cells within the in-
flamed joints are known to produce inflammatory cyto-
kines, it is likely that they are contributing to the global
metabolic phenotype in RA. However, information eluci-
dating the metabolic profiles of individual cell types
involved in chronicity or resolution of inflammation has
been sparse. Such information will be important to link
disease-associated metabolites to pathogenic processes
and to gain a full understanding of RA pathogenesis.

The rheumatoid synovium

Although RA is a systemic disease, the major mani-
festations are joint pain and loss of function. The normal
diarthrodial joint is lined with a thin soft tissue membrane,
the synovium, that comprises a sublining and a thin intimal
lining layer and produces and encapsulates a lubricating
hyaluronic acid-rich fluid (23). Resident to the tissue are 2
heterogeneous and inadequately characterized cell types:
1) synovial tissue macrophages, a mixed population of
embryonically seeded cells and cells that have differenti-
ated from circulating monocytes (24,25) and 2) FLS
(mesenchyme-derived cells) that, compared with fibro-
blasts in other anatomic locations, are characterized by the
expression of UDP-glucose 6-dehydrogenase, an enzyme
that is required for the synthesis of hyaluronic acid and
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complement decay-accelerating factor (also known as
CD55) (26). Collaborative networks such as the National
Institutes of Health Accelerating Medicines Partnership
are facilitating the effective digestion of tissue to obtain
pure populations of FLS and synovial tissue macrophages.
This, combined with a growing profile of soluble and sur-
face markers and revolutions in fate-mapping and single-
cell analysis techniques, is improving our ability to study
and understand the functions of these important cells
(27,28).

The hallmark of RA is a macroscopically visible
change in the synovial lining layer that becomes inflamed,
hyperplastic, and invasive of local cartilage and bone (29).
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This is driven by a complex interaction between chroni-
cally activated and epigenetically transformed synovio-
cytes and infiltrating cells of the innate and adaptive
immune systems (5,30). Both FLS and synovial tissue
macrophages contribute to synovial inflammation by pro-
ducing mediators that recruit and activate immune cells.
Importantly, through production of cytokines such as
TNF and granulocyte—-macrophage colony-stimulating fac-
tor, FLS and synovial tissue macrophages also contribute
to one another's chronic activation and survival. These
cytokines act on FLS and synovial tissue macrophages in a
paracrine manner, helping to drive disease chronicity
(30). However, it is the FLS in the intimal lining that form
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Figure 1. Similarities between rheumatoid arthritis (RA) synovium and the solid tumor microenvironment. In both tissues, fibroblasts and macrophages
reside in close proximity and within an oxygen- and nutrient-deprived, cytokine-rich environment. Here they sustain mitochondrial damage and take on
a chronically activated phenotype supported by increased glycolytic metabolism. In RA, the fibroblasts themselves are proliferative, invasive, and migra-
tory; in cancer, fibroblasts support proliferation, invasion, and metastasis of tumor cells. Adaptive immune cell-fibroblast interactions are different in
the tumor microenvironment versus the RA microenvironment. Activated T cells (green) and B cells (blue) are present in the RA synovium but are sup-
pressed in the tumor microenvironment. Little is known about fibroblast or macrophage metabolism in early RA and the metabolic changes that take
place during the transition from health to disease. FLS= fibroblast-like synoviocyte; M6 = macrophage; ROS = reactive oxygen species.
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the aggressive pannus and are the major effectors of tissue
damage through production of extracellular matrix—
degrading enzymes such as matrix metalloproteinases and
cathepsins (30).

Although the joint exists at an oxygen tension as
low as 8% even in health, the microenvironment in RA is
characterized by severe hypoxia at oxygen tensions that fall
to <1% (31). Nutrient availability is also low, because
immune cells and activated synoviocytes consume avail-
able resources at a rate that exceeds their delivery. Syno-
vial angiogenesis, which is mediated by factors released by
both FLS and synovial tissue macrophages and enhances
the ingress of leukocytes into the synovial tissue, is insuffi-
cient, and the aggressive front formed by the hyperplastic
synovial lining increases the distance between blood ves-
sels and synoviocytes (32,33). RA FLS are transformed
from a quiescent state to an aggressive, invasive pheno-
type, and they persist despite enrichment of apoptosis-
inducing factors such as oxygen radicals, nitric oxide, and
cytokines supplied by activated synovial tissue macro-
phages. As such, the synovium bears resemblance to tumor
tissue, and cells are likely to be subject to elevated bioener-
getic and biosynthetic demands similar to those seen in
cancer. This comparison is summarized in Figure 1.

It is likely that adaptation of mitochondria and
cytoplasmic metabolic pathways is needed to meet the
requirements of chronic inflammation in RA. Indeed, in
the few studies that profiled the metabolome of FLS,
profound metabolic differences were identified in end-
stage RA compared with osteoarthritis, and many of
these are described below (34,35). Our unpublished data
showed a correlation between systemic inflammation (as
measured by the CRP level) and the metabolic profile of
FLS from patients with very early RA. However, there
are few studies comparing FLS from patients with early
RA with FLS from healthy subjects or assessing changes
during the transformation to a chronically activated phe-
notype in early disease. Consequently, we are currently
unable to determine whether metabolic adaptation of
fibroblasts is a normal response to chronic inflammation
or whether primary changes to cellular metabolism might
themselves underlie or contribute to disease pathogene-
sis. There also are few studies of synovial tissue macro-
phages, and most of what is known about RA
macrophage metabolism is based on animal models or
studies of cells differentiated in vitro from SF or periph-
eral blood monocytes (36). Because macrophages in
healthy synovium are thought to be largely yolk sac—
derived, and cues leading to monocyte differentiation in
tissue are poorly defined, there is a pressing need for bet-
ter characterization of synovial macrophage subsets and
their metabolism (37).
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The dynamic metabolic response in health

The function of the metabolic machinery within a
cell is to provide the energy and biomolecules necessary to
perform resting and activated functions while managing the
production of potentially damaging by-products such as lac-
tate and reactive oxygen species (ROS). Recent studies of
immune cells have identified important roles for metabo-
lism in supporting and even directing cell differentiation
and fate. These studies have characterized the extent of
metabolic plasticity required for cellular responses to stimu-
lation (8). Six main pathways are involved in these functions
(see Figure 2). Of these, oxidative phosphorylation (com-
prising the tricarboxylic acid [TCA] cycle and the mitochon-
drial electron transport chain) and fatty acid oxidation are
oxygen dependent and take place in the mitochondria while
utilizing substrates taken up from the cytoplasm. Glycolysis,
the pentose phosphate pathway, amino acid metabolism,
and fatty acid synthesis are oxygen independent and largely
take place in the cytoplasm. However, fatty acid and amino
acid intermediates are also shared with mitochondrial pro-
cesses, and use of the pentose phosphate pathway to main-
tain redox balance requires oxygen (8).

Normal physiologic metabolism and metabolic
responses to inflammatory events are poorly studied in
tissue-resident populations such as fibroblasts and embry-
onically seeded macrophages (25). This is largely due to
the practicality of disentwining cells from the extracellular
matrix, a challenge that researchers are making great
efforts to address (38). Indeed, there has been limited
progress since the stromal cell metabolism field was thor-
oughly reviewed in 2014 (39). One study defined what is
known about resting healthy fibroblast metabolism, show-
ing that foreskin-derived cells are predominantly gly-
colytic and dependent on the pentose phosphate pathway
even during quiescence (40). These pathways lead to bio-
molecule synthesis and support the anabolic processes
associated with extracellular matrix production and this is
likely to also apply to FLS, which maintain SF and pro-
duce it in excess in RA.

Reversible regulation in the balance of cytoplasmic
and mitochondrial metabolism is crucial for all cells to
respond and adapt to changing microenvironments. Meta-
bolic change is orchestrated by signaling pathways respond-
ing to nutrient energy and oxygen levels as well as growth
factor, pattern recognition, and cytokine receptors. The
pathways involved have been reviewed previously (41,42)
and are summarized in Figure 2. These include the master
regulators mechanistic target of rapamycin (mTOR) path-
way and 5'-adenosine monophosphate—activated protein
kinase (AMPK) pathway, which work in opposition to one
another. The mTOR network is a nutrient-sensing system.
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Figure 2. Major pathways important in synoviocyte metabolism. Fibroblast-like synoviocytes (FLS) and monocyte-derived macrophages are heavily
reliant on glucose metabolism and regulate glucose transporter member 1 (GLUT-1) in response to inflammatory and stress stimuli. This fuels
ATP production under conditions of high energy demand. Glucose is used in the pentose phosphate pathway to synthesize building blocks for
nucleic acids and to generate NADPH to control redox status and support lipid synthesis. Alternatively, glucose is metabolized via glycolysis to
pyruvate, which either is transported into the mitochondria to contribute to tricarboxylic acid (TCA) cycle flux or is converted to lactate in the
cytoplasm and removed from the cell via monocarboxylate transporter 4 (MCT4). TCA cycle flux contributes to ATP production via oxidative and
substrate-level phosphorylation. When matrix citrate levels rise, citrate is transported to the cytoplasm and yields acetyl-coenzyme A (acetyl-CoA),
the starting material for synthesis of fatty acid (FA), cholesterol, and lipids. Some such lipids are exported from the cell as bioactive metabolites
such as sphingosine 1 phosphate (S1P), free FA (FFA), phospholipids, and eicosanoids. Acetyl-CoA as well as succinate generated from the TCA
cycle can be used in the production of chromatin-modifying enzymes (CMEs) and cofactors. Choline is taken up via choline transporter-like pro-
teins 1 and 2 (CTL1/2) and is an important substrate in FLS biology. Choline can be converted to betaine, which is used in the production of
CME:s and cofactors or converted to glycine for use in protein synthesis. Alternatively, choline is phosphorylated to phosphocholine and utilized in
membrane phospholipid and bioactive lipid synthesis. A number of signaling molecules that control the described metabolic pathways have been
identified but have been explored sparsely in FLS. mTOR = mechanistic target of rapamycin; AMPK = 5'-adenosine monophosphate—activated
protein kinase; p53 = cellular tumor antigen p53; uPFK = ubiquitous phosphofructokinase 2; PI3K = phosphatidylinositol 3-kinase; P choline =
phosphorylated choline; Myc = Myc proto-oncogene protein; HIF-1o = hypoxia-inducible factor 1o; GOP = glucose-6-phosphate; R5P = ribose-5-
phosphate; SREBP = sterol regulatory element binding protein; PPARy = peroxisome proliferator-activated receptor vy.

Mechanistic target of rapamycin complex 1 (mTORC-1) or
mTORC-2 complex formation downstream of the phos-
phatidylinositol 3-kinase (PI3K) pathway or the MAPK
pathway induces activation of Akt and transcription factors
hypoxia-inducible factor 1o (HIF-1ot) and Myec, which in
turn activate glycolytic pathway genes up-regulating aero-
bic glycolysis. Sterol regulatory element binding proteins
and peroxisome proliferator—activated receptor y (PPARY)
acting downstream of mTORC-1 also activate genes that
up-regulate fatty acid synthesis.

Other pathways have also been shown to activate
glycolysis in an HIF-1o—-independent manner, including the
NF-xB pathway involving ubiquitous phosphofructokinase

2. AMPK is an energy-sensing system that often is consid-
ered to be a metabolic checkpoint, because it can inhibit gly-
colysis, control cell proliferation, and promote
mitochondrial biogenesis when activated under conditions
of energetic stress (43,44). Downstream nuclear respiratory
factor 1 (NRF-1), NRF-2, and PPARy coactivator lo
(PGC-1a), as well as sirtuin 1- or STAT-6-activated PGC-
1B, induce mitochondrial biogenesis and fusion (discussed
below), induce protective antioxidant enzymes, and pro-
mote oxidative metabolism. The mTOR pathway has also
been shown to be important in polarization of macrophages
to proinflammatory (M1) or pro-resolving (M2) phenotypes
and in activation of both macrophage subtypes, and this has
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Table 1.

Definitions of terms used in the context of this review*

Term

Definition

Aerobic glycolysis
Anabolism
Anaplerosis
Bioenergetics
Catabolism

Cataplerosis
Electron transport chain

Hypoxia

Imaging mass spectrometry

Immunometabolism

Metabolic coupling

Metabolic flux analysis

Metabolic memory
Metabolome

Metabolomics

Mitochondrial biogenesis
Mitochondrial dynamics
Mitochondrial fission

Mitochondrial fusion

Mitophagy
Oxidative phosphorylation
Pentose phosphate pathway

Positron emission tomography

Reverse Warburg effect

TCA

Warburg effect

The metabolic pathway that utilizes glucose to generate ATP in the presence of oxygen. End products of this
process are pyruvate, which can be imported into mitochondria for use in the TCA cycle, or lactate, which is
expelled from the cell as waste.

The enzymatic synthesis of molecules from smaller components.

The replenishment of metabolic intermediates into the TCA cycle as substrates for biosynthesis and the
generation of ATP.

The study of energy production by cells. Often associated with use of a Seahorse analyzer to assess glycolysis
and oxidative phosphorylation rates in real time.

The enzymatic degradation of molecules into smaller products.

The removal of TCA cycle intermediates for use in biosynthesis or to prevent buildup within mitochondria.

A set of complexes of the inner mitochondrial membrane that shuttle electrons from NADH and FADH, to
oxygen. The redox reactions of the chain produce an electrochemical gradient of protons across the
membrane, which drives synthesis of ATP by oxidative phosphorylation.

Oxygen deficiency in tissue, such that oxygen tension is lower than that under healthy physiologic conditions.
Normal oxygen levels differ between tissues, and therefore the level at which a tissue is considered to be
hypoxic is variable. The arthritic joint has an oxygen tension of 8% in health and <3% in RA.

A mass spectrometry-based technique that allows the spatial distribution of the metabolome to be visualized in
a tissue section. This offers insights into where pathogenic metabolic changes are taking place in tissues and
has not yet been applied to the synovium.

The research field that investigates metabolism in the context of immunity and inflammation. Because stromal
cells are crucial to both induction and resolution of these processes, we consider the study of their metabolic
processes to be embedded in this field.

The transfer of metabolites between cells in a manner that benefits the biosynthetic and bioenergetic
requirements of the recipient cell.

Also known as “stable isotope metabolic tracer analysis,” this is a '*C isotope—tracing methodology
involving incubation of cells with a stable isotope, quantitation of metabolite labeling using mass
spectrometry or NMR spectroscopy, and computational fitting of the data to a model, allowing estimates
of pathway-specific flux.

Imprinting of a metabolic phenotype on a cell by cues within its microenvironment, such that the phenotype is
maintained after the cues are removed or the cells are removed from the tissue.

All substrates, intermediates, and products of metabolism associated with a given system or compartment.
These may be intracellular or extracellular.

Used synonymously with the term “metabolic profiling,” this is the identification and measurement of all or a
targeted set of metabolites within a body fluid, cell population, or tissue, conducted by NMR spectroscopy or
mass spectrometry.

The generation of greater mitochondrial mass to increase the capacity for mitochondrial function and ATP
production within a cell; this process is important to health but has not been investigated in RA.

The balance and transition between mitochondrial fusion and fission, movement, and degradation. These
processes are important to health but have not been investigated in RA.

The division of mitochondrial networks into individual punctate organelles, principally controlled by outer
membrane proteins DRP1 and FISI.

The formation of tubular mitochondrial networks through Mfn-1-, Mfn-2, and Opa-1-mediated joining of
individual organelle membranes. This process is associated with increased ATP production and protection of
mitochondrial DNA from reactive oxygen species.

Mitochondrial-selective autophagy. The selective degradation of defective mitochondria without the release of
inflammatory mitochondria-associated DAMPs.

Generation of ATP by mitochondrial ATP synthase and driven by the electrochemical gradient of protons
generated by the electron transport chain.

The pathway that oxidizes glucose to generate NADPH for the maintenance of the cellular redox balance and
5 carbon sugars utilized in anabolic processes such as nucleic acid synthesis.

Use of a radioactive tracer isotope incorporated into a metabolic substrate to visualize metabolizing cells in a
whole organism. Commonly, labeled glucose is used to identify tumors but also is useful for highlighting sites
of inflammation such as the rheumatoid joint.

The production of high-energy metabolic intermediates by one cell to anaplerotically feed ATP
production by a neighboring cell. This effect is currently characterized only in epithelial tumors where
cancer-associated fibroblasts feed lactate and other metabolites to tumor cells through channels such as
monocarboxylate transporters.

The TCA cycle is a series of chemical reactions that take place in the mitochondrial matrix, generating ATP by
substrate-level phosphorylation and NADH and FADH, by oxidation of fuel molecules. NADH and FADH,
are further oxidized by the electron transport chain.

Pathologic increase in glycolysis associated with reduced oxidative phosphorylation despite the presence of
oxygen. The term describes a cellular bioenergetic phenotype classically associated with tumor cells but
currently also associated with activated immune cells.

* TCA = tricarboxylic acid; RA = rheumatoid arthritis; NMR = nuclear magnetic resonance; DRP1 = dynamin-related protein 1; FIS1 = mitochondrial
fission 1; Mfn-1 = mitofusin 1; Opa-1= optic atrophy 1; DAMPs = damage-associated molecular patterns.



990

been thoroughly reviewed (45). AMPK activation in macro-
phages is associated with suppression of IL-6 production,
antiinflammatory M2 macrophage differentiation from SF
monocytes, and suppressed inflammation in K/BxN mouse
serum—induced arthritis (46,47). The signaling pathways
that instruct stromal cell behavior are less well defined.
Activation of mTOR has been linked to invasive properties
in FLS from arthritic rats (48). Furthermore, mice deficient
in NRF-2, which acts downstream of AMPK, showed more
severe cartilage injuries and more oxidative damage in a
murine model of arthritis (49). However, no link between
metabolism and cell signaling has been identified in human
FLS or synovial tissue macrophages, and it is unknown
whether signaling pathways controlling the metabolic phe-
notype are dysregulated in RA.

Mitochondrial responses in the RA synovium

Under normoxic conditions, mitochondrial oxida-
tive phosphorylation is the most efficient source of ATP
(50). In addition, mitochondria integrate various metabolic
pathways and through this process produce intermediates
needed for the synthesis of lipids, steroid hormones, and
heme. Other more specialized mitochondrial functions
include maintenance of Ca®* homeostasis, regulation of
apoptosis, and production of the physiologic levels of
ROS that act as signaling molecules (50). Importantly,
mitochondria have mechanisms to respond spatially and
temporally to heterogeneous nutrient and oxygen concen-
trations, increased ATP demands, and increased stress sig-
nals, including oxidative stress, for continued support of
cellular functions and survival. These mechanisms include
overexpression of antioxidant enzymes and remodeling of
respiratory complex subunits, changes in substrate usage
(using glutamine, pyruvate, fatty acids, and ketone bodies),
or switching toward increased glycolysis when energy
demand outpaces oxygen delivery (50).

Changes in mitochondrial biogenesis, mitochon-
drial-selective autophagy (mitophagy), and the equilibrium
between mitochondrial fusion and fission are also critical
to maintain normal mitochondrial and cellular function
(Table 1 and Figure 3). Mitochondrial biogenesis is
induced through the signaling pathways described above,
not only in association with cell division but also in
response to oxidative stimuli and increased energy require-
ments. The flux between fusion and fission of mitochondria
in response to stress is also crucial to maintaining the meta-
bolic capacity of the mitochondria as well as protecting
genetic stability. Mitophagy plays a pivotal role in the main-
tenance of mitochondrial homeostasis, by regulating the
size and quality of the mitochondrial population. In
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addition, mitophagy eliminates damaged mitochondria
under diverse stress conditions, which is critical because
mitochondrial DNA (mtDNA) is a damage-associated
molecular pattern molecule that contributes to systemic
inflammatory responses (51). Modulation of mitochondrial
dynamics, biogenesis, and mitophagy can be deleterious
and associated with aging in mouse models and multiple
serious human diseases, highlighting the importance of
these processes in cell phenotype and function (51,52). Fur-
thermore, mitochondrial surveillance and quality control
mechanisms including mitochondrial biogenesis and mito-
phagy decline with age, causing progressive deterioration
of mitochondrial function. This may have a role in diseases
such as RA and suggests that targeting mitochondrial pro-
cesses could be beneficial for restoring cell function (53).

Surprisingly little is known about mitochondrial
function and dynamics in FLS or synovial tissue macro-
phages. However, a growing body of literature describes
mitochondrial metabolism downstream of glycolytic glu-
cose consumption and its role in differentiation and acti-
vation of proinflammatory and pro-resolving monocyte-
derived macrophage subtypes. These model systems
might inform synovial tissue research. For example, stim-
ulation of macrophages with lipopolysaccharide and IFNy
(so-called M1-polarizing conditions) produces proinflam-
matory cells that may resemble those that populate the
RA synovium. This leads to inhibition of the TCA cycle
and the mitochondrial oxidative phosphorylation pathway
to which it is coupled, and results in up-regulation of glu-
cose transporter 1 (GLUT-1) to facilitate efficient uptake
of glucose.

Glucose is consumed through up-regulated aero-
bic glycolysis, resulting in production of lactate, which
must be extruded from the cell to prevent damaging lac-
tic acidosis (54). Production of reactive oxygen is
increased, partly as a consequence of reversed electron
transport by mitochondria, and certain intermediates of
the TCA cycle (notably, succinate) accumulate. This
promotes expression of the proinflammatory cytokine
IL-1B by inhibiting prolyl hydroxylases and activating
the transcription factor HIF-1a. Succinate has also been
linked to changes in methylation of DNA and associated
histone proteins to alter gene expression (55). Further-
more, isocitrate is diverted from the Krebs cycle and
metabolized to itaconic acid, which is another, more
recently identified TCA cycle inhibitor (56). RA synovial
macrophages express HIF-1a, consistent with a switch to
glycolytic metabolism, but efforts are required to charac-
terize mitochondrial metabolism and dynamics in resi-
dent and infiltrating synovial tissue macrophages (57).

In several studies, mitochondria were observed in
FLS from patients with late-stage RA. Reductions in
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Figure 3. Mitochondrial fusion and fission cycle. Mitochondrial morphology changes dynamically in response to stress and changing energy
demand. This occurs under the control of signaling molecules including sirtuin 1 (SIRT-1), STAT-6, nuclear respiratory factors 1 and 2 (Nrf-1/2),
and peroxisome proliferator-activated receptor y (PPARY) coactivators 1o and B (PGC-1a/B). Mitochondria fuse to make tubular networks under
the control of mitofusins 1 and 2 (Mfn-1) and optic atrophy 1 (Opa-1), a mechanism that is thought to increase ATP production by oxidative phos-
phorylation, protect mitochondrial DNA (mtDNA) from damage in the presence of elevated levels of reactive oxygen species (ROS), and lead to
mitochondrial biogenesis and increased mitochondrial mass. Mitochondrial fission occurs under the control of dynamin-related protein 1 (DRP1)
and mitochondrial fission 1 (FIS1) and produces increased numbers of punctate mitochondria. Fission usually corresponds with reduced oxidative
phosphorylation and increased aerobic glycolysis and can predispose to mitochondrial-selective autophagy (mitophagy) to regulate mitochondrial
mass or remove damaged organelles. Inset, Mitochondrial changes in rheumatoid arthritis (RA) fibroblast-like synoviocytes (FLS), in a resting
state and after stimulation with proinflammatory cytokines, suggesting possible changes in mitochondrial dynamics that have not yet been investi-
gated. NO = nitric oxide.

respiration and membrane potential (58) and changes to
mitochondrial morphology (50) have been observed in
unstimulated cells when compared with OA FLS. Fur-
ther changes suggestive of mitochondrial dysfunction
such as perinuclear clustering of mitochondria, abnor-
mally dark cristae, and autophagosome formation have
been associated with lower basal mitochondrial mem-
brane potential as well as lower basal, maximum, and
ATP-linked mitochondrial respiratory rates (58). In a
complementary study in which RA FLS were compared

with OA FLS, our group recently showed that RA FLS
had a higher ratio of glycolytic rate to respiratory rate,
implying a shift toward reliance on glycolysis to meet the
energy demand of the cells (60).

Changes in mitochondrial metabolism can be
induced in FLS by cytokines and growth factors, includ-
ing IL-17, TNE and platelet-derived growth factor
(PDGF), which are associated with RA and related
inflammatory conditions (58,61). The reported conse-
quences, although incompletely understood, include
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reduced ATP production by oxidative phosphorylation,
production of excessive reactive oxygen and nitrogen
species, dysregulation of Ca>*, opening of the permeabil-
ity transition pore, and initiation of cell death in vitro.

Significant increases in mtDNA mutation fre-
quency have been demonstrated in inflamed synovial tis-
sue and were positively correlated with macroscopic
synovitis, vascularity, and SF levels of TNF and IFNy
(62). Another study showed that exposure of RA synovial
tissue to 1% oxygen in vivo induced mtDNA mutations,
suggesting that the inflamed and hypoxic joint microenvi-
ronment may be eliciting the mitochondrial changes
observed in RA FLS and likely to be occurring in synovial
tissue macrophages (31). Hypoxia also altered the bioen-
ergetics of cultured FLS by promoting a switch to glycoly-
sis while attenuating mitochondrial respiration and ATP
synthesis. This supported abnormal angiogenesis, cellular
invasion, and pannus formation (59). Additional in vitro
studies indicated an increased number of mtDNA muta-
tions and ROS levels in RA FLS compared with OA FLS
(63), correlating with elevated matrix metalloproteinase
expression and an invasive phenotype in RA (61,64).

The findings described above suggest that there
are mitochondrial changes in FLS from patients with late-
stage RA that are maintained in in vitro culture, yet we
lack understanding regarding which changes are a normal
response to meet metabolic demands of inflammation,
which might play a role in driving the pathology of chronic
disease and which are the result of damage and an
increasingly hypoxic environment. In fact, resistance to
induction of programmed cell death (apoptosis) by apo-
ptotic signals abundant in the inflamed joint is a prominent
characteristic of the RA synovium (65) and sustains the
synovial hyperplasia that characterizes the rheumatoid
pannus. This would suggest that mitochondrial responses
induced by hypoxia and inflammation in synoviocytes are
able to repurpose the mitochondrion as a biosynthetic
hub similar to that in tumor cells (66) and with conserved
mechanisms for limiting oxidative stress and supporting
effector functions and proliferation (5). Finally, although
information regarding mitophagy in the synovium is lack-
ing, it has been suggested that TNF significantly induces
mitophagy and mitochondrial antigen presentation in
mouse macrophages, with implications for RA (67).

Several studies have shown altered autophagy in
RA FLS, which could also contribute to synovial hyperpla-
sia. RA FLS show an increase in genes involved in auto-
phagy such as beclin 1 and light chain 3, which are
inversely correlated with their apoptosis rate (68,69). In
addition, RA FLS under endoplasmic reticulum stress
may increase autophagy while becoming resistant to apo-
ptotic death (70). Further studies are needed to understand

FALCONER ET AL

the tangled relationship between metabolism, apoptosis,
and autophagy in synoviocytes and to identify whether
restoring normal metabolism and mitochondrial function
might have therapeutic potential in RA.

Glucose metabolism in the RA synovium

Glucose and other metabolites such as glutamine,
fatty acids, and ketone bodies can be metabolized through
the TCA cycle in metabolically active tissue, but a shift
away from oxidative phosphorylation toward aerobic gly-
colysis often occurs in response to cellular activation and in
inflamed tissues (71). This supports various biosynthetic
pathways and, consequently, the metabolic requirements
for proliferation and cytokine production. Accelerated glu-
cose metabolism is a hallmark of proliferative and acti-
vated cells (72) and can be observed with clinical imaging.
Several studies have used fluoro-2-deoxyglucose (FDG),
which is taken up by glycolytic cells to form FDG phos-
phate and can be shown by positron emission tomography
(PET) to accumulate in swollen joints (73). Indeed, gly-
colytic inhibition by 3-bromopyruvate (BrPa) administered
in a serum transfer animal model significantly decreased
arthritis severity, highlighting the importance of glucose
metabolism in fueling pathologic processes and making it a
promising target for therapeutic intervention in RA (60).
However, as discussed in a recent review by Weyand and
Goronzy comparing macrophages and T cells, cells can
coexist in the same microenvironment and utilize metabo-
lites differently (74). This highlights the need to dissect glu-
cose utilization in different synoviocytes, because any
successful treatment will necessarily be cell type specific.

Metabolic profiling of synovial tissue has revealed
that FLS consistently show altered basal glucose metabo-
lism in RA (34,35,75), and we and other investigators
have observed that stimuli such as PDGF and TNF
increase in vitro glucose metabolism by both glycolysis and
mitochondrial respiration (60). Furthermore, the glucose
channel GLUT-1 is up-regulated in response to hypoxia
and cytokines and is correlated with phenotypic perturba-
tions in RA FLS (59,60). Glucose deprivation or glycolytic
inhibitors such as 2-deoxy-D-glucose, BrPa (60), and 3-(3-
Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (59) have been
shown to impair cytokine secretion, proliferation, migra-
tion, and invasion in RA FLS. Although glucose metabo-
lism is enhanced in activated macrophages, no data for
synovial tissue macrophages are currently available.

Diversion of glucose metabolism away from glycol-
ysis and toward the pentose phosphate pathway is impor-
tant to support a biosynthetic role of some cells. A role for
this pathway in RA was highlighted by a study of T cells,
which showed impaired glycolytic flux due to elevated
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pentose shunt activity and up-regulation of phosphofruc-
tokinase (76). In light of RA synoviocyte mitochondrial
responses and the elevated ROS production described
above, increased flux of glucose through the pentose phos-
phate pathway might also be expected in these cells to
produce cytoplasmic NADPH and drive the reducing
power of ROS detoxification enzyme systems in both the
cytoplasm and the mitochondrial compartments. Indeed,
a global increase in glucose metabolism (via both the pen-
tose phosphate pathway and glycolysis) was observed in
total synoviocytes (4), and recent metabolite profiling of
FLS (77) showed that both metabolites associated with
glycolysis and the pentose phosphate pathway were signifi-
cantly increased in RA compared with OA, together with
other metabolites that belonged to the amine, fatty acid,
phosphate, and organic acid classes. Although this hints at
the importance of the pentose phosphate pathway, its role,
and the importance of NADPH production and other
antioxidant mechanisms such as the up-regulation of the
glutathione oxidation pathway have not yet been dissected
in FLS and resident synovial tissue macrophages popula-
tions, and such research might yield new opportunities for
therapeutic intervention in RA.

Functions have emerged for glucose metabolites,
metabolic enzymes, and TCA cycle intermediates,
which are secondary to their canonical roles in meta-
bolic pathways. For instance, succinate stabilizes the
transcription factor HIF-1o in activated macrophages
and also rat synovial fibroblasts, promoting glycolysis
(55,78). Succinate and other metabolites including
a-ketoglutarate, fumarate, and acetyl-coenzyme A might
be expected to accumulate in macrophages and FLS
under hypoxic conditions and are involved in eliciting
important epigenetic changes, with the potential for
driving chronic inflammation remaining unexplored
(55,78). In addition, essential glycolytic enzymes have
been reported to translocate to the nucleus or mito-
chondria, where they function independently of their
canonical metabolic roles in the regulation of cytokines
and antiapoptotic responses (79,80). For example, pyru-
vate kinase muscle enzyme M2 (PKM2) also stabilizes
HIF-1a, promoting inflammatory M1-type macrophage
differentiation. Use of a small-molecule modulator of
PKM?2 to prevent nuclear translocation has potential for
driving a shift toward an M2 phenotype and restoration
of tolerance in diseases such as RA.

The hexokinase enzymes are also important reg-
ulators of metabolism. Hexokinase type I is known to
drive cleavage and activation of pro-IL-1p in macro-
phages via the NLRP3 inflammasome and the down-
stream activation of caspase 1 (81), although this has
not been studied in synovial tissue macrophages.
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Hexokinase type II also binds to the mitochondrial
membrane via its interaction with the outer membrane
porin protein (also termed the voltage-dependent anion
channel), and this interaction inhibits the release of
intermembrane proapoptotic proteins, thereby protect-
ing cells against apoptosis. Importantly, the expression
of hexokinase type II is increased in RA FLS compared
with OA FLS, and this might provide an important link
between metabolism and apoptosis resistance in the
RA synovium (60).

Lipid metabolism in the RA synovium

Lipids are known to be important for fueling
adaptive immunity and in the resolution of inflamma-
tion. However, their role in these processes is complex
and our understanding incomplete (8,82). A few studies
have shown lipid changes in RA FLS, although this has
not been studied in synovial tissue macrophages. Me-
tabolomic profiling has shown a perturbation of lipid
metabolism in RA FLS versus OA FLS (34), and
recent studies have identified important roles for mole-
cules that interact with lipids such as choline, an impor-
tant component of membrane phospholipids that may
be limiting in proliferating cells such as RA FLS. PET
scanning with ''C-choline, which is already in clinical
use to identify prostate cancer metastasis, showed
increased uptake in inflamed arthritic joints (83), and
choline is present at elevated levels in RA FLS and
synovium (34,75). It is of interest that choline trans-
porter-like protein 1 (CTL1) (high affinity) and CTL2
(low affinity) are also highly expressed in RA FLS, and
the functional inhibition of choline transporters pro-
moted apoptotic FLS death (84).

Our group previously reported a possible therapeu-
tic benefit in targeting choline kinase, the enzyme that cat-
alyzes the first step in the cytidine diphosphate/choline
pathway and that is essential for phosphatidylcholine bio-
synthesis. Inhibition of choline kinase suppressed migra-
tion and enhanced apoptosis in cultured RA FLS and
significantly “decreased arthritis in pretreatment protocols
as well as in established disease” (35). In addition, phos-
pholipase enzymes specifically cleave phosphatidylcholine,
producing phosphatidic acid and choline. Agonist-induced
phospholipase D activation results in phosphatidic acid
synthesis, which is thought to be involved in a variety of
rapid cellular responses such as cytokine secretion (85). In
RA FLS and RA synovial biopsy explants, phospholipase
D isoform-specific inhibitors significantly reduced consti-
tutive secretion of IL-6 and IL-8, further highlighting the
importance of phospholipid metabolism in inflammation
(86). Another study showed that activated FLS from
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patients with inflammatory arthritis and animal models of
inflammatory arthritis express significant quantities of
autotaxin, which catalyzes the conversion of lysophos-
phatidylcholines (LPCs) to lysophosphatidic acid (LPA).
Notably, high levels of LPC and low phosphatidylcholine:
LPC ratios in plasma were shown to represent a reliable
measure of inflammation (87). TNF-induced autotaxin
expression in FLS and LPA, in turn, induced an activated
FLS phenotype in synergy with TNF (88,89). Conditional
genetic ablation of autoxin in mesenchymal cells, including
FLS, resulted in disease attenuation in animal models of
arthritis (90).

Metabolic coupling of cells in the RA synovium

The problem with many of the studies described
above is that they tend to treat FLS and synovial tissue

Cancer Associated Fibroblast
Tissue Resident Macrophage
Or
Late Stage RA FLS
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macrophages as if they exist in isolation. However, metab-
olism is not a private function, and metabolites produced
by one cell can have profound effects on the biology of
another. As described above, metabolites such as succi-
nate, citrate, and isocitrate accumulate in inflammatory
macrophages and control metabolism in a feedback loop.
It is possible that such metabolites derived from synovial
tissue macrophages might have a role in influencing the
metabolism and function of proximal FLS, but this has
not yet been investigated. Indeed, metabolite exchange
between stromal and parenchymal cells is an essential
function common to numerous metabolically active tis-
sues including muscle, nerve, kidney, liver, and testicle.
Solute carriers including the monocarboxylate
transporters (MCTs) are used as a means of physiologic
metabolic coupling between different cell types, as exten-
sively reviewed (91). Here, macrophage-like cells
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Figure 4. The reverse Warburg effect in cancer and rheumatoid arthritis (RA). In epithelial tumors, the reactive oxygen species (ROS) produced by
metabolically active cancer cells cause mitochondria-selective autophagy (mitophagy) and activate HIF-lo in local cancer-associated fibroblasts
(CAFs). As a result, the CAFs up-regulate aerobic glycolysis, producing copious lactate that is expelled from the cell via MCT4 and taken up by the
cancer cell via MCT1. Lactate, pyruvate, and other metabolic intermediates such as amino acids and ketone bodies can feed the mitochondrial TCA
cycle in cancer cells or local endothelium to increase ATP and biomolecule synthesis and drive pathogenic proliferation, invasion, and metastasis.
MCT1 and MCT4 can be blocked in vitro using the small-molecule inhibitor a-cyano-4-hydroxycinnamic acid (4CIN) and in vivo using AZD3965,
which is in early-phase clinical trials for treatment of small cell lung cancer. In RA, it is known that mitochondrial damage, HIF-1a activation, and
up-regulation of MCT4 can be induced by the pathogenic microenvironment in fibroblast-like synoviocytes (FLS) from patients with late-stage dis-
ease, but the metabolic relationships between these cells and other cells within the joint have yet to be elucidated. See Figure 2 for other definitions.



METABOLISM IN SYNOVIAL TISSUE CELLS

commonly provide high-energy metabolic intermediates
such as lactate and pyruvate to bioenergetically demand-
ing partner cells, where they can anaplerotically fuel the
TCA cycle. A similar mechanism has been identified in
epithelial cancers in which both Warburg and so-called
“reverse Warburg” metabolism have been demonstrated
and highlighted as therapeutic targets (92). The Warburg
effect describes up-regulation of aerobic glycolysis in the
tumor cell itself and in the presence of ample oxygen.

The reverse Warburg effect describes a situation in
which cancer-associated fibroblasts provide lactate,
ketone bodies, and amino acids passed through MCTs to
fuel tumor cell proliferative behavior (93), as well as local
angiogenesis associated with metastasis (94). Due to com-
monalities in cell behavior and microenvironment, one
could hypothesize that similar symbiotic relationships
might exist in the synovium to fuel immune cell effector
function and FLS pathogenic behavior (Figure 4). Fujii
et al previously showed that FLS from patients with late-
stage RA have elevated levels of MCT4 compared with
OA FLS, and that small interfering RNA knockdown of
MCT4 reduced arthritis severity in the murine collagen-
induced arthritis model, linking their findings to apoptosis
resistance and synovial acidification (95).

Expulsion via MCT4 is likely to be a necessary
mechanism to protect cells against the damaging effects of
lactate accumulation. However, whether the lactate can be
taken up and utilized by other cells is unknown. It is very
likely that the role of MCTs and the sharing of metabolites
between cells will differ during the course of RA as a
reflection of mitochondrial health and changes to the joint
microenvironment. Consequently, it will be important to
study metabolic coupling in normal tissue and during the
acute phase of disease to determine whether such relation-
ships exist and if so, to exploit their therapeutic potential;
such an approach is showing promise in cancer (96).

Expanding knowledge of fibroblast metabolism

Studies of metabolism in cultured synovial cells
have been important for understanding RA biology. Such
studies have illustrated a “metabolic memory” that is epi-
genetically imprinted upon cells in an inflammatory
microenvironment and is lasting in in vitro culture. Metab-
olomic analysis continues to be a useful strategy for pro-
viding a metabolic snapshot of the status of such cells and
to hint toward pathways worthy of further study. Use of
technologies such as Seahorse analysis to observe bioener-
getic responses, small-molecule metabolic inhibitors, and
animal models have also played a role in expanding our
understanding of the field. However, for capturing the
dynamic processes that regulate cellular metabolism,
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stable isotope metabolic tracer analysis is a powerful tech-
nique that has not yet been applied to synoviocytes (97).
This technique provides a comprehensive biologic over-
view, allowing simulation and reconstruction of metabo-
lism, and can provide insight at the compartment level
(e.g., mitochondria versus cytoplasm, depending on the
tracer) (98). The increased concentration of a metabolite
can be associated with either the up-regulation of the
enzyme responsible for synthesis or the down-regulation
of the one consuming it, and metabolic tracer analysis
allows these processes to be deconvoluted where tradi-
tional metabolomics is less informative (99,100). Several
heavy isotopes are available and include 2H, N, and '®0,
but the most commonly used is '*C. The most common
isotopically labeled tracers are '*C-labeled glucose and
3C.labeled glutamine, because these metabolites are the
main energy sources in many mammalian systems (101).
The recent development of approaches to apply tandem
mass spectrometry (MS) to isotope tracing has offered the
opportunity to determine positional labeling based on
mass fragmentation (102).

As alluded to above, studying metabolic relation-
ships of synoviocytes after treatment (103) and between
FLS and synovial tissue macrophages within the RA syno-
vium is an important future direction. Stable isotope anal-
ysis in concert with small-molecule inhibitors will allow us
to trace metabolite exchange between cells in culture.
There is also a pressing need for conditional knockout
animals to observe the importance of metabolite chan-
nels, transporters, and enzymes in inflammatory diseases
as an area of great therapeutic potential. Finally, better
histologic markers are improving our understanding of
FLS subsets, resident and infiltrating synovial tissue
macrophages, and the tissue organization of these cells.
Imaging MS can provide a metabolomic snapshot on a
per-pixel basis and may reveal spatially distinct metabolic
signatures and important metabolic heterogeneity within
the synovial environment (104).

Metabolic pathways as therapeutic targets in RA

Metabolic rewiring of immune cells has been viewed
as a promising source of novel drug targets (8,14,105),
but resetting metabolism in tissues central to RA pathogen-
esis offers additional opportunities for disease modulation
and restoration of homeostasis in RA. In fact, rheumatolo-
gists already use the antimetabolites methotrexate and
leflunomide for the treatment of patients with inflammatory
arthritis. Both drugs inhibit reproduction of rapidly dividing
cells such as lymphocytes but have also been shown to in-
hibit FLS functions (106,107). Of interest is the observation
that sulfasalazine, which was initially developed as an
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antiinflammatory drug to treat RA, was subsequently
shown to inhibit xCT, a cystine-glutamate exchange trans-
porter (108).

Targeted approaches to metabolic inhibition are
required to inhibit aggressive behavior in pathologic cell
types and leave those that aid resolution intact. Potentia-
tion or restoration of protective mechanisms such as mito-
chondrial fusion and biogenesis and mechanisms that
promote resolution of inflammation may also be favorable.
Indeed, small molecules such as Mdivi-1 that potentiate
mitochondrial fusion have already shown potential in ani-
mal models of sepsis and may have further-reaching appli-
cations (109). In addition, metformin is used for the clinical
management of type II diabetes and has shown promise in
mouse models of arthritis (110). Although the effects of
metformin on FLS are unknown, it is thought to act on
immune cells both by inhibiting complex I of the mitochon-
drial electron transport chain and through effects on the
signaling molecule AMPK. Use of other AMPK activators
that will control cell proliferation and promote mitochon-
drial biogenesis might be another approach (43,44).

The signaling molecule PI3K regulates glycolysis
upstream of mTOR, and inhibitors of this molecule are
in early-stage clinical trials for cancer and show poten-
tial in RA (111). Furthermore, blockers of key glycolytic
enzymes including phosphofructokinase/fructose-2,6-
bisphosphatase 3 are showing promise for working in
synergy with other inhibitors that target the angiogenic
factor vascular endothelial growth factor (112). Inhibit-
ing glycolytic intermediates including succinate or lactate
production could be of interest if proven to fuel synovial
cell activation. Use of a small-molecule modulator of
PKM?2 to prevent nuclear translocation also has poten-
tial for driving a shift toward an M2 phenotype and
restoration of tolerance in diseases such as RA. In FLS,
HK?2 release from the mitochondrial membrane could
potentially trigger FLS apoptosis. However, a better
understanding of the signaling pathways that dictate the
metabolic phenotype of immune and stromal cells in RA
is required to capitalize on this area.

Blockers of the MCTs that are central to metabolic
coupling have been used in as yet unpublished first-in-
man trials for epithelial cancers, and the effects of their
knockdown in experimental arthritis suggest that they
offer potential in RA (95). Other solute carrier trans-
porters, including GLUT-1, amino acids, or choline, are
potential therapeutic targets that are yet to be explored in
arthritis. Furthermore, better stratification of patients
through prognostic metabolomic analysis (16) and tech-
niques such as PET scanning with ''C-choline (83) may
improve treatment of patients who are nonresponders to
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existing therapies. Overall, whether targeting metabolism
truly presents an option to increase the drug armamentar-
ium in rheumatic diseases remains to be determined.

Conclusions

Systemic metabolism, immunometabolism, and
stromal cell metabolism are altered in RA, and a growing
body of literature in this field offer novel biomarkers for
patient stratification and avenues for treatment. However,
we are far from having an exhaustive understanding of the
pathways that discern the normal or pathogenic pheno-
types of synovium-resident cells in order to capitalize on
these therapeutic opportunities. It will be important to bet-
ter understand mitochondrial metabolism and dynamics,
which are sparsely studied in the synovium, with a view to
harnessing fusion and biogenesis pathways to restore mito-
chondrial health and tip the balance away from aerobic
glycolysis in RA. Future directions toward use of cells
sorted directly from synovial tissue and phenotyping with
single-cell transcriptomic analysis promise to improve our
understanding of FLS and synovial tissue macrophage
biology, and there is a need for metabolic profiling of these
cells prior to de-differentiation associated with cell culture.

Growing evidence suggests that multiple fibroblast
and macrophage subsets are present in the inflamed syno-
vium, and their characterization will aid in directing new
treatment aimed at those with a pathogenic and not a pro-
tective phenotype. Furthermore, the metabolic interac-
tions between FLS, synovial tissue macrophages, and
infiltrating immune cells have not been explored, and les-
sons from cancer biology suggest that this will provide fur-
ther opportunities for therapeutic intervention. There is a
pressing need for techniques such as stable isotope—based
metabolic tracer analysis to track these interactions.
Finally, there is a strategic window of opportunity such
that RA patients receiving disease-modifying treatments
within 3 months of symptom development show a much
improved prognosis when compared with patients treated
after this time point (113). To date, all studies of FLS
metabolism have been conducted in cells derived from
the joints of patients with late-stage disease after arthro-
plasty, and studies of macrophages have used cells differ-
entiated from monocytes in vitro.

As we begin to understand that transient metabolic
responses in acute inflammation may differ significantly
from metabolic adaptation to damage in chronic inflam-
mation, characterization of cells from healthy tissue and
from the earliest stages of human disease is needed to
inform appropriate future therapeutic strategies, with the
ultimate goal of drug-free remission or cure of RA.
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Neurobiologic Features of Fibromyalgia Are Also Present
Among Rheumatoid Arthritis Patients

Neil Basu,! Chelsea M. Kaplan,2 Eric Ichesco,? Tony Larkin,? Richard E. Harris,’
Alison Murray,1 Gordon Waiter,! and Daniel J. Clauw?

Objective. Many patients with rheumatoid arthritis
(RA) report pain despite excellent control of inflammation
with immunotherapies. Variable degrees of coexisting fibro-
myalgia (FM) may explain this disparity. FM has been
characterized by aberrant brain functional connectivity,
especially between the default mode network (DMN) and
insula. We undertook this study to test the hypothesis that
RA patients with the highest 2011 American College of
Rheumatology FM survey criteria scores—a continuous
measure of the degree of FM also known as “fibromyal-
gianess” (FMness)—would demonstrate functional connec-
tivity abnormalities similar to those in FM.

Methods. RA patients underwent an 11-minute
functional connectivity magnetic resonance imaging (MRI)
brain scan and a clinical evaluation which included a
measure of FMness. Brain networks were isolated from
functional connectivity MRI data. Individual patient
network-to-whole brain connectivity analyses were then
conducted, followed by group-level regression, which
correlated the connectivity of each network with FMness.
Results were significant on the cluster level with a family-
wise error (FWE) rate P value less than 0.05 derived from
an uncorrected voxel-level P value less than 0.001.

A video abstract of this article can be found at
https://vimeo.com/275435043 and https://bcove.video/2JRowTR.
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Results. A total of 54 patients participated (mean
age 54.9 years, 75.9% women, mean FMness score 13.2
[range 1-29]). From the whole brain analyses, a single
significant positive correlation between DMN connectiv-
ity to the left mid/posterior insula and FMness (r = 0.58,
FWE-corrected P = 0.001) was demonstrated.

Conclusion. RA patients who have increased levels
of FMness appear to share neurobiologic features consis-
tently observed in FM patients. This study is the first to
provide neuroimaging evidence that RA is a mixed pain
state, with many patients’ symptoms being related to the
central nervous system rather than to classic inflamma-
tory mechanisms.

Rheumatoid arthritis (RA) is an archetypal chronic
inflammatory disorder which is principally characterized
by peripheral joint pain, stiffness, and swelling. Recently,
management of RA has been revolutionized by the early
and aggressive application of antiinflammatory therapies.
These advances have led to tremendous average improve-
ments in objective outcomes and even disability, but as
many as 50% of patients continue to report clinically sig-
nificant levels of pain despite excellent control of their
peripheral inflammation (1,2).

This disconnect between improvements in inflam-
mation and improvements in pain suggests that there is a
likely contribution of pain mechanisms that are in addition
to and distinct from peripheral inflammation. Central sen-
sitization—a consequence of dysfunctional central nervous
system (CNS) pain processing which defines the primary
chronic pain syndrome of fibromyalgia (FM)—may repre-
sent one such mechanism (3). This possibility is supported
by clinical epidemiologic research which has revealed evi-
dence of coexisting FM in 13-25% of RA patients (4).
This compares to a prevalence of 1-5% in the general
population (5). An additional 7-15% of RA patients have
hallmark features of FM (which include somatic symptoms
such as fatigue as well as chronic pain) without meeting
the American College of Rheumatology (ACR) 1990 clas-
sification criteria (4,6). Wolfe and colleagues derived a
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continuous scale from the ACR FM survey criteria (7) and
found that it predicted pain and disability in RA even
among patients who did not fully satisfy the FM criteria.
The term fibromyalgianess (FMness) was subsequently
introduced to reflect this wide phenotypic range (8).

Very few studies have examined whether the preva-
lent FMness phenotype in RA is underpinned by the same
central sensitization pathways as demonstrated in “pri-
mary” FM. If this is true, it would greatly enhance the
argument for “primary” FM therapeutic approaches
(which are quite distinct from current peripherally directed
antiinflammatory RA therapies) to benefit RA patients
who have clinical features of FMness.

Advanced neuroimaging techniques have been cru-
cial in delineating the neurobiologic features of central
sensitization in “primary” FM, but these have not previ-
ously been applied to concomitant FM in RA. Recent
studies have used functional connectivity magnetic reso-
nance imaging (MRI), an adaptation of functional MRI
data that examines temporal correlations in the MRI sig-
nal across various brain networks and regions. These con-
nections are thought to be important for the maintenance
of synaptic connectivity, and as such they modulate the
efficiency and extent of neuronal transmission in the brain.

Among FM patients, the dorsal attention, sensorimo-
tor, and salience brain networks have been implicated in hav-
ing increased connectivity to pronociceptive brain areas and
decreased connectivity to antinociceptive brain areas (9-
11). However, currently the most convincing and repro-
ducible functional connectivity MRI evidence relates to
the association between the default mode network
(DMN) and the insular cortex, which are otherwise impli-
cated in self-referential mental activity (12) and multi-
modal sensory processing (13), respectively. This specific
connection is cross-sectionally associated with FM and
pain intensity (14) and longitudinally associated with
change of FM pain following both efficacious pharmaco-
logic (pregabalin) and nonpharmacologic (acupuncture)
treatments (15,16). The robustness of this finding is fur-
ther corroborated by magnetoencephalography (a more
direct measure of brain connectivity) (17-19). These same
patterns have been noted in other conditions known to be
accompanied by central sensitization, such as irritable
bowel syndrome and low back pain (18,19). Taken
together, these data indicate that functional connectivity
—and specifically DMN-insular cortex hyperconnectivity
—may be a key biologic marker of both the presence and
the severity of FM-related pain and central sensitization.

As yet, no studies have investigated whether func-
tional connectivity MRI features of FM are observed in
RA patients with co-occurring FM. Specifically, we
hypothesized that RA patients reporting the highest levels
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of FMness would demonstrate functional connectivity
MRI features of FM.

PATIENTS AND METHODS

Patients. A total of 335 RA patients were approached
through a UK regional rheumatology service. Of those, 193 indi-
cated interest in the study. Participants were considered eligible
if they met the 2010 ACR/European League Against Rheuma-
tism classification criteria (20) and had a clinically significant
level of fatigue for at least 3 months (defined as a score of >3 on
the Chalder Fatigue Binary Scale) (21). Exclusion criteria were
contraindications to MRI and left-handedness. A total of 73
patients fulfilled these criteria, and ultimately 54 RA patients
completed the study.

All consenting participants underwent a clinical evalua-
tion. This included a measure of FMness using the ACR FM sur-
vey criteria, which combine a measure of widespread pain
(number of painful sites [0-19]) with a symptom severity scale
(e.g., fatigue, subjective cognitive problems, headache, poor
mood; scores range from 0 to 12) (7). In addition, their levels of
systemic inflammation (C-reactive protein [CRP] level), disease
activity (Disease Activity Score in 28 joints [DAS28]) (22), current
overall fatigue and pain severity (numerical rating scales of 0-10),
sleep disturbance (Jenkins’ sleep problems scale [23]), and
depression (Hospital Anxiety and Depression Scale [24]) were
recorded. Participants then underwent a functional MRI (fMRI)
brain scan.

Ethical approval. Ethical approval for the study was
obtained from the North of Scotland Research Ethics Commit-
tee. All participants provided written informed consent accord-
ing to the Declaration of Helsinki.

Data acquisition. Each participant underwent an
11-minute functional scan while completing the Paced Audi-
tory Serial Addition Test (PASAT), a validated measure of cog-
nitive function (auditory processing, calculation, working
memory, attention) that has been previously used in an fMRI
context (25). The PASAT was given in a block design with
three 3-minute “on” periods interspersed with four 30-second
rest periods. The functional images were acquired by an
Achieva 3T X-series MR system (Philips Medical Systems)
with an 8-channel phased-array head coil using a T2-weighted
gradient-echo single-shot echo-planar imaging pulse sequence
with the following parameters: repetition time (TR) 3,000
msec, echo time (TE) 30 msec, flip angle 90°, in-plane SENSE
acceleration 2, 128 x 128-pixel matrix size with 30 slices, field
of view (FOV) 240 mm, voxel dimensions 1.8 mm x 1.88 mm
x 5 mm, and 226 volumes. The first 4 volumes were discarded
to avoid equilibration effects. A  high-resolution
T1-weighted fast-field echo 3-dimensional structural scan was
collected for normalization (TR 8.2 msec, TE 3.8 msec,
inversion recovery time 1,018 msec, flip angle 8°, FOV 240
mm, 240 x 240-pixel matrix size with 160 slices, and voxel
dimensions 0.94 mm x 0.94 mm x 1 mm).

Preprocessing. All data were checked for motion > than
3.76 mm and 5° rotation and visually inspected for artifacts. No
participants were excluded for these reasons. Functional connectiv-
ity MRI data were preprocessed using SPMS8 (Wellcome Depart-
ment of Cognitive Neurology, London, UK) running on MatLab
R2014a (MathWorks), as previously described (25). Briefly, the
functional images were realigned, and the structural image was
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Table 1. Clinical characteristics of the patients*

RA disease activityt 3.62 + 1.30
CRP, mg/liter 7.78 + 8.54
Current fatigue} 459 +2.19
Depression§ 6.89 + 3.92
Sleep disturbance 15.67 + 5.46
Current overall painj 3.81 +£2.38

* Values are the mean + SD. RA = rheumatoid arthritis; CRP = C-reactive
protein.

+ Disease Activity Score in 28 joints.

1 On a numerical rating scale of 0-10.

§ Hospital Anxiety and Depression Scale.

9 Jenkins’ sleep problems scale.

coregistered to mean functional image and then segmented. The
structural and functional scans were normalized to the standard
statistical parametric mapping Montreal Neurological Institute
template gray prior probability map via the individuals’ segmented
gray matter image. Functional scans were smoothed with an 8-mm
full width at half maximum Gaussian kernel.

Independent component analysis (ICA). We performed
group ICA using a Group ICA of fMRI Toolbox to create
group-specific network masks (26). Component estimates were
validated using ICASSO software (27) over 20 iterations to
ensure the accuracy and reliability of results. Subject-specific
spatial maps and time courses were generated using a GICA3
back-reconstruction method. The networks of interest were the
DMN, dorsal attention, sensorimotor, and salience brain net-
works. These components were verified by spatial correlation
between the component maps and previously identified templates

Seed:
Default Mode Network
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(28). Spatial masks of the mean component map for each network
were created using a MarsBaR Toolbox (http://matthew.dynevor.
org/research/abstracts/marsbar/marsbar.pdf) for seed-based con-
nectivity analyses.

Network-to—whole brain connectivity analysis. The
preprocessed functional data were entered into a Functional
Connectivity Toolbox (CONN; Cognitive and Affective Neu-
roscience Laboratory, Massachusetts Institute of Technology,
Cambridge [www.nitrc.org/projects/conn]) version 15 in SPM8
(29). A nuisance regression using a CompCor method (30)
was performed with 6 subject-specific motion parameters, the
signal from white matter and cerebrospinal fluid, and their
first-order derivatives included as confounders. A band pass
filter (0.01-0.1 Hz) was applied to remove linear drifts and
high-frequency noise in the data. The mean component maps
generated from ICA were used as seeds. Beta maps for each
individual representing connectivity between the network of
interest and the rest of the brain were generated. The task
beta maps were then passed onto second-level group analyses
in SPMS8. Using a multiple regression model, we assessed the
association between network-whole brain connectivity and
FMness with age and sex originally included as covariates of
no interest, followed by additional corrections for the putative
confounders of CRP level and amitriptyline use. The resulting
maps were thresholded at an uncorrected voxelwise P <
0.001, and significance was set at P < 0.05 family-wise error
(FWE) cluster corrected for multiple comparisons. The aver-
age Fisher-transformed r values of significant clusters were
extracted from the first-level beta maps for each subject using
MarsBaR. These values were brought into Stata version 12.1

Left Mid Insula
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Figure 1. Increased brain connectivity between the default mode network (DMN) and left mid/posterior insula in rheumatoid arthritis patients is
associated with fibromyalgianess (FMness). Scatterplots show positive correlations for interindividual differences in brain connectivity (Fisher-
transformed r values) with the total FMness score. FWE = family-wise error.
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(StataCorp) to enable sensitivity analyses and test post hoc
correlations analyses with disease and symptom measures.

RESULTS

Clinical characteristics. A total of 54 patients com-
pleted the study. Their mean + SD age was 54.9 + 11.41
years, 41 were women, and their mean + SD disease dura-
tion was 11.49 + 8.64 years. Their mean + SD FMness
score was 13.20 £ 6.21 (range 1-29), and 5 were receiving
pharmacologic treatment for FM (all low-dose amitripty-
line). Other characteristics of the patients are displayed in
Table 1. Correlations of FMness scores with these charac-
teristics are shown in Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40451/abstract.

DMN-insula functional connectivity is associated
with FMness in RA. There was a significant positive corre-
lation between DMN connectivity to the left mid/posterior
insula and the FMness score (r = 0.572, FWE-corrected
P=0.001) in RA patients. The association remained signif-
icant after controlling for age and sex (r = 0.577, FWE-cor-
rected P = 0.001) (Figure 1). Furthermore, analyses
correcting for the putative confounding factors of inflam-
mation (CRP level) and amitriptyline use did not alter this
observation (r = 0.568, FWE-corrected P = 0.001 and r =
0.556, FWE-corrected P = 0.009, respectively). No signifi-
cant correlations with any of the other networks of interest
were identified. Furthermore, a sensitivity analysis of only
those patients (n = 27) who did not fulfill the ACR prelim-
inary criteria for FM (31) (total score <13) again yielded a

Table 2. Disease and symptom correlations with default mode
network—insula connectivity*

Phenotypic feature Correlationf P
FM widespread pain index 0.50 0.0001
FM symptom severity scale 0.41 0.002
Disease duration 0.03 0.83
RA disease activity} 0.41 0.002
Swollen joint count 0.25 0.07
Tender joint count 0.32 0.02
CRP 0.18 0.19
Current overall pain§ 0.09 0.52
Current fatigue§ 0.26 0.06
Chronic fatigue 0.40 0.002
Depression# 0.10 0.46
Sleep disturbance™* 0.31 0.02

* FM = fibromyalgia; RA = rheumatoid arthritis.

1 All are Pearson’s correlation coefficient (1) except for C-reactive pro-
tein (CRP), for which Spearman’s rho was used due to distribution.

1 Disease Activity Score in 28 joints.

§ On a numerical rating scale of 0-10.

9 Chalder Fatigue Binary Scale.

# Hospital Anxiety and Depression Scale.

** Jenkins’ sleep problems scale.
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highly significant correlation of DMN-insula connectivity
with the FMness score (r = 0.51, P = 0.006).

We then examined correlations with phenotypic
features (Table 2). First, the individual components of
the FMness score were examined, the widespread pain
index and the symptom severity scale, in order to deter-
mine whether the DMN-insula connectivity relation-
ship was directed by one or both components. Both the
widespread pain index (r = 0.50, P = 0.0001) and the
symptom severity scale (r = 0.41, P = 0.002) were signif-
icantly associated, indicating important contributions
from both. This was further corroborated by significant
associations with chronic fatigue (P = 0.002) and sleep
disturbance (P = 0.02), although interestingly, there
was no association between DMN-insula connectivity
and pain reported at the time of the scan (P = 0.52).
We next explored correlations between the identified
functional connection and RA disease features. Overall
disease activity (the DAS28) was significantly correlated
(P =0.002), although CRP level was not (P = 0.19).

DISCUSSION

To our knowledge, this study is the first to provide
objective neuroimaging evidence that RA is a mixed pain
state displaying characteristics of central sensitization. RA
patients who reported high levels of FMness demon-
strated significantly higher functional connectivity be-
tween the DMN and insula—a recognized neurobiologic
feature of “primary” FM. Furthermore, the ACR FM sur-
vey appears to be a strong surrogate for this neurobiologic
marker of central sensitization and could be a useful
future tool to support clinicians’ evaluation of pain and
inform subsequent management.

Our group and others have previously identified
significant alterations in DMN-insula connectivity in FM.
The insula is a highly connected region of the brain with
multiple functional features that routinely involve the
integration and conversion of physiologic inputs into
higher-level outputs (32). Numerous studies have impli-
cated the insula’s involvement in different disorders and
dimensions of pain, including FM (33). Its purported role
as a key relay station in pain processing has been sup-
ported by direct electric stimulation studies of the region,
which have effected painful sensations in some patients
(34). The DMN comprises synchronously functioning
regions—including the posterior cingulate cortex, medial
prefrontal cortex, and lateral parietal lobes—that are
commonly associated with activities of introspection and
are also found to be disrupted in chronic pain (35). It is
not known whether this network is a modulator of pain
(potentially via descending inhibitory pathways [36]) and/
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or related somatic features or whether it is exclusively a
consequence of chronic pain exposure (35). Given these
possible complementary roles in pain processing, it is
plausible to speculate that the DMN and the insula may
be functionally connected in FM (14-17).

In the current study, we expanded on these findings
by identifying a significant alteration of the very same func-
tional connection in relation to phenotypic features of FM
coexisting in another chronic pain disorder (with a distinct
primary pathophysiology relating to inflammation). The
presence of this connection despite the apparent absence
of an association with significant concurrent peripheral
inflammation or overall levels of pain further supports the
apparent specificity of the DMN-insula connection as a
marker of a distinct pain subtype. It is, however, interesting
to consider the significant correlation with the DAS2S,
which appears to be principally driven by tender joint
counts and not swollen joint counts. This is consistent with
studies that have demonstrated worse DAS28 scores in
patients with both RA and FM, which in turn leads to
more frequent use of biologic therapies (37,38). That said,
we cannot discount the possibility that inflammation may
have some role in driving central sensitization.

Although no other study has applied neuroimaging
to characterize FM in a coexisting disorder, dysfunctional
DMN-insula functional connectivity has been observed in
irritable bowel syndrome (18), chronic back pain (19),
and migraine (39), all of which are pain conditions in
which central sensitization has been implicated (40). In-
terestingly, these conditions are also associated with
somatic symptoms (41,42), which is consistent with our
post hoc analysis indicating that the DMN-insula func-
tional connection relates not only to pain but also to
symptoms such as fatigue and cognitive dysfunction (as
measured by the Symptom Severity Index [7]). One nota-
ble discrepancy with previous non-RA studies is the
absence of a correlation with current pain severity (which
we have further confirmed with a voxelwise search of the
insula). We speculate that patients with RA have more
ongoing nociceptive input due to inflammation compared
to other studied clinical populations in which central sen-
sitization contributes more to current pain. A final point
is that this connection remains significant even among
those RA patients who do not fulfill ACR criteria for FM,
providing further evidence that FM is a continuous con-
struct rather than a discrete construct.

Our findings indicate that centralized pain pathways
coexist with more established peripheral inflammation—
driven pathways in RA. This is corroborated by quantitative
sensory testing studies that suggest the existence of dysfunc-
tional CNS pain pathways in RA by consistently showing
hyperalgesia and allodynia (43). Specifically, lower pain—
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pressure thresholds have been measured across both
diseased joints and nonjoint sites in RA patients with concomi-
tant FM than in RA patients without concomitant FM (44).

Our study builds on the few functional neuroimaging
studies that have been conducted in RA. Although previous
studies have been small and limited to provoking acute
experimental pain at the site of joints (rather than sites with-
out disease), they have provided evidence supporting a role
of mixed CNS mechanisms in RA-related pain. Using posi-
tron emission tomography, Jones and Derbyshire originally
reported differential cortical responses to acute pain
between 6 RA patients and a population of patients with
chronic pain who had depression and dysfunctional coping.
They subsequently speculated that the CNS mechanisms of
inflammatory pain were distinct from those of other types
of pain (45). More recently, Rech and colleagues conducted
evoked pain fMRI in 10 RA patients before and after anti—
tumor necrosis factor therapy, and they observed differ-
ences in brain activation between responders and nonre-
sponders (46). This again implies the possible existence of
different neural signatures for different types of pain, since
responders are more likely than nonresponders to have pain
originating from inflammation.

The present study is strengthened by its large
sample size (54 patients). To our knowledge, ours is the
largest neuroimaging investigation of any inflammatory
rheumatic disease, thus reducing the risk of the false-
positive results that are endemic in neuroscience. The
robustness of these results is further enhanced by our
conservative analytic methodology. Despite our using a
data-driven global scan approach, only the key DMN-
insula functional connection was identified. Furthermore,
these data were acquired using a scanner in a center that
has not previously contributed to the literature, which shows
the importance of this connection. Finally, replication of
this specific pattern of coactivation in the context of a task
(rather than with patients in a resting state, as with previous
studies) not only strengthens validity but also enhances
existing views that functional connectivity MRI largely
reflects intrinsic communication networks that are unre-
lated to conscious activities (47).

Certain limitations to this study should also be
considered. First, although the study population included
a demographically representative cohort of RA patients
with a mixture of disease activity states, there was a bias
toward selecting patients with significant levels of fa-
tigue. However, this sample enrichment enabled greater
power to detect the mechanistic associations inherent in
the research question. It also cannot be assumed that
these findings may generalize to other rheumatic condi-
tions, and the intriguing possibility that they may so gen-
eralize should be the subject of future experiments.
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Second, due to the cross-sectional design, no as-
sumption can be made regarding whether DMN-insula
functional connectivity has a causal role in FMness. How-
ever, these data do reinforce previous studies that pro-
pose this connection, at least as a biologic marker of the
FM construct, and so they are adequate to address our
primary research question.

Third, although this is the largest study of its kind,
the sample size cannot allow us to confidently exclude the
existence of other relevant network-to-region connections
(which most likely exist), and the study still lacks sufficient
power to fully and independently correct for the multiple
putative confounding variables that are implicated in FM.
That said, our results remained significant following indi-
vidual adjustments for age and sex. The latter is of partic-
ular interest because previous studies of functional
connectivity in “primary” FM have included female sub-
jects almost exclusively. Since numerous sex differences in
FM biology have been reported (48), the generalizability
observed here serves to further enhance the usefulness of
the DMN-insula marker.

We have shown that central sensitization is not
confined to individuals with “primary” FM and coexists in
patients with the biologically distinct disorder of RA. Such
evidence for shared mechanisms could inform future clini-
cal decision-making. It is challenging for physicians to dis-
tinguish different pain states in patients, particularly those
with a preexisting chronic pain disorder. This is especially
true since the centralized pain state of FMness is not only
common but also artificially inflates routinely used mea-
sures of peripherally based inflammatory pain states (e.g.,
the DAS28) (8) that are pivotal in guiding clinicians’
prescriptions of antiinflammatory treatment. As a conse-
quence, inappropriate prescribing of antiinflammatory
therapies for pain that is actually not inflammatory in ori-
gin is likely common and is probably a principal reason
why many RA patients continue to report pain following
antiinflammatory therapy despite apparent resolution of
inflammation (1). RA patients who report significant pain
and who have evidence of high levels of functional con-
nectivity between the insula and DMN are more likely to
benefit from centrally acting therapies which are effective
for FM, instead of or in addition to antiinflammatory
therapies. These currently include both pharmacologic
agents (e.g., neuroleptics) and nonpharmacologic agents
(e.g., cognitive-behavioral therapy) (49).

Unfortunately, limited access, expense, and spe-
cialized analysis requirements will likely prohibit imple-
mentation of functional connectivity MRI in routine
practice; however, this technology may not be essential
given the demonstrated relationship with the ACR FM
survey score. Instead, application of this measure as a
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point-of-care tool may enable clinicians to quantify the
contribution of central sensitization to their patients’
pain and subsequently inform management choices.
Future refinements and abbreviations of this tool will
hasten translation. Moreover, since coexisting FM is a
common issue among many diseases (musculoskeletal
and beyond) (50-54), such a tool may be generically
applicable, and therefore testing across the spectrum of
chronic pain disorders may finally move the pain field
into the era of personalized medicine.

ACKNOWLEDGMENTS

The authors wish to thank all of the patient volun-
teers. We also thank Mariella D’Allesandro for supporting
recruitment and data collection.

AUTHOR CONTRIBUTIONS

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

Study conception and design. Basu, Kaplan, Ichesco, Larkin, Harris,
Murray, Waiter, Clauw.

Acquisition of data. Basu, Murray, Waiter.

Analysis and interpretation of data. Basu, Kaplan, Ichesco, Larkin,
Harris, Murray, Waiter, Clauw.

ROLE OF THE STUDY SPONSOR

The study received support from Pfizer. Pfizer had no role in
the study design or in the collection, analysis, or interpretation of the
data, the writing of the manuscript, or the decision to submit the
manuscript for publication. Publication of this article was not contin-
gent upon approval by Pfizer.

REFERENCES

1. McWilliams DE Walsh DA. Factors predicting pain and early dis-
continuation of tumour necrosis factor-o-inhibitors in people with
rheumatoid arthritis: results from the British Society for Rheuma-
tology Biologics Register. BMC Musculoskelet Disord 2016;17:337.

2. Wolfe F Michaud K. Assessment of pain in rheumatoid arthritis:
minimal clinically significant difference, predictors, and the effect of
anti-tumor necrosis factor therapy. J Rheumatol 2007;34:1674-83.

3. Clauw DJ. Fibromyalgia: a clinical review. JAMA 2014;311:1547-
55.

4. Lee YC. Effect and treatment of chronic pain in inflammatory
arthritis. Curr Rheumatol Rep 2013;15:300.

5. Jones GT, Atzeni F, Beasley M, Fluss E, Sarzi-Puttini P, Macfarlane
GlJ. The prevalence of fibromyalgia in the general population: a
comparison of the American College of Rheumatology 1990, 2010,
and modified 2010 classification criteria. Arthritis Rheumatol 2015;
67:568-75.

6. Wolfe E Smythe HA, Yunus MB, Bennett RM, Bombardier C,
Goldenberg DL, et al. The American College of Rheumatology
1990 criteria for the classification of fibromyalgia: report of the
Multicenter Criteria Committee. Arthritis Rheum 1990;33:160-72.

7. Wolfe F, Clauw DJ, Fitzcharles MA, Goldenberg DL, Hauser W,
Katz RS, et al. Fibromyalgia criteria and severity scales for



1006

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

clinical and epidemiological studies: a modification of the ACR
preliminary diagnostic criteria for fibromyalgia. J Rheumatol
2011;

38:1113-22.

. Wolfe F, Michaud K, Busch RE, Katz RS, Rasker JJ, Shahouri

SH, et al. Polysymptomatic distress in patients with rheumatoid
arthritis: understanding disproportionate response and its spec-
trum. Arthritis Care Res (Hoboken) 2014;66:1465-71.

. Ichesco E, Schmidt-Wilcke T, Bhavsar R, Clauw DJ, Peltier SJ,

Kim J, et al. Altered resting state connectivity of the insular cor-
tex in individuals with fibromyalgia. J Pain 2014;15:815-26¢1.
Bushnell MC, Ceko M, Low LA. Cognitive and emotional control
of pain and its disruption in chronic pain. Nat Rev Neurosci
2013;14:502-11.

Flodin P, Martinsen S, Lofgren M, Bileviciute-Ljungar I, Kosek E,
Fransson P. Fibromyalgia is associated with decreased connectivity
between pain- and sensorimotor brain areas. Brain Connect
2014;4:587-94.

Gusnard DA, Akbudak E, Shulman GL, Raichle ME. Medial
prefrontal cortex and self-referential mental activity: relation to a
default mode of brain function. Proc Natl Acad Sci U S A 2001;
98:4259-64.

Craig AD. How do you feel? Interoception: the sense of the physi-
ological condition of the body. Nat Rev Neurosci 2002;3:655-66.
Napadow V, LaCount L, Park K, As-Sanie S, Clauw DJ, Harris
RE. Intrinsic brain connectivity in fibromyalgia is associated with
chronic pain intensity. Arthritis Rheum 2010;62:2545-55.

Harris RE, Napadow V, Huggins JP, Pauer L, Kim J, Hampson J,
et al. Pregabalin rectifies aberrant brain chemistry, connectivity,
and functional response in chronic pain patients. Anesthesiology
2013;119:1453-64.

Napadow V, Kim J, Clauw DJ, Harris RE. Decreased intrinsic
brain connectivity is associated with reduced clinical pain in
fibromyalgia. Arthritis Rheum 2012;64:2398-403.

Hsiao FJ, Wang SJ, Lin YY, Fuh JL, Ko YC, Wang PN, et al.
Altered insula-default mode network connectivity in fibromyalgia:
a resting-state magnetoencephalographic study. J Headache Pain
2017;18:89.

Letzen JE, Craggs JG, Perlstein WM, Price DD, Robinson ME.
Functional connectivity of the default mode network and its asso-
ciation with pain networks in irritable bowel patients assessed via
lidocaine treatment. J Pain 2013;14:1077-87.

Loggia ML, Kim J, Gollub RL, Vangel MG, Kirsch I, Kong J,
et al. Default mode network connectivity encodes clinical pain:
an arterial spin labeling study. Pain 2013;154:24-33.

Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham
CO 1II, et al. 2010 rheumatoid arthritis classification criteria: an
American College of Rheumatology/European League Against
Rheumatism collaborative initiative. Arthritis Rheum 2010;62:
2569-81.

Chalder T, Berelowitz G, Pawlikowska T, Watts L, Wessely S,
Wright D, et al. Development of a fatigue scale. J Psychosom
Res 1993;37:147-53.

Prevoo ML, van’t Hof MA, Kuper HH, van Leeuwen MA, van
de Putte LB, van Riel PL. Modified disease activity scores that
include twenty-eight—joint counts: development and validation in
a prospective longitudinal study of patients with rheumatoid
arthritis. Arthritis Rheum 1995;38:44-8.

Jenkins CD, Stanton BA, Niemcryk SJ, Rose RM. A scale for the
estimation of sleep problems in clinical research. J Clin Epi-
demiol 1988;41:313-21.

Zigmond AS, Snaith RP. The hospital anxiety and depression
scale. Acta Psychiatr Scand 1983;67:361-70.

Basu N, Murray AD, Jones GT, Reid DM, Macfarlane GJ, Waiter
GD. Neural correlates of fatigue in granulomatosis with polyangi-
itis: a functional magnetic resonance imaging study. Rheumatol-
ogy (Oxford) 2014;53:2080-7.

Calhoun VD, Adali T, Pekar JJ. A method for comparing group
fMRI data using independent component analysis: application to

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

BASU ET AL

visual, motor and visuomotor tasks. Magn Reson Imaging
2004;22:1181-91.

Himberg J, Hyvarinen A, Esposito F. Validating the independent
components of neuroimaging time series via clustering and visual-
ization. Neuroimage 2004;22:1214-22.

Beckmann CF, DeLuca M, Devlin JT, Smith SM. Investigations into
resting-state connectivity using independent component analysis.
Philos Trans R Soc Lond B Biol Sci 2005;360:1001-13.
Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional con-
nectivity toolbox for correlated and anticorrelated brain networks.
Brain Connect 2012;2:125-41.

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise
correction method (CompCor) for BOLD and perfusion based
fMRI. Neuroimage 2007;37:90-101.

Wolfe E Clauw DJ, FitzCharles MA, Goldenberg DL, Katz RS,
Mease P, et al. The American College of Rheumatology preliminary
diagnostic criteria for fibromyalgia and measurement of symptom
severity. Arthritis Care Res (Hoboken) 2010;62:600-10.

Borsook D, Veggeberg R, Erpelding N, Borra R, Linnman C,
Burstein R, et al. The insula: a “hub of activity” in migraine.
Neuroscientist 2016;22:632-52.

Coppieters I, Meeus M, Kregel J, Caeyenberghs K, De Pauw R,
Goubert D, et al. Relations between brain alterations and clinical
pain measures in chronic musculoskeletal pain: a systematic
review. J Pain 2016;17:949-62.

Mazzola L, Isnard J, Peyron R, Guenot M, Mauguiere F. Somato-
topic organization of pain responses to direct electrical stimula-
tion of the human insular cortex. Pain 2009;146:99-104.

Baliki MN, Geha PY, Apkarian AV, Chialvo DR. Beyond feeling:
chronic pain hurts the brain, disrupting the default-mode network
dynamics. J Neurosci 2008;28:1398-403.

Kucyi A, Salomons TV, Davis KD. Mind wandering away from
pain dynamically engages antinociceptive and default mode brain
networks. Proc Natl Acad Sci U S A 2013;110:18692-7.

Ranzolin A, Brenol JC, Bredemeier M, Guarienti J, Rizzatti M,
Feldman D, et al. Association of concomitant fibromyalgia with
worse disease activity score in 28 joints, health assessment ques-
tionnaire, and short form 36 scores in patients with rheumatoid
arthritis. Arthritis Rheum 2009;61:794-800.

Lage-Hansen PR, Chrysidis S, Lage-Hansen M, Hougaard A,
Ejstrup L, Amris K. Concomitant fibromyalgia in rheumatoid
arthritis is associated with the more frequent use of biological
therapy: a cross-sectional study. Scand J Rheumatol 2016;45:
45-8.

Coppola G, Di Renzo A, Tinelli E, Di Lorenzo C, Scapeccia M,
Parisi V, et al. Resting state connectivity between default mode
network and insula encodes acute migraine headache. Cephalal-
gia 2017:333102417715230.

Woolf CJ. Central sensitization: implications for the diagnosis
and treatment of pain. Pain 2011;152:S2-15.

Grassini S, Nordin S. Comorbidity in migraine with functional
somatic syndromes, psychiatric disorders and inflammatory
diseases: a matter of central sensitization? Behav Med 2017;43:
91-9.

Hartvigsen J, Natvig B, Ferreira M. Is it all about a pain in the
back? Best Pract Res Clin Rheumatol 2013;27:613-23.

Meeus M, Vervisch S, De Clerck LS, Moorkens G, Hans G, Nijs
J. Central sensitization in patients with rheumatoid arthritis: a
systematic literature review. Semin Arthritis Rheum 2012;41:
556-67.

Lee YC, Chibnik LB, Lu B, Wasan AD, Edwards RR, Fossel
AH, et al. The relationship between disease activity, sleep, psychi-
atric distress and pain sensitivity in theumatoid arthritis: a cross-
sectional study. Arthritis Res Ther 2009;11:R160.

Jones AK, Derbyshire SW. Reduced cortical responses to noxious
heat in patients with rheumatoid arthritis. Ann Rheum Dis
1997;56:601-7.

Rech J, Hess A, Finzel S, Kreitz S, Sergeeva M, Englbrecht M,
et al. Association of brain functional magnetic resonance activity



NEUROBIOLOGIC FEATURES OF FIBROMYALGIA IN RA

47.

48.

49.

50.

with response to tumor necrosis factor inhibition in rheumatoid
arthritis. Arthritis Rheum 2013;65:325-33.

Cole MW, Bassett DS, Power JD, Braver TS, Petersen SE. Intrin-
sic and task-evoked network architectures of the human brain.
Neuron 2014;83:238-51.

Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-Williams B,
Riley JL III. Sex, gender, and pain: a review of recent clinical
and experimental findings. J Pain 2009;10:447-85.

Macfarlane GJ, Kronisch C, Dean LE, Atzeni F, Hauser W, Fluf3
E, et al. EULAR revised recommendations for the management
of fibromyalgia. Ann Rheum Dis 2017;76:318-28.

Hajj-Ali RA, Wilke WS, Calabrese LH, Hoffman GS, Liu X, Bena J,
et al. Pilot study to assess the frequency of fibromyalgia, depression,
and sleep disorders in patients with granulomatosis with polyangiitis
(Wegener’s). Arthritis Care Res (Hoboken) 2011;63:827-33.

51.

52.

53.

54.

1007

Torrente-Segarra V, Salman-Monte TC, Rua-Figueroa I, Pérez-Vice-
nte S, Lopez-Longo FJ, Galindo-Izquierdo M, et al. Fibromyalgia
prevalence and related factors in a large registry of patients with sys-
temic lupus erythematosus. Clin Exp Rheumatol 2016;34:540-7.
Choi BY, Oh HJ, Lee YJ, Song YW. Prevalence and clinical
impact of fibromyalgia in patients with primary Sjogren’s syn-
drome. Clin Exp Rheumatol 2016;34:59-13.

Macfarlane GJ, Barnish MS, Pathan E, Martin KR, Haywood KL,
Siebert S, et al. Co-occurrence and characteristics of patients with
axial spondyloarthritis who meet criteria for fibromyalgia: results
from a UK national register. Arthritis Rheumatol 2017;69:2144-50.
Sinaii N, Cleary SD, Ballweg ML, Nieman LK, Stratton P.
High rates of autoimmune and endocrine disorders, fibromyalgia,
chronic fatigue syndrome and atopic diseases among women with
endometriosis: a survey analysis. Hum Reprod 2002;17:2715-24.



ARTHRITIS & RHEUMATOLOGY

Vol. 70, No. 7, July 2018, pp 1008-1013
DOI 10.1002/art.40485

© 2018, American College of Rheumatology

Dysbiotic Subgingival Microbial Communities in Periodontally
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Objective. Studies that demonstrate an associa-
tion between rheumatoid arthritis (RA) and dysbiotic
oral microbiomes are often confounded by the presence
of extensive periodontitis in these individuals. This study
was undertaken to investigate the role of RA in modulat-
ing the periodontal microbiome by comparing periodon-
tally healthy individuals with RA to those without RA.

Methods. Subgingival plaque was collected from
periodontally healthy individuals (22 with RA and 19
without RA), and the 16S gene was sequenced on an
Illumina MiSeq platform. Bacterial biodiversity and
co-occurrence patterns were examined using the QIIME
and PhyloToAST pipelines.

Results. The subgingival microbiomes differed sig-
nificantly between patients with RA and controls based
on both community membership and the abundance of
lineages, with 41.9% of the community differing in abun-
dance and 19% in membership. In contrast to the sparse
and predominantly congeneric co-occurrence networks
seen in controls, RA patients revealed a highly connected
grid containing a large intergeneric hub anchored by
known periodontal pathogens. Predictive metagenomic
analysis (PICRUSt) demonstrated that arachidonic acid
and ester lipid metabolism pathways might partly explain

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

Supported in part by the NIHR (Research for Patient Bene-
fit Programme grant PB-PG-0609-19100), GlaxoSmithKline (Oral &
Dental Research Trust award 2016), and the Philips Oral Healthcare
Young Investigator Research grant. Mr. Paropkari’s work was sup-
ported by the National Cancer Institute (grant U01-CA-188250). Dr.
Sharma’s work was supported by an NIHR Doctoral Research Fel-
lowship (grant DRF-2014-07-109). Dr. de Pablo’s work was supported
by the NIHR (fellowship grant NIHR PDF-2014-07-055). Drs. Raza
and Filer’s work was supported by the NIHR Birmingham Biomedical
Research Centre. The sequencing effort was supported by the NIH
(National Institute of Dental and Craniofacial Research grant RO1-
DE-022579 to Dr. Kumar).

Isabel Lopez-Oliva, BDS, PhD, Stefan Serban, BDS, PhD,
Zehra Yonel, BDS, Praveen Sharma, BDS, Iain Chapple, BDS, PhD,
Thomas Dietrich, BDS, PhD, Melissa M. Grant, PhD: The University

1008

the robustness of this clustering. As expected from a peri-
odontally healthy cohort, Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans were not signifi-
cantly different between groups; however, Cryptobacterium
curtum, another organism capable of producing large
amounts of citrulline, emerged as a robust discriminant
of the microbiome in individuals with RA.

Conclusion. Our data demonstrate that the oral
microbiome in RA is enriched for inflammophilic and
citrulline-producing organisms, which may play a role
in the production of autoantigenic citrullinated pep-
tides in RA.

Rheumatoid arthritis (RA) has been associated
with periodontal disease, a bacterially initiated chronic
inflammation that leads to the destruction of tooth-sup-
porting tissue (1). Although periodontal disease and RA
share similar inflammatory pathways as well as genetic
and environmental risk factors, these are insufficient to
explain this connection (1).

While the cause of RA remains unknown, it has
been hypothesized that oral microbiota (2,3), in particular
the periodontal pathogens Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans, may play a critical
role in its pathogenesis (4,5).
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THE PERIODONTAL MICROBIOME IN RA

Studies using next-generation sequencing methods
have demonstrated that the oral microbiome is altered in
RA (6,7). However, the majority of those studies included
individuals with moderate to severe periodontitis (7) or
individuals whose periodontal health status was not estab-
lished (6). Periodontitis by itself is a significant modifier
of the oral microbiome (8), making it difficult to dissect
the relative contributions of periodontitis and RA to
microbial dysbiosis.

Given the potential role oral bacteria may play in the
pathogenesis of RA, we set out to characterize the periodon-
tal microbiome in periodontally healthy individuals with and
those without RA, using next-generation sequencing.

PATIENTS AND METHODS

The study sample included patients with RA and non-
RA controls. All participants were periodontally healthy.
Subgingival plaque samples were collected and analyzed using
16S ribosomal DNA sequencing. Further details are given in the
Supplementary Methods, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40485/abstract. The sequences are deposited in the Sequence
Read Archive of NCBI (project number: PRINA391575).

RESULTS

We examined 22 patients with RA and 19 non-RA
controls. There was a statistically significant but clinically
inconsequential difference between groups in periodontal
measures, in particular probing pocket depth and clinical
attachment loss (gingival recession plus probing pocket
depth) (Table 1). Principal Coordinates Analysis of both
unweighted and weighted UniFrac distances demonstrated
significant clustering of the microbiomes based on RA sta-
tus (P = 0.001 by Adonis test) (Figure 1A), indicating that
these groups differed both with regard to the presence or
absence of lineages (community membership), and with
regard to the relative abundances of lineages within com-
munities (community structure) (Figure 1B).

Since patients with RA differed from controls in
both community membership and community structure,
we identified species-level operational taxonomic units
(OTUs) that contributed to this difference using an
increasingly granular top-down approach. Patients with
RA had greater abundances of both gram-positive and
gram-negative obligate anaerobes, while facultative anaer-
obes (especially gram-negative ones) were identified in
greater abundance in non-RA controls (P < 0.05 by
Wilcoxon signed rank test) (Figure 1C).

We then used DESeq?2 (9) to identify differentially
abundant OTUs with P values less than 0.05 after adjust-
ing for multiple testing, and Fisher’s exact test to examine
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Table 1. Clinical and demographic characteristics of the periodontally
healthy subjects with RA and those without RA*

RA Non-RA
(n =22) (n=19)

Age in years, mean (IQR)

60 (54.1-63.4)
Sex, % male 23

36 (32.9-41.6)t
2

Ethnicity, %
White 95 89
Asian 5 11
Smoking history, %
Never 62 90
Former 29 5
Current 9 5
Alcohol consumption, %
Never 11 14
1-4 times/month 73 45
1-4 times/week 16 41

Clinical periodontal
characteristics, mean

(IQR)
PPD, mm 23 (2.2-2.4) 1.6 (1.5-1.7)%
Number of sites with 1.2 (0-2) 0.9 (0-3)
PPD >4 mm
Number of sites with 6 (0-19) 4 (1-16)

bleeding on probing
Gingival recession, mm
Measures of RA severity,
mean (IQR)
ESR 8 (8.7-21.7) -
Patient’s global assessment 41 (31.7-58.5) -
of disease activity (VAS)
DAS28

0.28 (0.01-0.26)  0.13 (0.04-0.2)F

3.4 (2.7-3.9) -

* RA = rheumatoid arthritis; IQR = interquartile range; PPD = prob-
ing pocket depth; ESR = erythrocyte sedimentation rate; VAS =
visual analog scale; DAS28 = Disease Activity Score in 28 joints.

+ P < 0.05 by Mann-Whitney test.

the frequency of detection. We identified 558 OTUs from
3,963,291 classifiable sequences (mean 107,115 sequences
per sample, range 69,626-182,993). Rarefaction curves
demonstrated that all samples approached saturation or
had plateaued. Two hundred twenty-nine OTUs (41.9%
of the community) differed significantly in structure and
105 OTUs (19%) differed significantly in membership
between groups (Figure 1D and Supplementary Table 1,
available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract).
Certain species were significantly more abundant in
patients with RA, including those belonging to the genera
Actinomyces (odds ratios [ORs] varying from 4 to 9 for
each species within the genus), Cryptobacterium (OR 36),
Dialister (OR 4), Desulfovibrio (OR 26), Fretibacterium
(ORs 9-12), Leptotrichia (ORs 7-26), Prevotella (ORs
0.04-6), Selenomonas (ORs 0-7), Treponema (ORs 0-7),
and Veillonellaceae [G1] (ORs 0-6).

In contrast, several species belonging to the genera
Aggregatibacter, Gemella, Granulicatella, Haemophilus,
Neisseria, and Streptococci not only demonstrated lower
abundances but were also less frequently detected in RA.


http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract
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Figure 1. Differences in o- and B-diversity metrics between periodontally healthy subjects with rheumatoid arthritis (RA) (RA_NoPD) and peri-
odontally healthy subjects without RA (NoRA_NoPD). A, Principal Coordinates Analysis plots of unweighted and weighted UniFrac distances. B,
Kernel plots of o-diversity (abundance-based coverage estimator [ACE]). The peak indicates the median value for each group. The x-axis indicates
the data range. PC1 = principal coordinate 1. C, Distribution of species by Gram staining and oxygen requirement characteristics. D, Phylogenetic
tree representing normalized mean relative abundance (stacked bar chart), core species (circles represent species present in >80% of samples in a
group), and phylum-level taxonomic annotation (colored strips and text) for significantly different and differentially abundant species-level opera-
tional taxonomic units (tree leaves). Data for D are presented in Supplementary Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract.
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Figure 2. A and B, Co-occurrence networks in periodontally healthy subjects without rheumatoid arthritis (RA) (A) and periodontally healthy sub-
jects with RA (B). C, Metabolic pathways shared by the bacterial hub in the circled area in B. Each network graph contains nodes (circles) and
edges (connections representing Spearman’s rho). Nodes represent species-level operational taxonomic units in A and B and genes encoding for
metabolic functions in C. The size of the nodes indicates relative abundance. Edges represent significant and robust Spearman’s correlations (p >
0.75, P < 0.05). Green edges indicate positive correlations, and red edges indicate negative correlations. Data for C are presented in Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract. Color figure can be

viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40485/abstract.

These significantly abundant species accounted for a Since the subgingival microbiome is known to be
median of 28% (range 12-82%) of each individual’s significantly heterogeneous among individuals (10), we
microbiome in patients with RA, indicating that these dif- used the core microbiome (suite of species identified in

ferences are not attributable to the rare biosphere. >80% of subjects) to compare stable associations between
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groups. Three hundred twenty-six OTUs were identified
in the core microbiome of all study participants and 364
were identified in patients with RA. Structure was signifi-
cantly different in 27.7% of the community (101 OTUs),
and membership was significantly different in 10.9% (40
OTUs), with 38 species unique to the RA core micro-
biome (Figure 1D). Importantly, 157 of the 229 species
identified above belonged to the core microbiome.

Sparse, congeneric networks were observed in non-
RA controls (Figure 2). In contrast, the network topology of
individuals with RA revealed a highly connected grid with a
robust intergeneric hub. Of the 157 core species, 83 were
incorporated in this hub, further reinforcing our observation
that in patients with RA, the environment imposes a selec-
tion drive. Importantly, known pathogenic species belonging
to Tieponema, Selenomonas, Filifactor, Campylobacter, and
Fretibacterium were tightly interwoven into this hub, and 12
gram-negative species were identified as network anchors.
Interestingly, species traditionally associated with RA, for
example, P gingivalis and A actinomycetemcomitans, were
not part of the network cluster.

Since there is little literature-based information to
provide insights into the biologic basis for this tight clus-
tering, we combined predictive metagenomic analysis
(PICRUSt) (11) with network graph theory and core
microbiome analysis to explore if shared functionality
could explain co-occurrence (Figure 2). Bacterial arachi-
donic acid and ether lipid metabolism genes exhibited the
greatest betweenness centrality (reflecting the amount of
control that these nodes exert over the interactions of
other nodes in the network) (12), and the highest degree
centrality (an indication that they are the central focal
point of the structure).

DISCUSSION

Gram-negative anaerobes are known to play
important roles in initiating periodontitis, and emerging
evidence also implicates them in the pathogenesis of RA
(6-13). Our results show that gram-negative anaerobes
are significantly more abundant in patients with RA, even
those who are periodontally healthy, consistent with a dys-
biotic state. Such a status might indicate a preclinical
phase of periodontitis. As expected in a periodontally
healthy adult cohort, P gingivalis and A actinomycetem-
comitans were neither dominant members of the micro-
biome nor significantly different between groups. Taken
together with previous studies (13), our data imply that
gram-negative bacteria other than P gingivalis and A acti-
nomycetemcomitans may play a role in the initiation of
RA, while evidence from the literature suggests that these
two species may be critical to disease perpetuation.

LOPEZ-OLIVA ET AL

Recent investigations have demonstrated that while
substantial microbial heterogeneity exists among healthy
individuals, a robust core microbiome is identifiable in
individuals who smoke or are pregnant (14-16). The find-
ings of the present study parallel these previous observa-
tions and support the ecological plaque hypothesis (17),
suggesting that RA imposes a habitat filter on the subgin-
gival environment, preferentially promoting the growth of
certain organisms.

Traditional statistical methods assume bacterial
presence and abundance to be independent variables, but
in reality bacterial presence in a biofilm is driven by inter-
dependent nutritional and metabolic interactions. There-
fore, we combined network graph theory with DESeq and
core microbiome analysis to examine co-occurrence pat-
terns and identify important community members (net-
work anchors). No network anchors were identifiable in
controls (since betweenness centrality was homogeneous
between species), indicating that this is an ecological
niche in equilibrium. However, the tightly woven hub of
anaerobes suggest that a small group of anaerobic bacte-
ria play an important role in controlling the flow of
resources in the RA-influenced microbiome, implying that
even small changes in these anchors could affect commu-
nity assembly in people with RA. These species may be
potential targets for microbial disruption.

Arachidonic acid is essential for cell membrane
integrity. It is metabolized to prostaglandin E, and other
proinflammatory eicosanoids that are implicated in the
development of RA. The ability to metabolize arachidonic
acid into proinflammatory eicosanoids is an emergent
property of opportunistic pathogens (18). Arachidonic acid
is also known to inhibit the growth and epithelial adhesion
of beneficial species in the gut (19). Taken together, the
data indicate that the subgingival microbiome is both influ-
enced by, and influences, the inflammatory burden of RA.

One of the most intriguing findings was the identi-
fication of Cryptobacterium curtum as a predominant
member of the RA-influenced periodontal microbiome.
This gram-positive, asaccharolytic, anaerobic rod (which
was previously misclassified as Eubacterium saburreum)
degrades arginine through the arginine deiminase path-
way and produces substantial amounts of citrulline, orni-
thine, and ammonia (20). We have previously identified
this as a periodontal pathogen (21), and translocation
from oral sources has been implicated in the etiology of
distant infections such as pelvic abscesses, gynecologic
infections, and wounds (22). More importantly, C curtum
is enriched in the oral and gut microbiomes of early RA
cases (6,23). Consistent with previous studies, we ob-
served that this species was a member of the core micro-
biome in RA patients. Compared to non-RA controls,
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this species demonstrated a 100-fold greater abundance
in RA with 39-fold greater odds of detection. While this
unusually high association does not necessarily suggest an
etiopathogenic role for C curtum, this organism is cer-
tainly a candidate for further studies. In light of evidence
that antibodies against citrullinated protein and peptides
precede the clinical onset of RA by several years, have
high specificity for RA at over 95% (24,25), and that we
previously observed antibodies characteristic of RA,
including citrullinated and noncitrullinated peptides of
the RA autoantigens in individuals with periodontitis (3),
the ability of C curfum to degrade arginine via the argi-
nine deiminase pathway and to produce substantial
amounts of citrulline is of particular interest. The pres-
ence of C curtum in the plaque may therefore be a con-
tributing factor in the development of RA autoantigens
and warrants further investigation.

In summary, our data suggest that RA plays a
major role in shaping the oral microbiome. The micro-
biome in RA is enriched for proinflammatory organisms
and those capable of producing substantial amounts of
citrulline (proantigenic). An ability to metabolize arachi-
donic acid and ether lipids appears to be a shared func-
tion among the species observed in individuals with RA.
Our findings lend further credence to a link between the
oral microbiome and RA; however, longitudinal studies
are needed to understand directionality and causality, and
also to characterize potentially “driver species” that could
serve as biomarkers of RA.
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Attenuated Effectiveness of Tumor Necrosis Factor Inhibitors for Anti-Human
T Lymphotropic Virus Type 1 Antibody—Positive Rheumatoid Arthritis
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Objective. To evaluate the effectiveness of tumor
necrosis factor (TNF) inhibitors for the treatment of
human T lymphotropic virus type I (HTLV-I)—positive pa-
tients with rheumatoid arthritis (RA) in an area endemic
for HTLV-I infection.

Methods. We conducted an observational study of
585 RA patients in whom TNF inhibitors were newly
introduced as a first biologic disease-modifying antirheu-
matic drug in an area in southwestern Japan that is
endemic for HTLV-I infection.

Results. Fifty patients (8.5%) were anti—-HTLV-I
antibody—positive. The ages of the patients in this group
were significantly higher at entry compared with the ages
of patients who were anti-HTLV-I antibody-negative (n =
535). The median Disease Activity Score in 28 joints using
the erythrocyte sedimentation rate (DAS28-ESR) was
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5.21. Among the total group of patients, 82% were anti—
citrullinated protein antibody (ACPA)—positive. The per-
sistence rate of TNF inhibitors at 24 weeks was 89%. The
median DAS28-ESR was significantly decreased at 24
weeks in each group. The European League Against
Rheumatism (EULAR) response rate was significantly
better in the anti-HTLV-I antibody—negative patients (P =
0.0277). Multiple regression analysis demonstrated that
anti-HTLV-I antibody status was significantly associated
with the EULAR response rate and change in the DAS28-
ESR and was prominent especially in the ACPA-negative
subjects. No patients developed adult T cell leukemia/lym-
phoma (ATL) or HTLV-I-associated myelopathy (HAM)
during the 24-week treatment period.

Conclusion. The efficacy of TNF inhibitors may be
attenuated in anti-HTLV-I antibody—positive patients
with RA. ATL and HAM did not develop when TNF in-
hibitors were used for 24 weeks, but the long-term risk is
not known.

Tumor necrosis factor (TNF) has a major role in
many inflammatory diseases, including rheumatoid arthri-
tis (RA), ankylosing spondylitis (AS), and inflammatory
bowel disease (IBD). The development of TNF inhibitors
thus holds promise for new treatments targeting a specific
cytokine; such an approach is distinct from the use of con-
ventional nonspecific immunosuppressive agents. In fact,
TNF inhibitors have already become promising treat-
ments for RA (1), AS (2), and IBD (3).

Human T lymphotropic virus type I (HTLV-I) is
associated with a number of diseases such as adult Tcell leu-
kemia/lymphoma (ATL), HTLV-I-associated myelopathy/
tropical spastic paraparesis (HAM/TSP), and autoimmune
diseases such as the arthropathies, Sjogren’s syndrome, and
uveitis (4). The HTLV-I virus infects primarily CD4+ T lym-
phocytes but also synovial fibroblasts and salivary gland
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epithelial cells, and HTLV-I infection can modify the func-
tions of these cells (4-6). In this context, a previous study by
our group that was conducted in an area endemic for
HTLV-I infection showed that HTLV-I-positive patients
with RA are more resistant to TNF inhibitors compared
with HTLV-I-negative RA patients (7).

One case of ATL was reported to have occurred 27
months after the initiation of adalimumab for the treat-
ment of spondyloarthritis (8). Although TNF inhibitor
treatment had no effect on proliferation of an HTLV-1-
infected cell line in vitro (9), it has not been established
whether TNF inhibitors affect the HTLV-I infection status,
including the occurrence of ATL or HAM/TSP. In addi-
tion, the precise ability of TNF inhibitors to decrease dis-
ease activity under inflammatory conditions, such as in the
presence of high levels of TNF or interleukin-6 (IL-6), also
has not been determined in patients with HTLV-I infec-
tion. Since TNF inhibitors have become a first-line bio-
logic disease-modifying antirheumatic drug (DMARD)
treatment in clinical practice, it is crucial to determine
their efficacy and safety in HTLV-I-positive RA patients,
especially in areas endemic for HTLV-I infection.

In a previous study by our group (7), we com-
pared the response to TNF inhibitors in 10 HTLV-I-
positive RA patients with that in 20 HTLV-I-negative
patients with RA (matched for age and sex), in a single
area with a high prevalence of HTLV-I, Miyazaki Prefec-
ture. We observed that the treatment outcomes were
generally affected by several background elements, such
as disease activity at the start of treatment and positivity
for rheumatoid factor (RF) or anti—citrullinated protein
antibodies (ACPAs). However, we were unable to evalu-
ate the confounding factors due to the limited number of
cases. In the current study, therefore, we attempted to
resolve this problem by including all of the RA patients
for whom TNF inhibitors were newly introduced as a
first biologic DMARD during the study period and per-
formed multivariable analyses to examine and confirm
the genuine effects of HTLV-I on TNF inhibitor treatment
of RA patients in multiple hospitals in the Nagasaki and
Miyazaki Prefectures in Japan, which are known as areas
endemic for HTLV-I infection.

PATIENTS AND METHODS

Study design. This was a retrospective cohort study in
patients with RA with or without anti-HTLV-I antibodies who
were treated with TNF inhibitors in Nagasaki Prefecture and
Miyazaki Prefecture in Japan, which are known as areas endem-
ic for HTLV-I infection (10).

Patients. We reviewed the cases of all RA patients in
whom TNF inhibitors were newly introduced as a first biologic
DMARD between June 2001 and June 2013 at hospitals in
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Nagasaki Prefecture and Miyazaki Prefecture. RA patients who
were switched from a biologic DMARD to a TNF inhibitor were
excluded. All patients fulfilled the American College of Rheuma-
tology (ACR) 1987 revised criteria for the classification of RA (11)
and/or the ACR/European League Against Rheumatism (EULAR)
2010 classification criteria for RA (12). All of the patients included
in our previous study (7) were excluded. A final total of 585
patients with RA were included in the study.

This study was approved by the Institutional Review
Board of Nagasaki University Hospital (NU120087), the Re-
search Ethics Committee of the University of Miyazaki (no.
859), and the Research Ethics Committees of Isahaya General
Hospital (approved July 7, 2012), Sasebo Chuo Hospital (no.
2016-23), Nagasaki Medical Hospital of Rheumatology (ap-
proved February 20, 2013), and Zenjinkai Shimin-no-Mori
Hospital (approved August 20, 2012). Informed consent for the
use of their data was obtained from some of the patients, and an
opt-out strategy was chosen for the rest of the patients.

Data collection. Using the patients’ medical records,
we collected the demographic and clinical characteristics, labo-
ratory data, treatments at entry, and therapeutic outcomes at
24 weeks.

Evaluations of the efficacy and safety of the TNF inhibi-
tors. The clinical disease activity of RA in each patient was eval-
uated using the Disease Activity Score in 28 joints using the
erythrocyte sedimentation rate (DAS28-ESR) (13) at baseline (0
weeks) and at 24 weeks after the initiation of the TNF inhibitor
treatment. For evaluation of the patients’ responses to the treat-
ments, the EULAR response criteria (14) were used. These
criteria classify individual patients as having no response, a mod-
erate response, or a good response depending on the extent of
change in the DAS28-ESR and the achieved level of the DAS28-
ESR. The primary end point was the EULAR response at the
24-week time point. The secondary end point was the change in
the patients’ DAS28-ESR between entry and the 24-week time
point. For assessment of the safety of TNF inhibitor treatment,
we determined the occurrence of ATL or HAM/TSP at the 24-
week time point of treatment.

Time points of anti-HTLV-I antibody assay. HTLV-I
antibody was measured using one of the conventional methods,
i.e.,, either chemiluminescence immunoassay (Architect HTLV;
Abbott), enzyme-linked chemiluminescence assay (Lumipulse
Presto HTLV kit; Fujirebio), or a particle agglutination test (Sero-
dia-HTLV-I kit; Fujirebio). The time point of anti-HTLV-I anti-
body assay differed among patients, with some examined before,
some examined during, and some examined after the start of
TNF inhibitor treatment. However, the anti-HTLV-I1 antibody
status had been checked in all patients by January 2014.

Statistical analysis. We compared the baseline character-
istics of the anti-HTLV-I antibody—positive (n = 50) and anti—
HTLV-I antibody-negative (n = 535) RA patients. Categorical
variables were described as frequencies and quantitative variables
as the median and interquartile range. The association between
variables was assessed using Fisher’s exact test for categorical vari-
ables and Wilcoxon’s rank sum test for quantitative variables. The
paired #-test was used to detect differences in change in the
DAS28-ESR achieved by TNF inhibitors between the anti-
HTLV-I antibody—positive patients and the anti-HTLV-I
antibody-negative patients. We used the Cochran-Armitage
test to compare the trend of EULAR responses between anti—
HTLV-I antibody—positive patients and anti-HTLV-I antibody—
negative patients.
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We performed a multiple mixed-effects regression analysis
with a random hospital-specific intercept to determine factors that
contribute to the EULAR response. Here, we defined the
EULAR responses as none, moderate, and good. We included
variables that exhibited a significant difference between the anti—
HTLV-I antibody—positive and anti-HTLV-I antibody-negative
groups. We excluded the type of TNF inhibitor as a variable,
because all types of TNF inhibitors are equally suggested as the
first biologic DMARD:s in the EULAR recommendations (15). In
addition, we included clinically important variables in the model.
Finally, we used age at entry, sex, anti-HTLV-I antibody positivity,
ACPA status, concomitant use of methotrexate (MTX), concomi-
tant use of prednisolone, the DAS28-ESR at entry, and the
interaction term between anti-HTLV-I antibody positivity and
ACPA status as fixed effects.

We analyzed change in the DAS28-ESR values from
baseline to the 24-week time point, using a linear mixed-effects
regression model with an unstructured residual covariance
matrix for measurements within the hospital. Age at entry, sex,
anti-HTLV-I antibody positivity, ACPA status, concomitant use
of MTX, concomitant use of prednisolone, the DAS28-ESR at
entry, and the interaction term between anti-HTLV-I antibody
positivity and ACPA status were used as fixed effects. Subgroup
analyses were performed to examine the effects of TNF inhibi-
tors across ACPA status using the above multiple regressions
(excluding ACPA status and interaction term), which were the
complete case analyses. ACPA status was not available for 183
patients (31.3%).

SUZUKI ET AL

Because complete case analyses can lead to a loss of
power and biased results, we performed a multiple imputation
analysis. To investigate variables associated with missing ACPA sta-
tus, descriptive statistics and Fisher’s exact test for categorical vari-
ables and Wilcoxon’s rank sum test for quantitative variables were
performed both in the cohort with missing ACPA status and in the
cohort in which the ACPA status was not missing (see Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40461/abstract).

A logit model was used for imputation of ACPA status
for age at entry, sex, hospital, disease duration, anti-HTLV-I
antibody positivity, concomitant use of MTX, concomitant use
of prednisolone, type of TNF inhibitor, persistence at 24 weeks,
and EULAR response. Each of these variables in the logit
model was consecutively selected as the dependent variable in
the missing-data imputation of ACPA status and the variables
considered to be related to the absence of data on ACPA status
(P < 0.1). However, tender joint counts (28 joints assessed) at
entry, ESR at entry, physician’s global assessment at entry, Sim-
plified Disease Activity Index (SDAI) (16) at entry, and Clinical
Disease Activity Index (16) at entry were not included in the
logit model, because these factors were strongly related to
EULAR response and suspected of multicollinearity. We
repeated the imputation 1,000 times, followed by application of
Rubin’s rule to combine the estimated parameters and standard
errors.

All tests were 2-sided. P values less than 0.05 were
considered significant. All statistical analyses were performed

Table 1. Demographic, clinical, and laboratory characteristics, treatments, and disease activity in the total patient group,
anti-HTLV-I antibody—positive patients, and anti-HTLV-I antibody—negative patients at entry*

Age, median (IQR) years

Female, no. (%)

Disease duration, median (IQR) months
RF positive, no. (%) (no. of patients evaluated)
ACPA positive, no. (%) (no. of patients evaluated)

Anti-HTLV-I Anti-HTLV-I
Total antibody positive antibody negative
(n = 585) (n =50) (n =535)
59 (51-68) 64 (57-73) 59 (50-68)t
482 (82) 44 (88) 438 (82)
69 (21-155) 90 (22-175) 69 (21-148)

453 (79) (574)
331 (82) (402)

38 (81) (47)
30 (73) (41)

415 (79) (527)
301 (83) (361)

Concomitant MTX use, no. (%) 431 (74) 42 (84) 389 (73)
Concomitant MTX dosage, mg/week (IQR) 8.0 (6.0-8.0) 8.0 (6.0-8.0) 8.0 (6.0-8.0)
Concomitant pred. use, no. (%) 365 (62) 31 (62) 334 (62)
Concomitant pred. dosage, mg/day (IQR) 5.0 (3.0-7.5) 5.0 (3.0-7.5) 5.0 (3.0-7.5)
Tender joint count in 28 joints, median (IQR) 6 (3-12) 7 (3-12) 6 (3-12)
Swollen joint count in 28 joints, median (IQR) 4 (2-6) 4 (1-7) 4 (2-6)
ESR, median (IQR) mm/hour 45 (24-72) 36 (22-78) 46 (25-71)
CRP, median (IQR) mg/dl 1.00 (0.31-2.82) 0.99 (0.22-2.38) 1.00 (0.32-2.91)
Physician’s global assessment score, median (IQR) 40 (25-51) 42 (30-60) 40 (25-50)
(1-100-mm VAS)
Patient’s global assessment score, median (IQR) 50 (29-65) 50 (30-68) 50 (28-64)

(0-100-mm VAS)
DAS28-ESR, median (IQR)
SDALI score, median (IQR)
CDALI score, median (IQR)
Persistence rate at 24 weeks, %

521 (4.23-6.19)

21.3 (13.7-31.4)

20.0 (12.8-28.0)
89

5.23 (3.98-6.19)

20.2 (13.3-34.2)

18.0 (12.0-29.3)
82

521 (4.24-6.19)

21.5 (13.7-31.4)

20.0 (12.8-28.0)
90

* In the total group, 226 patients received infliximab (IFX), 251 etanercept (ETN), 88 adalimumab (ADA), 18 golimumab
(GOL), and 2 certolizumab pegol (CZP). In the anti-human T lymphotropic virus type I (anti-HTLV-I) antibody—positive
group, 17 patients received IFX, 20 ETN, 9 ADA, 2 GOL, and 2 CZP. In the anti-HTLV-I antibody-negative group, 209
patients received IFX, 231 ETN, 79 ADA, 16 GOL, and 0 CZP. IQR = interquartile range; RF = rheumatoid factor; ACPA =
anti—citrullinated protein antibody; MTX = methotrexate; pred. = prednisolone; CRP = C-reactive protein; VAS = visual analog
scale; DAS28-ESR = Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; SDAI = Simplified Disease

Activity Index; CDAI = Clinical Disease Activity Index.
+ P = 0.0024 versus anti-HTLV-I antibody—positive.
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using JMP Statistical Software version 11 and SAS version 9.4.
GraphPad Prism version 7.0 was used to create the figure.

RESULTS

Patient characteristics. Table 1 shows the demo-
graphic and clinical characteristics of the total group of
patients, anti-HTLV-1 antibody—positive patients, and
anti-HTLV-I antibody-negative patients. Fifty (8.5%) of
the 585 patients were anti-HTLV-1 antibody—positive.
Patients in the anti-HTLV-I antibody—positive group were
significantly older at entry compared with the 535 anti—
HTLV-I antibody-negative patients (64 years versus 59
years; P = 0.0024). Eighty-two percent of the patients were
female, and the median disease duration was 69 months.
Eighty-two percent of the total group of patients (n = 402
analyzed) were ACPA-positive.

The median DAS28-ESR was 5.21, which indicated
high disease activity. Infliximab, etanercept, adalimumab,
golimumab, and certolizumab pegol were used as TNF
inhibitors. There were no significant differences between
the anti-HTLV-I antibody—positive and anti-HTLV-I anti-
body-negative groups in terms of the percentage of female
patients, disease duration, RF positivity, ACPA positivity,
frequency of MTX treatment, and frequency of pred-
nisolone treatment at entry, or disease activity.
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Overall efficacy and safety of the TNF inhibitors.
The EULAR responses were significantly better in the
HTLV-I-negative patients compared with the HTLV-I-
positive patients (P = 0.0277) (Figure 1A). The mean
DAS28-ESR values were significantly decreased from
5.03 (anti-HTLV-I antibody—positive group) and 5.19
(anti-HTLV-I antibody-negative group) at entry to 3.62
and 3.39 at 24 weeks, respectively (Figure 1B). The
decrease in the DAS28-ESR was significantly greater in
the HTLV-I-negative patients compared with the HTLV-
I-positive patients (P = 0.0378) (Figure 1B). In the total
group, the persistence rate of TNF inhibitors at 24 weeks
was 89%, and the rate did not differ significantly between
the 2 patient groups (Table 1). None of the patients devel-
oped ATL or HAM/TSP during the 24 weeks of TNF
inhibitor treatment.

Factors associated with the achievement of good
and moderate responses. Among the factors age at entry,
sex, anti-HTLV-I antibody positivity, ACPA positivity,
concomitant MTX use at entry, concomitant prednisolone
use at entry, and DAS28-ESR at entry, those that were
significantly associated with good and moderate EULAR
responses by the multiple mixed-effects regression analysis
were anti-HTLV-I antibody positivity and the DAS28-ESR
at entry in the overall patient group (odds ratio 0.24 and
1.70, respectively [P = 0.0407 and P < 0.0001, respectively])
(Table 2).
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Figure 1. Efficacy and safety of tumor necrosis factor inhibitors. A, Among the anti-human T lymphotropic virus type I (anti-HTLV-I) antibody—posi-
tive patients, 32.0% had a good European League Against Rheumatism response, 34.0% had a moderate response, and 34.0% had no response.
Among the anti-HTLV-I antibody-negative patients, 38.3% had a good response, 42.4% had a moderate response, and 19.3% had no response. Thus,
the responses in the anti-HTLV-I antibody—negative patients were significantly better than those in the anti-HTLV-I antibody—positive patients (P =
0.0277). B, The Disease Activity Score in 28 joints using the erythrocyte sedimentation rate (DAS28-ESR) decreased significantly, from a mean + SD
of 5.03 £ 1.44 in anti-HTLV-I antibody—positive patients and 5.19 £ 1.33 in anti-HTLV-I antibody—negative patients at entry to 3.62 + 1.49 and 3.39 +
1.33, respectively, at 24 weeks. Anti-HTLV-I antibody—positive patients had a smaller change in the DAS28-ESR compared with anti-HTLV-I anti-
body-negative patients (P = 0.0378). C, Among the anti—citrullinated protein antibody (ACPA)-positive patients, there was no significant difference in
change in the DAS28-ESR between the anti-HTLV-I antibody—positive patients and the anti-HTLV-I antibody-negative patients (mean + SD 1.42 +
1.46 and 1.84 + 1.37, respectively [P = 0.5464]). D, Among the ACPA-negative patients, change in the DAS28-ESR was significantly greater in the anti—
HTLV-I antibody-negative patients compared with the anti-HTLV-I antibody—positive patients (mean & SD 1.81 + 1.13 and 0.75 + 1.51, respectively
[P =0.0088]). P values in C and D were calculated using linear mixed-effects regression analysis, including age at entry, sex, anti-HTLV-I antibody posi-
tivity, concomitant methotrexate use at entry, concomitant prednisolone use at entry, and DAS28-ESR at entry, as shown in Table 2.



SUZUKI ET AL

1018

-ouojostupard = paid ‘orexonoyiow = X A T 2dA) snaia ordonjoydwA] I, vewny-—nue = -ATLH
—nue ‘{Apoqnue urdjoid pajeurnuR-nue = VIOV (ID %S6) IUADNGFR00 Y} oIk ANud 1k (YSH-§ZSY) 18I UONRIUAWIPIS A00IYIATS ) Juisn sjurof gz ur 2100 AJIAIOY 9sBD
-s1q Jurod puo ay) 10§ sonjea {([1D 92G66] [BAIIUI 20UIPIIU0D 9,G6) (YO) Oner sppo ay} a1e asuodsar (Yy1NH) wsnewnayy jsuredy ongeo] ueadoinyg jurod puo oy} I0J Son[eA

- - - - L09°0 (S89S°T “pP€0°0—) 0L9L0 aagisod ygOV pue aamisod Apoquue [-ATLH-TIUY
TLE00 (66850 “9810°0) TH0OE0 1000°0> (0119°0 “961t°0) €SIS0 1000°0> (¥985°0 “vL¥H°0) 69150 Anud je YSg-87svdA
€282°0 (PTLTO “LLI60—) LTTEO— 14600 (S6£0°0 “6667°0—) TOETO—  6LF0°0 (8100°0— T18£°0—) S161°0— Anud je osn "paid jueywoouo)
6£LS0 (S¥08°0 “00Sy°0—) €LLT0 €€10°0 (P€TL°0 “9¥80°0) 0YOF0 0€L0°0 (9P1H°0 “S8T0°0—) 1861°0 Anuo je 9sn X LA JUBHWOIUOD)

- - - - 0£89°0 (80€2°0 “42SE0—) 8090°0— aansod vdOV
88000  (TELTO— ‘v9IST—) 8vP0O'T—  $9¥S0  (T6IE0 ‘8109°0—) €I¥I0—  TSI00 (29910~ Y9SST—) €198°0— aanisod Apoqnue [-ATLH-HUY
€6£0°0 (Tr9v'1 “6LE0°0) TISLO 9L10°0 (08€L°0 ‘01L0°0) SYOP0 L0000 (2819°0 “vTL1°0) €OTT0 (uawom ur d3uryd "sA USW UL dFUBYD) XIS
9€75°0 (0£10°0 “#S20°0—) 29000~  6¥IT0 (L£00°0 “99T0°0—) ¥900°0—  +L90°0 (S000°0 “¥€10°0—) $900°0— Anuo je oSy

ASH-87SVA ut d3uey)
Ananisod yvaOV pue Aanisod

- - - - 8¥L1°0 (S0°ST 19°0) €0°€ Apoqnue [-ATLH-TUR U99M}q WD} UONIRIdIU]
L9YT0 (LYTLL0) ¥1'1 1000°0> (161 9T1) SS°1 1000°0> oz cr'1D) oL'1 Anud 18 YSsg-87Sva
TI9L°0 (90°¢ “220) 280 L9€6°0 (€L1“55°0) 86°0 £655°0 (LET 95°0) 88°0 Anud je osn paxd jueiroouo)
6L16°0 (0¥°€ 92°0) ¥6°0 6LE0°0 (08¢ ¥0'1) 66'1 0681°0 (0€Z 68°0) Ot'1 Anua 3e asn XA JUBIIWOOUOD

- - - - 80650 (0L°1 ‘6€°0) T80 aagisod VIOV
1L20°0 (280 ‘v0°0) 61°0 6S9T°0 (6T°1 €T°0) SS°0 LOY00 (6°0 “90°0) ¥2°0 aapisod Apoqnue [-ATLH-DUY
0961°0 (sL0z “€5°0) Te'€ 7980°0 (87t 06°0) 10T $0L0°0 (17°€ 56°0) SL'T (uowom ur dsuodsar 'sa udw ur dsuodsar) xog
1099°0 (b0°1 “56°0) 66°0 ¥10S°0 (10°1 “L6°0) 66°0 6LTE0 (10°1 ‘86°0) 66°0 Anuo je oy

(poo3 pue ojeropowr 03 duou) asuodsar YV INT

d (1D %56) d (1D %56) d (1D %56) s[qerrea ‘quiod pug

JUDIOIJJI00 10 YO

JUDIOIIFR0I 10 YO

JUSIOIIJR0d 10 YO

ANE3IU VIOV

aansod V4OV

[BI0L

LASH-8ZSVA 9y} ul o3ueyd pue asuodsal Yy TN Y} Jo sisk[eur uorssai3ar o[dnnjN 7 dqeL



HTLV-1 AND TNF INHIBITORS IN RA

Evaluation of the effect of ACPA positivity. We
divided the patients into 2 groups: ACPA-positive (anti—
HTLV-I antibody—positive [n = 30] and anti-HTLV-I anti-
body-negative [n = 301]) and ACPA-negative (anti-HTLV-I
antibody—positive [n = 11] and anti-HTLV-I antibody-nega-
tive [n = 60]). There was a significant association between
anti-HTLV-I antibody positivity and moderate/good
EULAR responses in the ACPA-negative patients (odds
ratio 0.19, P = 0.0271) (Table 2) but not in the ACPA-posi-
tive patients. When the patients were divided into RF-posi-
tive and RF-negative groups, there was no significant
difference in the EULAR response rates between the 2
groups (data not shown).

Factors associated with change in the DAS28-ESR.
Among the factors age at entry, sex, anti-HTLV-I antibody
positivity, ACPA positivity, concomitant MTX use at entry,
concomitant prednisolone use at entry, and the DAS28-
ESR at entry, those that were significantly associated with
change in the DAS28-ESR, as determined by linear mixed-
effects regression analysis, were sex (change in men com-
pared with change in women), anti-HTLV-I antibody posi-
tivity, concomitant prednisolone use at entry, and the
DAS28-ESR at entry in the overall patient group (coeffi-
cients 0.4103, —-0.8613, —0.1915, and 0.5169, respectively [P
= 0.0007, P = 0.0152, P = 0.0479, and P < 0.0001, respec-
tively]) (Table 2).

The effects of differences in anti-HTLV-I antibody
status in ACPA-positive patients and ACPA-negative
patients were examined (Figures 1C and D), with exclusion
of confounding effects between anti-HTLV-I antibody
status and ACPA status. Within the ACPA-positive group,
there was no significant difference in change in the DAS28-
ESR between the HTLV-I-positive and HTLV-I-negative
patients (Figure 1C), but in the ACPA-negative group, the
HTLV-I-negative patients had a significantly greater change
in the DAS28-ESR compared with the HTLV-I-positive
patients (P = 0.0088) (Figure 1D) in the linear mixed
regression analysis including age at entry, sex, anti-HTLV-I
antibody positivity, concomitant MTX use at entry, con-
comitant prednisolone use at entry, and the DAS28-ESR
at entry (Table 2).

Evaluation of calendar time effects. To evaluate the
calendar time effect, we divided patients into 2 groups:
those treated in 2001-2010 and those treated in 2011-2013,
because publication of the 2010 RA classification criteria
(12) was an epoch-making event for clinicians and dramati-
cally changed the objective of TNF inhibitor treatment.
There were many differences between patients treated in
2001-2010 and those treated in 2011-2013 (see Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40461/
abstract). Multiple linear mixed-effects regression analysis
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showed the same trends in terms of the effects of anti—
HTLV-I antibody positivity on the EULAR response and
change in the DAS28-ESR in both the 2001-2010 and
2011-2013 treatment groups, but these associations did not
reach statistical significance, as they did in the overall
patient group (see Supplementary Table 3).

DISCUSSION

The current study, which was conducted in an
area endemic for HTLV-I infection, revealed indepen-
dent variables at entry that can be used to predict the
clinical efficacy of TNF inhibitors for treating RA
patients. As reported previously, we observed that the
DAS28 at entry and sex are associated with improvement
in the DAS28. Soderlin et al demonstrated that a high
DAS28 at entry indicates a better SDAI response to
treatment in patients treated with their first anti-TNF
drug (17), which is consistent with our findings in the
current study. Regarding sex, a previous investigation
indicated that female sex may be an independent predic-
tor of being treatment-resistant for remission both in
patients with early-stage RA and in those with estab-
lished RA (18). Although the baseline characteristics as
well as the treatment regimens in the current study were
different from those in the above-mentioned reports, our
current data are consistent with previous observations.
In consideration of the above-described results, the over-
all baseline characteristics and the clinical responses of
the study population in the current study may not be very
different from those observed in the previous studies.

The most intriguing point of the current study is
that we were able to compare the effects of TNF inhibitors
between HTLV-I-positive and HTLV-I-negative patients.
The difference in the effects of TNF inhibitors as related
to HTLV-1 is quite meaningful in light of the inflammation
that might be caused by HTLV-I and the pathogenesis of
arthritis. In particular, the attenuated effectiveness of TNF
inhibitors suggests that HTLV-I infection may cause
inflammation through cytokines, excluding TNE

Some studies have shown a relationship between
inflammation and HTLV-I infection. It was previously
reported that HTLV-I-infected T cells induced the produc-
tion of interferon-y (IFNy) (9,19) and IL-6 in addition to
TNF (9). Besides infecting T cells, HTLV-I infects synovial
fibroblasts (5) and CD68+ macrophages (20) and enhances
the production of cytokines. Theses cytokines include TNF
(5,20) and IL-1a (5). Clinically, patients with HAM/TSP
have been reported to show high circulating levels of TNF-
and IL-2-secreting HTLV-I-specific CD4+ T cells (21).
Based on these reports, it appears that the proinflam-
matory status of HTLV-I-infected patients, particularly
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characterized by the presence of IFNy, IL-6, IL-1a, and
IL-2, may attenuate the effectiveness of TNF inhibitors.

It is worth noting that another study by our group
showed a high seroprevalence (20.4%) of anti-HTLV-I
antibody in RA patients living in an area in Nagasaki Pre-
fecture that is endemic for HTLV-I infection (22). Thus, a
second possibility to consider is that HTLV-I infection
itself might be directly involved in the pathologic process
in RA. In that previous study (22), we observed no signifi-
cant differences in clinical and laboratory findings, includ-
ing RF status, between HTLV-I-positive and HTLV-I-
negative RA patients, but we demonstrated for the first
time, using subanalysis, that the resistance to TNF inhibi-
tors among HTLV-I-positive RA patients was present in
the ACPA-negative subgroup and not in the ACPA-posi-
tive subgroup.

It is generally accepted that the clinical response of
ACPA-negative RA patients to TNF inhibitors is better
than or equivalent to that of ACPA-positive RA patients
(23) in areas where HTLV-I infection is not endemic. Con-
sistent with the observations in our previous investigation
(22), in the current study we observed no significant differ-
ence in the presence or absence of RF between HTLV-I-
positive and HTLV-I-negative RA patients. A low
response to TNF inhibitor treatment in ACPA-negative
patients with HTLV-I antibodies is a new characteristic
finding, although it is important to note that only a small
number of ACPA-negative patients with anti-HTLV-I
antibodies were included; specifically, 11 of our 71
ACPA-negative patients were positive for anti-HTLV-I
antibodies.

Because there is some difference in genetic predis-
position between ACPA-negative RA patients and ACPA-
positive RA patients (24), the network of inflammatory
cytokines might be different between these 2 groups.
Because IL-6—-driven CD4+ T cell activation via STAT-3 is
reported to be a feature of ACPA-negative RA (25), fore-
going IL-6 production by HTLV-I-infected cells in
ACPA-negative RA patients may attenuate the effective-
ness of TNF inhibitors in ACPA-negative patients with
anti-HTLV-I antibody positivity.

The lifetime risks for the occurrence of ATL or
HAM/TSP in HTLV-I-infected patients are estimated to
be 2.5-5% or 0.3-2%, respectively (26). Although these
risks are not very high, ATL and HAM/TSP are life-
threatening diseases, and thus the development of ATL
or HAM/TSP in HTLV-I-positive patients is a critical
matter. There were no occurrences of ATL or HAM/TSP
during the 24 weeks of TNF inhibitor treatment in the
current study, which might serve as a short-term safety
profile for TNF inhibitors in areas endemic for HTLV-I
infections. A previous study analyzed the response to
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treatment with TNF inhibitors and change in HTLV-I
markers, such as proviral load and clonality of HTLV-I-
infected cells, in 2 patients with RA and revealed no sig-
nificant change in either of these patients (27).

Our study has some limitations. First, we could
not evaluate the long-term outcomes for efficacy and
safety. The efficacy of biologic DMARDs, including
TNF inhibitors, may be attenuated over time (28), and
the 24-week observational results of the current study
may not precisely reflect the real efficacy of TNF
inhibitors in HTLV-I-positive RA patients compared
with HTLV-I-negative RA patients. In addition, provi-
ral load is known to be a clinically useful marker in
ATL (29) and HAM/TSP (30). However, due to the
relatively low prevalence of ATL and HAM/TSP, long-
term follow-up with more patient-years along with
HTLV-I markers will also be needed to account for the
risk of these diseases.

The efficacy of TNF inhibitors was attenuated
when these agents were used to treat anti-HTLV-I anti-
body—positive patients, especially among the ACPA-nega-
tive patients. Although TNF inhibitors may not increase
the risks of ATL and HAM/TSP, the long-term efficacy
and safety of TNF inhibitors must be further examined.
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Female Reproductive and Hormonal Factors and Incidence of
Primary Total Knee Arthroplasty Due to Osteoarthritis

Sultana Monira Hussain
Anita E. Wluka

Objective. To examine the associations of female
reproductive and hormonal factors with incidence of total
knee arthroplasty (TKA) for osteoarthritis (OA), and to
determine whether the associations differ according to
overweight/obesity status.

Methods. This study included 22,289 women in the
Melbourne Collaborative Cohort Study. Data on age at
menarche, pregnancy, parity, years of menstruation, oral
contraceptive (OC) use, menopausal status, and hormone
replacement therapy (HRT) were collected in 1990-1994.
Incidence of TKA during 20012013 was determined by
linking cohort records to the Australian Orthopaedic
Association National Joint Replacement Registry. All
analyses were adjusted for age, body mass index (BMI) at
midlife, change in BMI (from early reproductive age to
midlife), country of birth, physical activity, smoking, and
education level.

Results. Over the course of 12.7 years, 1,208 TKAs
for OA were identified. Ever being pregnant was associ-
ated with increased risk of TKA (hazard ratio [HR] 1.32
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[95% confidence interval (95% CI) 1.06-1.63]). Parity
was positively associated with risk of TKA (P for trend =
0.003). OC users had increased risk of TKA compared
with non-users (for OC use of <5 years, HR 1.25 [95% CI
1.08-1.45]; for OC use of >5 years, HR 1.17 [95% CI
1.00-1.37]). A 1-year increase in menstruation was asso-
ciated with a 1% decrease in risk of TKA (HR 0.99 [95%
CI 0.97-0.99]). These associations remained significant
only in women of normal weight at early reproductive
age. Current HRT users had increased risk of TKA com-
pared with non-users (HR 1.37 [95% CI 1.14-1.64]); the
association was significant only in non-obese women at
midlife.

Conclusion. Reproductive and hormonal factors
were associated with risk of knee OA. These associations
remained significant in women of normal weight at early
reproductive age and in non-obese women at midlife. Fur-
ther work is needed to understand the complex effect of
these factors on knee OA.

Knee osteoarthritis (OA) is a prevalent disabling
disease with multifactorial etiology including age, obe-
sity, physical activity, malalignment, and genetics (1).
Women have a higher prevalence and incidence of
knee OA than men after age 50 years (2), suggesting a
role for hormonal factors in the pathogenesis of OA. A
number of studies have examined the association of
reproductive and hormonal factors with knee OA, but
the results are inconclusive. Increasing parity has been
reported as a risk factor for radiographic knee OA and
total knee arthroplasty (TKA) for OA (3,4), while other
studies have found no association of parity with radio-
graphic knee OA or TKA due to OA (5,6). A large
prospective cohort study found increased risk of TKA
associated with low age at menarche (6), but this find-
ing was contradicted by another large-scale cohort
study showing no association (4). No associations have
been reported of the use of oral contraceptives (OCs)
with knee cartilage volume (5), radiographic knee OA
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(7), or TKA (4,6). While hormone replacement therapy
(HRT) has been shown to be a protective factor for
knee cartilage (8) and to protect against radiographic
knee OA (9,10), other studies have found no associa-
tion of HRT with knee pain due to OA (11), with knee
cartilage (12), or with TKA (6,13). One study showed
increased risk of TKA in relation to HRT (4). These
discrepant findings may be attributable to differences
across studies in terms of evaluation criteria for OA
(symptomatic, radiographic, or TKA), classification of
exposures, study populations, and study designs.

A number of reproductive factors, such as menar-
che, parity, menopause, use of OCs, and HRT, are associ-
ated with obesity (14), a major risk factor for knee OA.
For example, women gain weight and central body fat at
the menopausal transition (15). Thus, it is important to
examine whether the associations of reproductive and
hormonal factors with knee OA are modified and/or con-
founded by obesity, as obesity may influence the hor-
monal status of an individual (16). This is of significant
clinical and public health importance, given that there is
no cure for knee OA and that we are faced with the global
trend of increasing prevalence of knee OA and obesity.

Established cohorts, such as the Melbourne Col-
laborative Cohort Study (MCCS), provide an unprece-
dented opportunity to examine new hypotheses of OA
pathogenesis involving sex steroid hormones, metabolic
syndrome, index finger—to-ring finger length ratio, body
weight trajectories, gene mutations, physical activity, eth-
nicity, and body adiposity. The MCCS was able to take
advantage of this opportunity because of its community-
based recruitment of participants (which was completely
independent of musculoskeletal disease), the long follow-
up period, and the richness of prospectively collected
data (17). Using the MCCS data, we aimed to determine
1) whether reproductive factors (age at menarche, preg-
nancy, parity, duration of menstruation in years) and OC
use increase the risk of TKA for OA, and whether the
associations differ according to overweight status during
early reproductive years (ages 18-21); and 2) whether
menopause and HRT use increase the risk of TKA for
OA, and whether the associations differ according to obe-
sity status during midlife.

SUBJECTS AND METHODS

Study participants. The MCCS is a prospective cohort
study of 41,514 participants (24,469 women) ages 27-75 years
(99.3% were ages 40-69 years) recruited via the electoral roll,
advertisements, and community announcements in local
media in 1990-1994 (18). Southern European migrants to
Australia were deliberately oversampled to extend the range
of lifestyle exposures and to increase genetic variation. The

purpose of the study was to investigate prospectively the role
of diet and other lifestyle factors in causing common chronic
diseases (17). The study protocol was approved by the Cancer
Council Victoria Human Research Ethics Committee. Of the
recruited participants, 4.8% were excluded because 1) they
died or left Australia prior to January 1, 2001; 2) at the
MCCS second follow-up visit, they had reported a primary
joint replacement prior to January 1, 2001; or 3) their first
recorded procedure was a revision joint replacement as
recorded in the Australian Orthopaedic Association National
Joint Replacement Registry (AOA NJRR). The current study
examined data for 22,289 women.

Assessment of sociodemographic, comorbidity, and
anthropometric data. At baseline, sociodemographic factors
including date of birth, country of birth, smoking, physical
activity during leisure time, education level, and physician-
diagnosed hypertension and diabetes mellitus were collected
by face-to-face interviews. Height and weight were measured
according to written protocols based on standard procedures.
Body mass index (BMI) was calculated. Since the mean + SD
age of participants at baseline was 54.6 + 8.6 years, weight
and BMI at study entry were termed as weight and BMI at
midlife. Participants were asked what their weight had been
between ages 18 and 21 years (early reproductive age). These
data were previously reported (19,20). Change in BMI from
early reproductive age to midlife was calculated.

Assessment of reproductive and hormonal factors. At
baseline, information was collected on age at menarche, ever
being pregnant, number of live births (parity), menopausal
status, age at menopause, and having had a hysterectomy or
ovariectomy. Each woman was asked if she had ever taken
HRT or OCs and, if so, for how long and whether they were
current or previous users. Years of menstruation was calcu-
lated for women who experienced a natural menopause by
deducting the age at menarche from the age at menopause.

Incidence of TKA for OA. The AOA NJRR collects
information on prostheses, patient demographics, and type of
and reason for arthroplasty. Data are collected from both public
and private hospitals and validated using a sequential multilevel
matching process against State and Territory Health Department
unit record data. Following the validation process and retrieval
of unreported records, the Registry collects an almost complete
set of data relating to arthroplasties (>99%) in Australia (21).
This study examined the first knee arthroplasty with a contempo-
raneous diagnosis of OA, as recorded in the AOA NJRR. If one
person had multiple arthroplasties, such as bilateral knee arthro-
plasties or both knee and hip arthroplasties, the first recorded
procedure was considered the event. Matching of MCCS partici-
pants using first name, surname, date of birth, and sex to the
AOA NJRR in order to identify those who had had an arthro-
plasty performed between January 1, 2001 and December 31,
2013 was done using the Freely Extensible Biomedical Record
Linkage system. The linkage study was approved by the Human
Research Ethics Committees of Cancer Council Victoria and
Monash University. Knee OA was defined as the first recorded
primary total joint arthroplasty that was a TKA for OA.

Statistical analysis. Cox proportional hazards regression
models were used to estimate the hazard ratios (HRs) with 95%
confidence intervals (95% Cls) for TKA associated with each
individual reproductive and hormonal factor, with age as the
time scale. BMI at midlife, change in BMI from early reproduc-
tive age to midlife, country of birth, physical activity, smoking,
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and education level were included in all models. Additional
adjustment was done for comorbidities (hypertension [yes/no],
diabetes mellitus [yes/no]). Follow-up for TKA (i.e., calculation
of person-time) began January 1, 2001 and ended at the date of
the first TKA for OA or at the date of censoring. Subjects were
censored at the date of the first TKA performed for indications
other than OA, the date of death, the date of leaving Australia,
or the end of follow-up (December 31, 2013), whichever came
first. Association of HRT use, duration of HRT use, age at meno-
pause, and years of menstruation with TKA were analyzed only
in women who experienced natural menopause at baseline and
did not undergo an ovariectomy. To examine whether the

Table 1.
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relationship of reproductive factors and OCs with the risk of
TKA for OA was modified by overweight status, stratified analy-
sis was performed based on overweight status at early reproduc-
tive age (1821 years). Similarly, stratified analysis was
performed based on obesity status at midlife to examine the
association of age at menopause, years of menstruation, and
HRT with risk of TKA. All these analyses were repeated in the
subgroup of women who attended follow-up during 2004-2007
(n = 15,828) with additional adjustment for change in BMI from
midlife (1990-1994) to 2004-2007 follow-up.

Tests based on Schoenfeld residuals and graphical
methods using Kaplan-Meier curves showed no evidence that

Baseline characteristics of the study participants®

Total knee replacement

No joint replacement

(n = 1,208) (n = 21,081) p

Age, mean + SD years 57.6 £ 7.3 544 + 8.6 <0.001
Body mass index at midlife, mean + SD kg/m? 29.7 £5.3 26.5 + 4.8 <0.001
Overweight/obese at early reproductive age 191 (15.8) 2,483 (11.8) <0.001
Obese at midlife 501 (41.5) 4,335 (20.6) <0.001
Country of birth <0.001

Australia/UK 979 (81.0) 16,179 (76.8)

Italy/Greece 229 (19.0) 4,902 (23.2)
Education <0.001

Primary and some secondary 821 (68.5) 13,029 (62.4)

Completed secondary and degree/diploma 378 (31.5) 7,866 (37.6)
Vigorous physical activity 0.03

None 968 (80.1) 16,942 (80.4)

1-2 times/week 153 (12.7) 2,513 (11.9)

>3 times/week 87 (7.2) 1,622 (7.7)
Smoking <0.001

Nonsmoker 886 (73.3) 14,549 (69.0)

Ex-smoker 261 (21.6) 4,594 (21.8)

Current smoker 61 (5.1) 1,935 (9.2)
Diabetes mellitus 31 (2.6) 638 (3.0) 0.002
Hypertension 380 (31.5) 4,506 (21.4) <0.001
Age at menarche, mean + SD years 13.0 + 1.7 13.1 £ 1.6 0.004
Ever pregnant 1,110 (91.9) 18,729 (88.9) <0.001
Parity <0.001

0 126 (10.5) 3,002 (14.2)

1 85 (7.1) 1,815 (8.6)

2 337 (27.9) 6,948 (33.0)

3 335 (27.8) 5,411 (25.7)

>4 323 (26.8) 3,892 (18.5)
Duration of oral contraceptive use 0.002

No use ever 526 (44.0) 8,516 (41.5)

<5 years 357 (30.4) 5,921 (28.8)

>5 years 291 (24.8) 6,092 (29.7)
Postmenopausal 848 (76.9) 11,484 (58.3) <0.001
Age at menopause, mean + SD yearst 493 £ 5.0 493 +£ 4.9 0.18
Years of menstruation, mean + SD¥ 363 £5.5 36.1 £5.1 0.04
HRTZ <0.001

Never 600 (71.2) 8,280 (72.3)

Past 85 (10.1) 1,293 (11.3)

Current 158 (18.7) 1,884 (16.4)
Duration of HRTZ 0.001

No use ever 600 (78.3) 8,280 (79.1)

<1 year 108 (14.1) 1,513 (14.5)

>] year 58 (7.6) 679 (6.5)
Ovariectomy 149 (44.2) 1,938 (44.2) 0.94

* Except where indicated otherwise, values are the number (%).

+ Only those having natural menopause (n = 12,332).

1 Only those having natural menopause and hormone replacement therapy (HRT) data not missing (n =

12,300 for HRT, n = 11,238 for duration of HRT).
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proportional hazards assumptions were violated. All statistical
analyses were performed using Stata 13.0 SE (StataCorp).

RESULTS

Over a mean + SD 12.7 £+ 2.9 years of follow-up,
we identified 1,208 women with incident TKA for OA.
Descriptive statistics of the participants’ characteristics
are shown in Table 1. Women who received a TKA were
older, had greater BMI at midlife and lower levels of edu-
cation, were more likely to be overweight/obese during
early reproductive life and obese at midlife, and were
more likely to have been born in Australia/New Zealand
than those who had had no joint replacement, while they
were less likely to smoke. Those who had had a TKA were
more likely to have been pregnant, to have higher parity,
and to be postmenopausal; more of them were currently
using HRT compared with those who had had no joint
replacement.

Table 2 shows reproductive and hormonal factors
according to overweight status during early reproductive
years, and menopausal status and HRT-related factors

according to obesity status at midlife. Women who were
overweight/obese at early reproductive age had an earlier
onset of menarche and shorter duration of OC use com-
pared with women of normal weight. Women who were
obese at midlife were more likely to be postmenopausal,
less likely to be current HRT users, and had shorter dura-
tion of HRT use compared with non-obese women.

The associations of reproductive and hormonal
factors with risk of TKA are presented in Table 3. After
adjustment, ever being pregnant was associated with
increased risk of TKA (HR 1.32 [95% CI 1.06-1.63]).
There was a positive linear association of parity with the
risk of TKA. Using nulliparous women as the reference,
the adjusted HRs were 1.10 (95% CI 0.83-1.47), 1.18
(95% CI 0.95-1.46), 1.25 (95% CI 1.01-1.55), and 1.35
(95% CI 1.09-1.68) for parity 1, 2, 3, and >4, respectively
(P for trend = 0.003). Women taking OCs had an
increased risk of TKA compared with non-users. Using
never users as the reference, the adjusted HRs were 1.25
(95% CI 1.08-1.45) for OC use of <5 years and 1.17 (95%
CI 1.00-1.37) for OC use of >5 years. Years of menstrua-
tion was negatively associated with risk of TKA (HR 0.99

Table 2. Reproductive and hormonal factors at ages 18-21 years and at midlife according to overweight or obesity status®

Normal weight or Overweight/obese
normal/overweight or obesel P
Women at early reproductive age (ages 18-21 years; n = 22,289)
Age at menarche, mean + SD years 13.1 £ 1.6 129 + 1.8 <0.001
Ever pregnant 17,494 (89.2) 2,345 (87.8) 0.03
Parity 0.47
0 2,722 (13.9) 406 (15.2)
1 1,672 (8.5) 228 (8.6)
2 6,427 (32.8) 858 (32.1)
3 5,067 (25.8) 679 (25.5)
>4 3,718 (19.0) 497 (18.6)
Duration of oral contraceptive use <0.001
No use ever 7,576 (39.7) 1,466 (56.1)
<5 years 5,653 (29.6) 625 (23.9)
>5 years 5,859 (30.7) 524 (20.0)
Years of menstruation, mean + SD§ 342+ 6.3 348 £ 6.1 0.05
Postmenopausal women (n = 12,332)
Age at menopause, mean + SD years§ 493 £ 49 492 £5.0 0.04
Years of menstruation, mean £+ SD§ 35.1+£5.7 354 +£5.6 0.07
HRTY <0.001
Never 6,406 (69.3) 2,474 (80.9)
Past 1,111 (12.0) 267 (8.7)
Current 1,725 (18.7) 317 (10.4)
Duration of HRTY <0.001
No use ever 6,406 (76.5) 2,474 (86.4)
<1 year 1,344 (16.1) 277 (9.7)
>1 year 624 (7.5) 113 (4.0)

* Except where indicated otherwise, values are the number (%).

+ Women who had been of normal weight at early reproductive age (n = 19,615) and postmenopausal women who were cur-

rently normal or overweight (n = 9,266).

1 Women who had been overweight/obese at early reproductive age (n = 2,674) and postmenopausal women who were cur-

rently obese (n = 3,066).
§ Only those having natural menopause (n = 12,332).

9 Only those having natural menopause and hormone replacement therapy (HRT) data not missing (n = 12,300 for HRT, n =

11,238 for duration of HRT).
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Table 3. Associations between reproductive and hormonal factors and risk of total knee arthroplasty for osteoarthritis*
Normal weight or Overweight/obese
Total population normal/overweightt or obesel
HR (95% CI) P HR (95% CI) P HR (95% CI) P
Women at early reproductive age (ages 18-21 years;
n = 22,289)
Age at menarche, years 1.00 (0.97-1.04) 0.91 1.02 (0.98-1.06) 0.34 0.91 (0.82-1.00) 0.06
Ever pregnant (yes vs. no) 1.32 (1.06-1.63) 0.01 1.40 (1.10-1.78) 0.01 0.93 (0.57-1.53) 0.78
Parity categories
1.00 1.00 1.00
1 1.10 (0.83-1.47) 0.50 1.04 (0.76-1.42) 0.80 1.43 (0.71-2.87) 0.32
2 1.18 (0.95-1.46) 0.14 1.18 (0.93-1.49) 0.17 1.12 (0.64-1.96) 0.69
3 1.25 (1.01-1.55) 0.04 1.24 (0.98-1.57) 0.07 1.26 (0.73-2.20) 0.41
>4 1.35 (1.09-1.68) 0.01 1.38 (1.09-1.74) 0.01 1.07 (0.61-1.90) 0.81
P for trend 0.003 0.002 0.91
Duration of oral contraceptive use, categories
No use ever 1.00 1.00 1.00
<5 years 1.25 (1.08-1.45) 0.002 1.37 (1.17-1.60) <0.001 0.72 (0.47-1.11) 0.13
>5 years 1.17 (1.00-1.37) 0.05 1.25 (1.05-1.48) 0.01 0.85 (0.54-1.33) 0.49
Years of menstruation (n = 12,332) 0.99 (0.97-0.99) 0.01 0.98 (0.97-1.00) 0.01 0.99 (0.96-1.02) 0.61
Women at midlife (postmenopausal; n = 12,332)
Age at menopause, years (n = 12,332) 0.99 (0.97-1.01) 0.42 1.00 (0.97-1.03) 0.99 0.98 (0.95-1.01) 0.18
Years of menstruation (n = 12,332) 0.99 (0.97-0.99) 0.01 0.98 (0.97-0.99) 0.03 0.99 (0.97-1.00) 0.10
HRT (n = 12,300)
Never 1.00 1.00 1.00
Past 0.99 (0.79-1.25) 0.94 0.86 (0.64-1.17) 0.34 1.20 (0.84-1.73) 0.31
Current 1.37 (1.14-1.64) 0.001 1.39 (1.12-1.74) 0.003 1.38 (0.99-1.92) 0.054
Duration of HRT (n = 11,238)
No use ever 1.00 1.00 1.00
<1 year 1.12 (0.91-1.39) 0.27 1.05 (0.80-1.36) 0.73 1.29 (0.91-1.84) 0.15
>1 year 1.30 (0.99-1.72) 0.06 1.36 (0.99-1.89) 0.06 1.21 (0.71-2.05) 0.49
P for trend 0.03 0.06 0.19

* Adjusted for body mass index at midlife, change in body mass index (early to midlife), country of birth, education level, vigorous physical activ-
ity, and smoking status. HR = hazard ratio; 95% CI = 95% confidence interval; HRT = hormone replacement therapy.
+ Women who had been of normal weight at early reproductive age (n = 19,615) and postmenopausal women who were currently normal or over-

weight (n = 9,266).

1 Women who had been overweight/obese at early reproductive age (n = 2,674) and postmenopausal women who were currently obese (n = 3,060).

[95% CI 0.97-0.99]). All of these associations remained
significant in women of normal weight at early reproduc-
tive age, but they were not significant in women who were
overweight/obese despite the lower rate of TKA in the
normal weight group compared with the overweight/obese
group (5.2% versus 7.1%). No association was observed
of age at menarche with TKA.

Current HRT users had an increased risk of TKA
compared with non-users (HR 1.37 [95% CI 1.14-1.64]).
There was a linear association of increasing duration of
HRT use with increased risk of TKA. Using never use of
HRT as the reference, the adjusted HRs were 1.12 (95%
CI 0.91-1.39) for HRT use of <1 year and HR 1.30 (95%
CI 0.99-1.72) for HRT use of >1 year (P for trend = 0.03).
All of the significant associations observed for the total
population remained significant in those who were non-
obese at midlife. There was a marginally significant associ-
ation of HRT use with increased risk of TKA in the obese
group (HR 1.38 [95% CI 0.99-1.92]). There was a trend
toward a positive linear association of duration of HRT

use with risk of TKA in non-obese women (P for trend =
0.06). The rate of TKA was lower in women who were
normal/overweight at midlife than in women who were
obese at midlife (4.0% versus 10.4%). No association was
observed of age at menopause with TKA. Additional
adjustment for comorbidities did not change the results
(data not shown). Furthermore, we performed subgroup
analysis with additional adjustment for change in BMI
from midlife (1990-1994) to 2004-2007 follow-up. The
results were of a direction and magnitude similar to those
of the total population as presented in Table 3 (see Sup-
plementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40483/abstract).

DISCUSSION

Ever being pregnant, increasing parity, taking
OCs, current HRT use, and longer duration of HRT
use were associated with increased risk of TKA for
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OA, while prolonged years of menstruation was associ-
ated with reduced risk. In subgroup analyses, all the
associations between reproductive factors and TKA
remained significant for women of normal weight but
not for overweight/obese women at early reproductive
age. Similarly, current HRT use was associated with
increased risk of TKA in non-obese women at midlife
but not in obese women at midlife. No association was
observed between age at menarche or age at meno-
pause and TKA.

Consistent with 2 previous studies (3,4), we found
that pregnancy and parity increased the risk of TKA. This
may have been due to weight gain during pregnancy and
postpartum weight retention (3,4), which are common
(22). We found that women of normal weight gained more
weight from early reproductive age to midlife compared
with overweight/obese women. However, the association
of pregnancy and parity with TKA was independent of
BMI at midlife and independent of change in BMI from
early reproductive age to midlife. In a subgroup analysis
based on overweight status at early reproductive age (obe-
sity is not common at this age), increased risk of TKA in
relation to pregnancy and parity was seen in women of
normal weight but not in overweight/obese women,
despite a higher incidence of TKA in overweight/obese
women. These findings suggest that the relationship of
pregnancy and parity with TKA for OA is complex and
may not simply be mediated through increased weight
gain associated with pregnancy and parity.

While neither age at menarche nor age at meno-
pause was associated with risk of TKA, increasing years of
menstruation was associated with decreased risk of TKA
for OA. This remained significant in women of normal
weight in early reproductive life, but not in those who had
been overweight/obese. There is no clear association
between age at menarche and age at menopause, with
studies showing direct association, inverse association, or
no association (23). Years of menstruation is a marker of
prolonged reproductive life and active ovarian function
(23). Hormonal depletion at the end of the active repro-
ductive period is linked to tissue damage and organ dys-
function (24) and to an increase in the risk of several
diseases (25-27). The results of our study suggest a pro-
tective effect of prolonged reproductive life on decreased
risk of TKA.

Use of OCs increased the risk of TKA for OA in
women of normal weight at early reproductive age, and
current HRT use increased the risk of TKA for OA in
women who were not obese in midlife. The relationship
between reproductive hormone supplementation and knee
OA is complex. Although greater exposure to estrogen
may promote OA changes by increasing cartilage damage

(28), it is unclear whether hormone supplementation
increases circulating sex hormone to levels sufficient to
affect joint structure significantly. Among healthy women,
HRT users have more knee cartilage volume than non-
users (8). The effect of exogenous hormones (OCs and
HRT) on joint health can be determined by many factors,
including age at starting OCs, time elapsed from onset of
menopause to starting HRT, and duration of HRT use.

We found that current HRT users started using
HRT at an older age than past users (mean + SD 53.9 +
7.0 years versus 50.3 + 7.5 years; P =0.01). As the average
age at onset of menopause in developed countries is
51 years (29), these data suggest that past HRT users
began HRT at menopausal transition, while current
users began HRT ~3 years after menopause. It may be
that, analogous to other diseases (30,31), starting HRT
later in menopause is associated with increased risk of
knee OA. Alternatively, the association between HRT use
and TKA may be due to nonbiologic factors, with women
taking HRT having more access to health services, includ-
ing TKA. However, we adjusted for confounders for
TKA, and Australians have universal coverage so they can
readily access TKA (32,33). Paradoxically, exposure to
OCs increased the risk of knee OA but prolonged years of
menstruation decreased the risk. Along with estrogen,
other sex hormones might play a role in protecting women
from knee OA development and progression. Prolonged
years of menstruation increases exposure not only to
estrogen but also to other endogenous sex hormones. The
use of OCs might change the circulatory levels of endoge-
nous hormones unfavorably, thus affecting joint health
adversely. Further work will be needed to clarify this and
the differences in OA outcomes based on the type of OC.

We observed significant associations of reproduc-
tive factors and taking OCs with the risk of TKA in
women of normal weight but not in women who were
overweight/obese at early reproductive ages, and of cur-
rent HRT use with TKA in normal/overweight women but
not in obese women at midlife. The underlying mecha-
nism might be explained by the association of reproduc-
tive factors with obesity (34), inflammation (35), and
endothelial dysfunction (35,36). Overweight/obese women
have already been exposed to increased mechanical load-
ing and have inflammation and endothelial dysfunction,
which are known risk factors for knee OA, due to exces-
sive fat mass. This may mask any additional association of
reproductive factors with TKA. If a person is obese, the
excessive joint loading may be more likely to drive OA
pathogenesis and progression. These findings suggest that
the influence of reproductive and hormonal factors on
the risk of TKA due to OA is complex and warrants fur-
ther investigation.
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Our results need to be considered within the
study’s limitations. We defined OA based on arthroplasty.
Arthroplasty for OA may be influenced by factors such as
access to health care, socioeconomic status, and patient
preference, in addition to disease severity. This study was
carried out in Australia where there is universal health
coverage, so access to arthroplasty is available to all. Nev-
ertheless, arthroplasty does reflect end-stage joint disease.
We performed analysis with age as the time scale and
adjusted for BMI at midlife, change in BMI (early to mid-
life), country of birth, education level, physical activity,
smoking, and comorbidity. TKA was ascertained from the
AOA NJRR. We did not have accurate arthroplasty data
prior to 2001. This may have resulted in nondifferential
misclassification of TKA.

Participants were asked at midlife (ages 40-69
years) to recall their weight at ages 18-21 years, which
may have introduced bias by under-reporting of weight,
especially by overweight and obese women (37). However,
we observed higher incidence of TKA in overweight/obese
women at early reproductive age. In this study we exam-
ined weight at midlife (1990-1994, baseline) and TKA
between 2001 and 2013. In the subgroup of women (n =
15,828) with weight measured at the 2004-2007 follow-
up, there was strong correlation between weight measured
at 1990-1994 and weight measured at 2004-2007 (r =
0.90), supporting the notion that weight trajectories tend
to remain stable in healthy adult women (38). We
repeated all the analyses in this subgroup adjusting for
change in BMI from midlife (1990-1994) to 2004-2007
follow-up, and we found that the direction and magnitude
of the results were similar to those of the total population.
However, we could not adjust for weight history of entire
life since weight was not measured repeatedly throughout
life including at the time of pregnancy.

The self-reported reproductive and hormonal data
were collected at baseline when the women included were
middle-aged. Any misclassification would most likely have
been nondifferential, resulting in underestimation of the
associations. Reproductive history and OC use would not
have changed, but HRT use and its duration might have
changed during the follow-up. As duration of HRT use
was associated with increased risk of TKA, not updating
the duration of HRT may have resulted in an underesti-
mation of the association. Although we do not have data
on types of OCs, the combined OCs were most commonly
used at that time (39). It remains possible that residual
confounding contributed to the association of hormonal
factors with risk of TKA.

Ever being pregnant, increasing parity, OC use,
current HRT use, and increasing duration of HRT use are
risk factors for TKA due to OA, while prolonged years of
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menstruation decreases the risk. These findings add to
the ongoing literature regarding the complex relationship
of reproductive and hormonal factors with risk of knee
OA. Given the huge burden of knee OA and associated
TKA in women worldwide, further studies are needed to
understand the complex association of reproductive fac-
tors with risk of knee OA, along with the role of obesity in
this relationship.
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Impaired Proteasomal Function in Human Osteoarthritic
Chondrocytes Can Contribute to Decreased Levels of
SOX9 and Aggrecan

Ramon L. Serrano,’ Liang-Yu Chen,! Martin K. Lotz,> Ru Liu-Bryan,1 and Robert Terkeltaub!

Objective. Osteoarthritis (OA) chondrocytes exhib-
it impairment of autophagy, one arm of the proteostasis
network that coordinates proteome and organelle quality
control and degradation. Deficient proteostasis impacts
differentiation and viability, and inflammatory processes
in aging and disease. The present study was undertaken
to assess ubiquitin proteasome system proteasomal func-
tion in OA chondrocytes.

Methods. We evaluated human knee cartilage by
immunohistochemistry, and assessed proteasomal func-
tion, levels of proteasomal core subunits and chaperones,
and autophagy in cultured chondrocytes. Assays included
Western blotting, quantitative reverse transcription—poly-
merase chain reaction, proteasomal protease activity
assessment, and cell immunofluorescence analysis.

Results. Human knee OA cartilage exhibited poly-
ubiquitin accumulation, with increased ubiquitin K48-linked
polyubiquitinated proteins in situ, suggesting proteasomal
impairment. Cultured OA chondrocytes demonstrated
accumulation of K48 polyubiquitinated proteins, signifi-
cantly reduced 20S proteasome core protease activity, and
decreased levels of phosphorylated FOXO4 and protea-
some 26S subunit, non-ATPase 11 (PSMD11), a FOXO04-
inducible promoter of proteasomal activation. Levels of
proteasome subunit f§ type 3 (PSMB3), PSMB5, PSMB6,
and proteasome assembly chaperone 1 were not decreased
in OA chondrocytes. In normal chondrocytes, PSMD11
small interfering RNA knockdown stimulated certain
autophagy machinery elements, increased extracellular
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nitric oxide (NO) levels, and reduced chondrocytic master
transcription factor SOX9 protein and messenger RNA
(mRNA) and aggrecan (AGCI) mRNA. PSMDI11 gain-of-
function by transfection increased proteasomal function,
increased levels of SOX9-induced AGCI mRNA, stimulated
elements of the autophagic machinery, and inhibited extra-
cellular levels of interleukin-1-induced NO and matrix
metalloproteinase 13 in OA chondrocytes.

Conclusion. Deficient PSMD11, associated with
reduced phosphorylated FOXO4, promotes impaired pro-
teasomal function in OA chondrocytes, dysregulation of
chondrocytic homeostasis, and decreased levels of SOX9
mRNA, SOX9 protein, and AGCI mRNA. Chondrocyte pro-
teasomal impairment may be a therapeutic target for OA.

Osteoarthritis (OA) is a highly prevalent disease of
the whole joint, in which aging, biomechanical injury,
inflammation, metabolism, and other processes converge
to promote altered articular chondrocyte differentiation
and function, and ultimate cartilage failure (1). Multiple
hallmarks of tissue aging (2) are detected in OA articular
chondrocytes (1). These include deficient activities of cell
homeostasis signaling by FOXO transcription factor and
AMP-activated protein kinase (AMPK) (3,4), mitochondrial
dysfunction (5,6), and dysregulated proteostasis (5,7-11).

The proteostasis network, which includes the
unfolded protein response (UPR), autophagy, and the
ubiquitin—proteasome system (UPS), coordinates pro-
teome synthesis and folding, and uses chaperones to direct
proteins to loci for degradation (12-14). UPR activation
alleviates stress from accumulation of damaged proteins
in the endoplasmic reticulum lumen, but in some condi-
tions, including experimental OA, dysregulated UPR
activity can contribute to inflammation, tissue damage,
and degeneration (14-16). Conversely, distinct UPR genes
and responses appear decreased in OA chondrocytes (17).

The autophagic process primarily degrades proteins
and organelles under hypoxic and low nutrition/energy
states, thereby exerting quality control and generating cell
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energy via recycling (5,7-11). Autophagy is constitutively
active in normal articular chondrocytes, promoted by fac-
tors including FOXO, AMPK, and regulated in develop-
ment and DNA damage response 1 (REDD-1) (18-20).
Autophagy, AMPK activity, FOXO, and REDD-1 are
decreased in aged and OA cartilage (3,4,19,20). Pharmaco-
logic and transgenic inhibition of autophagy potentiates
OA in mice (7,8), contrasting with the chondroprotective
effects of autophagy up-regulation (7,10,11).

The UPS accounts for ~80-90% of cell protein break-
down in proteostasis, via preferential degradation, within
proteasomes, of damaged polyubiquitinated proteins and
many short-lived, regulatory cytosolic proteins (e.g., IkB,
cyclins) (12,21). In the UPS, isopeptide bonds between
ubiquitin and protein substrates are formed by ubiquitin-
activating, ubiquitin-conjugating, and ubiquitin-protein ligases
(E1, E2, and E3, respectively) (21). Other ubiquitin molecules
are sequentially conjugated to 1 of 7 lysine residues of
attached ubiquitin, most commonly at ubiquitin K48, which
targets proteins for proteasomal degradation (21). Alterna-
tively, mono- or polyubiquitination (e.g., via K63) affects pro-
tein function and trafficking and reduces pressure on the
proteasome by stimulating substrate aggregation and removal
by chaperone-mediated autophagy (21-25).

The 26S proteasome, composed of 33 distinct sub-
units, is a cytosolic, energy-requiring ATP-driven “latent pro-
teolytic machine” regulated largely via substrate access,
subunit expression, assembly, turnover, and function (12,21).
Polyubiquitinated proteins bind a multi-unit 19S “regulatory
cap.” Substrates are partially unfolded, facilitated by deubig-
uitinating enzymes, to enter the barrel-shaped 20S pro-
teolytic core (12,21). The 20S particle has 4 heptameric
rings; the 2 outer ring o-subunits regulate substrate access to
the proteolytic core, and 2 inner ring B-subunits exert chy-
motrypsin-, trypsin-, and caspase-like activities (21). The 19S
cap ATPases stimulate proteolytic activity by opening the
20S “gate” for substrate access (21). Additional regulation is
exerted by proteasome-dedicated chaperones and subunits,
including proteasome assembly chaperone 1 (PSMG1) (26)
and proteasome 26S subunit, non-ATPase 11 (PSMD11)
(27-30). The UPS also networks extensively with autophagy
(12,13), FOXOs, and AMPK (31,32).

Differing proteostasis demands, aging patterns,
and stressors are linked with variances in UPS composi-
tion and activity between tissues, and with age (33).
Robust UPS capacity in youth maintains proteome integ-
rity and inhibits senescence (34). Aging facilitates UPS
failure via accumulated misfolded proteins, and in some
tissues, UPS collapse under stress predates aging (21).
UPS failure promotes multiple hallmarks of aging
(12,13,21,22,31), senescence and death in cells, disease in
multiple tissues, and decreased organism longevity (21).
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Prior studies using modulation of proteasomal func-
tion in OA have been limited to experimental rat and mouse
knee OA in young, wild-type animals (35-38). Those investi-
gations assessed nascent disease triggered by surgically
induced knee instability or monosodium iodoacetate, and
principally analyzed effects of potent, broad proteasomal
protease pharmacologic inhibition using the peptide alde-
hyde MG132, with administration started prior to OA onset
(35-38). MG132 treatment was chondroprotective, with the
integrity of proteasomal function appearing to be permissive
for OA development and early disease advancement;
decreased proteasomal degradation of the NF-xB inhibitor
IxB was implicated in these effects, by lessening inflamma-
tion and cartilage matrix catabolism (35-38). In the present
study, we characterized proteasomal dysfunction in human
chondrocytes from human donors with knee OA. The
results elucidated previously unidentified potential patho-
physiologic impacts of chondrocyte proteasomal impairment
in established human OA, and a molecular mechanism for
selective reversibility of some OA-promoting effects in dis-
eased chondrocytes via improved proteasomal function.

MATERIALS AND METHODS

Reagents. Except as otherwise noted, all chemical
reagents were from Sigma-Aldrich. Recombinant human inter-
lukin-1B (IL-1B) was from Gemini Bio-Products. High-glucose
Dulbecco’s modified Eagle’s medium (DMEM) with L-gluta-
mine and penicillin/streptomycin solution was from Mediatech.
The matrix metalloproteinase 13 (MMP-13) enzyme-linked
immunosorbent assay kit was from ThermoFisher.

Human tissue samples and cell culture. All human sub-
ject studies were approved by the San Diego Veterans Adminis-
tration and Scripps Research Institute Institutional Review
Boards. Human knee chondrocytes were isolated from autopsy
donors and were graded macroscopically, as previously described
(6). We studied samples graded 0 (normal), I (cartilage with an
intact surface), and IV (moderate-to-severe OA, with overt fi-
brillation). There was no preselection of donors or donor samples
for any characteristic other than OA or non-OA. Chondrocytes
were cultured in high-glucose DMEM with L-glutamine and 100
IU/ml penicillin/100 pg/ml streptomycin, supplemented with
10% fetal calf serum, at 37°C (6). Chondrocytes were studied at
first passage or, where indicated, as primary cells.

Immunohistochemistry analysis. Paraffin-embedded
human knee cartilage sections were incubated with primary
antibody for 18 hours at 4°C. We used rabbit anti-K48-linked
proteins (05-1307; EMD Millipore) and anti-total ubiquitin (sc-
166553; Santa Cruz Biotechnology) antibodies. With horseradish
peroxidase (HRP)—conjugated secondary antibodies we used a
SuperPicture Polymer Detection Kit (Thermo Scientific), with
diaminobenzidine substrate for colorimetric detection.

Transfection and expression plasmid construction. Human
PSMD11 complementary DNA (cDNA) (pQTEV-PSMD11, ID
31333; Addgene) was amplified by polymerase chain reaction
(PCR) and subcloned, with and without human influenza hemag-
glutinin (HA) tagging at the N-terminal, into pCDNA3.1+ plasmid
vector between the Xho 1 and Bam HI sites, with verification by
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sequencing. Primers are listed in Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40456/abstract. Human chondrocytes were cul-
tured for 16-18 hours in 6-well plates and then transfected for
72 hours with PSMD11 using XtremeGENE HP DNA reagent
according to the instructions of the manufacturer (Roche).

Western blotting. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis of cultured chondrocyte lysates in Bis-Tris gels
(Thermo Scientific) and Western blotting were performed as previ-
ously described (6). Primary antibodies to PSMG1 (#13378),
PSMD11 (#14303), proteasome subunit B type 5 (PSMBS)
(#12919), PSMB6 (#13267), caspase 3 (#9662), poly (ADP-ribose)
polymerase (#9532), FOXO1 (#2880), FOXO3a (#12829),
FOXO4 (#2499), phosphorylated FOXO1/FOXO3a (#9464),
SOX9 (#82630), light chain 3A/B (LC3/A/B; #12741), p62
(#8025), and HA-tag (#3724) were from Cell Signaling Technol-
ogy. Antibodies to phosphorylated FOXO4 (#47278) and to
MMP-13 (#3533) were from Abcam and BioVision, respectively,
and antibody to PSMB3 (#140458) was from Abcam. Secondary
antibodies (1:5,000) were conjugated with HRP and detected with
ECL reagent (Super Pico or Femto; Thermo Scientific), using
either x-ray film or a Gel Doc system (Bio-Rad). Quantification of
band intensity was performed with ImageStudioLite (Li-Cor), with
intensity of bands calculated relative to the background from the
same membrane.

Proteasome activity assay. Proteasome activity assays
were performed to analyze chymotrypsin-like activity at the core
proteasome particle, utilizing an AMC-tagged peptide substrate
(Succ-LLVY-AMC) that releases free, highly fluorescent AMC in
the presence of protease activity. Briefly, cells were lysed at 4°C
in phosphate buffered saline (PBS) containing 0.5% Nonidet
P40, followed by centrifugation (15,000 revolutions per minute,
4°C). After determination of protein levels, the supernatant was
assayed for chymotrypsin-like activity using a proteasome activity
kit (ab107921) according to the instructions of the manufacturer
(Abcam). Aliquots of protein (10 pg), including samples and pos-
itive control from the manufacturer, were assayed in triplicate,
with and without proteasome inhibitor MG132 (200 puM) and
incubated in the dark for 30 minutes at 37°C. Output at 350/440
nm (excitation/emission) was measured on a fluorometric micro-
plate reader at time 1 (T1) and time 2 (T2; 25 minutes later).
Relative fluorescence units (RFU) were determined as follows:

ARFU = (RFUr, — iRFUr,) — (RFUpy — iRFU7)),

where iRFU represents wells containing proteasome inhibitor
showing nonproteasome activity. Proteasome activity was cal-
culated as

Proteasome activity = (m) x D,

where B = amount of AMC in the sample well (pmoles), V = sam-
ple volume (ul) added to the reaction well, T1 = time (minutes) of
the first reading (RFUr; and iRFUry), T2 = time (minutes) of the
second reading (RFUrt, and iRFUr,), and D = sample dilution
factor. Calibration curves were calculated for AMC concentration
and purified 20S proteasome activity.

Quantitative reverse transcription-PCR (RT-PCR). RNA
was extracted and isolated from cultured human chondrocytes utiliz-
ing an RNeasy Mini kit (Qiagen). RNA levels were quantified with
a NanoDrop 1000 spectrophotometer (Thermo Scientific); samples
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with 260 nm/280 nm absorbance ratios of >2.0 were used for RT.
Equal amounts of total RNA from each sample were subjected to
RT-PCR using a Transcriptor High Fidelity cDNA Synthesis Kit
(Roche), which includes anchored oligo(dT);s and random hexamer
primers. Quantitative RT-PCR was performed using a 480 Light
Cycler (Roche) and specific primer sets (Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40456/abstract). Levels
of messenger RNA (mRNA) for genes of interest were calculated as
fold change from control or as the ratio of the copy number of the
gene of interest to the copy number of the total housekeeping gene
GAPDH. For absolute quantification, a pGEM-T Easy vector system
(Promega) was used to clone gene fragments (GAPDH, AGCI,
SOX9, and PSMDI1).

Immunofluorescence analysis. Human chondrocytes
were cultured for 16-18 hours on 6-well plates containing round
coverslips (12 mm; VWR) and then transfected for 72 hours
(XtremeGENE siRNA Transfection Reagent; Roche) with
PSMD11 small interfering RNA (siRNA) (On-Target, L-011367-
01-0005; GE Dharmacon). Culture medium was removed from
plates, and cells were fixed/permeabilized with cold methanol
(—20°C) for 15 minutes. Serial washes were performed with
PBS, followed by blocking with 1% bovine serum albumin in
PBS for 2 hours at room temperature. Incubation with primary
IgG was conducted overnight at 4°C with rabbit anti-LC3A/B,
rabbit anti-lysosome-associated membrane protein 1 (ab24170;
Abcam), or rabbit anti-p62/sequestosome 1 (88588; Cell Signal-
ing Technology). Incubation with secondary antibodies was done
for 2 hours at 22°C, using Alexa Fluor 488-conjugated goat anti-
rabbit IgG (A11034; Thermo Fisher) or Alexa Fluor 555-conju-
gated goat anti-rabbit IgG (21429; Thermo Scientific). A BZ-
X700 microscope (Keyence) was used for imaging.

Chromatin immunoprecipitation (ChIP) assay. We tested
a defined, specific 48-bp sequence in the SOX9-binding enhancer
region of the type II collagen ol chain (COL2A41) for cartilage
expression (39). We also assessed a defined, functional SOX9-hyp-
oxia-inducible factor 1o complex binding site in the 5'-untrans-
lated region (5-UTR) of AGCI (40). To do so, we used primers
corresponding to nucleotides 60-82 (forward) and 220-240 (re-
verse) in the AGCI —640 to —510 5-UTR (GenBank accession
no. AF031586). ChIP assay was performed according to the
instructions of the manufacturer (Millipore), using protein A—aga-
rose/salmon sperm DNA (50% slurry) to reduce nonspecific back-
ground, and immunoprecipitation with SOX9 antibody (ab3697;
Abcam). Following elution of histone-DNA complexes and DNA
recovery by phenol/chloroform extraction, DNA was resuspended
in 10 pl TE buffer. PCR was conducted with 1 pl eluate, 2 ul of 20
wM primers for COL241 and AGCI (Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40456/abstract), 10 pl
KAPA2G Fast ReadyMix PCR (Kapa Biosystems reagent from
Sigma-Aldrich), and H,O up to 20 ul reaction volume.

Statistical analysis. GraphPad Prism was used for sta-
tistical analysis. The significance of differences between mean
values from unpaired samples was assessed by two-way analysis
of variance with Bonferroni post hoc test or by unpaired #-test.

RESULTS

Increased levels of ubiquitinated protein substrates
in human OA chondrocytes and OA cartilage in situ. We
observed increased levels of ubiquitinated proteins in OA
chondrocytes compared to normal chondrocytes, on Western
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blots of cell lysates analyzed for total ubiquitin (Figure 1A)
and K48-linked substrates (Figure 1B). Levels of both ubig-
uitin (Figure 2A) and K48-linked polyubiquitin (Figure 2B)
were also increased in human knee OA cartilage compared
to normal cartilage, as assessed by immunohistochemistry. In
grade IV OA cartilage specimens, polyubiquitin staining was
particularly intense in chondrocyte clusters (Figure 2B).
Decreased chondrocyte proteasome activity in OA.
Proteasome activity was significantly decreased in cultured
chondrocyte lysates from grade IV OA samples compared
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to samples from normal donors (Figure 3A). Western blot
examination of 3 of the 7 20S proteasome core B-subunit
constituents of the inner ring, where catalytic activity is
localized, revealed no significant decrease in PSMB3,
PSMBS, or PSMBG6 levels in grade IV OA chondrocytes
(Figure 3B). Hence, we assessed the critical proteasome
regulatory subunits PSMG1 and PSMD11 (27,28), since
PSMGT facilitates 20S proteasome assembly by promoting
grouping of the B-subunits into the heteroheptameric o ring
(26) and PSMDI1 stabilizes the interaction between the
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Figure 1. Increased levels of ubiquitin and polyubiquitinated substrates in human knee osteoarthritis (OA) chondrocytes. Equal aliquots (10 pg)
of lysates from normal (grade 0/grade I) and grade IV OA human articular chondrocytes were used for sodium dodecyl sulfate—polyacrylamide gel
electrophoresis/Western blot analysis, utilizing antibodies directed against ubiquitin (n = 8 per group) (A) and K48-linked ubiquitin (n = 9 per

group) (B). Equal protein loading was confirmed by blotting for B-actin.
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Figure 2. Increased levels of ubiquitin and polyubiquitinated substrates in human knee osteoarthritis (OA) cartilage in situ. Immunohistochemistry
analysis of paraffin-embedded sections from normal (grade I) and grade IV OA human knee articular cartilage was performed using antibodies
specific for ubiquitin (A) and K48-linked ubiquitin (B). For images showing Safranin O and hematoxylin staining, original magnification x 4. For
immunohistochemistry images, original magnification x 4 or x 10 (panels at the bottom are higher-magnification views of the boxed areas in the
panels immediately above). Results are representative of 12 normal donors and 12 OA donors.

19S and 20S subunits of the proteasome (27,28). PSMG1
levels were not significantly decreased in OA chondrocytes
(Figure 3C). In contrast, however, OA chondrocytes exhib-
ited decreased levels of PSDM11 protein (Figure 4A) and
mRNA (Figure 4B). Levels of FOXO4, a transcription fac-
tor that stimulates PSMDI11 mRNA expression (28,31),
were comparable in normal and OA chondrocytes. Phos-
phorylation of FOXOs is required for translocation to the
nucleus and subsequent functionality (41), and we observed
markedly reduced levels of p-FOXO4 in OA chondrocytes
compared to normal chondrocytes (Figure 4C).

Decreased PSMDI11 reduces levels of SOX9 and
AGCI mRNA in chondrocytes. We first assessed, via trans-
fection with PSMD11 siRNA, the functional implications
of selective decrease of PSMDI11 expression in normal
chondrocytes. We validated induction of decreases in levels
of PSMD11, associated with reduced proteasome activity
and increased levels of K48 polyubiquitinated peptides
(Supplementary Figures 1A and B, available on the

Arthritis & Rheumatology web site at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40456/abstract), without significant
changes in total and phosphorylated FOXO1, FOXO3a,
and FOXO4 (Supplementary Figure 1C). Under these con-
ditions, in normal chondrocytes, PSMD11 knockdown
induced a >70% increase in extracellular NO levels in
response to IL-1B (10 ng/ml), but there was no significant
difference in MMP-13 protein levels (Figure 5SA). MMP3
and MMPI3 mRNA levels were not significantly affected
by PSMDI11 siRNA (results not shown). In contrast,
PSMD11 siRNA knockdown reduced SOX9 and AGCI
mRNA levels (Figure 5B) and attenuated SOX9 protein in
normal chondrocytes (Figure 5C). In normal chondrocytes,
PSMDI11 siRNA stimulated multiple elements of the
autophagic machinery, specifically evidenced by LC3A/B-1
to LC3A/B-II conversion and increased levels of the
autophagy—UPS adaptor and LC3-binding protein p62
(13) (Figure 5C), with associated perinuclear colocaliza-
tion of p62 and LC3A/B (Figure 5D).
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Figure 3. Proteasome activity is diminished in osteoarthritis (OA) chondrocytes, without significant decreases in levels of critical 20S inner ring p-
subunits (proteasome subunit B type 3 [PSMB3], PSMB5, PSMB6) and proteasome assembly chaperone 1 (PSMG1). A, Lysates were collected
from normal chondrocytes (n = 8) and grade IV OA chondrocytes (n = 8) in the absence of protease inhibitors, and protein aliquots (10 pg) were

assayed for 20S proteasome function using Succ-LLVY-AMC substrate (37°C, excitation/emission 350 nm/440 nm).

Replicate controls were

assayed with proteasome inhibitor MG132 (200 pM). We observed a >50% decrease in proteasome protease activity in OA chondrocytes. Symbols
represent individual donors; bars show the mean + SEM. **** = P < (0.0001 by unpaired -test. B and C, Aliquots (10 pg) of protein extracted
from primary chondrocytes (n = 9 normal; n = 9 grade IV OA) were analyzed by Western blotting to determine levels of critical 20S proteasomal
inner ring PB-subunits, revealing that there was no significant variation between normal and grade IV OA samples (B) and that levels of PSMGl1
were not appreciably decreased in OA chondrocytes compared to normal donor cells (C).

Effects of PSMD11 gain-of-function in human OA
chondrocytes. Since levels of PSMD11 were decreased in
grade IV OA chondrocytes, we induced selective PSMD11
gain-of-function by transfection in OA cells. To do so, we
used an approach previously shown to be effective in stem
cells (28). Transfecting HA-tagged PSMD11 cDNA, we
achieved significant increases in proteasome activity and
observed associated decreases in levels of K48

polyubiquitinated substrates in OA chondrocytes (Fig-
ures 6A and B), markedly lower levels of IL-1B-induced
extracellular NO (Supplementary Figure 2A, on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.c
om/doi/10.1002/art.40456/abstract), decreased intracellular
and extracellular MMP-13 (Supplementary Figures 2A
and B), and increased SOX9 protein in 5 of 5 human OA
chondrocyte donor samples tested (Figure 6C). Moreover,
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Figure 4. Reduced levels of proteasome 26S subunit, non-ATPase 11 (PSMD11) and phosphorylated FOXO4 in osteoarthritis (OA) chondrocytes.
A, Western blotting of chondrocyte lysates, with densitometric analysis, revealed decreased PSMDI11 levels in grade IV OA compared to normal
donor cells. B, Analysis by reverse transcriptase—polymerase chain reaction demonstrated that PSMDI11 mRNA levels were significantly decreased
in grade IV OA compared to normal chondrocytes. Western blotting with densitometric analysis also revealed decreased p-FOXO4 levels, but no
consistent changes in levels of total FOXO4, in grade IV OA compared to normal donor chondrocytes. Symbols represent individual donors; bars
show the mean + SEM. ** = P = 0.0013; *** = P = 0.0008; **** = P < (0.0001, by unpaired #-test.

ChIP assays demonstrated that PSMD11 gain-of-function
increased SOX9 binding to the AGCI 5'-UTR and COL2A1
enhancer (Figure 6D). Under these conditions, PSMD11
gain-of-function stimulated multiple elements of the auto-
phagic machinery, evidenced by changes in LC3A/B convers-
ion and p62 (Supplementary Figure 3A, http://onlinelibrary.
wiley.com/doi/10.1002/art.40456/abstract) and associated
increases in perinuclear colocalization of p62 and LC3A/B
in 5 of 5 OA chondrocyte donor samples tested (data not
shown). Last, PSMDI11 transfection induced increased
SOX9 nuclear localization and levels of SOX9, AGCI, and
COL2A1 mRNA in OA chondrocytes (Supplementary Fig-
ures 3B and C).

DISCUSSION

In this study, we demonstrated that proteasomal
function is impaired in human knee OA chondrocytes, and
that integrity of proteasomal function plays a significant
role in maintenance of differentiation of cultured chondro-
cytes. Our studies included analyses of intersections be-
tween proteasomal function and autophagy in normal and
OA chondrocytes.

Selective induction of proteasomal dysfunction in
normal donor chondrocytes, achieved using PSMD11
siRNA, stimulated multiple elements of the autophagic
machinery, including p62 and p62 perinuclear colocalization
with LC3. This finding may be due to an acute stress
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Figure 5. PSMDI11 small interfering RNA (siRNA) knockdown induces increased extracellular nitric oxide (NO) levels, decreased SOX9 levels, and
diminished AGCI mRNA levels and stimulates elements of the autophagy process in normal chondrocytes. We studied the effects of PSMDI11 siRNA
knockdown on extracellular NO and matrix metalloproteinase 13 (MMP-13) levels in response to interleukin-1p (IL-1B) treatment (10 ng/ml) in
normal human knee chondrocytes (A). We also analyzed the effects of PSMDI11 siRNA on AGCI and SOX9 mRNA (B), on SOX9, on autophagy-
related light chain 3A/B-I (LC3A/B-I) to LC3A/B-II conversion, and on the autophagy-ubiquitin—proteasome system adaptor and LC3-binding
protein p62 (C), and on perinuclear colocalization of p62 and LC3A/B-I to LC3A/B-II conversion in normal chondrocytes (D) (original magnification
x 40), with 300 cells per treatment counted to quantify structures where LC3A/B and p62 colocalized. P values were determined by two-way analysis
of variance (multiple comparison with Bonferroni post hoc test). In A, B, and D, bars show the mean + SEM. * = P = (.037; *** = P = (0.0004. RQ
= relative quantity. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40456/abstract.

response to PSMD11 knockdown in healthy cells able to
adaptively increase autophagy to support proteostasis. Gain
of proteasomal function in OA donor chondrocytes,
achieved selectively by PSMDI11 transfection, induced in-
creases in elements of the autophagic machinery. Distinct
autophagic pathways (microautophagy, chaperone-mediated
autophagy, and macroautophagy) effect degradation of

cytosolic proteins, using multiple enzymes and differing
cargo delivery to lysosomes or vacuoles, and with ordered
phases of each process (13). Full examination of cross-talk
between the UPS and autophagy processes (13), and evalua-
tion of ultimate autophagic protein degradation, were
beyond the scope of this study. However, effectiveness of
the autophagic process in OA chondrocytes is known to be
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Figure 6. Effects of selective proteasome 26S subunit, non-ATPase 11 (PSMD11) gain-of-function in cultured human knee osteoarthritis (OA)
chondrocytes. A and B, Transfecting grade IV OA chondrocytes, we assessed the effects of hemagglutinin (HA) tag-PSMDI1 plasmid, compared to
control plasmid transfection, on proteasome activity (A) (n = 5 normal donors; n = 5 OA donors) and on accumulation of K48-polyubiquitinated
proteins (B). In A, symbols represent individual donors; bars show the mean + SEM. *** = P = (0.0003 by unpaired #-test. In B, representative
results are shown. C, Effects of PSMD11 gain-of-function, by transfection in OA chondrocytes (n = 5 different donors), on SOX9 levels were
assessed, and its ability to augment cellular HA was validated. D, By chromatin immunoprecipitation assay, we separately analyzed the effect of
PSMD11 gain-of-function on nuclear SOX9 binding to the AGCI 5'-untranslated region and to COL2AI enhancer.

decreased once OA is well- established (3,4,19,20). As such,
our results suggest that compromise of proteasomal func-
tion is likely more deleterious in aging and OA chondro-
cytes (12) by a compound proteostasis defect that includes
autophagy impairment (7-11). The impact of proteasomal
dysfunction in OA chondrocytes could potentially be
amplified by decreased autophagic removal of damaged
proteasomes (42).

Our study defined molecular mechanistic factors
contributing to deficient proteasomal function in human
knee OA chondrocytes, and associated accumulation of

K48 polyubiquitinated substrates. Specifically, we linked
proteasomal dysfunction in OA chondrocytes to decreases
in PSMDI11 and the PSMDI11 transcription inducer
p-FOXO4, but not total FOXO4. PSMD11, a 19S protea-
somal subunit, is required for assembly of a functional
20S proteasomal core (27,28,31). Essentially, 20S particles
exist as free complexes, with constitutively latent proteo-
lytic activity primed by 19S particle ATPases that also per-
mit access of proteins to the 20S core (27,28). Two
members of the FOXO family, FOXO1 and FOXO3, are
decreased in aging and OA chondrocytes in vitro, and
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articular cartilage in situ (3,19). Though FOXO1 and
FOXO3 are far more abundant than FOXO4 in human
articular chondrocytes, unlike FOXO4 they do not have a
defined role in regulating proteasomal activity.

The observed decrease in PSMDI11 in OA chon-
drocytes was at least partially selective, relative to other
modulators of proteasome assembly and 20S proteasomal
core protease activity. Specifically, 3 inner ring B-subunits
and the 20S particle assembly chaperone PSMG1 were
not decreased in OA compared to normal human knee
chondrocytes. Another central finding was that selective
PSMD11 gain-of-function by transfection improved pro-
teasomal function in OA chondrocytes, evidenced by
increased 20S chymotrypsin-like proteolytic activity and
decreased K48 polyubiquitinated substrates. PSMD11 is
regulated by factors other than FOXO4, including cAMP
and protein kinase A (PKA) signaling, which transcrip-
tionally support PSMD11 expression (30). However,
cAMP and PKA signaling have mixed effects on matrix
catabolism by articular chondrocytes that would theoreti-
cally limit their potential translational utility in increasing
proteasomal function in OA chondrocytes.

Selective modulation of PSMD11, beyond effects
on proteasomal function, had marked functional impact in
normal and OA chondrocytes, with major effects on main-
tenance of SOX9 and chondrocytic differentiation. We
identified affected responses to include levels of SOX9
protein and SOX9 nuclear translocation and binding to
regions in the AGCI 5'-UTR and COL2AI enhancer, and
levels of AGCI and COL2A1 mRNA expression. SOX9 is
influenced by multiple signals, including those provided by
a variety of growth factors, transcription factors, and epige-
netic modifications (43). As such, the net contributions of
PSMD11 and proteasomal function on SOX9, AGCl1, and
maintenance of articular chondrocytic differentiation,
remain to be determined in both early and late OA.

PSMD11-selective modulation of proteasomal
function significantly affected IL-1B-triggered extracel-
lular NO levels in both normal and OA chondrocytes,
and extracellular MMP-13 in OA chondrocytes. The
NO findings carry significance partly due to the capac-
ity of NO to exert both antianabolic and procatabolic
effects on extracellular matrix homeostasis in cartilage,
including suppression of proteoglycans and collagen
synthesis (44). Additionally, excess NO promotes chon-
drocyte apoptosis (45,46). NO is generated and
degraded by a variety of mechanisms in chondrocytes
(46). Moreover, the UPS regulates NO metabolism by
complex and paradoxical mechanisms, including regula-
tion of inducible NO synthase (iNOS) expression by NF-
kB, and of proteasomal degradation of iNOS (47,48).
Hence, the mechanism of the observed capacity of
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proteasomal dysfunction to modulate extracellular NO in
chondrocytes could be multifactorial.

Both UPS dysfunction and OA increase progres-
sively with aging (1,2,21), and this study was not designed
or powered to distinguish effects of aging from those of
OA in chondrocytes. That question clearly will require
further study. Another limitation is that our studies of
protease activity in isolated proteasomes from cytosol,
rather than whole cells, could have readily underestimated
the extent of decreased proteasomal function in OA chon-
drocytes. In this context, substrate selection and gate
opening are highly regulated processes that are highly
dependent on ATP. OA chondrocytes have decreased
ATP levels, largely due to mitochondrial dysfunction (6).

Our results support a model in which impaired
chondrocyte proteasomal function in established OA ren-
ders cartilage damage more difficult to slow and poten-
tially reverse. However, there could well be substantially
less chondrocyte proteasomal impairment in earlier
stages of OA, such as those previously studied (35-38).
The chondrocyte UPS dysfunction studied here may
reflect an advanced stage of disease, given that we
focused on chondrocytes from donors with advanced
(grade IV) OA. Further studies on UPS effects in chon-
drocytes from early OA cartilage would be of interest. In
this regard, multiple pharmacologic proteasome protease
inhibitors, including MG132, increase autophagy in normal
cells (13,49). As such, our results suggest that chondropro-
tective effects of MG132 administration in young rodents
with nascent experimental knee OA (35-38) may have
been partly mediated by induction of increased auto-
phagy in the normal chondrocytes of these young ani-
mals. Other in vivo chondroprotective mechanisms of
pharmacologic proteasomal inhibition by MG132 in
young animals could include suppression of articular
inflammatory processes, cartilage matrix catabolism, and
pain (35-38), partially via increased protein stability of
the proteasomal degradation-regulated native NF-xB
inhibitor IkB (37,38).

Proteasomal protease inhibitors such as MG132 are
only one means to elucidate proteasome function in OA.
Specifically, in a study of rodent knee instability—induced
OA using mice transgenic for K48R-mutated ubiquitin to
investigate focused interference with polyubiquitination,
only marginal and focal chondroprotection was observed,
albeit in a system with potentially problematic residual
effects of endogenous normal ubiquitin (38). Ultimately,
investigations into the impact of the phenotype of protea-
somal dysfunction in OA chondrocytes would benefit most
from replication of specific molecular mechanisms that
cause impairment of proteasomal function. This is particu-
larly the case because not only proteasomal core proteases,
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but also deubiquitinases, impart and tune proteasomal
functionality (13,21).

In conclusion, we have provided what is, to our
knowledge, the first evidence of impaired proteasomal
function in human OA chondrocytes. We mechanistically
linked decreases in chondrocyte PSMD11 and p-FOXO4
to consequent decreases in SOX9, and in AGCI and
COL2A1 mRNA levels, along with increased extracellular
NO in response to inflammatory stimulation. However, we
note that UPS dysfunction promotes disease partly by
effects on diverse processes, promoting mitochondrial dys-
function, oxidative stress, and altered insulin-like growth
factor receptor, insulin receptor, phosphatidylinositol
3-kinase, and Akt signaling (12,13,21,22,31). Translation-
ally, our results revealed that proteasomal gain-of-function,
achieved in a highly selective manner by PSMD11
gain-of-function, stimulated elements of the autophagy
process in both normal and advanced knee OA chondro-
cytes, and also increased SOX9, AGCI 5'-UTR, and
COL2A1 enhancer binding, and AGCI and COL2A41
mRNA levels. There are emerging pharmacologic means
to up-regulate 20S proteasomal activity, including by use
of small molecules such as deubiquitinase inhibitors (50).
The chondrocyte proteasome could provide a novel, phar-
macologically targetable therapy in OA, which would
potentially be more chondroprotective in well-established
disease.
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Objective. To compare magnetic resonance images
(MRIs) of the sacroiliac (SI) joints of healthy subjects
and individuals with known mechanical strain acting
upon the SI joints to those of patients with axial spondylo-
arthritis (SpA) and patients with chronic back pain.

Methods. Three readers who had received stan-
dardized training and were blinded with regard to study
group randomly scored MRIs of the SI joints of 172 subjects,
including 47 healthy individuals without current or past
back pain, 47 axial SpA patients from the Spondyloarthri-
tis Caught Early (SPACE) cohort (with a previous MRI
confirmed positive for sacroiliitis), 47 controls with
chronic back pain (irrespective of MRI results) from the
SPACE cohort, 7 women with postpartum back pain, and
24 frequent runners. MRIs were scored according to the
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Assessment of SpondyloArthritis international Society
(ASAS) definition and Spondyloarthritis Research Con-
sortium of Canada (SPARCC) index.

Results. Of the 47 healthy volunteers, 11 (23.4%)
had an MRI positive for sacroiliitis, compared to 43
(91.5%) of 47 axial SpA patients and 3 (6.4%) of 47
patients with chronic back pain. Three (12.5%) of the 24
runners and 4 (57.1%) of the 7 women with postpartum
back pain had a positive MRI. Using a SPARCC cutoff of
>2 for positivity, 12 (25.5%) of 47 healthy volunteers, 46
(97.9%) of 47 positive axial SpA patients, 5 (10.6%) of 47
controls with chronic back pain, 4 (16.7%) of 24 runners,
and 4 (57.1%) of 7 women with postpartum back pain
had positive MRIs. Deep bone marrow edema (BME)
lesions were not found in healthy volunteers, patients
with chronic back pain, or runners, but were found in 42
(89.4%) of 47 positive axial SpA patients and in 1 (14.3%)
of 7 women with postpartum back pain.

Conclusion. A substantial proportion of healthy
individuals without current or past back pain has
an MRI positive for sacroiliitis according to the ASAS
definition. Deep (extensive) BME lesions are almost
exclusively found in axial SpA patients.

Axial spondyloarthritis (SpA) is among the most
prevalent forms of chronic inflammatory arthritis (1,2). In
recent decades, magnetic resonance imaging (MRI) has
been increasingly used to visualize inflammation in the
sacroiliac (SI) joints. Inflammation on MRI facilitates the
early identification of patients with axial SpA since it pre-
cedes structural damage on radiography (3,4). Of all
patients with axial SpA, 20-42% have active sacroiliitis on
MRI (5-8), but signs of presumed sacroiliitis may also
occur in individuals without axial SpA. One study by
Weber et al showed that of 59 healthy volunteers, up to
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22% had signs of sacroiliitis on MRI (9). Arnbak and col-
leagues showed that of 1,020 unselected patients with
chronic back pain, 21% had sacroiliitis on MRI according
to the Assessment of SpondyloArthritis international Soci-
ety (ASAS) definition (10). The specificity of MRI of the
SI joints for SpA-specific sacroiliitis is not well known and
physicians may rely too much on a positive finding (11).

In order to obtain insight into the prevalence
and extent of SI joint inflammation in healthy individu-
als, and in those with known mechanical strain acting
upon the SI joints, we compared MRIs of the SI joints
in 1) healthy individuals without any signs of current or
past back pain, 2) patients with classic axial SpA with a
documented positive MRI of the SI joints after central
reading, 3) patients with chronic back pain, 4) frequent
runners, and 5) women with postpartum back pain.

The primary hypothesis was that the difference
between axial SpA and non-axial SpA with regard to
the presence of sacroiliitis on MRI was quantitative
(extent) rather than qualitative (present versus absent).

PATIENTS AND METHODS

Selection of the study participants. The present study
included participants from the Maasstad MRI project and the
Spondyloarthritis Caught Early (SPACE) cohort. The Maasstad
MRI project included healthy participants, frequent runners,
and women with postpartum back pain (12). Healthy partici-
pants were employees of Maasstad Hospital and Erasmus
University Medical Center (Rotterdam, The Netherlands). Male
and female participants between 18 and 45 years of age were
included. Runners who were running at least 5 km twice per
week were recruited via an athletics club. Healthy participants
and runners with any form of current or past acute or chronic
back pain and those with contraindication to MRI were
excluded. Women with postpartum back pain that presented <3
months after pregnancy were included in the Maasstad MRI
project and additionally selected from the SPACE cohort.

Table 1.
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We selected positive and negative controls from the
SPACE cohort. The SPACE cohort is an ongoing, prospective,
longitudinal, multicenter cohort that started in 2009 and has
been described in detail elsewhere (13). In short, the SPACE
cohort includes patients ages >16 years with chronic back pain
(with a duration of >3 months but <2 years) with an onset before
the age of 45 years. We used baseline data unless specified
otherwise. Positive SPACE controls were defined as patients
with axial SpA (who were diagnosed by a rheumatologist and
fulfilled the ASAS criteria for axial SpA [3]) with an MRI of the
SI joints that was previously scored as positive for sacroiliitis
according to the ASAS definition by at least 2 of 3 central read-
ers. Negative SPACE controls were defined as patients with
chronic back pain (who were neither diagnosed as having axial
SpA nor fulfilled the ASAS criteria for axial SpA), irrespective
of their MRI findings. Healthy controls were matched with
positive and negative SPACE controls for age and sex.

The local medical ethics committees of the participat-
ing sites approved the study, and all participants gave their
written informed consent.

MRI. MRI was performed on 1.5T systems. At least
12 slices of coronal oblique T1-weighted turbo spin-echo and
short tau inversion recovery sequences of the SI joints were
acquired. The slice thickness was 4 mm.

Scoring. Three readers (JAW, MdH, and RL) who had
received standardized training and were blinded with regard to
subject group independently scored all MRIs in random order.
The readers were instructed to quantify MRIs as positive or neg-
ative by judging for the presence or absence of bone marrow
edema (BME) according to the ASAS definition that was
recently updated by the ASAS MRI working group (14). As this
definition describes, the focus was on scoring only lesions that
were considered “highly suggestive of axial SpA” as positive. In
addition, the readers quantified the extent of BME according to
the Spondyloarthritis Research Consortium of Canada
(SPARCC) scoring system (15). For SPARCC scoring, 6 consecu-
tive coronal slices were selected and each SI joint was divided
into 4 quadrants: the upper and lower ilium and upper and lower
sacrum. Each quadrant was assigned a score of 1 for the pres-
ence of BME or 0 for the absence of BME. Each coronal slice
per SI joint was also scored for the presence of “intense” lesions
(high signal as bright as or brighter than that of veins or

Characteristics of the healthy participants, patients with axial SpA with a previous MRI positive for

sacroiliitis (positive controls), patients with chronic back pain (negative controls), runners, and women with

postpartum back pain*

Healthy Patients with ~ Controls with Women with
participants axial SpA chronic back Runners postpartum back

(n=47) (n=47) pain (n = 47) (n=24) pain (n =7)
Men 21 (44.7) 21 (44.7) 21 (44.7) 12 (50.0) 0 (0)
Age, mean + SD years 309 + 6.5 315+ 69 30.7 £ 6.5 343+ 7.7 30.1 £ 7.2
Axial SpA diagnosis 0 (0) 47 (100) 0 (0) 0 (0) 0 (0)
HLA-B27 positive NA 35 (74.5) 0 (0) NA NA
Duration of back pain, NA 134+ 74 128 £ 7.8 NA NA

mean £+ SD months

Inflammatory back pain NA 35 (74.5) 26 (55.3) NA NA
Alternating buttock pain NA 40 (85.1) 20 (42.6) NA NA
ASAS axial SpA criteria NA 47 (100) NA NA NA
Modified New York criteria NA 13 (29.5) 0 (0) NA NA

* Except where indicated otherwise, values are the number (%). SpA = spondyloarthritis; MRI = magnetic
resonance imaging; NA = not applicable; ASAS = Assessment of SpondyloArthritis international Society.
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intervertebral discs) or “deep” lesions (a homogeneous, unequiv-
ocal increase in signal extending >1 c¢cm from the articular sur-
face). The maximum SPARCC score for all 6 slices was 48 for
BME, 12 for intensity, and 12 for depth, resulting in a maximum
total score of 72 (15). To determine the distribution of BME
anatomically in the SI joints, we used the SPARCC distribution
of the 4 quadrants, divided into anterior and posterior slices.
BME was considered to occur in a particular region if it was con-
cordantly recorded at that region by at least 2 of the 3 readers.

In the analysis, an MRI was considered positive if at
least 2 of 3 readers agreed it met the ASAS MRI working group
criteria for defining sacroiliitis by MRI (14). SPARCC scores
are presented as the mean total SPARCC scores from all 3
readers. We chose SPARCC score cutoff values of >2 and >5 to
discriminate between low and high SPARCC scores.

Statistical analysis. Categorical data are presented as
the number (percent), and continuous data are presented
as the mean £+ SD or as the median (interquartile range) as
appropriate. The chi-square test and Mann-Whitney U test
were used for comparing categorical and continuous data,
respectively. Interreader agreement on positive/negative MRI

91.5%

60 A

SPARCC score per individual

DE WINTER ET AL

of the SI joints was investigated using Cohen’s kappa coeffi-
cient and interpreted according to the standards of Landis
and Koch (16). Interreader agreement on SPARCC scores
was evaluated using intraclass correlation coefficients (ICCs).
We performed all analyses in SPSS version 24.0.

RESULTS

Study participants. In total, we evaluated 141
MRIs of the SI joints of 47 healthy participants from the
Maasstad MRI project, matched with 47 patients with axial
SpA with MRIs positive for sacroiliitis and 47 controls with
chronic back pain irrespective of MRI outcome from the
SPACE cohort. We also included MRIs of the SI joints of
24 runners from the Maasstad MRI project and 7 women
with postpartum back pain (4 from the Maasstad MRI
project and 3 from the SPACE cohort). The baseline char-
acteristics of the study population are shown in Table 1.

Figure 1. Sacroiliitis on magnetic resonance images (MRIs) of the sacroiliac joints in the study population. 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 minimum and max-
imum values. Each circle represents a single subject. Values shown above the box plots are the percentage of subjects with an MRI indicating
sacroiliitis according to the Assessment of SpondyloArthritis international Society definition. For positive controls and negative controls, “positive”
and “negative” refer to the final diagnosis (axial spondyloarthritis [axSpA] or no axial SpA) after vigorous diagnostic evaluation, and not to the
MRI result per se. SPARCC = Spondyloarthritis Research Consortium of Canada.
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Anatomic distribution of bone marrow edema in the SI joint quadrants on MRI*

Upper ilium

Lower ilium Upper sacrum Lower sacrum

Anterior Posterior Anterior Posterior Anterior Posterior Anterior Posterior
Positive MRI of the SI joints (n = 64) 44 (68.8) 34 (53.1) 48 (75.0) 53 (82.8) 39 (60.9) 37 (57.8) 37 (57.8) 43 (67.2)
Negative MRI of the SI joints (n = 108) 4(3.7) 7 (6.5) 18 (16.7) 16 (14.8) 5 (4.6) 7 (6.5) 3(2.8) 4(3.7)
Healthy participants (n = 47) 2 (4.3) 2 (4.3) 10 (21.3) 18 (38.3) 4 (8.5) 2 (4.3) 3(6.4) 6 (12.8)
Patients with axial SpA (n = 47) 39 (83.0) 34(723) 41(872) 41(87.2) 33 (70.2) 36 (76.6) 33 (70.2) 35 (74.5)
Controls with chronic back pain (n = 47) 2 (43) 4 (8.5) 11 (23.4) 5 (10.6) 3(6.4) 3(6.4) 1(2.1) 2 (4.3)
Runners (n = 24) 4 (16.7) 142 14.2) 2 (8.3) 2 (8.3) 1(42) 1(42) 2 (8.3)
Women with postpartum back pain (n = 7) 1(14.3) 0 (0) 3 (43.0) 3 (43.0) 2 (28.6) 2 (28.6) 2 (28.6) 2 (28.6)

* Magnetic resonance images (MRIs) that indicated sacroiliitis according to the Assessment of SpondyloArthritis international Society (ASAS)
definition were considered positive. Those that did not meet the ASAS definition were considered negative. Values are the number (%). SI =

sacroiliac; SpA = spondyloarthritis.

Scoring agreement. The 3 readers agreed moder-
ately well on the absence or presence of BME (absolute
agreement within the 3 reader pairs 75%, 76%, and 80%,
respectively; Cohen’s k = 0.48, 0.50, and 0.59, respectively).
Readers correlated far better on absolute SPARCC scores
(ICCs of 0.82, 0.82, and 0.96, respectively).

Scoring results. Scoring according to the ASAS defi-
nition. Figure 1 shows the proportion of subjects with
MRIs positive for sacroiliitis according to the ASAS defi-
nition in the different groups. Of the 47 healthy partici-
pants, 11 (23.4%) had a positive MRI. Of the 47 positive
controls with axial SpA, 43 (91.5%) had a positive MRI,
and of the 47 controls with chronic back pain, only 3
(6.4%) had a positive MRI. Of the 24 runners, 3 (12.5%)
had a positive MRI, and of the 7 women with postpartum
back pain, 4 (57.1%) had a positive MRI.

SPARCC scores. Figure 1 shows the individual
and mean SPARCC scores for the different patient cat-
egories. The mean + SD SPARCC score was 1.7 4+ 2.4
for the 47 healthy participants, 20.9 + 13.7 for the 47
positive axial SpA controls, and 0.8 + 1.4 for the 47
non-SpA back pain controls. The mean + SD SPARCC
score was 0.8 = 1.1 for the runners and 4.5 + 6.3 for
the 7 women with postpartum back pain.

At a SPARCC cutoff score of >2, 12 (25.5%) of the
47 healthy volunteers, 46 (97.9%) of the 47 positive axial
SpA controls, 5 (10.6%) of the 47 non-SpA back pain con-
trols, 4 (16.7%) of the 24 runners, and 4 (57.1%) of the 7
women with postpartum back pain were considered to
have sacroiliitis on MRI. At a SPARCC cutoff score of >5,
4 (8.5%) of the 47 healthy volunteers, 41 (87.2%) of the
47 positive patients with axial SpA, 1 (2.1%) of the 47
patients with chronic back pain, 0 (0%) of the 24 runners,
and 2 (28.6%) of the 7 women with postpartum back pain
were considered to have sacroiliitis on MRI.

Deep lesions (a homogeneous, unequivocal in-
crease in signal >1 cm from the articular surface) were
almost exclusively found in positive controls with axial
SpA (42 [89.4%] of the 47 had deep lesions). Such lesions

were not found in the healthy volunteers, controls with
chronic back pain, or runners and were found in only 1
(14.3%) of the 7 women with postpartum back pain.

Anatomic location of BME. We compared the loca-
tion of BME in MRIs considered positive for sacroiliitis
to those considered negative for sacroiliitis (according to
the ASAS definition) (Table 2). In positive MRIs, BME
was found most frequently in the posterior lower ilium (in
53 [82.8%] of 64 MRIs). In negative MRIs, BME was
found most frequently in the anterior lower ilium (in 18
[16.7%] of 108 MRIs). Overall, BME was most frequently
found in the posterior lower ilium (in 69 [40.1%] of 172
MRIs), and least frequently found in the anterior lower
sacrum (in 40 [23.3%] of 172 MRIs).

DISCUSSION

The results of our study suggest that 1) one-fourth
of asymptomatic healthy individuals and more than half
of women presenting with postpartum back pain who do
not have axial SpA may have an MRI positive for sacroili-
itis according to the ASAS definition, meaning that their
MRI lesions are considered highly suggestive of axial SpA
by trained readers, 2) frequent runners do not seem to
have more lesions than healthy asymptomatic individuals,
3) high SPARCC scores (>5) rarely occur in healthy indi-
viduals, patients with chronic back pain without axial
SpA, or runners, 4) deep (extensive) lesions are highly
specific for axial SpA-associated sacroiliitis, and 5) BME
lesions in healthy participants are preferably but not
exclusively located in the lower iliac bone.

Our finding of positive MRIs in healthy individuals
is consistent with the findings of Weber and Maksy-
mowych, who showed that 25% of healthy participants
have BME lesions on MRIs of the SI joints (17). Our
findings of positive MRIs in women with postpartum back
pain are also consistent with a previous study showing that
60% of women with postpartum back pain have BME
lesions on MRI of the SI joints (18). Differently than we
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hypothesized, our data suggest that the proportion of run-
ners with BME lesions on MRI of the SI joints is not
higher than the proportion of healthy participants with
BME lesions on MRI of the SI joints. However, little
demographic or lifestyle data were collected, and our
group of healthy participants might have included run-
ners. Further research should correct for possible con-
founding factors such as body mass index and general
health status.

In this study, BME lesions in MRIs scored positive
for sacroiliitis and in the MRIs of healthy participants
were most frequently found in the posterior lower ilium,
which is consistent with data from Weber et al showing a
similar preferential location in amateur and professional
athletes (19). In patients with axial SpA, lesions occur
throughout the SI joints. BME was seen in the anterior
lower ilium in 16.7% of the MRIs in which lesions were
not highly specific for SpA.

The percentage of patients with chronic back pain
with BME lesions was lower than the percentage of
healthy volunteers with BME lesions (6.4% versus 23.4%,
respectively). This is an artifact caused by channeling pa-
tients with an MRI negative for sacroiliitis toward the
(non-axial SpA) chronic back pain group, a rational diag-
nostic approach since a clinical diagnosis of axial SpA (or
the exclusion thereof) relies on clinical signs and labora-
tory findings as well as imaging results (MRI). Similarly,
the 91.5% positive MRI rate in the axial SpA group is the
consequence of channeling. Prior MRI studies have been
used to classify these patients as having axial SpA. As
such, the low prevalence of MRI positivity found in the
chronic back pain group—and the high prevalence found
in the axial SpA group—adds to the credibility of our
findings (internal validity).

One of the most important reasons to perform this
study is that misclassification of MRIs of the SI joints as
positive is a real threat, which may lead to a spuriously
high number of patients being diagnosed as having axial
SpA. Evidence of such a spurious mechanism has been
reported by Arnbak et al (10) and Van Hoeven et al (20),
showing that nearly 25% of patients with chronic back
pain could be classified as having axial SpA when MRI of
the SI joints was the leading factor in the diagnostic con-
sideration. Since we and others have demonstrated that
MRIs that are highly suggestive of axial SpA may be seen
frequently in unaffected individuals, relying too much on
a positive MRI finding will result in overdiagnosis, and
consequently in overtreatment, of these patients who may
have nonspecific chronic back pain rather than axial SpA.

The only means to avoid overdiagnosis of axial
SpA as a diagnostician is to act based on thorough
knowledge of the clinical syndrome of axial SpA and
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MRI abnormalities thereof, to ask for diagnostic MRI of
the SI joints only in patients in whom there is a moder-
ately high suspicion of axial SpA (e.g., based on clinical
algorithms) (21), and to always consider alternative
(more likely) diagnoses before making a diagnosis of
axial SpA. A highly specific and sensitive gold standard
for axial SpA is lacking (a positive MRI finding can defi-
nitely not serve as a gold standard) and the diagnosis of
axial SpA relies on skillful pattern recognition rather
than on diagnostic imaging. Obviously, the ASAS criteria
for axial SpA are not meant to differentiate subjects with
no back pain from patients with axial SpA in clinical
practice. But the purpose of this study was not to validate
the ASAS criteria; this study was undertaken to test the
specificity of MRI of the SI joints (and not to test the
diagnostic value of MRI of the SI joints). A sound start-
ing point then is to compare 2 extreme groups. There-
fore, in this study we included patients with chronic back
pain who do not meet the ASAS classification criteria as
a negative control group, and have contrasted them to
patients with axial SpA formerly judged to have positive
MRI findings who do meet the ASAS classification
criteria as a positive control group.

Our finding that deep (extensive) lesions appeared
almost exclusively in axial SpA controls has not been ob-
served before and needs confirmation in another cohort
of patients with axial SpA. This finding may help to create
a stricter definition of a positive finding on MRI of the SI
joints indicating axial SpA, so that overdiagnosis of axial
SpA (and associated health care expenses) will be limited.

Our study has important strengths. The three read-
ers who had received standardized training were complete-
ly blinded with regard to all of the clinical information and
information regarding the hospital of recruitment during
the scoring process. The study set was a deliberate mix of
previously positive and previously negative control MRIs,
derived from the SPACE cohort, in order to constrain bias
by reader expectation. These controls were matched for
sex and age. Most importantly, though, the experienced
readers were instructed (and agreed) to only score
according to ASAS guidelines, which indicates that only
MRI findings that are highly suggestive of axial SpA
should be considered positive, and MRIs of the SI joints
with solitary white spots, which may count in the SPARCC
scoring system, should be considered negative. The not
more than moderate interreader agreement obtained
among these experienced and trained readers testifies to
the inherent difficulty of interpreting the ASAS definition
that starts with “lesions highly suggestive of axial SpA.”
Since patients with axial SpA have far more extensive
lesions than non-SpA patients or healthy individuals, and
this extent is reflected by high SPARCC scores, interreader
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agreements based on continuous SPARCC scores were far
better. But this finding will not help to avoid misdiagnosis
since a diagnosis is based on a binomial choice (positive or
negative) rather than on a SPARCC score.

A final strength of this study is that it combined
several groups of individuals with and individuals with-
out symptoms in one setting. It allows us to speculate
that runners may not show higher rates of MRI positiv-
ity than asymptomatic individuals, but that postpartum
patients with back pain potentially do.

Our study also has limitations. First, the clinical
and demographic information on healthy participants,
runners, and women with postpartum back pain was
rather limited. Individuals who we considered asymp-
tomatic could still have had SpA-related symptoms that
would have been revealed if more data had been obtained
according to a study protocol (such as the SPACE proto-
col). It is unlikely that the 25% of MRIs that were classi-
fied as positive were related to undiagnosed or early axial
SpA, since individuals with any sign of current or past
back pain were excluded. Second, the groups of runners
and women with postpartum back pain were rather small,
due to reasons of convenience, and therefore conclusions
should be drawn with caution. Third, this study focused
exclusively on inflammatory lesions. To date, however, it
is unclear if potential refining of SpA-specific inflamma-
tory lesions or alternatively combining information on
inflammation and structural changes may help in the diag-
nosis of axial SpA (14). Fourth, the arbitrary threshold of
back pain starting within 3 months after delivery in the
group of women with postpartum back pain was not sup-
ported by the literature. However, it was our aim to
include only women in whom incident back pain was most
likely related to delivery. Fifth, in this study, different
MRI scanners were used, which in theory may violate the
blinding of the readers and thus contribute to a biased
result, but several MRI scanners were used across sub-
groups, and the same type of MRI scanner was used in
different subgroups, so we conclude that such a form of
expectation bias is highly unlikely.

Finally, readers agreed only moderately on the
presence or absence of BME. Interreader agreement is
dependent on several factors, including the quality of the
images, the presence of a unique protocol, and the level
of training of the readers. This study included patients
and individuals from different sources, scanned with dif-
ferent machines, by different technicians, using slightly
different protocols, as in common clinical practice. This
level of variability has an impact on measurement error.
While readers were trained in a standardized manner, the
variability in the quality of the images likely resulted in
kappa values that were slightly lower than values obtained
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in, for example, randomized controlled trials or cohort
studies conducted under a protocol. Given these limita-
tions and considering the high level of interreader agree-
ment on SPARCC scores, the interreader agreement in
this study is still very acceptable.

We conclude that a substantial proportion of healthy
and asymptomatic individuals, runners, and women with
postpartum back pain may have positive findings on MRI
of the SI joints that are highly suggestive, but not reflective,
of axial SpA. Patients with axial SpA have more extensive
lesions (reflected by SPARCC scores >5 and the presence of
deep lesions) than healthy, asymptomatic individuals.
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Objective. Inflammatory back pain (IBP) is often
an early manifestation of spondyloarthritis (SpA), but
the prognosis of patients with incident IBP is unknown.
This study was undertaken to investigate long-term out-
comes in patients with IBP, and predictors of progres-
sion to SpA, in a population-based cohort.

Methods. We conducted a retrospective, longitudi-
nal study using the Rochester Epidemiology Project, a
longstanding population-based cohort of residents of
Olmsted County, MN. Patients ages 16-35 years with clin-
ical visits for back pain from 1999 to 2003 were identified,
and we screened these patients for the presence of new-
onset IBP and performed medical record reviews to collect
data on clinical, laboratory, and imaging features of SpA.
QOutcomes in these patients were followed up until July
2016. We used survival analysis for competing risks to
examine progression to either SpA, a non-SpA diagnosis,
or resolution of back pain. Recursive partitioning was
used to identify predictors of progression to SpA.
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Results. Among 5,304 patients with back pain, we
identified 124 patients with new-onset IBP. After a medi-
an follow-up of 13.2 years, IBP had progressed to SpA in
39 patients, 15 patients developed a non-SpA diagnosis,
and 58 patients had resolution of IBP. At 10 years, the
probability of having SpA was 30%, while the probability
of resolution of IBP was 43%. The most important predic-
tors for progression to SpA were uveitis, male sex, and
family history of SpA.

Conclusion. In a minority of patients, new-onset
IBP progresses to SpA, while IBP resolves in many. That
IBP often resolves may explain the difference between the
prevalence of IBP (3-6%) and the prevalence of SpA
(0.4-1.3%).

Inflammatory back pain (IBP) is a form of chronic
low back pain, typically with gradual onset in young adult-
hood, characterized by improvement with exercise and
worsening with inactivity, and associated with morning
stiffness. IBP is commonly considered a sine qua non of
spondyloarthritis (SpA), and its presence is considered an
indication to refer patients to appropriate specialists for
further evaluation (1). It is an important component of
the modified New York criteria for ankylosing spondylitis
(AS) (2), as well as the recent Assessment of Spondylo-
Arthritis international Society (ASAS) classification cri-
teria for axial SpA (3).

The importance of distinguishing IBP from other
more common forms of low back pain is evidenced by
attempts to codify the unique features of this symptom.
The Calin, Berlin, and ASAS criteria for IBP have speci-
ficities for a diagnosis of SpA that range from 72% to
91.7% (4-8). With such high specificity, it has been as-
sumed that most patients with IBP either have, or will
later develop, SpA.

The prevalence of IBP among adults ages 20-69
years in the US is 5.0-6.0%, based on data from the
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2009-2010 National Health and Nutrition Examination
Survey (NHANES) (9). In contrast, the prevalence of
SpA is estimated to range from 0.4% to 1.3% (10,11).
This gap between the prevalence of IBP (the symptom)
and the prevalence of SpA (the disease) is unexplained.
It could mean that IBP features are common compo-
nents of back pain due to many different disorders, and
that the IBP criteria are less specific when applied to
the general population. Alternatively, it could indicate
that a substantial number of patients with IBP have
inflammatory symptoms that do not evolve to AS or
SpA. Although several reports have described the clini-
cal evolution in patients with possible AS or undiffer-
entiated SpA, no studies have specifically examined
long-term outcomes in patients with IBP who do not
necessarily have other SpA features (12-14).

To address these questions, study of an inception
cohort of patients with IBP with a long follow-up is
needed, given that it may take up to 10 years from symp-
tom onset to diagnosis of SpA (15). In addition, the study
should include patients who present to primary care as
well as many diverse specialties, given that many types of
providers care for patients with back pain. Therefore, we
conducted a retrospective longitudinal study of a popula-
tion-based cohort from the Rochester Epidemiology Proj-
ect (REP). Our goal was to determine long-term clinical
outcomes in patients with new-onset IBP, and specifically
to determine the proportion in whom IBP progressed to a
clinical diagnosis of SpA. Finding that IBP progressed to
SpA in a large proportion of patients would support the
notion that IBP and SpA are tightly linked processes.
Alternatively, finding that IBP progressed to conditions
other than SpA in many patients would suggest limited
specificity of IBP symptoms for a diagnosis of SpA. Find-
ing that IBP resolved in many patients would indicate that
IBP can be a self-limited problem. We also sought to iden-
tify whether there were subgroups of patients who, based
on demographic or clinical characteristics, were more
likely to experience progression to SpA.

PATIENTS AND METHODS

Data source and patient inclusion. The REP is a
medical record-linkage system with longitudinal medical data
on the complete population of Olmsted County, MN (108,095
persons in 2000), with a 98% participation rate in 2000 (16).
Medical records from all subspecialties are included, which is
particularly important in a retrospective study of IBP. Diag-
noses and symptoms present at each visit are extensively
coded using both International Classification of Diseases,
Ninth Revision (ICD-9) and Hospital International Classifica-
tion of Diseases Adaptation (HICDA) codes. This study was
approved by the institutional review boards of the Mayo
Clinic and Olmsted Medical Center, Rochester, MN.
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We included Olmsted County residents who had newly
identified IBP at an age of 16-35 years between January 1, 1999
and December 31, 2003. These years were chosen because elec-
tronic medical records (EMRs) were adopted in 1999, and to
allow for at least 12 years of follow-up. Our operational defini-
tion of IBP was fulfillment of any 1 of the 3 IBP criteria sets
(Calin, Berlin, or ASAS) based on medical record review, or
notation of the presence of IBP by a treating rheumatologist
(even if the patient did not fulfill any of the 3 criteria sets) (4-6).

Case ascertainment and data collection. We used 3 steps
to identify patients with new-onset IBP: 1) electronic searches of
medical records for relevant diagnosis and procedure codes, 2)
screening of EMRs of potentially eligible back pain visits for
implicit diagnosis of IBP, and 3) detailed chart review of those
who screened positive for IBP on implicit review to apply explicit
IBP criteria. Data are available upon request from the corre-
sponding author.

Specifically, we started with a search for patients ages
16-35 years with a diagnosis of back pain in 2000-2003, using
ICD-9 codes and HICDA codes for back pain. A complete list of
codes is available upon request from the corresponding author.
We excluded patients who had a back pain visit and a diagnosis
code for external causes of injury and poisoning (E-code) on the
same day, patients who had a back pain visit and a code for preg-
nancy on the same day, and patients with diagnosis codes for sciat-
ica (ICD-9 724.3) or lumbosacral neuritis (ICD-9 724.4) and a
procedure code for laminectomy/discectomy within 1 year of
either of these diagnoses. These exclusions were based on prelimi-
nary chart reviews that showed that these patients had very low
likelihoods of having IBP. Additionally, in preliminary work, the
yield of cases of incident IBP was much lower among patients
older than 35 years, so we set this as the maximum age at onset
for this study.

The initial search identified 5,304 patients who had a
medical visit for back pain (not necessarily new-onset back pain)
in 2000-2003, at age 16-35. Two rheumatologists (RW and
MMW) reviewed the medical records for these back pain visits,
and each patient was classified as having “no IBP,” “possible
IBP” or “definite IBP” based on the reviewers’ impression of
back pain descriptions. Charts of all patients with “possible IBP”
or “definite IBP” were reviewed and confirmed by both review-
ers. To ensure the specificity of our cohort, a third rheumatolo-
gist (KW) who was not involved in the initial screening also
reviewed the records of patients who had been classified as hav-
ing “possible IBP” and “definite IBP” to confirm or refute the
presence of IBP. One investigator (RW) undertook a detailed
chart review of the records of patients who had “possible IBP”
or “definite IBP”

To identify incident cases, we then identified those who
had no back pain visits before January 1, 1999, and who fulfilled
our operational definition of IBP, as the inception cohort of
patients with IBP. The date that the patient first fulfilled the IBP
definition was defined as the IBP incidence date. We also col-
lected demographic information, data on SpA-related clinical
features, clinical diagnosis, and laboratory results, including the
presence or absence of markers of inflammation and HLA-B27
status, through follow-up until the end of data collection on July
31, 2016. Clinical SpA features included a history of uveitis,
peripheral arthritis, psoriasis, dactylitis, enthesitis, inflammatory
bowel disease, or reactive arthritis, good response to non-
steroidal antiinflammatory drugs, and family history of SpA, as
recorded in the medical records. Clinical features that were



EVOLUTION OF INFLAMMATORY BACK PAIN

not described or documented in the medical records were con-
sidered absent. HLA-B27 was not tested in all patients, and was
categorized as positive, negative, or unknown.

The primary outcome was the development of SpA,
including either AS according to the modified New York criteria
or a clinical diagnosis of SpA, psoriatic arthritis, inflammatory
bowel disease—associated arthritis, or reactive arthritis by the
treating rheumatologist. Given that all patients satisfied the clin-
ical criterion for IBP, AS was defined as the presence of bilateral
grade 2 or unilateral grade 3 or 4 sacroiliitis based on a review of
all available pelvis, hip, lumbar spine, and abdominal radio-
graphs by one reader (MMW) (2). Diagnoses other than SpA
that explained the patient’s back pain symptoms, such as degen-
erative spine conditions and fibromyalgia, were recorded as well.

For patients who developed SpA, the outcome date was
defined as the date of a clinical diagnosis of SpA or the date of
the first radiographs that showed sacroiliitis, whichever occurred
first. For patients diagnosed as having non-SpA conditions, the
outcome date was the date of non-SpA diagnosis. Patients who
received no specific diagnosis for their back pain during follow-
up were categorized into 1 of 2 outcome groups: 1) those who
continued to report back pain on visits within 1 year of their last
recorded medical visit were defined as having persistent IBP
without a diagnosis of SpA, and 2) those whose back pain was
recorded as resolved at a medical visit and did not later recur, or
whose last medical visit on which back pain was reported was >1
year prior to their last recorded medical visit, were defined as
having IBP resolved. For those whose back pain resolved, the
outcome date was the date of the visit documenting the resolu-
tion of back pain; when this was not recorded, the midpoint
between the date of the last medical visit with back pain and the
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date of the last medical visit was used. The remaining patients,
whose IBP was persistent without a specific diagnosis through-
out follow-up, were censored at their last medical visit. If a
patient had both SpA and a non-SpA diagnosis, we designated
SpA as the outcome, regardless of whether the non-SpA diagno-
sis preceded the SpA diagnosis.

Statistical analysis. Descriptive statistics were used to
summarize the data. Aalen-Johansen methods, a multistate gen-
eralization of cumulative incidence with adjustment for compet-
ing risks, were used to examine the progression to 3 outcomes:
SpA, a specific non-SpA diagnosis, or resolution of IBP (17).

We performed 2 sensitivity analyses. The first sensitivity
analysis included patients who were considered to have “possible
IBP” or “definite IBP” by all 3 reviewers and fulfilled the explicit
IBP definition. The second sensitivity analysis used the date of
onset of back pain, rather than the date of fulfillment of IBP cri-
teria, as the start date for the analysis. In some patients, the
reported onset of back pain was months, or occasionally years,
earlier than the time when IBP was documented in the medical
records, and the time of onset of back pain may reflect the true
start of IBP.

We used recursive partitioning methods and Cox pro-
portional hazards models with a time-to-event outcome to iden-
tify predictors of progression to SpA. Recursive partitioning
identifies predictors that best segregate subgroups with different
prognoses. Through its hierarchical tree structure, the method
also identifies interactions between predictors that are prognos-
tically influential. Demographic features, clinical SpA features,
inflammatory markers, and HLA-B27 status were used as
potential predictors in these analyses. Tenfold cross-validation
was used to prune the tree by applying a 1 minus standard error

Table 1. Demographic and clinical features of the 124 patients with IBP*

Main analysis Sensitivity analysis 1

(n=124) (n = 113)+

Age at inclusion, mean + SD years 278 £5.0 28.0 + 4.8
Age at onset of back pain, mean + SD years 250 £5.5 250 £ 5.4
Duration of follow-up, median (IQR) years 13.2 (8.9-14.6) 13.3 (9.2-14.6)
Male 82 (66) 76 (67)
Uveitis 13 (10) 13 (12)
Dactylitis 5() 54
Enthesitis 18 (15) 17 (15)
Arthritis 8 (6) 8 (7)
IBD 4 (3) 4 (4)
Psoriasis 8 (6) 8 (7)
Reactive arthritis 1(1) 1(1)
Family history of SpA 17 (14) 17 (15)
HLA-B27

Positive 20 (16) 20 (18)

Negative 19 (15) 19 (17)

Not tested 85 (69) 74 (66)
History of smoking 46 (37) 42 (37)
Good response to NSAIDs 51 (41) 49 (43)
Elevated markers of inflammation 16 (13) 16 (14)
Rheumatologist visit 29 (23) 29 (26)
Loss to follow-up, no. 5 5
Number of follow-up radiographs, median (range) 2 (1-6) 2 (1-6)

* Except where indicated otherwise, values are the number (%). IQR = interquartile range; IBD =
inflammatory bowel disease; SpA = spondyloarthritis; NSAIDs = nonsteroidal antiinflammatory

drugs.

+ Included patients who were considered as having “possible inflammatory back pain (IBP)” or
“definite IBP” by all 3 reviewers and fulfilled the explicit IBP definition.
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rule to the complexity parameter to avoid overfitting. Analyses
were performed using R version 3.2.3 (R Foundation for Statisti-
cal Computing).

RESULTS

Study cohort. Of 5,304 Olmsted County residents
who had clinical visits for back pain at ages 16-35 years,
172 patients had “possible IBP” or “definite IBP” on
implicit review (data are available upon request from the
corresponding author). After detailed medical record
review, 124 patients with new-onset IBP were identified
(2.3% of all patients with visits for new back pain)
(Table 1). There were 82 men and 42 women in the
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Figure 1. Progression from inflammatory back pain (IBP) to spondy-
loarthritis (SpA), a non-SpA diagnosis, or resolution of back pain (re-
solved) beginning at the time of fulfillment of IBP criteria. A,
Cumulative incidence curves for the progression to each outcome. B,
Area graph showing the proportion of each outcome, including SpA,
a non-SpA diagnosis, resolution of back pain, or persistent IBP or
unknown status (persist/unk), over time. The n values are the number
of patients at risk at each time point.
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cohort. The mean + SD age at inclusion was 27.8 + 5.0
years. The mean + SD age at onset of back pain was 25.0
=+ 5.5 years. Ninety-two percent of the cohort fulfilled the
Calin criteria, 28% fulfilled the Berlin criteria, and 48%
fulfilled the ASAS criteria for IBP. Twenty-nine patients
(23%) were evaluated at least once by a rheumatologist.
In fourteen patients (11%), IBP was explicitly documented
by the treating rheumatologist, and 1 of these patients did
not fulfill any of the IBP criteria sets. The median duration
of follow-up of the cohort was 13.2 years (interquartile
range 8.9-14.6 years). The median number of follow-up
pelvis or spine radiographs was 2 (range 1-6).

Progression to SpA. At the end of the follow-up
period, IBP had progressed to SpA in 39 patients, includ-
ing 33 patients with AS based on radiographic sacroiliitis
and 6 with SpA based on clinical diagnosis by the treating
rheumatologist. In 15 patients IBP evolved to non-SpA
conditions, including degenerative disc conditions in 9,
fibromyalgia in 3, mechanical back pain in 2, and systemic
lupus erythematosus in 1 patient. In 58 patients IBP
resolved during the follow-up period. Five patients were
censored because of loss to follow-up.

The cumulative probabilities that IBP had evolved
to SpA at 5, 10, and 15 years were 24% (95% confidence
interval [95% CI] 16-31), 30% (95% CI 21-37), and 33%
(95% CI 24-42), respectively (Figures 1A and B). The
cumulative probabilities that IBP had evolved to a specific
non-SpA diagnosis at 5, 10, and 15 years were 11% (95%
CI 5-16), 11% (95% CI 5-16), and 13% (95% CI 6-19),
respectively. The cumulative probabilities that symptoms
of IBP had resolved at 5, 10, and 15 years were 19% (95%
CI 12-26), 43% (95% CI 34-52), and 49% (95% CI 39—
57), respectively. Of note, within the first year of inclu-
sion, the probability of evolving to SpA was 24% (95% CI
16-31%), and the probability of evolving to a non-SpA
diagnosis was 6% (95% CI 2-11%). Results were similar
in the sensitivity analysis that included patients who were
classified as having IBP by all 3 reviewers (data are avail-
able upon request from the corresponding author). In the
sensitivity analysis in which follow-up started at the time
of back pain onset, the cumulative probabilities that IBP
had evolved to SpA at 5, 10, and 15 years were 20% (95%
CI 12-26), 27% (95% CI 19-35), and 31% (95% CI 22—
38), respectively (Figures 2A and B). The cumulative
probabilities that IBP had evolved to a specific non-SpA
diagnosis at 5, 10, and 15 years were 7% (95% CI 2-11),
11% (95% CI 5-16), and 12% (95% CI 6-17), respec-
tively. The cumulative probabilities that IBP had resolved
at 5, 10, and 15 years were 15% (95% CI 8-21), 36%
(95% CI 27-44), and 43% (95% CI 33-51), respectively.

Predictors of progression to SpA. Recursive parti-
tioning identified a history of uveitis, male sex, and family
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Figure 2. Progression from inflammatory back pain (IBP) to spondy-
loarthritis (SpA), a non-SpA diagnosis, or resolution of back pain (re-
solved) beginning at the time of onset of back pain. A, Cumulative
incidence curves for the progression to each outcome. B, Area graph
showing the proportion of each outcome, including SpA, a non-SpA
diagnosis, resolution of back pain, or persistent IBP or unknown sta-
tus (persist/unk), over time. The n values are the number of patients
at risk at each time point.

history of SpA as the most important predictors of devel-
oping SpA (Figure 3). Patients with a history of uveitis had
a 5-fold higher risk of developing SpA compared to those
without a history of uveitis (hazard ratio [HR] 5.0 [95% CI
2.5-10.2]). Among those without a history of uveitis, men
had a 2.7-fold higher risk of SpA compared to women (HR
2.7 [95% CI 1.0-7.1]). Among men with no personal his-
tory of uveitis, a family history of SpA increased the risk of
developing SpA by 3.2-fold compared to men without a
family history of SpA (HR 3.2 [95% CI 1.3-8.1]). Among
men with no personal history of uveitis or family history of
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SpA, those who were tested for HLA-B27 had a 3-fold
higher risk of progression to SpA compared to those who
were not tested (HR 3.1 [95% CI 1.2-8.1]).

The absolute risk of having developed SpA 5 years
after the onset of IBP ranged from 69% for those with a
history of uveitis to 8% for women with no history of
uveitis. Risks in other subgroups were intermediate.
Other clinical features, such as peripheral arthritis,
enthesitis, dactylitis, and inflammatory bowel disease,
were not identified as prognostically important.

DISCUSSION

Despite the widespread use of IBP in the diagnosis
of SpA, little is known about long-term outcomes in
patients with IBP. In this population-based study, we
found that IBP progressed to SpA in fewer than one-third
of the patients during a follow-up period of >13 years.
IBP symptoms resolved in almost one-half of the patients.
In our cohort, a history of uveitis was the most important
predictor of whether a patient was likely to experience
progression to SpA.

The finding that IBP resolved without progression
in a large proportion of patients suggests that the symptom
complex described by IBP may often reflect a self-limited
process. This could represent inflammation that is either
not intense enough or not sustained enough to result in
established SpA. In this way, IBP should be considered
analogous to arthralgia, which may not always be associ-
ated with objective arthritis. It could also suggest that IBP
is associated with a broader differential diagnosis than
solely SpA. In many patients, IBP persisted for several
years before resolving, suggesting that inflammation was
not always transient.

Alternatively, patients without a true inflammatory
cause of back pain may have also reported symptoms of
IBP, in part because the language describing morning stiff-
ness and changes with activity or rest can be imprecise
(18). Clinicians and patients may interpret and discuss
these concepts differently. These patients may have gone
on to either be diagnosed with a specific non-SpA disease
or have their back pain resolve. Some misclassification
could occur due to the limited specificity of the construct
or the words used to describe IBP.

Several surveys have been conducted to describe
the prevalence of IBP in general populations. In a study
conducted in the UK, 20% of patients with back pain ful-
filled the Calin criteria for IBP; among them, only 5%
had radiographic sacroiliitis (19). In another UK popula-
tion-based survey, the prevalence of IBP in patients who
presented to their primary care provider with back pain
ranged from 7.7% to 15.4%, depending on the criteria
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Figure 3. Recursive partitioning model for progression of inflammatory back pain (IBP) to spondyloarthritis (SpA), developed using all predictors.
The variable on the top of the tree, history of uveitis, resulted in the best separation of the risk for developing SpA. The hazard ratio (HR) for
progression to SpA was 5.0 for the group with a history of uveitis compared to the group without a history of uveitis. These subgroups were then
repeatedly split, based on the presence or absence of other clinical features, until the final groups that were most homogeneous for their risk of
progression to SpA were obtained. Values are the number of patients in whom IBP progressed to SpA/total number of patients in the group.
Values for absolute risk (AR) are the 5-year absolute risk (95% confidence interval [95% CI]).

used (20). The prevalence of IBP in Mexico was estimated
at 3.0% (21). In the 2009-2010 NHANES, the prevalence
of IBP ranged from 5.0% to 6.0%, depending on the cri-
teria used (9), while the estimated prevalence of SpA in
the US is 1.0% (10). Our finding that in the majority of
patients IBP does not progress to SpA explains this gap
between the prevalence of IBP and that of SpA.

Uveitis was the most important predictor of the
development of SpA in this cohort, a finding consistent
with the results of a previous study (8). Up to 50% of
patients with AS have at least 1 episode of uveitis during
the course of their disease (22). Genetic studies of AS and
uveitis have shown shared associations with HLA-B27, as
well as IL23R, ERAPI, and the intergenic locus 2p15 (23).
In addition, sex and family history also played a role in
predicting progression to SpA in patients with IBP. These
findings are consistent with the notion that the risk of
developing SpA is largely genetically determined. The
results also indicate that not all SpA-associated features
are equally predictive of progression, and weighting of dif-
ferent features may be useful for this purpose.

In our main analysis, there was a steep increase in
SpA at the time patients met the IBP criteria. It is likely
that patients had some IBP symptoms for years, and at

the time of their initial visit, both IBP and a diagnosis of
SpA were identified simultaneously. Because of the
design of this study, in which patients were assessed only
when they presented for a medical visit rather than at pre-
specified time intervals, this analysis may have misspeci-
fied the true onset of IBP. We addressed this issue in a
sensitivity analysis that used the onset of back pain as time
0, which showed a more gradual progression to SpA.

This study had several limitations due to its retro-
spective nature. We emphasized specificity in the patients
who were included, and likely omitted some cases in
which the treating physician failed to recognize or docu-
ment the presence of IBP features. Misclassification of
these patients may have occurred because the patients
had less typical or prominent IBP symptoms, and may
have been even less likely to experience progression to
SpA than patients with typical or prominent IBP symp-
toms. Patient follow-up was based on clinical need, so
those with milder symptoms may not have been reevalu-
ated as frequently. This could have resulted in an under-
estimation of the progression to SpA. In addition, over
time, patients may accommodate to their back pain symp-
toms, and it may not have remained an active issue during
clinical encounters. This could lead to an overestimation
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of resolution. In the analysis of predictors of progression,
we considered any undocumented clinical feature as not
present, which could lead to an underrecognition of some
risk factors. Only 31% of patients were tested for HLA—
B27, and diagnostic suspicion bias likely contributed to
the prognostic importance of the results related to HLA
testing. If HLA testing had been done universally, the pre-
dictors of progression might have been different. We did
not find peripheral arthritis, enthesitis, dactylitis, or
inflammatory bowel disease to be prognostically impor-
tant; however, the sample size in our study may not be
large enough to examine these conditions. Medication
history was not included in our analysis. These limitations
are balanced by the strengths of the study, which is the
first population-based study of outcomes in patients with
IBP. We also had the advantage of accessing complete
medical records over an extended time, which allowed
tracking of clinical outcomes.

Our findings indicate that while IBP can be a precur-
sor of SpA, the presence of IBP does not predestine patients
to develop SpA. IBP is more accurately considered a symp-
tom complex of a specific type of arthralgia that may or may
not be associated with SpA and may be self-limited. There-
fore, caution should be taken to not overinterpret the impli-
cations of IBP for diagnosis, and to seek objective findings
and other aspects of the medical history when counseling
patients regarding their prognosis for progression to SpA.
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Inflammation Intensity—-Dependent Expression of
Osteoinductive Wnt Proteins Is Critical for Ectopic
New Bone Formation in Ankylosing Spondylitis

Xiang Li,' Jianru Wang,? Zhongping Zhan,' Sibei Li,> Zhaomin Zheng,* Taiping Wang,*
Kuibo Zhang,5 Hehai Pan,' Zemin Li,' Nu Zhang,1 and Hui Liu?

Objective. To investigate the molecular mecha-
nism underlying inflammation-related ectopic new bone
formation in ankylosing spondylitis (AS).

Methods. Spinal tissues and sera were collected
from patients with AS and healthy volunteers and exam-
ined for the expression of Wnt proteins. An in vitro cell
culture system mimicking the local inflammatory microen-
vironment of bone-forming sites was established to study
the relationship between inflammation and Wnt expres-
sion, the regulatory mechanism of inflammation-induced
Wnt expression, and the role of Wnt signaling in new bone
formation. Modified collagen-induced arthritis (CIA) and
proteoglycan-induced spondylitis (PGIS) animal models
were used to confirm the key findings in vivo.

Results. The levels of osteoinductive Wnt proteins
were increased in sera and spinal ligament tissues from
patients with AS. Constitutive low-intensity tumor necro-
sis factor (TNF) stimulation, but not short-term or high-
intensity TNF stimulation, induced persistent expression
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of osteoinductive Wnt proteins and subsequent bone for-
mation through NF-kB (p65) and JNK/activator protein
1 (c-Jun) signaling pathways. Furthermore, inhibition
of either the Wnt/B-catenin or Wnt/protein kinase Co
(PKCd) pathway significantly suppressed new bone for-
mation. The increased expression of Wnt proteins was
confirmed in both the modified CIA and PGIS models. A
kyphotic and ankylosing phenotype of the spine was seen
during long-term observation in the modified CIA model.
Inhibition of either the Wnt/B-catenin or Wnt/PKC$ sig-
naling pathway significantly reduced the incidence and
severity of this phenotype.

Conclusion. Inflammation intensity—dependent
expression of osteoinductive Wnt proteins is a key link
between inflammation and ectopic new bone formation
in AS. Activation of both the canonical Wnt/p-catenin
and noncanonical Wnt/PKCé pathways is required for
inflammation-induced new bone formation.

Ankylosing spondylitis (AS) is the most common
form of spondyloarthritis (SpA). In addition to inflam-
matory back pain and damage to bone and joint struc-
tures, the characteristic ectopic formation of new bone
and fusion of spinal segments in the axial skeleton are
key contributors to the AS disease burden (1,2).
Although an increasing number of breakthrough find-
ings on AS etiology and symptom-controlling therapy
have been published, the mechanism underlying new
bone formation has not been equally emphasized or
investigated. Consequently, targeted and effective treat-
ments that prevent ankylosis progression have not yet
been developed (1).

An understanding of the elusive relationship
between chronic inflammation and bone formation is
critical to develop a treatment strategy for aberrant new
bone formation. Magnetic resonance imaging has been
used extensively to analyze their correlation. Vertebral
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syndesmophytes are more likely to develop from inflam-
matory lesions, supporting the notion of a sequential
destructive—constructive relationship between inflamma-
tion and bone formation. However, the majority of verte-
bral syndesmophytes develop at sites with no evidence of
previous inflammation, suggesting a certain degree of
independence (3-7). Contradictory findings have also
been reported regarding the outcomes of anti—tumor
necrosis factor (anti-TNF) therapy. Most clinical and ani-
mal studies have indicated that TNF inhibitor treatment
is effective for controlling inflammation-related symptoms
but does not prevent the progression of structural changes
(7-13). In contrast, recent long-term studies conducted
over 5-8 years have indicated that anti-TNF therapy might
decrease the progression of new bone formation (14).
Nonsteroidal antiinflammatory drugs (NSAIDs) have also
been shown to reduce the progression of ankylosis and
to counteract the effect of inflammation on disease
progression (15,16).

Since bone formation requires critical osteogenic
molecules and pathways, inflammation/stress-induced
activation of osteogenic signaling pathways is consid-
ered a logical link between inflammation and new bone
formation (17-21). BMP, Wnt, and hedgehog signaling
pathways have previously been investigated and shown
to be involved in spinal fusion in patients with AS
(17,19). These pathways are activated by either inflam-
mation or mechanical stress (20).

A link between the Wnt signaling pathway and AS
was first reported by Diarra et al, who found that Dkk-1,
an inhibitor of the canonical Wnt/B-catenin pathway, was
expressed at a lower level in patients with AS than in con-
trols and patients with rheumatoid arthritis (RA) (22). In
a later study by Appel et al, the expression of another
Wnt/B-catenin pathway inhibitor, sclerostin, was demon-
strated to be decreased in patients with AS, and this mole-
cule was found to be linked to radiographic progression in
AS (23). Since then, accumulating evidence has shown
that a low level or dysfunction of Dkk-1 or sclerostin plays
a role in new bone formation by enhancing the activity of
the canonical Wnt pathway (23-26). However, whether
Wnt proteins are overexpressed and correlate with the
pathogenesis of this disease has not been determined.
Wnt proteins participate in complex pathways that are
involved in numerous molecular events. It is well known
that the B-catenin—dependent canonical Wnt signaling
pathway plays a critical role in osteogenesis. Among the
noncanonical pathways, the Wnt/retinoic acid receptor—
related orphan nuclear receptor 2, Wnt/p38 MAPK, and
Wnt/protein kinase C5 (PKCS) pathways have also been
shown to be important for bone formation in a B-catenin—
independent manner (27-29). However, whether and how

these pathways are involved in ectopic new bone forma-
tion in AS remain to be clarified.

In this study, we explored the bridging role of
Wnt in the correlation between inflammation and new
bone formation in patients with AS. The results of the
present study might shed more light on the enigma of
inflammation-related new bone formation in AS and
facilitate the improvement of therapeutic strategies for
slowing ankylosis progression.

MATERIALS AND METHODS

Human tissue. The Medical Ethics Committee of the
First Affiliated Hospital of Sun Yat-sen University approved the
procedures performed in this study. Seventy-three patients and
35 healthy volunteers were consecutively enrolled at 2 hospitals
between September 2013 and December 2015. Written informed
consent was obtained from all subjects. Patients with AS fulfilled
the modified New York criteria (30). Patient demographic and
clinical data are presented in Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40468/abstract. Patients with early-stage AS
(a disease duration of <3 years with no significant spinal defor-
mity or ankylosis) were divided into 2 groups according to the
absence or presence of syndesmophytes. One group of patients
had no vertebral syndesmophytes (modified Stoke Ankylosing
Spondylitis Spine Score [mSASSS] <2 in all segments) (31), and
the other group presented with >1 vertebral syndesmophyte or
bony bridging (mSASSS >2 in at least 1 segment). By comparison,
patients who underwent correction surgeries for fixed and
deformed spine were considered to have late-stage AS. (see Sup-
plementary Methods, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40468/
abstract). Thirty-nine samples of ligamentum flavum, supraspi-
nous ligament, interspinous ligament (Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract), and bone
marrow blood were obtained during spinal surgery, which was
performed by senior surgeons, and 108 peripheral venous blood
samples were collected from outpatient clinical services.

Cell culture. A preosteoblast cell line, MC3T3-E1 sub-
clone 14, and a monocyte cell line, RAW 264.7, were purchased
from ATCC. Rat osteoblasts, human bone marrow stem cells,
and human monocytes were isolated, identified, and cultured
as previously described (32-36). Additional details are pro-
vided in the Supplementary Methods.

To induce osteogenesis, different progenitor cells
were plated in a 6-well plate at a density of 2 x 10° cells/well
and cultured for 24 hours. The cells were then switched to
osteogenic medium consisting of o-minimum essential medium
supplemented with 10% fetal bovine serum (FBS), 50 pg/ml
L-ascorbic acid, 0.1 pM dexamethasone, and 10 mM B-glycero-
phosphate to induce osteogenesis. The medium was changed
every 3—4 days (37).

RAW 264.7 cells were treated with different doses of
TNF for different periods of time to generate conditioned medi-
um or with phosphate buffered saline to generate control condi-
tioned medium. Every 2 days medium was collected and
replaced with fresh medium. The collected conditioned medium
was concentrated (20:1) by centrifugation at 5,000g and 4°C for
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30 minutes using a Centricon protein concentrator (Millipore).
The concentrated conditioned medium was diluted into fresh
medium supplemented with 10% FBS (1:10) and used to induce
osteogenesis (2 ml per well of a 6-well plate at a density of 2 x
10°/well). The conditioned medium used to induce osteogenesis
was generated from RAW 264.7 cells that had been treated with
TNF for 14 days.

Real-time quantitative reverse transcription—poly-
merase chain reaction (QRT-PCR). Total RNA was extracted
from cells using TRIzol reagent (Invitrogen), and qRT-PCR

LI ET AL

was performed to analyze gene expression at the messenger
RNA (mRNA) level as previously described (37) (see Supple-
mentary Methods and Supplementary Table 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40468/abstract).

Western blot analysis. Cells were lysed in radioimmuno-
precipitation assay buffer, total proteins were extracted, and pro-
tein concentrations were determined using a bicinchoninic acid
assay. Western blotting was performed as previously described
(37) (see Supplementary Methods for details).
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Figure 1. Increased expression of Wnt proteins in spinal tissue and sera from patients with ankylosing spondylitis (AS). A, Clinical, radiographic,
and computed tomography images of a patient with severe AS. B, Immunohistochemical staining of Wnt proteins and tumor necrosis factor
(TNF) in spinal tissue from patients with AS or degenerative spine diseases (DS). C, Enzyme-linked immunosorbent assay analyses of serum Wnt
proteins and TNF levels in patients with AS, patients with degenerative spine diseases, and healthy controls. Bars show the mean + SD of tripli-

cate experiments. *

P < 0.05 versus healthy controls, patients with degenerative spine diseases, and patients with AS without syndesmophytes

(Syn-); # = P < 0.05 versus patients with AS with syndesmophytes (Syn+).
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Enzyme-linked immunosorbent assay (ELISA). Cells
were stimulated with different concentrations of TNF for dif-
ferent durations. Briefly, the protein levels of Wnts, Dkk-1,
and TNF in cell culture supernatants and sera were deter-
mined using an ELISA kit according to the recommendations
of the manufacturer (HuaMei). The sensitivity of ELISA for
all proteins was 10 pg/ml.

Luciferase reporter assay. RAW 264.7 cells were plated
at a density of 1 x 10* cells/em® and transfected with a mixture
of luciferase reporter plasmids (Promega), according to the
manufacturer’s instructions. Luciferase activity was measured
with a Luciferase assay kit (Promega). The data were normalized
to Renilla luciferase activity, and relative luciferase units were
calculated as the ratio of firefly luciferase activity to Renilla lucif-
erase activity.

Chromatin immunoprecipitation (ChIP) assay. RAW
264.7 cell lysates were analyzed with a ChIP assay kit (Upstate
Biotechnology), according to the manufacturer’s instructions.
Anti-p65 and anti—c-Jun antibodies were used to immunoprecip-
itate DNA protein complexes, and IgG alone was used as a neg-
ative control.

Determination of culture mineralization. Alizarin red
staining and Von Kossa’s staining were used to determine cal-
cium deposition and calcium phosphate—containing nodules
and indicate mineralization as previously described (33,37)
(see Supplementary Methods, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40468/abstract).

Establishment of animal models. DBA/1 mice and
BALB/c mice were purchased from Charles River. Modified col-
lagen-induced arthritis (CIA) was induced as described in the
Supplementary Methods. The CIA model used in the present
study differed in 3 main features from the standard CIA model,
which has been used extensively in studies of RA. First, only male
DBA/1 mice were used for induction in the present study, while
female mice have been found to be more susceptible to RA. Sec-
ond, the observation period in the present study was not less than
30 weeks. Finally, we investigated not only peripheral joint
remodeling but also spinal morphologic changes. The DBA/1
mouse model of spontaneous arthritis and proteoglycan-induced
spondylitis (PGIS) were induced using previously described
standard methods (12,21,22,38-40) (see Supplementary Meth-
ods for details). The Animal Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University approved all
animal experiments.

Micro—computed tomography (micro-CT) analysis and
histologic analysis. Lumbar spine (spinal segment including
intervertebral disc and adjacent end plates) and hind paw speci-
mens were obtained from mice postmortem and fixed with 4%
paraformaldehyde. For micro-CT scanning, specimens were fit-
ted in a cylindrical sample holder and scanned using a Scanco
nCT40 scanner set to 55 kVp and 70 pA. For visualization, the
segmented data were imported and reconstructed as 3-dimen-
sional images using MicroCT Ray V3.0 software (Scanco Medi-
cal). Kyphotic angles were measured using the Cobb angle as
previously described (41-44) (see Supplementary Methods) with
reliability analysis. Quantification of the Cobb angle was per-
formed only in mice with pathologic kyphosis.

For histologic analysis, specimens were decalcified in
0.5M EDTA (Sigma-Aldrich) at 4°C. Paraffin-embedded sec-
tions were stained with hematoxylin and eosin (H&E) to evalu-
ate general structures and with alizarin red to evaluate bone

formation. Immunohistochemical analysis of the specimens was
conducted using specific antibodies. Tissue sections were quanti-
tated according to the percentage of positive cells as previously
described (45). The proportion of positive cells per visual field
was calculated using the number of positive cells as the numera-
tor and the number of total cells as the denominator.

Statistical analysis. Statistical significance was ana-
lyzed via one-way analysis of variance with Levene’s test for
homogeneity of variance, followed by the Bonferroni post hoc
test or Dunnett’s T3 post hoc test based on the comparison
to be made and the statistical indication of each test. P values
less than 0.05 were considered significant. Analyses were per-
formed using SPSS software for Windows, version 16.0.

RESULTS

Expression of Wnt proteins in spinal ligaments
and sera from patients with AS. To determine whether
Whnt played a role in new bone formation in AS, we first
examined the expression of Wnt proteins in spinal liga-
ment tissue (ligamentum flavum, supraspinous ligament,
and interspinous ligament) and serum samples (see Sup-
plementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40468/abstract) from patients with AS who under-
went correction surgeries (Figure 1A). Wnt3a, Wnt4,
Wnt5a, Wnt7b, and Wnt10b were found to be more highly
expressed in spinal ligament tissue from patients with late-
stage AS than patients with degenerative spine diseases
(Figure 1B). Wnt3a, Wnt4, Wnt5a, Wnt7b, and Wnt10b
were found to be expressed at significantly higher levels in
sera from patients with early-stage AS with vertebral
syndesmophytes, as well as patients with late-stage AS,
than in healthy controls, patients with degenerative spine
diseases, and patients with early-stage AS without verte-
bral syndesmophytes (Figure 1C). TNF was expressed at
significantly higher levels in sera from both patients with
early-stage AS and those with late-stage AS than in sera
from healthy controls and patients with degenerative spine
diseases (Figure 1C).

TNF induces Wnt expression in a dose- and
time-dependent manner. In inflammatory bone dis-
eases, monocytes are recruited and interact with cells
of the osteogenic lineage by expressing anabolic and
catabolic cytokines in both an autocrine and paracrine
manner. To determine whether Wnt expression was
induced by inflammatory stimulation, we stimulated a
monocyte cell line, RAW 264.7, and human monocytes
with TNE. Human monocytes were identified using pre-
viously described methods (36) (Supplementary Figure 2
and Supplementary Methods, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40468/abstract). After conducting a
cytotoxicity assay (Supplementary Figure 3, available
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Figure 2. Induction of Wnt and Dkk-1 expression by tumor necrosis factor (TNF). TNF induced Wnt expression in a dose- and time-dependent
manner. A and B, Quantitative reverse transcription—polymerase chain reaction (RT-PCR) (A) and Western blot analysis (B) of Wnt expression in
RAW 264.7 cell and human monocyte cell cultures treated with TNF (10 ng/ml every 48 hours) or left untreated (not treated [NT]). * = P < 0.05.
C and D, Quantitative RT-PCR analysis (C) and enzyme-linked immunosorbent assay (D) of Wnt and Dkk-1 expression in RAW 264.7 cells stimu-
lated with single treatments of TNF or multiple treatments of TNF (addition of fresh cytokine every 48 hours). Values are the mean + SD from 1
representative experiment of 3 independent experiments each performed in triplicate. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract.
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on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract),
we defined doses of 1 ng/ml and 10 ng/ml TNF as low-
intensity inflammatory stimulation and a dose of 50 ng/ml
TNF as high-intensity inflammatory stimulation.

TNF efficiently induced Wnt expression at both
the mRNA and protein levels on day 7 (Figures 2A and
B). Based on the results of a subsequent expression pro-
file study, constitutive stimulation with a low-dose of TNF
(1 ng/ml or 10 ng/ml, with multiple treatments every 48
hours) resulted in a persistent increase in Wnt expression
but no increase in Dkk-1 expression at the mRNA level.
In contrast, high-dose (50 ng/ml) or short-term (single
treatment for 48 hours) stimulation with TNF resulted in
increased Wnt expression in a pulsed manner or had no
inductive effect. However, it increased the expression of
DKkk-1, which is a well-known suppressor of bone forma-
tion (Figures 2C and D). Thus, only constitutive low-
intensity inflammation induces persistent Wnt expression,
while high-intensity inflammation induces expression of
the Wnt antagonist Dkk-1.

Conditioned medium from cells constitutively
stimulated with a low dose of TNF promotes bone forma-
tion in vitro. To clarify the correlation between inflamma-
tion and new bone formation, we established an in vitro
cell culture system to mimic the inflammatory microenvi-
ronment of enthesitis, which contained the key elements
of inflammatory bone-forming sites. The model included
proinflammatory cells, osteoprogenitor cells, and the criti-
cal proinflammatory cytokine TNE. A similar in vitro cell
culture system has been used to investigate the inflamma-
tory microenvironment associated with tumorigenesis
(46). We collected conditioned medium from RAW 264.7
cells treated with different doses of TNF for 14 days and
then used it to stimulate different types of osteoprogeni-
tors. Nodule formation by human bone mesenchymal
stem cells, rat osteoblasts, and the MC3T3-El pre-
osteoblast cell line was significantly increased following
stimulation with conditioned medium from monocytes
constitutively treated with a low dose of TNE In contrast,
conditioned medium from cells constitutively stimulated
with a high dose of TNF or stimulated for a short duration
did not significantly affect nodule formation (Figures 3A-
F and Supplementary Figure 4). Similar inductive effects
on the expression of osteogenic genes, including RUNX2,
Osx, ALP, and OCN, were observed 24 hours after induc-
tion (Figures 3G-I). These results indicate that only con-
stitutive low-intensity inflammation is osteoinductive.

Essential role of Wnt expression in bone formation
induced by conditioned medium from cells stimulated
with TNE. To explore whether Wnt proteins played a
critical role in osteogenesis induced by TNF-stimulated

conditioned medium, Wnt gene expression was knocked
down with small interfering RNAs (siRNAs) targeting dif-
ferent Wnts (Supplementary Table 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40468/abstract) and then bone
formation was evaluated. Wnt expression was successfully
silenced in RAW 264.7 cells (Supplementary Figure 5,
available on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract), and
nodule formation by MC3T3-E1 preosteoblasts was sig-
nificantly decreased in the presence of conditioned me-
dium from these RAW 264.7 cells stimulated with TNF
compared to control conditioned medium (Figures 3J
and K). Similar effects on the expression of osteogenic
genes were observed 24 hours after induction (Fig-
ure 3L). These results suggest that the osteoinductive
effect of conditioned medium from cells stimulated with
TNF depends on Wnt proteins. We evaluated the osteoin-
ductive capacity of each Wnt family member and provide
the first comparative evidence showing that Wnt3a, Wnt4,
Wnt5a, Wnt5b, Wnt7b, Wnt10b, Wntl1, and Wnt16b are
osteoinductive proteins within an identical experimental
system (Supplementary Figures 6 and 7, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40468/abstract).

Both canonical and noncanonical Wnt signaling
pathways are required for bone formation induced by
conditioned medium from TNF-stimulated cells. To eluci-
date the involvement of Wnt pathways in bone formation
induced by constitutive low-intensity inflammation, we
examined the roles of 2 acknowledged osteogenic path-
ways, the Wnt/B-catenin and Wnt/PKCS pathways, in
osteogenesis using our TNF-stimulated conditioned
medium—induced in vitro cell culture system of bone for-
mation. The Wnt/B-catenin pathway inhibitor Dkk-1 and
the Wnt/PKCS pathway inhibitor Rottlerin significantly
suppressed TNF-stimulated conditioned medium-induced
nodule formation by different types of osteoprogenitors.
Combined treatment with both inhibitors further de-
creased nodule formation (Figures 3M and N). Similarly,
knockdown of B-catenin or PKCS gene expression with
siRNAs in osteoprogenitors (Supplementary Figure 5)
significantly decreased nodule formation induced by con-
ditioned medium from TNF-stimulated cells. Knockdown
of both B-catenin and PKCS resulted in further inhibition
of nodule formation (Figures 3M and N). Similar inhibi-
tory effects of inhibitors of these pathways on the expres-
sion of osteogenic genes were observed 24 hours after
induction (Figure 30). These results suggest that activa-
tion of both the canonical and noncanonical Wnt signal-
ing pathways is required for inflammation-induced
osteogenesis.
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Figure 3. Essential role of Wnt signaling in bone formation induced by conditioned medium from cells stimulated with tumor necrosis factor (TNF)
(CM™F), A-C, Alizarin red staining of human bone marrow stem cell (hnBMSC) (A), rat osteoblast (ROB) (B), and MC3T3 (C) osteoprogenitor
cells cultured in conditioned medium produced from RAW 264.7 cells stimulated with the indicated doses of TNE cultured in control conditioned
medium (CM“™), or left untreated (NT). D-F, Quantification of the results shown in A-C with absorbance at 450 nm (A4sp nm)- G-I, Quantitative
reverse transcription—polymerase chain reaction (RT-PCR) analyses of osteogenesis markers. J, Alizarin red staining of MC3T3 cells stimulated with
TNF-stimulated conditioned medium produced from RAW 264.7 cells transfected with individual Wnt small interfering RNAs (siRNAs) or the cor-
responding controls. K, Quantification of the results shown in J (A4sp nm)- L, Quantitative RT-PCR analyses of osteogenesis markers in MC3T3 cells
treated with TNF-stimulated conditioned medium produced from RAW 264.7 cells transfected with individual Wnt siRNAs or the corresponding
controls. M, Alizarin red staining of MC3T3 cells treated with B-catenin and protein kinase C3 (PKCS9) inhibitors or transfected with B-catenin and
PKCS siRNAs and then treated with TNF-stimulated conditioned medium or the corresponding controls. N, Quantification of the results shown in
M (A4s50 nm)- O, Quantitative RT-PCR analyses of osteogenesis markers in MC3T3-E1 cells treated with B-catenin and PKCS inhibitor or transfected
with B-catenin and PKCS siRNAs induced with TNF-stimulated conditioned medium or the corresponding controls. In D-I and K-O, bars show the
mean £ SD from 1 representative experiment of 3 independent experiments each performed in triplicate. * = P < 0.05 versus untreated samples;
# = P < (.05, versus TNF-stimulated conditioned medium. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40468/abstract.
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Figure 4. Tumor necrosis factor (TNF) regulates Wnt expression through NF-xB (p65) and JNK/activator protein 1 (AP-1) (c-Jun) signaling. A
and B, Wnt3a (A) and Wnt5a (B) promoter deletion assays. C, Polymerase chain reaction (PCR) products from the input DNA and DNA precipi-
tated with an anti-p65 or anti—c-Jun antibody using the same primers. Normal IgG was used as a negative control, and equal amounts of total
genomic DNA were used as input. D, Western blot analysis of DNA-protein complexes immunoprecipitated with anti-p65 or anti—c-Jun antibody,
showing that p65 and c-Jun were present in the precipitate. E, Quantitative reverse transcriptase-PCR (RT-PCR) analyses of Wnt mRNA levels in
RAW 264.7 cells that were pretreated with an NF-xB inhibitor (SM7368 [SM]), a JNK inhibitor (SP600125 [SP]), or the corresponding controls
and then stimulated with TNF (50 ng/ml) for 72 hours. F, Site-directed mutagenesis analysis of the Wnt3a promoter. G and H, Quantitative RT-
PCR and Western blot analyses showing significant knockdown of p65 (G) and c-Jun (H) expression by small interfering RNA (siRNA). I, Quanti-
tative RT-PCR analysis of Wnt mRNA levels in RAW 264.7 cells transfected with p65, c-Jun, or control siRNAs and stimulated with TNF (50 ng/
ml) for 72 hours. In A-C and E-I, bars show the mean = SD from 1 representative experiment of 3 independent experiments each performed in
triplicate. * = P < 0.05 versus untreated (NT) samples; # = P < 0.05 versus TNF-treated samples. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract.
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TNF regulates Wnt expression through the NF-
kB (p65) and JNK/activator protein 1 (AP-1) (c-Jun)
pathways. Wnt expression is regulated by TNF in the
setting of inflammation (47). However, the detailed
molecular mechanism and regulatory pathway has not
been identified. To further understanding of the molec-
ular mechanism through which TNF regulates Wnt
expression, we performed serial promoter analysis stud-
ies for the Wnt3a and Wnt5a genes and found p65 and
c-Jun binding sites (Figures 4A and B). ChIP assay
confirmed the actual binding of p65 and c-Jun to the
promoter regions (Figures 4C and D). Site-directed
mutagenesis significantly decreased TNF-induced pro-
moter transactivity (Figure 4F). Inhibition of the NF-xB
and JNK/AP-1 pathways with both pharmaceutical inhib-
itors and target-specific siRNA significantly attenuated
the TNF-induced up-regulation of Wnt expression (Fig-
ures 4E and G-I). Further details are available in Supple-
mentary Results, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40468/abstract.

Activation of Wnt signaling is required for spinal
ectopic new bone formation in vivo. To confirm the role of
Wnt signaling in inflammation-related ankylosis, we
established modified CIA and PGIS mouse models. We
obtained the first evidence of whole-spine morphologic
changes after collagen induction (Figure 5A). Micro-CT
images showed significant spinal kyphosis in the mice with
modified CIA 30 weeks after induction compared with
controls. The Cobb angle at baseline was 37.46-40.88°.
Thus, we defined a kyphotic phenotype with a Cobb angle
of >45° as kyphosis. The mean + SD incidence of kypho-
sis in these mice at 30 weeks was 35 + 7%, and the mean
+ SD angle of local kyphosis was 71.16 + 6.23° (Fig-
ures 5B and C). This phenotype is similar to clinical
observations of the spines of patients with AS (Fig-
ure 5D). Following treatment with Dkk-1 or Rottlerin,
the mean + SD incidences of kyphosis were significantly
reduced to 23 & 4% and 18 + 4%, respectively. The mean
+ SD kyphotic angles were reduced to 56.28 4+ 4.65° and
59.97 + 2.47°, respectively. Following treatment with both
inhibitors, the incidence of kyphosis was further reduced
to 13 + 4%, and the kyphotic angle was reduced to 42.17
+ 1.63°, which were not significantly different from those
in the controls (Figures 5B and C). Reliability testing
showed that the measurement was reliable and repro-
ducible (Supplementary Table 4, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40468/abstract).

Furthermore, the occurrence of significant bony
bridging between vertebrae (spinal ankylosis) was
observed in a mean + SD of 40 £ 7% of the mice with
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modified CIA (Figures SE and F). Following treatment
with Dkk-1 or Rottlerin, the mean + SD incidences were
reduced significantly, to 28 + 4% and 23 + 4%, respec-
tively. Following treatment with both inhibitors, the inci-
dence was further reduced to 8 & 4% (Figure 5F). Similar
osteogenic changes were observed in the hind paws (Fig-
ure SE). New bone formed in the hind paws of a mean +
SD of 63 £+ 4% of the mice with modified CIA 30 weeks
after induction. Following treatment with Dkk-1 or Rott-
lerin, the mean + SD incidence of osteophyte formation
was significantly reduced to 43 4+ 4% and 38 + 4%, respec-
tively. In the presence of both inhibitors, the incidence was
further reduced to 18 + 4% (Figure 5G).

H&E staining showed significant osteophyte for-
mation and complete fusion between vertebrae 30
weeks after induction (Figure 6A). Positive immunohis-
tochemical staining for Wnt3a, Wnt5a, and Wnt7b was
detected at bone-forming sites from 16 to 30 weeks
after induction (Figures 6B and C). Following treat-
ment with Dkk-1 or Rottlerin, H&E and alizarin red
staining revealed that the fusion was suppressed. Fol-
lowing treatment with both inhibitors, osteophyte for-
mation and fusion were further inhibited (Figures 6A
and D). In a comparative analysis, the arthritis severity
score in the DBA/1 spontaneous arthritis model indi-
cated a more rapidly progressive but self-limited pat-
tern of inflammation, while the modified CIA model
showed a relatively low-grade and long-lasting pattern of
inflammation (Supplementary Figure 8, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40468/abstract).

Similarly, in the PGIS model, bony bridging and
fusion between vertebrae were observed with micro-CT,
H&E staining, and alizarin red staining, and it was signifi-
cantly reduced by treatment with Dkk-1 and Rottlerin
(Supplementary Figures 9 and 10). Wnt protein expres-
sion in the bone-forming site was confirmed by immuno-
histochemical staining (Supplementary Figure 9). These
results suggest that activation of Wnt signaling is required
for ectopic new bone formation in vivo.

DISCUSSION

In an in vitro study, we made 3 key observations
that provide new insights into the molecular mechanism
of new bone formation in AS. First, we reported the
novel observation of expression of Wnt proteins in the
ligaments of patients with AS that were collected dur-
ing correction surgeries (Figure 1). Second, using an
in vitro cell culture system mimicking the inflammatory
microenvironment of bone-forming sites, we found that
conditioned medium from monocyte cultures that were
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Figure 5. Activation of Wnt signaling is required for the ankylosis phenotype in vivo. A, Representative micro—computed tomography (micro-CT)
images obtained at baseline (week 0 represents the time of last injection), 16 weeks, and 30 weeks after collagen induction showing the whole
skeletons of untreated mice with modified collagen-induced arthritis (mCIA) and mice with modified CIA treated with Dkk-1, Rottlerin, or Dkk-1
plus Rottlerin. B, Incidence of kyphotic change in the spines of mice with modified CIA. C, Cobb angle of spinal kyphosis in mice with modified
CIA. D, Comparison of micro-CT images of an untreated control mouse, a mouse with modified CIA at 30 weeks after induction, and the spinal
segments of a patient with ankylosing spondylitis (AS) who had undergone correction surgery. E, Representative micro-CT images obtained at
baseline, 16 weeks after induction, and 30 weeks after induction showing the spines and hind paws of untreated mice with modified CIA and mice
with modified CIA treated with Dkk-1, Rottlerin, or Dkk-1 plus Rottlerin. F, Incidence of spinal ankylosis in mice with modified CIA. G, Inci-
dence of osteophytes of the hind paws in mice with modified CIA (n = 20 per group). In B, C, E and G, bars show the mean £ SD from 2 inde-
pendent experiments. * = P < 0.05 versus baseline; # = P < 0.05 versus untreated mice at 30 weeks after induction. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract.
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constitutively stimulated with low-dose TNEF, but not
those stimulated with high-dose TNF or subjected to
short-term stimulation with TNF, induced persistent
Wnt expression through the NF-xB (p65) and JNK/
AP-1 (c-Jun) pathways, followed by subsequent new
bone formation (Figures 2-4). Third, we provided the
first evidence that both the canonical Wnt/B-catenin
and noncanonical Wnt/PKCS signaling pathways are
required for new bone formation (Figure 3).

Two main theories exist regarding the relationship
between inflammation and ectopic new bone formation in
AS (13). One theory postulates that inflammation trig-
gered by unknown stimuli drives a bone catabolic process.
Later, when inflammation fluctuates and is intermittently
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suppressed, the bone catabolic process is replaced by a
bone anabolic response characterized by overreactive
osteogenesis. The other theory suggests that inflammation
and bone formation are uncoupled and that the same trig-
gers independently activate inflammatory and stromal
cells. The activation of stromal cells leads to bone forma-
tion. The suppression of inflammation might even pro-
mote bone formation (the TNF brake hypothesis).

Our in vitro cell culture system might provide a
link between these theories by showing that TNF induces
the expression of osteogenic Wnt proteins in the inflam-
matory microenvironment. Autoimmune responses cause
inflammation in entheses. The inflammation level fluctu-
ates in response to many factors, including autoantigen

| TNF/Inflammation |

(High intensity) (Low intensity)

Proinflammatory cells

Catabolic effect) (Anabolic effect

Cytokines
1 !

( Osteogenic Progenitors |

Bone formation

0.
Oweek 16weeks 30weeks

Dkk-1

+Rottlerin

Figure 6. Activation of Wnt signaling is required for ectopic new bone formation in vivo. A, Hematoxylin and eosin staining of lumbar spine spec-
imens from mice with modified collagen-induced arthritis (CIA) at baseline and 16 and 30 weeks after induction compared with mice with modi-
fied CIA treated with Dkk-1, Rottlerin, or Dkk-1 plus Rottlerin. The bottom row shows higher-magnification views of the boxed areas in the top
row. B, Immunohistologic staining for Wnt3a, Wnt5a, and Wnt7b in lumbar spine specimens from mice with modified CIA at baseline and 16 and
30 weeks after induction. Brown indicates positive cells. Original magnification x 4. C, Quantification of the proportions of Wnt3a-, Wnt5a- and
Wnt7b-positive cells in lumbar spine specimens. Bars show the mean + SD (n = 20 mice per group). * = P < 0.05. D, Alizarin red staining of lum-
bar spine specimens from mice with modified CIA at baseline and 16 and 30 weeks after induction compared with mice with modified CIA treated
with Dkk-1, Rottlerin, or Dkk-1 plus Rottlerin. The bottom row shows higher-magnification views of the boxed areas in the top row. E, Schematic
diagram illustrating the theory presented in the current study. Fluctuations in the level of inflammation exert either a catabolic or an anabolic
effect on bone formation. Inflammation intensity—dependent expression of osteoinductive Wnt proteins is a key link between inflammation and
the ectopic formation of new bone in patients with ankylosing spondylitis. TNF = tumor necrosis factor. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40468/abstract.
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exposure, immune cell responsiveness, and local blood
supply. When the inflammation level is relatively low at a
certain disease stage, low-intensity TNF stimulation
induces strong and persistent expression of Wnt proteins
at bone-forming sites. Subsequently, Wnt-induced osteo-
genesis occurs in an inflammation-independent manner.
When the inflammation level becomes relatively high, ele-
vated TNF levels induce the expression of numerous
cytokines such as Dkk-1 (Figure 2C) with catabolic effects
on bone structures, overcoming the anabolic effects of the
osteogenic molecules. When the inflammation level again
decreases, the bone-forming period resumes. Inflamma-
tion is an initiating factor and a restricting factor for new
bone formation. The catabolic—anabolic cycle is driven by
the intensity of inflammation. The osteogenic molecules
induced by proinflammatory cytokines represent a key
link between inflammation and new bone formation,
whereas inflammation intensity is the bone formation
switch.

The TNF brake hypothesis was proposed to
explain the enhancement of new bone formation follow-
ing TNF blockade in the clinical setting. Considering our
findings, we speculate that the application of an effective
anti-TNF treatment significantly decreases the TNF level,
but it does not reach the baseline level observed in the
normal population. This reduced TNF level no longer
exerts an inhibitory effect on bone formation; rather, it
increases the expression of osteogenic Wnt proteins and
exerts an osteoinductive effect. This finding may explain
the TNF brake hypothesis to some extent. However, if
NSAIDs and TNF blockers are administered at a very
early disease stage and are used for long periods, low-
intensity inflammation may be further inhibited, and the
inductive effect on osteogenic molecules might be sabo-
taged. This finding might explain the importance of the
therapeutic time window and duration (14-16,48,49).

One of the complexities of Wnt signaling is that
different Wnt proteins seem to have overlapping func-
tions. The Wnt protein family currently comprises 19
members. Previous studies have shown that some mem-
bers are osteogenic. However, results have varied among
studies due to differences in experimental conditions, cell
types, stimulation methods and durations, and osteogene-
sis measurements (27-29,50-52). We screened all family
members in the current culture system using different
osteoprogenitor cell types to compare the osteogenic abil-
ities of the Wnt proteins. Wnt3a, Wnt4, Wnt5a, Wnt5b,
Wnt7b, Wnt10b, Wnt11, and Wnt16b were found to be
osteogenic (Supplementary Figure 6). To the best of our
knowledge, this study provides the first comparison of the
osteoinductive effect of different Wnt proteins in the
same culture system.

To confirm the role of Wnt signaling in new bone
formation, we further conducted an in vivo experiment.
Wnt protein expression was observed at bone formation
sites (Figures 6B and C and Supplementary Figure 9).
Significant spinal ankylosis and obvious kyphosis were
observed in mice with modified CIA, which are very simi-
lar to the morphologic changes observed in the spine of
patients with AS (Figure 5D). Inhibition of Wnt signaling
was found to significantly suppress new bone formation
and kyphosis, indicating a critical role for Wnt signaling in
the progression of ankylosis (Figures SA-C). A PGIS
model was also established, and the key role of Wnt in
spinal ankylosis was confirmed in this model (Supplemen-
tary Figures 9 and 10).

An important and interesting finding of our in vivo
experiment that has not been described previously was
the spinal ankylosis and kyphosis observed during the late
stage of the disease in the modified CIA model. Four
non-transgenic models are most frequently used to study
bone and joint pathology in rheumatic diseases: sponta-
neous arthritis in DBA/1 mice, CIA, collagen antibody—
induced arthritis, and proteoglycan-induced arthritis/
PGIS. In all of these models, bone remodeling and new
bone formation were found to be closely correlated to the
inflammation process (12,13,20-22,53-56). Of these mod-
els, osteophytes in the paws of DBA/1 mice and syn-
desmophytes leading to vertebral bony bridging in the
PGIS model are most widely considered to be pathologic
changes similar to new bone formation in the axial skele-
ton of patients with AS. Spinal syndesmophytes and
fusion have only been shown to develop in the PGIS
model in the existing literature (20,21,40,57-59).

Our novel finding of spinal fusion in mice with
modified CIA might be due to 2 factors. First, low-inten-
sity constitutive inflammation might be the important
driving factor for osteogenesis. Previously, data from ani-
mals with CIA were obtained over periods of no longer
than 70 days after the last induction; thus, potential subse-
quent changes in the spine have not been reported (60—
64). In this study, we extended the observational period to
30 weeks and found that spinal changes began at week 16
and that 40% of the experimental animals had spinal
ankylosis at week 30 after induction (Figures 5A-C). In
our comparative analysis, in DBA/1 mice with sponta-
neous arthritis, which had no spinal involvement, the
inflammation level reached a peak level more rapidly and
decreased to almost the baseline level after 16-18 weeks.
This finding is consistent with the major evidence showing
that arthritis in this model is a self-limited process and
ceases within 8-12 weeks after onset (65). In contrast, the
mice with modified CIA more slowly reached a lower
peak level of inflammation and then presented a relatively
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persistent inflammation level for up to 30 weeks (Supple-
mentary Figure 8). Although a direct comparison of
inflammation severity may not be the most appropriate
due to the great heterogeneity of the DBA/1 model (dif-
ferent time of onset, peak inflammation level, duration of
the peak inflammation level, and duration of the whole
disease process among different studies) (65-70), it at
least supported the notion that spontaneous arthritis in
DBA/1 mice presents a self-limited and unstable pattern
of inflammation, whereas mice with CIA present with a
relatively long-lasting and stable pattern of inflammation.
These findings indicate that inflammation-induced osteo-
genesis depends on a certain intensity of constitutive
inflammatory stimulation. Second, type II collagen in the
intervertebral disc might be a key autoimmune target in
the spine. Type II collagen is abundantly expressed in
articular cartilage. However, in the spine, type II collagen
is mainly expressed at high levels in the disc, which is basi-
cally an avascular tissue. Only blood vessel infiltration into
a chronically inflamed and degenerative disc results in the
exposure of type II collagen, which becomes a local
autoantigen and autoimmune target that is reactivated by
collagen or PG induction (40,59). The phenomenon of
ankylosis and subsequent bone formation observed in the
PGIS model and our long-term modified CIA model sug-
gests that enthesitis and discs are important sites of
inflammation-related ankylosis.

The present study has some limitations. First,
the specific role of each Wnt protein in the ectopic for-
mation of new bone is unclear. Further studies of the
specific roles of these proteins would aid the treatment
of patients with osteogenesis at different disease stages.
Second, we have not clearly determined whether cross-
talk occurs between Wnt signaling and other important
osteogenic signaling pathways. Third, further investiga-
tions are required to determine whether other non-
canonical Wnt pathways are also involved in this
process. Moreover, whether our findings exist in trans-
genic mouse models with spinal syndesmophytes, espe-
cially HLA-B27-transgenic models (including B27/
hB,m-transgenic Lewis rats, B27/hp,m-transgenic F344
rats, and B27/hf,m-transgenic Lewis rats 21-3 x 283-2
F1), has not been verified in the present study. Further
confirmation of our key findings in these models is impor-
tant to conclude that our findings represent common
phenomena in all mouse models with spinal ankylosis.

In summary, the novel findings of this study
strongly suggest that inflammation intensity—dependent
expression of osteoinductive Wnt proteins is a key link
between inflammation and ectopic new bone forma-
tion in AS. Activation of both the canonical Wnt/
B-catenin and noncanonical Wnt/PKCS pathways is
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required for inflammation-induced new bone forma-
tion in AS. To translate our findings to therapeutic
strategy, pathway complexity must be fully considered
when targeting Wnt signaling pathways. The timing
and duration of antiinflammatory treatments are of
great importance for inhibiting the osteoinductive
effect of low-intensity inflammation and preventing
the onset and progression of ankylosis. Based on our
findings, early, long-term, thorough antiinflammatory
therapy is recommended.
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A Randomized, Double-Blind, Parallel-Group, Placebo-Controlled, Multiple-Dose
Study to Evaluate AMG 557 in Patients With Systemic Lupus Erythematosus and

Active Lupus Arthritis
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Objective. To evaluate the safety and potential effi-
cacy of AMG 557, a fully human antibody directed against
the inducible T cell costimulator ligand (ICOSL) in patients
with systemic lupus erythematosus (SLE) with arthritis.

Methods. In this phase Ib, randomized, double-
blind, placebo-controlled study, patients received AMG 557
210 mg (n = 10) or placebo (n = 10) weekly for 3 weeks, then
every other week for 10 additional doses. The corticosteroid
dosage was tapered to <7.5 mg/day by day 85, and immuno-
suppressants were discontinued by day 29. Primary end
points on day 169 were safety, immunogenicity, the Lupus
Arthritis Response Index (LARI; defined by a reduction in
the tender and swollen joint counts), >1-letter improvement
in the musculoskeletal domain of the British Isles Lupus
Assessment Group (BILAG) index, and medication discon-
tinuation. The secondary/exploratory end points were
changes in the tender and swollen joint counts, BILAG
index scores (musculoskeletal, global), and the Systemic
Lupus Erythematosus Disease Activity Index (SLEDAI).

Results. The incidence of adverse events, most of
which were mild, was similar between groups. LARI
responses occurred in 3 of 10 patients receiving AMG 557
and 1 of 10 patients receiving placebo (P = 0.58). More
patients in the AMG 557 group achieved a >4-point
improvement in the SLEDAI score on day 169 (7 of 10
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patients) compared with the placebo group (2 of 10
patients) (P = 0.07). Patients treated with AMG 557 (ver-
sus placebo) had greater improvements from baseline in
the global BILAG index scores (-36.3% versus —24.7%)
and the SLEDAI score (—47.8% versus —10.7%) and in ten-
der (-22.8% versus —13.5%) and swollen (-62.1% versus
—7.8%) joint counts on day 169.

Conclusion. AMG 557 showed safety and poten-
tial efficacy, supporting further evaluation of the clinical
efficacy of ICOSL blockade in patients with SLE.

Systemic lupus erythematosus (SLE) is a complex
autoimmune disease characterized by unpredictable flares
of potentially destructive inflammation that can affect the
skin, musculoskeletal, nervous, pulmonary, and renal sys-
tems (1). Joint involvement is a common manifestation of
SLE; it has been estimated that 69-95% of patients have
lupus arthritis (2). Currently available treatments are
inadequate; hence, more effective therapies with fewer
short-term and long-term toxicities are needed (1).

Deposits of autoantibody—antigen immune com-
plexes are a hallmark of SLE and can be found in various
organs, triggering complement and other inflammatory
pathways (3). Autoantibodies are a key pathogenic marker
of the disease and implicate immune dysregulation as a
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driving force for disease pathogenesis (1,3). Production of
antibodies from autoreactive B cells typically requires
direct interaction with CD4+ T helper cells (4). Normal
interactions between T cells and B cells are concentrated
in specific anatomic areas of secondary lymphoid organs.
A specialized CD4+ T helper cell subset, the follicular
helper T (Tth) cell, localizes there and is primarily respon-
sible for promoting the B cell response leading to antibody
production (5). Tth cells express a specific pattern of cell
surface receptors, including CXCRS, programmed cell
death 1 (PD-1), and inducible T cell costimulator (ICOS)
(5). ICOS is a member of the CD28 superfamily that is
induced on T cells upon activation (6). ICOS has a sole
ligand (ICOSL; also known as B7RP-1), which is a member
of the immune system B7 family of costimulatory molecule
ligands and is present primarily on the surface of antigen-
presenting cells (6). Primary immunodeficiencies in patients
lacking ICOS activity further support the requirements for
these molecules in humoral immune responses in humans
(7,8). Thus, inhibition of ICOS/ICOSL activity could inter-
fere with Tth cell-B cell interactions and modulate autoan-
tibody production in autoimmune diseases such as SLE.

AMG 557 is a fully human IgG2 monoclonal
antibody that binds with high specificity and affinity to
human ICOSL to inhibit its function (9). Two phase I
studies characterized the safety, tolerability, pharma-
cokinetics, immunogenicity, and pharmacodynamics of
AMG 557 in patients with SLE after either single- or
multiple-dose administration (9). Multiple-dose admin-
istration of AMG 557 was shown to selectively inhibit
neoantigen-specific IgG production following keyhole
limpet hemocyanin immunization (9).

The goal of the current study was to assess the safety
and potential efficacy of ICOSL blockade in patients with
active lupus arthritis. Historically, clinical studies in patients
with SLE have been difficult to interpret because of the
heterogeneity of immune pathology, clinical symptoms, and
background medications (10). To overcome such difficulties,
recent trials have used more discriminatory end points (11)
and have enrolled large patient populations (12,13). For
smaller studies, alternative approaches may be necessary,
such as the use of lupus organ—specific end points and with-
drawal/tapering of background medications (14). In the cur-
rent study, using a small number of patients, a treatment
withdrawal design and a focus on single-organ assessment
(arthritis) were used to improve the detection of the clinical
effects of AMG 557 relative to placebo.

PATIENTS AND METHODS

This was a phase Ib, randomized, double-blind, parallel-
group, placebo-controlled, multiple-dose study in patients with
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active lupus arthritis. The study was performed at 8 centers in
the US, Europe, and Malaysia. All patients provided written
informed consent.

Key eligibility criteria. Patients were adults ages 18-65
years with a diagnosis of SLE for >6 months as defined by the
American College of Rheumatology criteria (15,16), including
positivity for antinuclear antibodies (ANAs) at screening or as
previously documented. A positive ANA test was defined as a titer
>1:80. Patients had inflammatory lupus arthritis with >4 tender
joints and >4 swollen joints (28 joints assessed) and an SLE Dis-
ease Activity Index (SLEDAI) (17) score of >6 at screening. A
requirement to be receiving immunosuppressants (methotrexate,
azathioprine, or mycophenolate mofetil) for >12 weeks before
study entry was subsequently removed to improve enrollment.
Prednisone treatment was permitted if patients received a stable
dosage of <20 mg/day (or comparable dose of another cortico-
steroid) for >4 weeks before screening. Antimalarial therapy was
permitted, provided the dose had been stable for >4 weeks before
the start of the trial.

Study design. Patients were randomized to receive
210 mg AMG 557 or equivalent placebo subcutaneously once
weekly for 3 weeks, followed by 10 additional doses of AMG 557
or placebo every other week. The study initially required
patients to be receiving an immunosuppressant agent at base-
line, to be <55 years of age, and to have been immunized with
H1NT1 vaccine; the corticosteroid dosage permitted was <10 mg/
day. Because of low enrollment, these criteria were later
changed to remove the requirement for prestudy immuno-
suppressant treatment, increase the maximum age at enrollment
to 65 years, require only relevant influenza vaccines during flu
season, and increase the maximum corticosteroid dosage at entry
to 20 mg/day. Withdrawal of immunosuppressants and cortico-
steroids was carried out according to a prespecified schedule (see
Supplementary Figure 1, available on the Arthritis & Rheumato-
logy web site at http:/onlinelibrary.wiley.com/doi/10.1002/art.
40479/abstract).

Immunosuppressant therapy was discontinued by day 29
in patients treated with an immunosuppressant agent at baseline.
Prednisone at a dosage of <20 mg/day was permitted at the start
of the trial, and the dosage was not to exceed 20 mg/day through
day 29, not to exceed 15 mg/day through day 57, and not to
exceed 7.5 mg/day by day 85. Patients received AMG 557 or pla-
cebo until the end of the study unless it was discontinued by the
investigator because of adverse events (AEs), clinical laboratory
abnormalities, physical examination findings, the inability to
withdraw immunosuppressants by day 29, or the need to resume
immunosuppressant treatment after day 29.

Assessments. The SLEDAI and British Isles Lupus
Assessment Group (BILAG) index (18) were assessed at screening
and on a monthly basis thereafter. Tender and swollen joint counts
(68 joints and 66 joints, respectively) were assessed at screening
and on days 1, 8, 15, and 29 and then monthly thereafter. Treat-
ment response based on the Lupus Arthritis Responder Index
(LARI) was used as a primary end point and was defined as fol-
lows: >50% decrease in the combined tender and swollen joint
counts on day 169 compared with baseline, >1-letter improvement
in the BILAG musculoskeletal system score on day 169 compared
with baseline, and a reduction in and maintenance of the dosage of
prednisone (or its equivalent) to <50% of baseline or <7.5 mg/day,
whichever is lower, from day 85 to day 169 in patients not treated
with immunosuppressants at baseline and <7.5 mg/day from day 85
to day 169 and discontinuation of immunosuppressants by day 29
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in patients treated with immunosuppressants at baseline. AEs were
monitored at each visit, graded according to the Common Termi-
nology Criteria for Adverse Events (CTCAE), version 4.0, and
coded using Medical Dictionary for Regulatory Activities version
19.0 (or a later version).

Biomarker analysis. Serum and whole blood samples
were collected and sent to central (ICON plc) locations in the
US, Ireland, and Singapore, for autoantibody, complement, and
lymphocyte cell population measurements. Anti-AMG 557 anti-
bodies were measured using a bridging assay that used AMG 557
to capture serum anti-drug antibodies. Any binding antibody—
positive samples were subsequently tested for the presence of
neutralizing antibodies (9). Lymphocyte populations were mea-
sured in whole blood, using a validated flow cytometry panel (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40479/
abstract). Flow Cytometry Standard file data were analyzed cen-
trally using a prespecified analysis template. All analytes were
measured as a percentage of parent and as cells/ul (if TruCount)
or as relative absolute counts (using the TBNK TruCount values
as a denominator).

Statistical analysis. The primary end points were as fol-
lows: 1) safety, tolerability, and immunogenicity to day 309, and
2) response according to the LARI on day 169. Key secondary
end points included the proportion of patients achieving a
response according to the BILAG index musculoskeletal system
score (>1-letter improvement and a score of C or better) on day
169 and changes in tender and swollen joint counts on day 169.
Exploratory end points included but were not limited to changes
in the BILAG index score and the SLEDAI score by day 169
compared with placebo, proportion of patients achieving a >4-
point decrease in the SLEDALI relative to baseline, and changes
in biomarker end points including complement, autoantibodies,
and lymphocyte subsets.

Descriptive statistics were reported for each end point,
with no formal hypothesis testing. The LARI and other categori-
cal end points were summarized using proportions and the asso-
ciated 90% confidence intervals by treatment group. An analysis
of covariance model was used to compare AMG 557 with pla-
cebo for joint counts, BILAG index, and SLEDAI on day 169
after adjusting for the baseline difference. A baseline-adjusted
mixed-effects repeated measures regression model, with time
and treatment as fixed factors, baseline as a covariate, patient as
a random factor, and a time-by-treatment interaction term was
used to compare AMG 557 with placebo for blood analyte
levels. Values below the assay lower limit of quantitation (LoQ)
were set to one-half the LoQ. P values were reported for
descriptive purposes.

RESULTS

Patients. Twenty SLE patients with active lupus
arthritis enrolled and received AMG 557 or placebo.
The baseline demographics and disease characteristics of
the enrolled patients are shown in Table 1. Most patients
(95%) were women, the median age was 43 years in the
AMG 557 group and 46 years in the placebo group, and
the median duration of SLE was 7.8 years and 3.0 years,
respectively. The mean baseline SLEDAI score was 10.4
in the AMG 557 group and 7.5 in the placebo group.
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Baseline use of immunosuppressants and antimalarials
was similar between the 2 groups. Four patients discon-
tinued the investigational product: 2 because of AEs
(both in the placebo group) and 2 because of increasing
disease activity (1 each in the AMG 557 and placebo
groups). Nineteen of 20 patients completed the study; 1
patient was lost to follow-up.

Safety. The most common events were headache
and upper respiratory tract infection (see Supplementary
Table 2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40479/
abstract). The majority of AEs were CTCAE grade 1 or
grade 2; 7 grade 3 events occurred in 4 patients. In the
AMG 557 group, 3 grade 3 events occurred in 3 patients:
depression, upper respiratory tract infection (neither con-
sidered treatment related), and myalgia (considered treat-
ment related). In the placebo group, 1 patient experienced
grade 3 headache, pyrexia, inflammation, and rash (not
considered treatment related). No grade 4 events or deaths
occurred during the study. Serious AEs were reported in 1
patient in the AMG 557 group (depression) and in 3
patients in the placebo group (lymphadenopathy, deafness,
and pulmonary hypertension); none of these AEs was

Table 1. Baseline patient demographics and disease characteristics™

Placebo AMG 557
(n=10) (n=10)
Women 10 (100) 9 (90)
Race
White 6 (60) 7 (70)
Asian 3 (30) 3 (30)
Black 1 (10) 0
Age, median years 46.0 43.0
SLE duration, mean years 3.0 7.8
ANA positive 10 (100) 8 (80)
Anti-dsDNA >30 IU/ml 4 (40) 6 (60)
BILAG global score, mean + SD 53424 6.6 £39
SLEDALI score, mean 4+ SD 75+ 20 10.4 + 3.9
No. of tender joints (68 assessed), 229 +£ 173 19.2 £ 125
mean £ SD
No. of swollen joints (66 15.5 + 18.7 12.6 + 13.1
assessed), mean + SD
Complement
C3 <0.9 gm/liter 3 (30) 6 (60)
C4 <100 mg/liter 0 4 (40)
Treatment with prednisone 2 (20) 4 (40)
>7.5 mg/day or equivalent
Immunosuppressant treatment 8 (80) 8 (80)
Methotrexate 6 (60) 7 (70)
Azathioprine 2 (20) 1(10)
Etanerceptf 0 1 (10)
Treatment with antimalarial agents 6 (60) 7 (70)

* Except where indicated otherwise, values are the number (%).
ANA = antinuclear antibody; anti-dsSDNA = anti-double-stranded
DNA; BILAG = British Isles Lupus Assessment Group; SLEDAI =
Systemic Lupus Erythematosus Disease Activity Index.

T One patient received azathioprine and etanercept; etanercept was
started after AMG 557 therapy was completed, because of a disease flare.
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Table 2. Efficacy and change from baseline in the SLEDAI,
BILAG, and tender/swollen joint scores on day 169*

Treatment

Variable Placebo AMG 557

Efficacy end points
LARI responders
Patients achieving

a >4-point
decrease in
the SLEDAI

Index scores
SLEDAI
BILAG global
No. of tender joints

(28 assessed)
No. of swollen joints
(28 assessed)

1 (10) [2.3-34.8]
2 (20) [7.6-49.6]

3 (30) [12.7-55.8]
7 (70) [44.2-87.3]

~1.0 (~10.7)
—1.8 (~24.7)
12 (~13.5)

—5.0 (—47.8)
~2.7 (-36.3)
—9.4 (-22.8)

2.0 (—7.8) ~8.9 (—62.1)

* Values for efficacy end points are the number (%) [90% confidence
interval]. Values for index scores are the mean (% change from base-
line). The mean change from baseline was calculated as the mean of
individual changes from baseline. SLEDAI = Systemic Lupus Erythe-
matosus Disease Activity Index; BILAG = British Isles Lupus Assess-
ment Group; LARI = Lupus Arthritis Response Index.

considered treatment related. No anti-AMG 557 antibod-
ies were detected at screening or at any time during the
study.
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Efficacy. The primary efficacy end point was the
LARI, a composite measure incorporating improvements
in the joint count and the musculoskeletal system compo-
nent of the BILAG, discontinuation of immunosuppres-
sants, when applicable, and the successful reduction of
prednisone according to protocol. The numbers of LARI
responders in both groups were relatively small. Three of
10 patients in the AMG 557 group met the criteria for a
LARI response compared with 1 of 10 patients in the pla-
cebo group (P = 0.58) (Table 2).

Analysis of the impact of AMG 557 administration
on the SLEDAI and BILAG index scores showed evi-
dence of improvement. A greater number of patients in
the AMG 557 group achieved a >4-point improvement in
SLEDALI on day 169 (7 of 10 patients) compared with the
placebo group (2 of 10 patients) (P = 0.07) (Table 2).
The mean percent changes (improvement) in SLEDAI
scores from baseline were —47.8% in patients in the
AMG 557 group and —10.7% in the placebo group (P =
0.14). Global BILAG index scores improved by —36.3%
and —24.7%, respectively, from baseline (P = 0.89)
(Table 2). There was no discernible difference associated
with AMG 557 treatment compared with placebo in the
BILAG index musculoskeletal system score.
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Figure 1. Biomarker analyses showing postdose changes in complement and double-stranded DNA. The dotted lines show the estimated pretreat-
ment (baseline) mean analyte level in the study population (n = 20). The shaded bands represent the 95% confidence intervals (95% ClIs) for the
baseline means. The x-axis indicates the nominal time points in days. The y;-axis (left) is the analyte level, and the y,-axis (right) is the estimated
study population mean analyte level as a percentage of baseline. All available clinical study samples were analyzed, typically resulting in 10 obser-
vations per time point per dose. For some time points, there are as few as 8 observations.
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Evidence of improvement was observed with
AMG 557 administration as reflected by changes in the
tender and swollen joint counts from baseline (Table 2).
The mean percent change in the tender joint count on day
169 was —22.8% in the AMG 557 group and -13.5% in
the placebo group (P = 0.11), and the mean percent
changes in the swollen joint count were —62.1% and —7.8%,
respectively (P = 0.03).

Biomarkers. Although the current study was limited
by a small sample size and high variability, there appeared
to be differences between the treatment and placebo
groups in the lupus-related biomarker end points C3, C4,
total hemolytic complement, and anti-dsDNA antibodies
(Figure 1), which is consistent with a beneficial treatment
effect. Other autoantibodies were also measured at base-
line and assessed over the course of treatment with AMG
557 or placebo (see Supplementary Figure 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40479/abstract). No differences
in the relative percentages of CD4+ T cells, Tth cells, B
cells, and plasma cells/plasmablasts were detected between
day 29 and the end of the study.

DISCUSSION

The interaction between ICOS and ICOSL is
important in Tcell function, including cytokine production
and differentiation to Tth cells (6). Tth cells play an inte-
gral role in selecting B cells for clonal expansion; hyperac-
tivity of the ICOS pathway may lead to an imbalance in
antibody-producing B cells (5). Dysregulation of T cells
and B cells contributes to autoimmunity in SLE patients
(3). The observed trends toward improvement in the levels
of complement and anti-dsDNA in our study, and prior
results demonstrating inhibition of antibody responses (9),
support the hypothesis that AMG 557 blocks ICOSL and
its biologic effects in an autoimmune setting.

Many biologics that target pathways supported by
strong scientific rationale have failed to prove efficacy in
SLE (10); trial design is suspected to play a role in these
disappointing results. Because of the heterogeneous dis-
ease manifestations of lupus, multiple aggressive back-
ground medications have been allowed in trials that are
suitable for patients with the most serious disease, which
may yield high placebo response rates. This in turn results
in the requirement for a large trial population to identify
a significant treatment effect.

Here, two approaches were used to examine proof
of concept in a small trial. Tender and swollen joint counts
have been used successfully as an exploratory, organ-
specific end point in smaller trials of SLE (19). In addi-
tion, withdrawal of background therapy has been
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performed safely in SLE populations with non—organ-
threatening disease. This approach in a stable population
has a number of advantages, as follows: supporting less-
noisy immunologic profiling, exploring the pharmacody-
namic effects of new agents, and lessening the high rates
of placebo response to allow a small trial (14).

This study was designed as a pilot project to identify
a clinical signal. The limited size of the patient population
contributed to imbalances in demographics; therefore, lim-
ited conclusions can be made regarding the efficacy of
AMG 557 in patients with SLE. However, changes in the
LARI and SLEDAI, tender and swollen joint counts, and
the proportion of responders who exhibited a 4-point drop
in the SLEDAI score suggest that AMG 557 may be effica-
cious. Double-stranded DNA and complement measures
also showed trends consistent with clinical benefit and the
mechanism of action of AMG 557. AMG 557 was well tol-
erated, and no anti-drug antibodies were observed.

Previous phase I trials showed that AMG 557
inhibited the IgG anti-keyhole limpet hemocyanin
response and had an acceptable safety profile in patients
with mild, stable SLE (9). Our study extends these find-
ings by examining patients with more significant disease
over a longer period of time, providing additional data to
suggest a promising safety profile as well as indicators of
biologic activity and potential efficacy.

In conclusion, the safety, efficacy, and pharmaco-
dynamic biomarker results from this small study support
further evaluation of ICOSL blockade with AMG 557 as
a potential therapeutic option for patients with SLE.
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Lupus Regulator Peptide P140 Represses B Cell Differentiation
by Reducing HLA Class II Molecule Overexpression

Maud Wilhelm,! Fengjuan Wang,2 Nicolas Schall,” Jean-Francois Kleinmann,®> Michael Faludi,*
Emil Pablo Nashi,* Jean Sibilia,®> Thierry Martin,” Evelyne Schaeffer,' and Sylviane Muller?

Objective. Phosphopeptide P140 (Lupuzor) is an
inhibitor of autophagy currently being evaluated in late-
stage clinical trials for the treatment of lupus. This study
was undertaken to investigate the effect of P140 ex vivo
on human T and B cells.

Methods. Human B cells, T cells, and dendritic
cells were analyzed by flow cytometry and cellular
assays. The expression of autophagy markers was evalu-
ated by immunoblotting and flow cytometry. The levels
of B cell receptor (BCR) signaling markers and HLA
molecules were assessed by flow cytometry. Toll-like
receptor ligands were screened using an assay with
transfected HEK 293 cells. P140 cell entry and traffick-
ing were measured by immunofluorescence in the pres-
ence of various inhibitors of endosomal pathways.

Results. As was previously observed after intra-
venous injection of the peptide in a mouse model of lupus,
P140 entered human B cells by a clathrin coat—dependent
endocytosis process and homed into lysosomes. The pep-
tide displayed no direct effect on BCR signaling of mem-
ory, naive mature, transitional, and B1 cells. However, it
strongly reduced the overexpression of HLA class II
molecules on lupus B cells that were acting as antigen-
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presenting cells, down-regulated the maturation and dif-
ferentiation of B cells into plasma cells, and decreased
IgG secretion.

Conclusion. These findings show that P140 down-
regulates HLA class II overexpression in human lupus B
cells, and also that P140 hampers the differentiation of B
cells into autoantibody-secreting plasma cells, likely due
to the resulting lack of T cell signaling and activation. This
mechanism appears to switch off the downstream events
leading to secretion of pathogenic autoantibodies, thus
explaining the highly promising results obtained in clini-
cal trials of P140 (Lupuzor) for the treatment of lupus.

A substantial body of evidence supports the notion
that cell signaling dysfunction has a critical role in the
pathogenesis and progression of systemic lupus erythe-
matosus (SLE). In this prototypic autoimmune disease of
intricate origin, immune system dysregulation seems gen-
eralized and can affect all of the compartments implicated
in the innate and adaptive immune responses. Under the
influence of genetic and epigenetic factors, as well as hor-
mones and various cellular effectors, various subsets of T
and B cells are generally shifted toward an overactivated
state, resulting in the production of pathogenic fac-
tors, including autoantibodies, cytokines, and chemokines,
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which, downstream, leads to widespread inflammation
and tissue damage.

The phenotype of lupus lymphocytes is analytically
complex, with some characteristics that appear to be
opposite in function. As naive or anergic T cells, lupus T
lymphocytes are less prone to produce cytokines such as
interferon-y and interleukin-2 (IL-2), whereas as activated
and memory T cells, they show increased tyrosine phos-
phorylation of signaling intermediates, show a faster and
stronger calcium flux response after T cell receptor (TCR)
activation, and display higher levels of adhesion or costimu-
latory molecules such as CD44 and CD40L. The TCR com-
position is also profoundly altered in lupus. Compared to
normal T cells, the levels of CD3 C-chain (CD3() are lower
in lupus T cells, and this component is replaced by the Fce
receptor common y-chain (FcRy), a component of the IgE
receptor, which presents a structure similar to that of CD3(.
This replacement is important because FcRy signals through
a different adaptor protein, known as Syk, rather than via
the intracellular protein zeta-associated protein 70 kd (1).

In addition to these intrinsic structural distur-
bances that interfere with signal transduction between
effector immune cells, the trafficking of these cells, as
well as the secretion of mediators, can affect organelle
homeostasis and cell metabolism in lupus (2). Significant
alterations of the mitochondrial, endolysosomal, and
autophagosomal compartments have been documented
(2-6). These changes that modify the actual functioning
of immune cells (e.g., ATP supply, life/death balance,
impaired or excessive component elimination and recy-
cling, and cell division, differentiation, and growth) are
now known to occur in patients with SLE but are still far
from being controlled appropriately by specific drugs.

As is generally the case in chronic, inflammatory
autoimmune diseases, current pharmacologic treatments
for SLE are largely palliative. Medications are focused on
the dominant symptoms but do not address the defective
pathways that are engaged in the lupus syndrome. In most
patients, the drugs given for the treatment of SLE tend to
result in nonspecific immunosuppression, which can be
associated with disruption of innate and induced immu-
nity, thereby aggravating the general health status of
patients by generating significant adverse effects. Among
the arsenal of medications that are under development,
tools that target key components of the immune system,
rather than those that globally reduce its hyperactivation,
are still a rarity. Within this class of potent drugs, the
phosphopeptide P140, which encompasses the sequence
131-151 of the U1-70K protein (7), is very promising for
treating patients with SLE (8).

Following extensive studies in lupus-prone MRL/
Ipr mice, we discovered that P140 targets autophagy (9),
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a finely orchestrated catabolic process involved in the
regulation of inflammation and the biology of immune
cells (10,11). P140 acts directly on a particular form of
autophagy known as chaperone-mediated autophagy
(CMA) (for more details, see ref. 12), which appears to
be hyperactivated in MRL/lpr mouse B cells (9), and
most likely acts indirectly on the macroautophagy pro-
cess (12,13), which also shows higher activity in both T
and B cells in lupus (9,13-17). Shortly after its intra-
venous administration into MRL/Ipr mice, the P140 pep-
tide, which we followed up in the splenic B cells of
MRL/Ipr mice, was endocytosed via a clathrin-mediated
endocytosis (CME) pathway and was found to accumu-
late in the lysosomes of these B cells that were acting as
antigen-presenting cells (APCs). Noticeably, MRL/lpr
mouse splenic lysosomes were unexpectedly found to
exhibit some intrinsic defects; they especially displayed,
on average, a significantly higher lumenal pH (9,18).

Supported by in vitro and in vivo studies carried out
in MRL/lpr mice (7,9,13,18-21), our current mechanistic
view regarding the mode of action of P140 in MRL/lpr
mice is as follows. The P140 peptide is known to readily
interact with the constitutively expressed 70-kd heat-shock
protein HSPAS (22). Once the peptide is internalized into
B cell lysosomes, it could compromise abnormally activated
CMA by disrupting the lysosomal HSPAS heterocomplexes
containing HSP90AA1 (13). As a result, it is anticipated
that cellular autoantigen loading to major histocompatibil-
ity complex (MHC) class II molecules in the late endoso-
mal MHC class II compartments of B cell APCs would be
altered, leading to a weaker priming of autoreactive T cells
(19) and a probable reduction in the help signals to autore-
active B cells. These downstream events could contribute
to the decrease in proliferation and differentiation of B
cells into deleterious autoantibody-secreting plasma cells
(ASPCs), resulting in a drop in autoantibody secretion (7)
and a remarkable delay in mortality, as was found in P140-
treated MRL/lpr mice compared to naive MRL/lpr mice
that received saline only (7,20).

In a phase IIb multicenter, randomized, placebo-
controlled clinical study of lupus, treatment with P140
(Lupuzor) was found to be safe and met its primary effi-
cacy end points (8), thus confirming the validity of the
preclinical data generated in lupus-prone mice (7,20). At
the moment, however, although it was found in the
MRL/Ipr mouse model of lupus, the effective influence
of the P140 peptide on the function of APCs and T cells
in human patients has not yet been addressed. Moreover,
the potential effect of P140 on B cell differentiation has
not been documented, even in a mouse setting.

To address these significant evidence gaps, we
deciphered the effects of P140 using peripheral blood
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mononuclear cells (PBMCs) from healthy donors and
patients with SLE. In addition, in some cases, when large
numbers of B cells were required, we used the human
Raji B cell line. In this study, we demonstrate that P140
down-regulates HLA class II overexpression on lupus B
cells and hampers B cell differentiation into ASPCs. This
mechanism potentially switches off the downstream
events leading to pathogenic autoantibody secretion, thus
explaining the highly promising results obtained in clinical
trials of P140 (Lupuzor) for the treatment of lupus.

PATIENTS AND METHODS

Samples from patients and healthy donors. Blood sam-
ples were collected from 23 patients with SLE and 8 patients with
systemic sclerosis (SSc). The characteristics of the SLE patients
are listed in Supplementary Table 1 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40470/abstract). Fresh buffy coats containing most of the
white blood cells and platelets from healthy donors were used as
controls. Preparation of PBMCs and the methods used to investi-
gate their reactivity are described in more detail in Supplementary
Patients and Methods (on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40470/abstract).

Peptides and peptide imaging. The phosphopeptides
P140 gRIHMVYSKRpSGKPRGYAFIEY), truncated P140
desTyr'>' (RIHMVYSKRpSGKPRGYAFIE), and scrambled
peptide ScP140 (YVSRYFGpSAIRHEPKMKIYRG), as well as
the nonphosphorylated nominal peptide 131-151 (RIHM-
VYSKRSGKPRGYAFIEY), were synthesized as described
previously (7). Their homogeneity was checked by analytic high-
performance liquid chromatography (HPLC) and their identity
was assessed by mass spectrometry. For coupling purposes, pep-
tides were also synthesized with a cysteine residue added at their
N-terminus. Alexa Fluor 488—conjugated Cys peptides were
prepared by reacting equimolar amounts of the maleimide
derivatives (ThermoFisher Scientific) and peptides in dimethyl-
formamide. The conjugates were purified by HPLC and lyophi-
lized in the dark. Fluorescence imaging of the peptides
accumulating into lysosomes is described in detail in Supplemen-
tary Patients and Methods (http://onlinelibrary.wiley.com/doi/10.
1002/art.40470/abstract).

Commercial antibodies used. The full list of antibodies
used for flow cytometry analysis of B and T cells, analyses of
dendritic cells (DCs) and B cell receptor (BCR) signaling, and
Western blotting experiments is included in Supplementary
Patients and Methods (http://onlinelibrary.wiley.com/doi/10.
1002/art.40470/abstract).

Isolation and culture of primary human B and T cells
and Raji B cells, cellular assays, flow cytometry, and immu-
nofluorescence experiments. Classic procedures were used for
cell isolation and culture, cellular assays, flow cytometry analy-
ses, and evaluation of the cells by immunofluorescence. The full
experimental details are provided in Supplementary Patients
and Methods (http://onlinelibrary.wiley.com/doi/10.1002/art.
40470/abstract).

Evaluation of HLA molecule expression. Purified B cells
(1 x 10° cells/ml) from healthy donors and SLE patients were
incubated in complete culture medium. At 24 hours after incu-
bation of the cells with peptides, expression of HLA molecules
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was evaluated by flow cytometry, using a fluorescein isothio-
cyanate—conjugated anti-HLA-DR/DP/DQ antibody.

Evaluation of macroautophagy and CMA levels by West-
ern blotting and flow cytometry. The methods used to evaluate
macroautophagy and the levels of CMA have been described
recently (23). The full experimental details are provided in Sup-
plementary Patients and Methods (http://onlinelibrary.wiley.
com/doi/10.1002/art.40470/abstract).

Toll-like receptor (TLR) ligand screening. The TLR
ligand screening assay (InvivoGen) was based on recombinant
HEK 293 cells, which stably express the functional human TLRs
2,3,4,5,7,8,and 9 and an NF-xB-inducible reporter gene.
Cells incubated with TLR-specific ligands were used as a positive
control.

Statistical analysis. Statistical analyses were performed
using GraphPad Prism software version 5.0. Depending on the
number of samples that were included in the analyses, statistical
significance was assessed using the parametric Student’s ¢-test or
the nonparametric Mann-Whitney U test. P values less than 0.05
were considered significant.

RESULTS

Peptide characteristics. The 21-mer P140 peptide
corresponds to sequence 131-151 of the spliceosomal
small nuclear RNP U1-70K. It contains a phosphoserine
residue at position 140, which was added chemically dur-
ing its synthesis when we undertook our first investiga-
tions on its potent protective properties in mice with
lupus (7). It subsequently emerged that this punctual
modification corresponded to a natural, apoptosis-specific
posttranslational modification of the protein (24). P140
alone (in saline or in mannitol) does not generate any
antibody response in humans or in mice (21). Its stability
(and that of the phosphoryl moiety) has been analyzed at
different temperatures and pH levels in various salt condi-
tions and in controlled medium (9,18). The structure of
both phosphorylated and nonphosphorylated sequences
in aqueous solution has been determined by 'H-nuclear
magnetic resonance spectrometry and calculation of
molecular dynamics (22). P140, the sequence of which has
been remarkably conserved over evolution, is a ligand of
HSPAS; it interacts with the N-terminal nucleotide bind-
ing domain of the protein (9,18). It also promiscuously
binds to murine and human MHC class II molecules
in vitro and in vivo (7,25). In the present study, the first
aspect that we explored in a human setting was to deter-
mine whether, as was observed in the context of lupus-
prone MRL/lpr mice, P140 uses CME as a portal to enter
B cells, and whether it affects the expression of HSPAS
and HLA class II molecules at the surface of those cells.

Entry of P140 into human B cells by a clathrin coat—
dependent endocytosis process. In studies using markers of
endocytosis and several cell-entry inhibitors that inhibit
CME or caveolin-dependent endocytosis, we demonstrated
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that Alexa Fluor 488-labeled P140 readily entered human
Raji B cells by CME, whereas the Alexa Fluor 488-labeled
unphosphorylated peptide 131-151 and the truncated Alexa
Fluor 488-labeled analog of peptide P140 entered human
Raji B cells to a much lesser extent or not at all via CME
(Figures 1A-C and Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40470/abstract). In addition, the
phosphopeptide P140 homed to lysosomes (Figure 1D). The
same lysosomal accumulation of P140 was observed using
B cells from healthy donors (see Supplementary Figure 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40470/abstract).

Collectively, our findings reveal the pathway
used by the P140 peptide in human cells, and show the
paramount importance of the phosphorylated moiety in
this process. This set of experiments could not be per-
formed using B cells from patients with SLE, due to
the fact that only a low number of B cells could be
purified from the PBMC fraction, as these patients are
classically affected by lymphopenia.

Decreased overexpression of HLA class II mole-
cules in the presence of P140 peptide. MHC class IT mole-
cules are overexpressed in MRL/lpr mouse splenic B
cells, and we previously demonstrated that this over-
expression was significantly diminished following daily
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intraperitoneal injections of P140 into 12-week-old mice
(13). Results from flow cytometry experiments confirmed
that, as compared to healthy donor B cells, there was a
significant increase in the levels of HLA-DR/DP/DQ
molecules on SLE CD19+ B cells (P = 0.0056) but not on
SSc CD19+ B cells (Figure 2A). Treatment with P140,
but not the ScP140 control peptide, significantly
decreased, in a dose-dependent manner, the overexpres-
sion of HLA class II molecules on total CD19+ B cells
(Figure 2B), regardless of whether the B cells were acti-
vated or were not activated (mean £+ SD decrease —9.07
+ 6.07% and —11.13 £ 10.23%, respectively, at a P140
peptide concentration of 30 uM; P = 0.0004) (Figures 2C
and D). This effect, however, had no influence on the
absolute number or relative number (percentage) of acti-
vated B cells in the total B cell population (results not
shown). Moreover, it was not linked to a possible apopto-
tic effect of P140 that could have affected B cells (see
Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40470/abstract).

Of note, this abrogating effect of P140 on HLA-
DR/DP/DQ overexpression was found to be related to
individual scores on the SLE Disease Activity Index
(SLEDAI) (26) in patients with SLE (Figure 2E). The
higher the SLEDALI score in a patient, the stronger was

Peptide+ Qverlay
LysoTracker Red

o -..
o --...

Figure 1. Entry of phosphopeptide P140 into human Raji B cells via a clathrin-mediated endocytosis pathway. A—C, Cellular uptake of Alexa
Fluor 488-labeled P140 peptide (A), 131-151 peptide (B), and P140 desTyr'>! peptide (C) was quantified by flow cytometry in Raji cells that were
left untreated (control [Ctrl]) or pretreated with various endocytosis inhibitors, namely chlorpromazine (CPZ) or Pitstop 2 for inhibition of
clathrin-mediated endocytosis and methyl-B-cyclodextrin (MBCD) for inhibition of caveolin-mediated endocytosis. Mean fluorescence intensity
values, normalized to those in untreated control cells, were used to calculate the percentage of uptake. Results are the mean + SEM of triplicate
experiments, from 3 independent experiments. D, B cell trafficking to lysosomes was evaluated using human Raji cells that were exposed to 10 pM
Alexa Fluor 488-labeled peptides P140, 131-151, or ScP140 for 2 hours, followed by lysosomal staining with LysoTracker Red. Cells were washed
and immediately imaged with a spinning disk microscope. Representative images from 2-3 independent experiments are shown. * = P < 0.05;

*##% = P <0.0001 versus control, by Student’s #-test. NS = not significant.
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Figure 2. HLA class II expression on B cells from patients with systemic lupus erythematosus (SLE), and effect of peptide P140. A, HLA class II
expression was compared in total CD19+ B cells from the peripheral blood mononuclear cells of healthy donors (n = 10), patients with SLE (n = 13), and
patients with systemic sclerosis (SSc) (n = 8). ** = P < 0.01 versus healthy donors, by unpaired #-test. B-D, Expression of HLA-DR/DP/DQ was measured
by flow cytometry in total CD19+ B cells (B), nonactivated CD19+CD86— B cells (C), and CD19+CD86+ activated B cells (D) after treatment with increas-
ing concentrations of P140 or ScP140. Relative expression values were normalized to that of untreated cells. In A-D, each symbol represents an individual
patient or healthy donor; bars show the mean + SD. * =P <(.05; *** = P <(0.001; **** = P <(.0001, by unpaired ¢-test. E, Correlation between decreased
HLA-DR/DP/DQ expression on nonactivated CD19+CD86— B cells and the SLE Disease Activity Index (SLEDAI) score in patients with SLE (effect
measured at a P140 concentration of 30 pM). Following Spearman’s correlation analysis, patients with a negative score were excluded from the study. NS =
not significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40470/abstract.

the effect of P140 in terms of decreasing the expression indicating that the anti-dsDNA antibody is not a good
of DR/DP/DQ molecules on the cell surface of CD19+ marker of P140 efficacy.

B cells. No direct relationship between the ex vivo It is also important to point out that treatment
effect of P140 and the levels of anti-double-stranded with P140 decreased, in a dose-dependent manner, the
DNA (anti-dsDNA) antibodies was observed, thus average expression of HLA class II molecules on B cells
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Figure 3. HLA class II expression on B cells and dendritic cells (DCs) from healthy donors, and effect of peptide P140. Expression of HLA-DR/DP/
DQ was measured by flow cytometry in nonactivated CD19+CD86— B cells (A) or CD14°*CD1a"#"DC-SIGN+ DCs (B) from 6-10 healthy donors.
HLA class II expression in cells treated with increasing concentrations of either P140 or ScP140 was normalized to that of untreated cells. Each symbol
represents an individual donor; bars show the mean + SD. ** = P < (0.01; *** = P < 0.001, by unpaired #-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.40470/abstract.
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from healthy donors (mean + SD decrease —15.4 +
7.23%) (Figure 3A). However, the peptide had only a
minimal effect on the average expression of HLA class 11
molecules on DCs from healthy donors (mean £+ SD
decrease —3.0 &+ 17%) (Figure 3B). Whether P140 had a
noticeable effect on DCs was, however, highly dependent
on the individual healthy donor cell source.

Autophagy in human B and T lymphocytes. Our
earlier work showed that macroautophagy, the best-charac-
terized type of autophagy, is abnormally enhanced in T
lymphocytes from mice with lupus and patients with SLE
(15). These results have been confirmed by others (16,27)
and supported by a recently completed study in B cells
from (NZB x NZW)F1 mice and patients with lupus (17).
Furthermore, macroautophagy was shown to be required
for differentiation of plasmablasts (28,29) and survival of
memory B cells (30,31), thus indicating that this process
seems to have a central role in humoral autoimmunity both
in mice and in humans with lupus. In addition, our own
studies demonstrated that CMA is also activated in MRL/
Ipr mouse B cells (9), and that this feature is associated
with alteration of lysosomes, since the number and size, as
well as average pH, of lysosomes were increased in our
mouse model of lupus. In MRL/Ipr mice that received
P140 peptide intravenously, most of these alterations were
no longer observed in B cells (9,18).

Consistent with our own observations made in
MRL/lpr mouse B cells (15), no alteration of macroau-
tophagy could be detected in human B cells in the present
study (Figures 4A and B). This was measured by evaluat-
ing the intracellular expression of SQSTM1, which is selec-
tively incorporated into autophagosomes and is degraded
through macroautophagy (its cellular expression level neg-
atively correlates with the activity of this process) (32). As
expected in these conditions, no effect of P140 was noted.

With regard to the effects on T cells, when com-
pared to cells from healthy donors, the levels of SQSTM1
expression were found to be lower in CD4+ and CDS8+
T cells from patients with SLE (as exemplified by the find-
ings in 1 SLE patient shown in Figures 4C and E, and as
found in 4 of the 5 SLE patients tested [Figures 4D and
F]). These results indicate that in contrast to B cells,
T cells display higher macroautophagy activity.

Active autophagic flux (determined as the conver-
sion from MAPILC3-I to MAP1LC3-II) could also be
measured in phorbol myristate acetate/ionomycin—stimu-
lated T cell cultures that were treated with the protease
inhibitors E64D and pepstatin A or left untreated. No sig-
nificant differences were found between healthy donor
and SLE T cells. In this cell type, no P140-dependent effect
on the expression of MAPILC3 or SQSTMI1 could be
observed (Figures 4A-F and Supplementary Figure 4,

WILHELM ET AL

available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40470/abstract).

CMA-associated markers were also studied in B
and T cell subsets collected from the peripheral blood of
healthy donors and patients with SLE; patients with SSc
were used as controls. Both the expression of LAMP2A
and expression of HSPAS remained at the basal level in B
cells and in resting or ex vivo—activated CD4+ and CD8+
T cells from all SLE blood donors examined (see Supple-
mentary Figure 5, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40470/abstract). As expected in the absence of any
specific activation of CMA in lymphocytes from patients
with SLE, P140 showed no effect in this setting.

Lack of effect of P140 on TLR activation. Functional
interactions between autophagy and pattern-recognition
receptors, such as TLRs, nucleotide-binding oligomeriza-
tion domain—containing protein-like receptors, and retinoic
acid-inducible gene 1-like receptors, have been described
(33). Depending on the cell environment (e.g., cytokines/
chemokines) or on the cell subtype, these interactions with
innate immunity receptors can functionally exert either acti-
vation or down-regulation of the autophagic machinery.
Thus, induction of autophagy by signaling through TLRs 2,
3,4, 5, and 7 has been described (34,35). With the current
knowledge regarding the key role played by some TLRs,
such as TLRs 4, 7, and 9, in lupus (36,37) and the relation-
ships that have been established between TLRs, autophagy,
and lupus (35), we next determined whether P140 could
interact with specific TLRs, particularly with endosomal
TLRs 3, 7, 8, and 9. This possibility was tested using a
screening assay based on recombinant HEK 293 cell lines
expressing functional human TLRs, and an NF-kB-induc-
ible reporter gene. P140 peptide was unable to activate any
of the cell lines expressing human TLRs (see Supplemen-
tary Figure 6, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40470/
abstract), leading to the conclusion that, at least in the
in vitro conditions used in the present study, P140 is not a
TLR agonist.

To further consolidate these data, we studied the
possible effect of P140 on the production of the proinflam-
matory cytokine tumor necrosis factor oo (TNFo) by DCs
collected from healthy donors. The antiinflammatory
mannoside glycolipid conjugate 2U was used as an internal
control (38). The results showed that, in contrast to the
effects of the 2U compound, P140 did not inhibit
lipopolysaccharide-induced production of TNFa (see Sup-
plementary Figure 7, available on the Arthritis & Rheumatol-
ogy web site at http:/onlinelibrary.wiley.com/doi/10.1002/art.
40470/abstract), thus further supporting the view that P140
has no effect on TLR-4 signaling.
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Figure 4. Expression of SOSTMI in B and T cells from healthy donors (HDs) and patients with systemic lupus erythematosus (SLE). A, C, and
E, Autophagic activity was measured by flow cytometry using intracellular staining of SOQSTM1 in purified peripheral blood mononuclear cells
(PBMC:s) from SLE patients and healthy donors, with gating first on B cells and then on CD4+ and CD8+ T cells. Representative results from a
single SLE patient and a single healthy donor are shown. B, D, and F, To visualize the accumulation of autophagic substrate SQSTM1, PBMCs
were incubated in complete RPMI medium with or without 10 pg/ml of the protease inhibitors E64D and pepstatin A. Inhibitors were added 4
hours before the end of the cultures. The data reflect the ratio of SQSTM1 levels in the presence and absence of inhibitors. Autophagic flux in
B cells (B), CD4+ T cells (D), and CD8+ T cells (F) was compared between healthy donors (n = 6) and SLE patients (n = 5), in cultures without
(w/o) or with pretreatment with peptide P140. Results are the mean + SEM. * = P < 0.05 by Mann-Whitney U test. NS = not significant.

Diminished proliferation of CD4+ T cells in the
presence of P140-treated B cell APCs. We have demon-
strated that P140 peptide readily reduces the expression
of MHC class II molecules at the surface of B cells, both
in human patients with SLE (Figure 2) and mice with
lupus (13). We also showed previously in a lupus setting
that P140 decreases the activity of self-reactive murine
and human T cells (19,25). To determine whether these 2

functional events are directly linked, we developed a
coculture system with B and T cells from distinct healthy
donors, to induce an allogeneic response. B cells from
healthy donor 1 were incubated with P140 at an optimal
concentration of 30 uM (or with ScP140 as a control) or
left untreated (Figure 5A). At this concentration, P140
induced a 20% decrease in the levels of MHC class 11
expression (Figure 5B). After treatment with mitomycin
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Figure 5. Effect of peptide P140 on the capacity of CD4+ T cells to proliferate. A, Study design. In order to induce an allogeneic reaction, B and T
cells from 2 different healthy donors were mixed at different B cell: T cell ratios. B, The most effective concentration of P140 to induce a significant
decrease in major histocompatibility complex class II expression was evaluated, demonstrating that 30 pM of P140 was the optimal concentration.
Each symbol represents an individual donor; bars show the mean + SD (n = 10). ** = P < (0.01; **** = P < (.0001, by unpaired ¢-test. C, Purified B
cells incubated with 30 pM P140 for 24 hours were treated with mitomycin C (50 pg/ml, for 2 hours at 37°C) and mixed at different ratios with CD4+ T
cells from a second donor. The efficacy of the coculture system was validated by measuring the percentage of CD4+CD25+ T cells over several days
(D0-D5) of coculture. Results are the mean + SD (n = 6). ** = P < (.01 versus day 0, by Mann-Whitney U test. D, Proliferation of CD4+ T cells (mea-
sured as tritiated thymidine incorporation) was evaluated at 2 different cell ratios over several days of coculture without (w/o) peptide or with peptide
P140 or ScP140. Results are the mean + SEM from 5 independent experiments. * = P < (0.05; ** = P <(.01; *** = P <0.001, by Mann-Whitney U 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.40470/abstract.

C, B cells were incubated with CD4+ T cells from the sec-
ond healthy donor, at B cell: T cell ratios of 1:1 and 2:1. In
this experimental setting, if a decrease in MHC class 11
expression is induced by P140, less antigenic peptides
should be presented to T cells and, consequently, their
proliferation in vitro should be diminished.

As expected, in the absence of any peptide, a
significant increase in the percentage of CD4+CD25+

T cells (mostly corresponding to activated T cells) was
continuously observed over time in the cocultures (Fig-
ure 5C). In the presence of P140, however, CD4+
T cells proliferated significantly less actively (Fig-
ure 5D). Reductions in the proliferation levels were
most effective on days +4 and +5 of the coculture and
at a B cell: T cell ratio of 2:1, as compared to a B cell:T
cell ratio of 1:1. It was specific to P140, as no effect
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was noted when B cells introduced into the coculture cell APCs and a lowering of T cell proliferation. We also
were pretreated with ScP140. These findings strongly showed previously, both in mice and in patients with lupus,
suggest that the decrease in CD4+ T cell proliferation that P140 in vivo administration leads to a reduction in
is a direct consequence of the diminished expression of the levels of blood circulating anti-dsDNA antibodies
MHC class II molecules and reduction in antigen pre- (7,39), which are markers of SLE. We therefore decided to
sentation induced by the P140 peptide. conduct a set of experiments intended to determine a pos-

Prevention of B cell maturation and differentiation sible link between these 2 events, and in particular to
and reduced secretion of IgG following P140 treatment. examine whether, in conjunction with the effect of P140
Our previous results (13,14,19,25) and the findings in the on T cell activation, proliferation, and signaling ability, the
present study demonstrated that P140 induces a reduction drop in autoantibody secretion could be attributable to an
in the level of expression of MHC class II molecules on B altered capacity of B cells to differentiate into ASPCs. To
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Figure 6. Effect of P140 on the capacity of B cells to differentiate into autoantibody-secreting plasma cells. Purified B cells from 5 healthy donors
were allowed to differentiate in vitro in the presence of anti-CD40/anti-IgM antibodies and interleukin-21 (IL-21), without (w/0) or with increasing
concentrations of P140 peptide. ScP140 was used as a control. Differentiation was assessed 6 days later by flow cytometry, by evaluating marker
expression of CD19, CD27, and CD38. The fact that apoptosis did not occur until at least 6 days after addition of P140 to ScP140 to the cultures
was also noted. A, Dot plots of the cells under each condition. Representative results of 5 independent experiments are shown. B, Changes in the
percentage of plasmablasts (CD19+CD27highCD38high cells) as a function of P140 concentration. C, Activation status of B cells evaluated by mea-
suring CD86 expression at the beginning and end of the culture. D, Effect of P140 on CD86 expression after 6 days of stimulation. E, Percentage
of inhibition of IgG secretion as a function of P140 concentration. The supernatant was collected after 8 days of culture, and secretion of IgG was
measured by enzyme-linked immunosorbent assay. Each symbol represents an individual healthy donor; bars show the mean + SD (n = 5 indepen-
dent experiments). ** = P < (.01 by Mann-Whitney U test. NS = not significant.
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check this ultimate property of P140, purified B cells from
5 healthy donors were allowed to differentiate in vitro with
anti-CD40 antibodies, anti-IgM antibodies, and IL-21 (40)
in the presence or absence of P140 peptide or control pep-
tide ScP140. Six days later, B cell differentiation was
assessed by flow cytometry to measure the expression of
CD19, CD27, and CD38 (Figure 6A).

In a dose-dependent manner, P140, but not ScP140,
decreased the percentage of CD19+CD27"€"CD3g"en
plasma cells (Figure 6B). This finding was not linked to the
apoptosis of B cells (results not shown), which can be a
potential factor in 6-day cultures of B cells. Of note, the
overall activation status of this depleted differentiated B
cell population, as measured by CD86 marker expression,
remained unchanged (Figures 6C and D). However, the
levels of IgG secreted by differentiated B cells in the super-
natant of 8-day cultures was significantly decreased in the
presence of P140 (at a concentration of 30 pM), but not in
the presence of the ScP140 control peptide (Figure 6E).

Lack of a direct effect of P140 on BCR signaling of
memory, naive mature, transitional, and B1 cells. In our
last series of experiments, which were important to elabo-
rate our working assumptions of the P140 mechanism of
action in humans, we wanted to check whether P140
could display a direct effect on BCR signaling. These
experiments were undertaken using a validated flow
cytometry-based assay designed to investigate the BCR
signaling pathway (Faludi M, et al: unpublished observa-
tions), a pathway that is critical in the development and
function of B cells. Studying different B cell subtypes
under multiple conditions revealed no effect of P140
and ScP140 peptides on BCR signaling in IgM memory,
IgG memory, naive mature, transitional, or B1 cells (see
Supplementary Figure 8, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40470/abstract).

Taken together, these whole series of data strongly
support the view that P140 readily induces a drop in secre-
tion of autoantibodies in patients with SLE via a mecha-
nism involving the upstream step of T cell regulation (i.e.,
regulation of T cell activation, proliferation, and signaling
ability) along with a strong downstream impact on B cell
maturation and differentiation into ASPCs, but without
directly acting on the maturation of B cells.

DISCUSSION

In the current study, which is the first to describe
the molecular effect of therapeutic peptide P140 (Lupuzor)
in human cells, we demonstrate that P140 has no direct
effect on BCR signaling of memory, naive mature, or tran-
sitional B cells. This result suggests that P140 does not alter
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B cell survival and maturation through a direct effect on
these B cell subsets. However, we clearly show that P140 is
highly efficient at modulating the APC functions of B cells
(in lupus, B cells, rather than DCs, play a central role in
antigen presentation [see refs. 41 and 42]). Ex vivo, P140
reduces the presentation of HLA class II molecules that
are overexpressed on B cells from patients with SLE (but
not patients with SSc). This P140-dependent decrease in
HLA class II overexpression was directly related to the
activity of lupus, as evaluated by the SLEDAI score. A sim-
ilar effect was also visualized ex vivo on healthy donor B
cells, but not on DCs collected from healthy volunteers.

The BCR studies required many experiments, and
hence large numbers of B cells were needed for these stud-
ies. A sufficient number of B cells was not available from
any lupus patient. If the BCR studies had been conducted
on B cells from different lupus patients, the results would
have been difficult to interpret, because the patients may
have intrinsic differences in their BCR signaling. There-
fore, these studies were carried out on B cells from a single
patient without lupus. We are not aware of any therapy
that affects BCR signaling exclusively in lupus patients.

In this study, we show that, as in MRL/lpr mice,
P140 enters in human B cells by a clathrin coat-depen-
dent endocytosis process and homes into lysosomes. Due
to the lack of cell material, we were not able, in human
SLE B cells, to demonstrate any alteration in macroau-
tophagy or CMA processes with the use of classic markers
of these pathways, nor were we able to raise any mecha-
nistic conclusion regarding the possible effect of P140 on
lysosome functioning in humans. However, using a combi-
nation of factors (anti-CD40 and anti-IgM antibodies in
the presence of IL-21) to mimic T cell-driven B cell acti-
vation, expansion, and differentiation of normal B cells,
we demonstrated very clearly that P140 down-regulates
the maturation and differentiation of B cells into plasma
cells and decreases IgG secretion by ASPCs.

Of important note, cells remaining after P140 treat-
ment are fully active. If more cells from the peripheral
blood of patients could become available, it would be inter-
esting in this context to examine the capacity of P140 to
interfere with activation, expansion, and differentiation of
lupus B cells, with a particular emphasis on certain B cell
subsets that are abnormally represented in patients with
SLE, such as IgD—CD27+ post-switched memory B cells
(43) and another class of memory B cells that are
IgD—CD27— (44). The elevated frequency of the latter B
cell subset in the peripheral blood of patients with SLE has
been reported to correlate with the extent of disease activ-
ity, especially with renal disease, and the occurrence of
autoantibodies such as anti-native DNA and anti-Sm/RNP
antibodies (45,46). The fact that P140 is potent at down-
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regulating the maturation and differentiation of human B
cells into plasma cells is consistent with previous findings in
mice with lupus, in which it was shown that the number of
viable B220—CD138/syndecan 1+ plasma cells was decreased
in the MRL/Ipr mouse PBMC fraction after treatment
with P140 peptide (22).

A few cellular studies have been performed to
assess alterations in autophagy in lymphocytes from lupus
patients. These studies are converging toward the conclu-
sion that macroautophagy is altered in T and B cells (15—
17,31). In the present study using peripheral blood cells, we
found no disease-related defect responsible for altering
macroautophagy in these cell types (when assessed as con-
version of MAPLC3-1 to MAPLC3-II on Western blotting
or as expression of SQSTM1 by flow cytometry), with the
only exception, however, being CD4+ and CD8+ T cells,
which, on average, expressed lower levels of SQSTM1
compared to healthy donor T cells. This hyperactivity of
macroautophagy in circulating CD4+ and CD8+ T cells was
not rescued after ex vivo treatment with P140.

Future experiments with additional blood sam-
ples will clarify whether this observation reveals individ-
ual patient-related variations (due to their treatment or
the stage, acute or quiescent, of the disease) or
whether it could be attributed to a mechanistic feature
with regard to, for example, specific cell subsets (in-
cluding effector, memory, and regulatory T and B cells
[see ref. 46]), localization of the cells (in the blood ver-
sus tissue), levels of activation or anergy (47) and stress
in the cells, or eventual lysosomal defects in the cells.
The medication taken by patients (such as hydroxy-
chloroquine) may also greatly affect the results visual-
ized ex vivo. To our knowledge, CMA, which has been
shown to be enhanced in mice with lupus (9), has not
been examined previously in patients with SLE. In the
present study, no change could be highlighted by evalu-
ating the expression of the CMA markers LAMP2A
and HSPAS in flow cytometry analyses. At this stage,
the lack of availability of large numbers of cells from
patients limits certain investigations and, consequently,
an important question remains regarding the fine
mechanism through which HLA class II molecules are
destabilized and through which antigen presentation to
T cells is repressed.

In the absence of macroautophagy and CMA dys-
regulation, notably in B cells acting as APCs, any possible
effect of P140 was obviously not visualized. Future experi-
ments will focus on precisely pointing out these yet unsolved
aspects, particularly when samples from patients with SLE
who are included in the ongoing phase III multicenter, pla-
cebo-controlled clinical trial become available (before and
after treatment) for our authorized ancillary study.
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Overall, our findings provide clear evidence that
the P140 peptide down-regulates B cell maturation and
differentiation through a mechanism that does not involve
the BCR directly, but rather originates upstream, from a
P140-induced defect of signaling by T cells, which are
themselves anergized or rendered inactive via a lack of
activation by the HLA—peptide complex. This lack of acti-
vation after P140 treatment likely occurs as a result of
destabilization or a defect in presentation of HLA class II
molecules in B cell APCs, a feature that seems specific to
B cells but not to other professional APCs such as DCs.

ACKNOWLEDGMENTS

We gratefully acknowledge the contributions of Jean-
Louis Pasquali for valuable discussions, and Olivier Chaloin and
Jean-Baptiste Madinier for the synthesis of P140 peptide analogs.
We also gratefully acknowledge the Canadian Arthritis Network,
the McGill University Health Center Department of Medicine,
and the McGill University Health Center Research Institute for
providing research funding to Dr. Nashi, and the generous gift
from M. Roger Naegelen for Dr. Muller’s lupus research.

AUTHOR CONTRIBUTIONS

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

Study conception and design. Wilhelm, Muller.

Acquisition of data. Wilhelm, Wang, Schall, Kleinmann, Faludi,
Nashi, Sibilia, Martin, Schaeffer, Muller.

Analysis and interpretation of data. Wilhelm, Wang, Schall, Nashi,
Sibilia, Martin, Schaeffer, Muller.

REFERENCES

1. Moulton VR, Tsokos GC. T cell signaling abnormalities con-
tribute to aberrant immune cell function and autoimmunity.
J Clin Invest 2015;125:2220-7.

2. Caza TN, Talaber G, Perl A. Metabolic regulation of organelle
homeostasis in lupus T cells. Clin Immunol 2012;144:200-13.

3. Caza TN, Fernandez DR, Talaber G, Oaks Z, Haas M, Madaio
MP, et al. HRES-1/Rab4-mediated depletion of Drpl impairs
mitochondrial homeostasis and represents a target for treatment
in SLE. Ann Rheum Dis 2014;73:1888-97.

4. Gros E Muller S. Pharmacological regulators of autophagy and
their link with modulators of lupus disease. Br J Pharmacol
2014;171:4337-59.

5. Kobayashi T, Shimabukuro-Demoto S, Yoshida-Sugitani R,
Furuyama-Tanaka K, Karyu H, Sugiura Y, et al. The histidine
transporter SLCI15A4 coordinates mTOR-dependent inflamma-
tory responses and pathogenic antibody production. Immunity
2014;41:375-88.

6. Pierdominici M, Barbati C, Vomero M, Locatelli SL,, Carlo-Stella
C, Ortona E, et al. Autophagy as a pathogenic mechanism and drug
target in lymphoproliferative disorders. FASEB J 2014;28:524-35.

7. Monneaux F Lozano JM, Patarroyo ME, Briand JP, Muller S. T
cell recognition and therapeutic effects of a phosphorylated syn-
thetic peptide of the 70K snRNP protein administered in MRL/
Ipr lupus mice. Eur J Immunol 2003;33:287-96.



1088

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Zimmer R, Scherbarth HR, Rillo OL, Gomez-Reino J, Muller S.

Lupuzor/P140 peptide in patients with systemic lupus erythemato-
sus: a randomised, double-blind, placebo-controlled phase IIb
clinical trial. Ann Rheum Dis 2013;72:1830-5.

. Macri C, Wang F, Tasset I, Schall N, Page N, Briand JP, et al.

Modulation of deregulated chaperone-mediated autophagy by a
phosphopeptide. Autophagy 2015;11:472-86.

Mizushima N, Komatsu M. Autophagy: renovation of cells and
tissues. Cell 2011;147:728-41.

Shibutani ST, Saitoh T, Nowag H, Miinz C, Yoshimori T. Auto-
phagy and autophagy-related proteins in the immune system. Nat
Immunol 2015;16:1014-24.

Kaushik S, Cuervo AM. Chaperone-mediated autophagy: a
unique way to enter the lysosome world. Trends Cell Biol 2012;
22:407-17.

Page N, Gros E Schall N, Décossas M, Bagnard D, Briand JP,
et al. HSC70 blockade by the therapeutic peptide P140 affects
autophagic processes and endogenous MHCII presentation in
murine lupus. Ann Rheum Dis 2011;70:837—43.

Page N, Gros F, Schall N, Briand JP, Muller S. A therapeutic
peptide in lupus alters autophagic processes and stability
of MHCII molecules in MRL/Ipr B cells. Autophagy 2011;7:539—
40.

Gros F, Arnold J, Page N, Décossas M, Korganow AS, Martin T,
et al. Macroautophagy is deregulated in murine and human lupus
T lymphocytes. Autophagy 2012;8:1113-23.

Alessandri C, Barbati C, Vacirca D, Piscopo P, Confaloni A,
Sanchez M, et al. T lymphocytes from patients with systemic
lupus erythematosus are resistant to induction of autophagy.
FASEB J 2012;26:4722-32.

Clarke AJ, Ellinghaus U, Cortini A, Stranks A, Simon AK, Botto
M, et al. Autophagy is activated in systemic lupus erythematosus
and required for plasmablast development. Ann Rheum Dis
2015;74:912-20.

Wang E Muller S. Manipulating autophagic processes in autoim-
mune diseases: a special focus on modulating chaperone-medi-
ated autophagy, an emerging therapeutic target. Front Immunol
2015;6:252.

Monneaux F Parietti V, Briand JP, Muller S. Importance of
spliceosomal RNP1 motif for intermolecular T-B cell spreading
and tolerance restoration in lupus. Arthritis Res Ther 2007;9:R111.
Schall N, Page N, Macri M, Chaloin O, Briand JP, Muller S. Pep-
tide-based approaches to treat lupus and other autoimmune dis-
eases. J Autoimmunity 2012;39:143-53.

Schall N, Muller S. Resetting the autoreactive immune system
with a therapeutic peptide in lupus. Lupus 2015;24:412-8.

Page N, Schall N, Strub JM, Quinternet M, Chaloin O, Décossas
M, et al. The spliceosomal phosphopeptide P140 controls the
lupus disease by interacting with the HSC70 protein and via a
mechanism mediated by yd T cells. PloS ONE 2009;4:5273.
Wang F, Li B, Schall N, Wilhelm M, Muller S. Assessing auto-
phagy in mouse models and patients with systemic autoimmune
diseases. Cells 2017;6:16.

Dieker J, Cisterna B, Monneaux F, Décossas M, van der Vlag J,
Biggiogera M, et al. Apoptosis changes the phosphorylation status
and subcellular localization of the spliceosomal autoantigen Ul-
70K. Cell Death Diff 2008;15:793-804.

Monneaux F, Hoebeke J, Sordet C, Nonn C, Briand JP, Maillere
B, et al. Selective modulation of CD4+ T cells from lupus patients
by a promiscuous, protective peptide analog. J Immunol 2005;
175:5839-47.

Bombardier C, Gladman DD, Urowitz MB, Caron D. Chang DH,
and the Committee on Prognosis Studies in SLE. Derivation of
the SLEDALI: a disease activity index for lupus patients. Arthritis
Rheum 1992;35:630-40.

Pan Q, Gao C, Chen Y, Feng Y, Liu WJ, Liu HE. Update on the
role of autophagy in systemic lupus erythematosus: a novel thera-
peutic target. Biomed Pharmacother 2015;71:190-3.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

44,

45.

46.

47.

WILHELM ET AL

Pengo N, Scolari M, Oliva L, Milan E, Mainoldi F, Raimondi A,
et al. Plasma cells require autophagy for sustainable immunoglob-
ulin production. Nat Immunol 2013;14:298-305.

Conway KL, Kuballa P, Khor B, Zhang M, Shi HN, Virgin HW,
et al. ATG5 regulates plasma cell differentiation. Autophagy
2013;9:528-37.

Chen M, Kodali S, Jang A, Kuai L, Wang J. Requirement for
autophagy in the long-term persistence but not initial formation
of memory B cells. J Immunol 2015;194:2607-15.

Arnold J, Murera D, Arbogast F, Fauny JD, Muller S, Gros E
Autophagy is dispensable for B cell development but essential for
humoral autoimmune responses. Cell Death Diff 2016;23:853-64.
Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H,
Acevedo Arozena A, et al. Guidelines for the use and interpreta-
tion of assays for monitoring autophagy. Autophagy 2016;12:1-222.
Into T, Inomata M, Takayama E, Takigawa T. Autophagy in regu-
lation of Toll-like receptor signaling. Cell Signal 2012;24:1150-62.
Liu B, Yang Y, Dai J, Medzhitov R, Freudenberg MA, Zhang
PL, et al. TLR4 up-regulation at protein or gene level is patho-
genic for lupus-like autoimmune disease. J Immunology 2006;177:
6880-8.

Marshak-Rothstein A. Toll-like receptors in systemic autoimmune
disease. Nat Rev Immunol 2006;6:823-35.

Lartigue A, Colliou N, Calbo S, Frangois A, Jacquot S, Arnoult
C, et al. Critical role of TLR2 and TLR4 in autoantibody produc-
tion and glomerulonephritis in lpr mutation-induced mouse lupus.
J Immunology 2009;183:6207-16.

Weindel CG, Richey LJ, Bolland S, Mehta AJ, Kearney JE
Huber BT. B cell autophagy mediates TLR7-dependent autoim-
munity and inflammation. Autophagy 2015;11:1010-24.

Flacher V, Neuberg P, Point E Daubeuf F Muller Q, Sigwalt D,
et al. Mannoside glycolipid conjugates display anti-inflammatory
activity by inhibition of Toll-like receptor-4 mediated cell activa-
tion. ACS Chem Biol 2015;10:2697-705.

Muller S, Monneaux E Schall N, Rashkov RK, Oparanov BA,
Wiesel P, et al. Spliceosomal peptide P140 for immunotherapy of
systemic lupus erythematosus: results of an early phase II clinical
trial. Arthritis Rheum 2008;58:3873-83.

. Kuchen S, Robbins R, Sims GP, Sheng C, Phillips TM, Lipsky

PE, et al. Essential role of IL-21 in B cell activation, expansion,
and plasma cell generation during CD4+ T cell-B cell collabora-
tion. J Immunol 2007;179:5886-96.

Yan J, Harvey BP, Gee RJ, Shlomchik MJ, Mamula MJ. B cells
drive early T cell autoimmunity in vivo prior to dendritic cell-
mediated autoantigen presentation. J Immunol 2006;177:4481-7.
Giles JR, Kashgarian M, Koni PA, Shlomchik MJ. B cell-specific
MHC class II deletion reveals multiple nonredundant roles for B
cell antigen presentation in murine lupus. J Immunol 2015;195:
2571-9.

Odendahl M, Jacobi A, Hansen A, Feist E, Hiepe F, Burmester
GR, et al. Disturbed peripheral B lymphocyte homeostasis in sys-
temic lupus erythematosus. J Immunol 2000;165:5970-9.

Jacobi AM, Odendahl M, Reiter K, Bruns A, Burmester GR,
Radbruch A, et al. Correlation between circulating CD27"&"
plasma cells and disease activity in patients with systemic lupus
erythematosus. Arthritis Rheum 2003;48:1332-42.

Wei C, Anolik J, Cappione A, Zheng B, Pugh-Bernard A, Brooks
J, et al. A new population of cells lacking expression of CD27
represents a notable component of the B cell memory compart-
ment in systemic lupus erythematosus. J Immunol 2007;178:6624—
33.

Tipton CM, Fucile CE Darce J, Chida A, Ichikawa T, Gregoretti
I, et al. Diversity, cellular origin and autoreactivity of antibody-
secreting cell population expansions in acute systemic lupus ery-
thematosus. Nat Immunol 2015;16:755-65.

Tretter T, Venigalla RK, Eckstein V, Saffrich R, Sertel S, Ho AD,
et al. Induction of CD4+ T-cell anergy and apoptosis by activated
human B cells. Blood 2008;112:4555-64.



ARTHRITIS & RHEUMATOLOGY

Vol. 70, No. 7, July 2018, pp 1089-1101
DOI 10.1002/art.40467

© 2018, American College of Rheumatology
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Sonia Zeggar,1 Katsue S. Watanabe,' Sanae Teshigawara,1 Sumie Hiramatsu,!

Takayuki Katsuyama,' Eri Katsuyama,' Haruki Watanabe

,! Yoshinori Matsumoto,’

Tomoko Kawabata,' Ken-ei Sada,' Toshiro Niki,> Mitsuomi Hirashima,? and Jun Wada'

Objective. In systemic lupus erythematosus (SLE),
an autoimmune disease associated with multiple organ
involvement, the development of lupus nephritis deter-
mines prognosis, and arthritis impairs quality of life.
Galectin 9 (Gal-9, Lgals9) is a B-galactoside—binding lectin
that has been used for clinical application in autoimmune
diseases, since recombinant Gal-9, as a ligand for T cell
immunoglobulin and mucin domain—containing protein 3
(TIM-3), induces apoptosis of activated CD4+TIM-3+ Th1l
cells. This study was undertaken to investigate whether
deficiency of Lgals9 has beneficial or deleterious effects on
lupus in a murine model.

Methods. Gal-9*"* and Gal-9 '~ female BALB/c mice
were injected with pristane, and the severity of arthritis,
proteinuria, and levels of autoantibody production were
assessed at several time points immediately following
injection. At 7 months after pristane injection, renal
pathologic features, the severity of joint inflammation,
and formation of lipogranulomas were evaluated. Subsets
of inflammatory cells in the spleen and peritoneal lavage
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were characterized, and expression levels of cytokines
from peritoneal macrophages were analyzed.

Results. Lgals9 deficiency protected against the
development of immune complex glomerulonephritis,
arthritis, and peritoneal lipogranuloma formation in
BALB/c mice in this murine model of pristane-induced
lupus. The populations of T cell subsets and B cells in the
spleen and peritoneum were not altered by Lgals9 deficiency
in pristane-injected BALB/c mice. Furthermore, Lgals9
deficiency protected against pristane-induced lupus without
altering the Toll-like receptor 7—type I interferon pathway.

Conclusion. Gal-9 is required for the induction
and development of lupus nephritis and arthritis in this
murine model of SLE. The results of the current investi-
gation provide a potential new strategy in which antago-
nism of Gal-9 may be beneficial for the treatment of
nephritis and arthritis in patients with SLE through
targeting of activated macrophages.

Systemic lupus erythematosus (SLE) is a multior-
gan autoimmune disease that is characterized by a wide
array of clinical manifestations and multifactorial patho-
genic pathways. The disease process of SLE involves
genetic, epigenetic, hormonal, and environmental factors,
all of which ultimately lead to a disturbance in the path-
ways of both innate and adaptive immunity. Despite nota-
ble progress in the understanding of this disease, its
etiology remains unclear and is still to be unraveled. Kid-
ney involvement in SLE is known to be associated with
poor clinical outcomes, with 10-30% of young patients
developing end-stage renal disease (ESRD) (1,2). Despite
the wide availability of different regimens involving treat-
ment with immunosuppressant agents, many of which
have undoubtedly improved the prognosis and survival of
patients with SLE, an increased risk of ESRD in SLE has
been observed since the late 2000s (3).

In contrast to lupus nephritis, lupus arthritis is
one of the frequently encountered manifestations in
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SLE patients, and yet it may be overlooked behind the
life-threatening conditions of lupus nephritis and neu-
ropsychiatric SLE. Although few SLE patients develop
full joint deformations, known as rhupus hands (4),
lupus arthritis is a major cause of pain and discomfort
and can impair the quality of life of patients (5).

Galectin 9 (Gal-9), a ubiquitously expressed
B-galactoside-binding lectin (6,7), belongs to the tandem
repeat subclass of the galectin superfamily, and is charac-
terized by the presence of 2 distinct carbohydrate recogni-
tion domains joined by a link peptide (8). Among the 15
members of the galectin family, Gal-9 has been shown to
function in both physiologic and pathologic conditions
such as organogenesis, immune reactions, carcinogenesis,
and metastasis (9). Gal-9 demonstrates bivalency and is
able to cross link 2 glycoconjugates, and thus it is involved
in the process of cell-to-cell and cell-to-matrix interac-
tions. Results of recent investigations have suggested that
the most dominant Gal-9 isoform, Gal-9AS5, prevents
metastasis by maintaining tissue integrity and inhibiting
tumor migration and extravasation, while other Gal-9 iso-
forms facilitate metastasis (10). Gal-9 also modulates the
processes of cell survival, such as apoptosis and cell cycle
control, and induces apoptosis of various cell lines, such
as the human melanoma cell line, T cell lines, and differ-
ent types of leukemia cell lines (11,12).

In addition to the role of Gal-9 in cancer biology,
it is involved actively at various stages of the immune
response, and most of its effects are concentration depen-
dent (13). Exogenous Gal-9 induces maturation of den-
dritic cells (DCs) associated with the up-regulation of
costimulatory molecules such as CD40, CD54, CDS8O0,
CD83, and HLA-DR (14). The recombinant N-terminal
Gal-9 is also effective in activating DCs by inducing a
higher production of tumor necrosis factor (TNF) and
interleukin-6 (IL-6), and greater phosphorylation of p38
and Akt (15). Through its divalent sugar-binding activity,
Gal-9 forms Gal-9-glycan lattices with cell surface glyco-
proteins, which play major roles in the organization of cell
membrane domains, regulation of thresholds of cell sig-
naling, and receptor residency time on the cell surface
(16). The local concentrations of Gal-9 and glycoconju-
gates determine the patterns of lattice formation and cel-
lular response. At higher concentrations, Gal-9 induces
apoptosis of CD4+ and CD8+ cells, while at lower con-
centrations, it increases cytokine production in activated
T cells. T cell immunoglobulin and mucin domain—con-
taining protein 3 (TIM-3), a glycoprotein with an N-glycan
chain, is expressed on activated Thl and Th17 cells. Gal-9
triggers calcium mobilization and activation of caspase 1,
drives the apoptosis of Th1l and Th17 cells, and eliminates
activated and exhausted Tcells (11,17). In addition to Thl
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cells, Gal-9 also induces apoptosis of B cells (B-lineage
acute lymphoblastic leukemia 1 cells), monocytes (THP-1
cells), and myelocytes (HL-60 cells) (11). However, Gal-9
has not been found to exert apoptotic potential against
Th2 and Treg cells lacking cell surface expression of TIM-
3 (18,19).

The apoptotic potential of recombinant Gal-9
against immune-mediated cells prompted researchers to
investigate the efficacy of recombinant Gal-9 in various
disease models, such as experimental animal models of
collagen-induced arthritis (CIA) (17,20,21), asthma (22),
anti—glomerular basement membrane disease (23), lupus
nephritis (24), diabetic nephropathy (25), and auto-
immune encephalitis (17,26). In general, the apoptotic
potential of Gal-9 is concentration dependent. A higher
dose of recombinant Gal-9 induces apoptosis of Thl and
Th17 cells; however, a decline in its concentration by
degradation may, inversely, stimulate CD4+ T cells, CD8+
Tcells, and DCs to produce cytokines and chemokines.

Taking these findings into consideration, we investi-
gated whether a total loss of Gal-9 would ameliorate or
aggravate disease activity in a murine model of lupus, and
determined whether blockade of Gal-9 and its signals might
be beneficial in the treatment of SLE. To achieve this, we
examined the effect of gene deletion of Lgals9 (a gene
encoding Gal-9) in BALB/c mice with pristane-induced
lupus (27). This lupus model is associated with intraperi-
toneal lipogranulomas, diffuse proliferative glomerulo-
nephritis (28), production of autoantibodies (29), and an
erosive arthritis resembling rheumatoid arthritis (30). We
also investigated the effect of Lgals9 gene deficiency in a
model of spontaneously induced SLE, using MRL/MpJ-
Fas'™/J mice with a mutation in the gene encoding Fas. This
model is associated with a defect in lymphocyte apoptosis
and the impaired clearance of lymphocytes (31), high
titers of autoantibodies, hypergammaglobulinemia, nephritis,
vasculitis, and lymphadenopathy (32).

MATERIALS AND METHODS

Pristane-induced lupus model in BALB/c mice. BALB/c
mice deficient in Gal-9 (Gal-9~/") were kindly provided by
GalPharma (33,34). Using standard breeding techniques,
Gal-9/~ BALB/c mice were crossed with BALB/c] mice
(The Jackson Laboratory) for 2 generations, and Gal-9*/~
BALB/cJ mice were also bred, to obtain Gal-9*'* and Gal-
9/~ littermates. Gal-9 '~ female BALB/c mice (n = 12) and
age- and sex-matched control Gal-9*'* mice (n = 12) were
housed under specific pathogen—free conditions in a 12-hour
light/dark cycle, with free access to water and standard rodent
chow. The mice were injected intraperitoneally with 0.5 ml of
pristane (chemical name 2,6,10,14-tetramethylpentadecane;
Sigma-Aldrich) at age 7 weeks. Pristane-injected Gal-9*/*
and Gal-9~~ BALB/c mice were designated as Gal-9™'* PI
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and Gal-9~/~ PI mice, respectively. During the course of the
experiments, 1 of the Gal-9*/* PI mice accidentally died 4
months after pristane injection.

The severity of arthritis in the paws was evaluated every
2 weeks, and serum and urine samples were collected monthly.
Peritoneal lavage, lipogranulomas in the peritoneal cavity, and
spleen, kidney, and paw tissue were obtained at 7 months after
pristane injection. For the characterization of Ly-6C"" mono-
cytes and isolation of peritoneal macrophages, mice were eutha-
nized at various time points: Gal-9*'* PI mice (n = 5) and
Gal-9/~ PI mice (n = 5) at 24 hours after pristane injection,
Gal-9*"* PI mice (n =4) and Gal-9~~ PI mice (n=4) at 15 days
after pristane injection, and Gal-9*/* PI mice (n = 3) and
Gal-9~/~ PI mice (n = 3) at 4 weeks after pristane injection. For
analysis of Tnf messenger RNA (mRNA) expression and quan-
tification of TNF proteins, groups of Gal-9*/* PI mice (n = 4
per group) and Gal-9 '~ PI mice (n = 4 per group) were eutha-
nized at 4 hours, 24 hours, and 48 hours after pristane injection.

Generation of Gal-9~'~ MRL/MpJ-Fas'™/J (MRL/lpr)
mice. We generated Gal-9~~ MRL/lpr mice by mating Gal-9 '~
female BALB/c mice with male MRL/lpr mice, to yield heterozy-
gous F1 offspring. Gal-9*/~ female F1 mice were further back-
crossed with male MRL/lpr mice for 8 generations. Finally,
Gal-9*/~ F9 mice were intercrossed to obtain Gal-9~/~ female
MRL/Ipr littermates (n = 15) and Gal-9*/* MRL/lpr littermates
(n = 15). These mice were further monitored until age 16 weeks.
Serum was collected at 8 and 16 weeks of age, while weight
and proteinuria were assessed from 6 weeks of age and every
2 weeks thereafter. Tissue samples, including those from the
spleen, lymph nodes, and kidneys, were obtained at the study
end point.

All of the experimental procedures were approved by
the Animal Care and Use Committee of the Department of
Animal Resources, Advanced Science Research Center at
Okayama University.

Determination of arthritis severity score. The mice
were examined for the onset and severity of arthritis every 2
weeks after pristane injection. For scoring of arthritis severity,
we used a previously published scoring system (35,36) with
modification, as follows: score scale of 0-3, where 0 = normal,
1 = slight swelling or erythema of the wrist/ankle joint or footpad,
2 = moderate swelling and erythema of the wrist/ankle joint or
footpad, and 3 = severe swelling and erythema of the paw. The
scores for individual limbs were summed to obtain a total clini-
cal arthritis severity score of 12 per animal. The incidence of
arthritis was determined as the percentage of mice that had
developed redness or swelling in at least 1 paw (representative
images are shown in Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40467/abstract).

Evaluation of histologic features and scoring of tissue
samples. Samples of mouse kidney tissue were fixed in 10% for-
malin, and 4-um paraffin-embedded sections were stained with
hematoxylin and eosin (H&E), periodic acid-Schiff, periodic
acid—-methenamine silver, and Masson’s trichrome stain. After
H&E staining, glomerular hypercellularity was evaluated by
counting the number of nuclei per glomerular cross-section
(20 glomerular cross-sections per mouse), and tubulointer-
stitial nephritis was scored as previously described (37).
For immunofluorescence analysis, the tissue samples were
embedded in OCT compound (Sakura, Japan), and 4-pm cryo-
stat sections were stained with fluorescein isothiocyanate
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(FITC)—conjugated goat anti-mouse IgG or rabbit anti-mouse
C3 (Cappel). For analysis of IgG subclasses, the sections were
stained using FITC-conjugated goat anti-mouse IgG1, IgG2a,
IgG2b, or IgG3 (Novus Biological). Staining of all sections was
visualized with a fluorescence microscope (BZ-8000; Keyence)
using a plan Apo 20x NAO.75 lens. Immunofluorescence inten-
sity (measured as the number of pixels/um?®) was quantified using
BZ analyzer II image analysis software (version 1.31; Keyence).
At least 10 glomeruli per section were analyzed.

The most severely affected hind paw of each mouse was
removed and fixed in 10% formalin. After decalcification in
10% EDTA, the joints were embedded in paraffin, and 4-um—
thick sections were stained with H&E and toluidine blue as
described previously (38). In brief, twenty 4-um sagittal serial
sections were cut, every fifth section was stained with H&E, and
an adjacent section was stained with toluidine blue. Histopatho-
logic scoring was performed using a semiquantitative score, as
described previously (39). The final histopathologic arthritis
score was evaluated in each mouse by calculating the sum values
for inflammation: infiltration of leukocytes, synovial hyperplasia,
and destruction of cartilage, including pannus formation and
cartilage erosion.

Four-micrometer paraffin-embedded sections of lipo-
granulomas from the peritoneal cavity as well as sections from
the spleen and lymph nodes were deparaffinized, rehydrated,
subjected to inhibition of endogenous peroxidase, and incu-
bated with Blocking One Histo (Nacalai Tesque). They were
then incubated with a purified anti-mouse Gal-9 antibody
(BioLegend) overnight at 4°C, followed by goat anti-rat IgG
conjugated with horseradish peroxidase (Abcam) for 1 hour,
and developed with diaminobenzidine (SK-4100; Vector) as
the chromogen. Sections were counterstained with Mayer’s
hematoxylin.

Quantitative real-time reverse transcription—poly-
merase chain reaction (RT-PCR). Mice were euthanized at 7
months after pristane injection, and the paws were then cut
under the furline, unskinned, and immediately flash frozen in
liquid nitrogen. Individual lipogranulomas were picked from
the peritoneal cavity of pristane-injected mice and pooled.
Paws and lipogranulomas were disrupted and homogenized in
TRIzol reagents with a TOMY Micro Smash MS-100R and
5.5-mm stainless steel beads. The homogenates were cen-
trifuged for 10 minutes at 4°C at 14,000 revolutions per minute.
Supernatants were transferred to 1.5-ml Eppendorf tubes, cen-
trifuged for 10 minutes at 4°C at 14,000 rpm, and collected for
RNA extraction.

Total RNA was extracted from the paws, lipogranulomas,
and peritoneal macrophages using an RNeasy Mini kit (Qiagen).
Complementary DNA (cDNA) was generated using a High-Ca-
pacity cDNA RT kit (Applied Biosystems). Quantitative real-time
PCR was performed in a Step One Plus Real-Time PCR system
(Applied Biosystems) with specific primers, Universal Master Mix 11
(Life Technologies), and TagMan gene expression assays to evaluate
the expression of Thf (MmO00443258 m1), 7116 (Mm00434228 m1),
116 (Mm00446190_m1), Lgals] (Mm00839408_g1), Lgals9 (MmO004
95295 ml), Lgals3 (MmO00802901_m1), 7lr3 (Mm01207404_ml),
T4 (Mm00445273_ml), TIr7 (Mm00446590_ml), 79 (Mm004
46193 ml), Ccl2 (Mm00441242 ml), Ccl7 (Mm00443113 ml),
Ccll2  (Mm01617100_m1), MxI (Mm00487796_ml), Cxcll0
(Mm00445235 m1), and Irf7 (Mm00516793_gl). The relative
abundance of mRNAs was standardized against the levels of Gapdh
mRNA (Mm99999915_ g1) as the invariant control.
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Flow cytometry analysis. The spleen, mesenteric, and axil-
lary lymph nodes from MRL/lpr mice were finely minced and
incubated in a fresh digestion medium containing 3 ml RPMI
1640 with 2 mg/ml collagenase D (Roche), 50 IU DNase (Takara),
and 10% fetal calf serum (FCS) at 37°C for 30 minutes, with gen-
tle shaking at 200 rpm on an orbital shaker. Single-cell suspensions
were prepared from the spleens and peritoneal lavage of PI mice,
and from the lymph nodes of MRL/Ipr mice. Red blood cells were
removed using a red cell lysing buffer (BD Pharm Lyse). The cells
were first incubated at 4°C for 10 minutes with an Fc receptor
(FcR) blocking reagent (Miltenyi Biotec) to reduce nonspecific
binding of antibodies to FcRs. The cells (1 x 10°) derived from
the spleen, peritoneum, and lymph nodes were incubated at 4°C
for 30 minutes in staining buffer (BioLegend) with the relevant
optimized amount of fluorochrome-conjugated antibodies or the
appropriate isotype controls: FITC-conjugated anti-CD4 (GKL.5),
VioBlue-conjugated anti-CD4 (GK1.5), allophyocyanin (APC)-
conjugated anti-CD8 (53-6.7), APC-conjugated anti-CD62L
(MEL14-H2.100), phycoerythrin (PE)-conjugated anti-CD44
(IM7.8.1), APC-conjugated anti-CD19 (6D5), FITC-conjugated
anti-CD45R  (B220) (RA3-6B2), APC-conjugated anti-Ly-6C
(1G7.G10), PE-conjugated anti-CD138 (clone REA104), and PE-
conjugated anti-Ly-6G (clone 1G7.G10). All antibodies were pur-
chased from Miltenyi Biotec except BV421-conjugated anti-CD3
(SK7), which was purchased from BD Biosciences, and eFluor
450—conjugated anti-CD11b (M1/70), which was purchased from
eBioscience. Dead cells were excluded from the analysis using 7-
aminoactinomycin D staining (BD PharMingen). All data were
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Figure 1. Attenuation of lupus nephritis in galectin 9—deficient (Gal-9
PI mice (n = 12) compared to Gal-9*/* PI mice (n = 11). B, Representative kidney sections from Gal-
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acquired with a FACSAria I flow cytometer (BD Biosciences) and
analyzed using FlowJo software (TreeStar).

In vitro assays of peritoneal macrophages. Peritoneal
macrophages were harvested 24 hours after the injection of
either pristane or phosphate buffered saline (PBS) as a vehicle
control. The cells were seeded at a concentration of 1 x 10°/well
in UpCell 24-well plates (CellSeed) in Dulbecco’s modified
Eagle’s medium supplemented with 10% FCS and 100 IU/ml
penicillin/streptomycin, and incubated for 2 hours at 37°C in an
atmosphere of 5% CO,. Nonadherent cells were removed by
washing with warm medium, and then recounted to calculate the
number of adherent cells in the wells by subtraction. The remain-
ing adherent cells consisted of >95% macrophages, and adherent
macrophages were then cultured in the presence or absence of
Toll-like receptor (TLR) ligands as described previously (40), or
underwent protein extraction using Cell Lytic M reagent (Sigma-
Aldrich) following the manufacturer’s instructions. All ligands
were purchased from InvivoGen except for lipopolysaccharide
(Sigma-Aldrich). The supernatants were collected after 24 hours,
and RNA was extracted and stored at —80°C.

Enzyme-linked immunosorbent assays (ELISAs).
Serum levels of total IgG (Abcam), anti-double-stranded
DNA (anti-dsDNA) (Shibayagi, Japan), anti-nuclear RNP
(anti-nRNP) (Alpha Diagnostic International), and TNF
(R&D Systems) were measured using commercially available
ELISA kits according to the manufacturer’s instructions.
The cutoff values of the assays were 7.8 ng/ml, 15.6 mU/ml,
50 units/ml, and 10.9 ng/ml, respectively.
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toxylin and eosin (H&E), periodic acid-Schiff (PAS), Masson’s trichrome (MT), and periodic acid-methenamine silver (PAM) for analysis of glomeru-
lar size and mesangial expansion. Bars = 30 pm. C, Numbers of glomerular nuclei in Gal-9*/* PI mice compared to Gal-9~'~ PI mice (n = 10 per
group). Results are the mean + SD. * = P <0.05; *** = P <(0.001, by Mann-Whitney U test in A and Student’s t-test in C. NS = not significant.
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Western blotting. For protein extraction, the tissue sam-
ples were homogenized in ice-cold radioimmunoprecipitation
assay buffer. Total protein was quantified using the Pierce Pro-
tein Assay kit with Coomassie blue staining (Bradford) according
to the manufacturer’s instructions (ThermoFisher Scientific). A
Mini-PROTEAN precast gel (Bio-Rad) was equally loaded with
8.5 ng of protein, and then electrophoresed and electrotrans-
ferred to a PVDF membrane. After blocking with 5% nonfat dry
milk and TBS-T (0.05% Tween 20, 20 mM Tris HCI, and 150
mM NaCl [pH 7.6]), membranes were probed with a primary
antibody rat anti-mouse Gal-9 clone (clone 108A2; BioLegend)
or rabbit anti-mouse GAPDH (Cell Signaling Technology), and
then incubated with anti-rat IgG conjugated with horseradish
peroxidase (Abcam) or donkey anti-rabbit IgG conjugated with
horseradish peroxidase (Santa Cruz Biotechnology), respectively.
Blots were developed using a Pierce ECL Plus Western blotting
substrate and visualized using an ImageQuant LAS 4000 Mini
kit (GE Healthcare Life Sciences).

Statistical analysis. Data are expressed as the mean
+ SD. Normal distribution of the data was assessed by
Shapiro-Wilk test, and statistically significant differences
between groups were determined using the Student’s 2-tailed
t-test or Mann-Whitney U test, as appropriate. The incidence
of arthritis was analyzed using a Fisher’s exact test. Data were
analyzed using JMP 13 software (SAS). P values less than
0.05 were considered significant.

RESULTS

Attenuation of pristane-induced lupus nephritis
in Lgals9-deficient mice. Pristane induces immune com-
plex glomerulonephritis in BALB/c mice, a condition
that is associated with the same autoantibodies typically
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observed in human SLE (28). Gal-9~/~ PI mice (pristane-
injected BALB/c mice) developed only modest proteinuria
compared to Gal-9*/* PI mice (Figure 1A). Furthermore,
light microscopic examination of the tissue sections dem-
onstrated an attenuation of histologic damage in Gal-9~/~
PI mice, as evidenced by a reduction in glomerular size,
reduced cellularity, and suppression of mesangial expan-
sion (Figures 1B and C).

We also assessed the effect of Gal-9 deficiency
on glomerular immune complex formation/deposition.
Kidney sections from Gal-9~/~ and Gal-9*/* PI mice
were stained for IgG and C3 at 7 months after pristane
injection. As evident on the representative glomerular
sections shown in Figure 2A, we found a significant
reduction in the glomerular immune complex deposition
of IgG, all of the IgG subclasses, and C3 in Gal-9~/~ PI
mice compared to their Gal-9*/* littermates.

In contrast, no differences with regard to kidney
involvement between Gal-9~’~ MRL/pr mice and
Gal-9** MRL/Ipr mice were seen when measured as either
albuminuria, glomerular hypercellularity, or tubulointer-
stitial disease (for results, see Supplementary Figures 2A—
C, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract).
Active pathologic features such as cellular crescents,
wire loop formation, hyaline thrombi, and glomerular
necrosis were similar between Gal-9~~ MRL/Ipr mice and
Gal-9*/* MRL/lpr mice (see Supplementary Figure 2D,
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract).
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Figure 2. Reduced glomerular IgG deposition in Gal-9~~ PI mice. A, Deposition of C3, IgG, and IgG subclasses, as evaluated by direct
immunofluorescence, in the kidneys from Gal-9~/~ PI mice compared to Gal-9*'* PI mice. Images are representative of 5 mice per group. Bars =
50 um. B, Immunofluorescence intensity of C3, IgG, and IgG-subclass deposits, as evaluated using computed image analysis software. The final
fluorescence intensity score reflects the average of at least 10 glomeruli per mouse. Results are the mean + SD. * = P < 0.05; ** = P < 0.01, by

Student’s #-test. See Figure 1 for definitions.
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Furthermore, there were no alterations or reductions in
immune complex deposition in Gal-9~/~ MRL/Ipr mice as
compared to Gal-9*/* MRL/lpr littermates (see Supple-
mentary Figures 2E and E http://onlinelibrary.wiley.com/
doi/10.1002/art.40467/abstract). These results suggest that
Gal-9 deficiency is capable of suppressing the functional
and pathologic damage to the kidneys induced by pristane
injection, but it is not sufficient to prevent severe forms of
kidney disease associated with impaired apoptosis/cell clear-
ance in MRL/Ipr mice.

Pristane-induced production of IgG and autoanti-
bodies in Gal-9'~ BALB/c mice. Hypergammaglobuline-
mia and autoantibody production against a broad range of
autoantigens are characteristic features of pristane-induced
lupus in BALB/c mice (29,41,42). To evaluate the impact of
Lgals9 deficiency on pristane-induced hypergammaglobu-
linemia and autoantibody production, serum was collected
at baseline and every month after pristane injection for 7
months. Serum levels of total IgG were significantly lower
in Gal-9~~ PI mice compared to Gal-9™* PI mice (Fig-
ure 3A). Body weight, spleen weight, and the total number of
splenocytes were not altered in either Gal-9 '~ or Gal-9*/*
PI mice (for results, see Supplementary Figures 3A-C,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract). Flow
cytometry analysis of the spleens and peritoneal lavage did
not reveal any differences in the numbers of B cells and
plasma cell subsets (Supplementary Figures 3D-F http://
onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract).

We next investigated the titers of anti-nRNP and
anti-dsDNA, both of which are hallmarks of SLE and
have been previously found in 50-90% and 40% of
pristane-treated BALB/c mice, respectively (29). The
titers of anti-dsDNA and anti-nRNP antibodies were
increased both in Gal-9~~ PI mice and in Gal-9*'* PI
mice, but their titers were comparable between the 2
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groups (Figures 3B and C). In Gal-9~/~ and Gal-9*/*
MRL/Ipr mice, there were no statistically significant differ-
ences in the levels of anti-dSDNA antibodies (for results,
see Supplementary Figure 2G, http://onlinelibrary.wiley.
com/doi/10.1002/art.40467/abstract).

Body weights, spleen weights, lymph node weights,
and total cell numbers in the spleen and lymph nodes were
not altered in either Gal-9~/~ or Gal-9*'* MRL/Ipr mice
(for results, see Supplementary Figures 4A-D, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). Flow cytometry
analysis of the spleen and lymph nodes did not reveal any
differences in the numbers of B cells and T cell subsets,
except that there was a reduction in the number of double-
negative T cells in the spleens of Gal-9~/~ MRL/Ipr mice
(see Supplementary Figures 4D-G, http://onlinelibrary.wile
y.com/doi/10.1002/art.40467/abstract). Although deficiency
of Gal-9 suppressed overall production of IgG in these
mice, it did not diminish the production of pathogenic
plasma cells producing antibodies against autoantigens.

Amelioration of arthritis in Gal-9~'~ PI mice. A
single injection of pristane into the peritoneal cavity
induces an erosive arthritis in susceptible mouse strains
such as BALB/cJ mice (30). In the present study, the inci-
dence of arthritis increased over time and was higher in
Gal-9™"" PI mice (72%) than in Gal-9~/~ PI mice (33%)
(Figure 4A). At 7 months after pristane injection, the
mean clinical arthritis severity score was significantly
reduced in Gal-9~'~ PI mice compared to Gal-9*/* PI
mice (Figure 4B). These results indicate that Lgals9 defi-
ciency fully protects against arthritis development in mice,
and reduces the severity of arthritis in affected mice.

The extent of joint destruction and severity of
inflammation were evaluated by H&E and toluidine blue
staining of the joint sections. Synovial hyperplasia, severe
leukocyte infiltration, pannus formation, and cartilage

mGal-9 +/+ Pl c x10*
0Gal-9 -/-P| 70 -
2 60 1 ns
ns 55 50
2 E 50
ns  =E 40
Ep
2.8 30
38
v 20 -
T8
€ ® 10
<
04
5 7 Gal-9 +/+ Pl Gal-9 -/- PI

Figure 3. Hypergammaglobulinemia and autoantibody production in Gal-9*/* and Gal-9~'~ PI mice. Serum levels of total IgG at 7 months following pris-
tane injection (n = 8 mice per group) (A), double-stranded DNA (dsDNA) antibodies at 0, 3, 5, and 7 months postinjection (n = 6 mice per group) (B), and
anti-nuclear RNP (anti-nRNP) antibodies at 7 months postinjection (n = 7 mice per group) (C) were measured by enzyme-linked immunosorbent assay in
Gal-9** and Gal-9~/~ PI mice. Results are the mean + SEM in duplicate samples. *** = P < 0.001, by Student’s r-test. See Figure 1 for other definitions.
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Figure 4. Incidence and severity of pristane-induced arthritis in Gal-9~'~ and Gal-9™'* mice. A, Incidence of arthritis in Gal-9~'~ PI mice (n = 12) com-
pared to Gal-9™* PI mice (n=11), calculated as the percentage of mice that developed redness or swelling in at least 1 paw among all mice in each group.
B, Mean clinical arthritis severity score in Gal-9*/* PI mice (n = 11) compared to Gal-9~~ PI mice (n = 12). The arthritis severity score (scale of 0-3) eval-
uated the severity of erythema/swelling in the wrist or ankle. C, Histopathologic evaluation of arthritis by staining of the joints with H&E and toluidine blue
(TB). Representative histopathologic sections of the joints from Gal-9*/* and Gal-9~/~ PI mice are shown. Bars = 30 um. D, Semiquantitative histologic
scoring of arthritis. Sections of the joints from Gal-9~'~ PI and Gal-9*'* PI mice (n = 10 per group) were stained with H&E and TB and evaluated for the
extent of inflammation and joint destruction. E, Determination of cytokine mRNA expression in the joints of Gal-9*/* PI mice compared to Gal-9~/~ PI
mice (n = 6 per group). Expression levels of 111b, 116, and Tnfa were assessed by reverse transcription-polymerase chain reaction. Results are the mean +
SD. * =P <0.05; ** =P <0.01; ***= P <(.001, by Fisher’s exact test in A and B and by Student’s ¢-test in D and E. See Figure 1 for other definitions.

erosions were present in the joints of Gal-9** PI mice,
whereas the joints of Gal-9~’~ PI mice were largely
spared, showing marked reductions in the extent of syno-
vitis and severity of joint erosion (Figure 4C). The
histopathologic arthritis severity scores were significantly
lower in Gal-9~~ PI mice than in Gal-9*/* PI mice (Fig-
ure 4D). In addition, Lgals9 deficiency reduced the
expression of mRNA for several proinflammatory
cytokines, including I11b, 116, and Tnfa, in Gal-9~/~ PI
mice compared to Gal-9*/* PI mice (Figure 4E).

Altered chronic peritoneal inflammatory response
in Gal-9 '~ PI mice. The pristane-induced lupus model is
characterized by lipogranuloma formation, which is a
chronic inflammatory response to the hydrocarbon oil
and has morphologic and functional characteristics of sec-
ondary lymphoid tissue (43,44). At 7 months after pris-
tane injection, numerous lipogranulomas were observed
in the peritoneal cavity of Gal-9*/* PI mice, whereas
lipogranulomas were markedly reduced in number and

size in Gal-9~/~ PI mice (Figure 5A) and were completely
absent in 2 of 12 Gal-9 '~ PI mice (data not shown).
Intriguingly, H&E staining of the lipogranulomas
demonstrated a smaller size, diminished cellularity, and
absence of follicle-like structures in Gal-9~/~ PI mice
compared to Gal-9*/* PI mice (Figure 5A). The number
of high endothelial venules (HEVs) was reduced in
Gal-9~~ PI mice compared to Gal-9** PI mice (for
results, see Supplementary Figure 5A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). The smaller oil
droplets were surrounded by inflammatory cells and uni-
formly distributed in the lipogranulomas of Gal-9*/* PI
mice, whereas larger oil droplets were eccentrically
located and surrounded by fibrotic tissue (Figure 5A).
Moreover, Gal-9 was found to be distributed
mainly in areas surrounding the follicle-like structure in
lipogranulomas, the lymphoid follicle of the lymph nodes,
and the marginal zone of the spleen (Figure 5B). RT-
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Figure 5. Reduction in the peritoneal inflammatory response in Gal-9~/~
PI mice. A, Frequency of lipogranulomas in the peritoneal cavity of a
Gal-9~~ PI mouse compared to a Gal-9*'* PI mouse. Left, Histopatho-
logic sections were assessed for the presence of lipogranulomas. Differ-
ences between the 2 groups were characterized by differences in the size
of the oil droplets, cells, and matrix distribution. Middle and Right, Sec-
tions of ectopic lymphoid tissue were stained with H&E and MT at 7
months after pristane injection. Bars = 20 um. Representative samples are
shown. B, Immunohistologic staining for the expression of Gal-9 in the
lipogranulomas, spleen, and lymph nodes of a Gal-9*'* PI mouse com-
pared to a Gal-9~/~ PI mouse. Bars = 50 um. In A and B, arrows indicate
follicle-like structures. C, Expression levels of Lgals mRNA in the
lipogranulomas, spleen, and lymph nodes of Gal-9*'* PI mice compared
to a Gal-9~~ PI mice (n = 6 per group). Results are the mean + SD. ** =
P <0.01; *** = P <0.001, by Student’s ¢-test. D, Representative Western
blots of Gal-9 expression in the lipogranulomas, spleen, and lymph nodes
of a Gal-9*"* PI mouse compared to a Gal-9~'~ PI mouse; GAPDH was
used as the invariant control. See Figure 1 for definitions.
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PCR and Western blot analyses demonstrated that I.gals9
mRNA was highly expressed in the lipogranulomas,
spleens, and lymph nodes of Gal-9*/* PI mice and absent
in Gal-9~~ PI mice (Figures 5C and D). There was no
compensatory up-regulation of Lgals! and Lgals3 mRNA
in Gal-9~/~ PI mice. These results suggest that Gal-9 is
essentially required for the neogenesis of tertiary lym-
phoid tissue in response to pristane in vivo.

Effects of Lgals9 deficiency on the innate immune
response of peritoneal macrophages. Peritoneal macro-
phages are the foremost cells that sense and interact with
pristane following its injection. As a result, they release a
wide range of proinflammatory cytokines and chemokines
in the peritoneal cavity, followed by accumulation of
inflammatory Ly-6C™&" monocytes, the main source of
type I interferons (IFNs) in this model (45). We thus exam-
ined the effect of Lgals9 deficiency on cellular composition
in the spleen and peritoneal lavage cells at 15 days and 7
months after pristane injection. We observed no alter-
ations in the frequency of T cells, B cells, effector/memory
CD4+ T cells, and CD11b cells in Gal-9~/~ PI mice com-
pared to Gal-9™" PI mice (results in Supplementary
Figure 3D, http://onlinelibrary.wiley.com/doi/10.1002/art.
40467/abstract). At 15 days after pristane injection, the
recruitment of CD11b+Ly-6C"&" inflammatory monocytes
into the peritoneal cavity was not impaired in Gal-9~~ PI
mice (results in Supplementary Figure 3G, http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract).

We then isolated peritoneal macrophages at 24
hours after pristane injection and cultured the cells for gene
expression analyses. The peritoneal macrophages from
Gal-9~ PI mice demonstrated reduced Tnfa mRNA
expression in response to pristane as compared to Gal-9*/*
PI mice, and transcriptional activities of I/ and 1l6 were not
affected (Figure 6A). Moreover, Lgals9 deficiency did not
affect the expression of TLRs in peritoneal macrophages
following pristane injection (Figure 6A). Such an effect
appeared to be pristane-dependent, since the isolated and
cultured peritoneal macrophages from PBS-injected
Gal-9~'~ mice did not show any significant up-regulation of
1l1b, 1l6, or Tnfa mRNA as compared to PBS-injected
Gal-9™* mice (Figure 6B). Although the expression of Tnfa
mRNA was reduced in Gal-9~~ PI mice compared to their
Gal-9*'* PI littermates, there were no significant differences
in the TNF protein concentrations in the supernatants of cul-
tured peritoneal macrophages from these mice (Figure 6C).

We also investigated time-course changes in Tnfa
expression at 4, 24, and 48 hours after pristane injection, and
TNF protein concentrations at 24 and 48 hours, in the isolated
peritoneal macrophages without culture. Again, there were no
significant differences in 7nfa mRNA expression between
Gal-9~~ PI mice and Gal-9*'* PI mice (Figures 6D and E).


http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40467/abstract

EFFECTS OF Lgals9 DEFICIENCY ON PRISTANE-INDUCED LUPUS

39 m Gal-g ++ Pl

o Gal-9-- Pl

from pristane injected mice

mRNA fold changes in cultured macrophages

\\,\'9 ®© ‘\‘\@ \2‘*\

*(}’\Q \& qu' Qé\
[9)

B o

3 409 mGal-g +/+ Pl

N
é\

o S

D b A
o F o8 4

m Gal-9 +/+ PBS
O Gal-9 -/- PBS

DGal-9 -/- Pl

w
o

~
o

o

0.5

from PBS injected mice
2
w

from pritane injected mice

mRNA fold changes in cultured macrophages

Gal-9 +/+ Gal-9 -/-
Pl Pl

TNF-a (pg/108 cells) in cultured macrophages

b ] Tnfa

m Gal-9 +/+ Pl
O Gal-9-/-Pl

31 u Gal-9 +/+ Pl 120 4
a Gal-9 -/- Pl

@
t=1

after pristane injection

Tnfa mRNA fold change isolated
Macrophages after pristane injection
=
w

0 - o4

TNF-a (pg/ml) isolated Macrophages

4h 24h 48h 24h 48h

Figure 6. Expression of cytokines and Toll-like receptors (TLRs) in
mouse peritoneal macrophages primed with pristane injection. A, Fold
change in expression of mRNA for I/1b, 1l6, Tnfa, interferon (IFN)-stim-
ulated genes, type I IFN-induced chemokines, and TLRs was assessed
by reverse transcription—polymerase chain reaction (RT-PCR) at 24
hours after pristane injection in peritoneal macrophages from Gal-9~/~
PI mice compared to Gal-9*'* PI mice (n =5 per group). B, Fold change
in expression of mRNA for //1b, 116, and Tnfa was assessed in Gal-9~~
and Gal-9*'* mice (n = 3 per group) at 24 hours after phosphate buft-
ered saline (PBS) injection. C, Production of tumor necrosis factor
(TNF) was measured by enzyme-linked immunosorbent assay (ELISA)
in culture supernatants of peritoneal macrophages from Gal-9~/~ PI
mice compared to Gal-9*/* PI mice (n = 5 per group) at 24 hours after
pristane injection. D, Fold change in expression of mRNA for Tnfa was
assessed by RT-PCR at 4 hours, 24 hours, and 48 hours after pristane
injection in peritoneal macrophages from Gal-9~'~ PI mice compared to
Gal-9** PI mice (n = 4 per group). E, Production of TNF was measured
by ELISA in cell lysates of peritoneal macrophages from Gal-9~'~ PI
mice compared to Gal-9*'* PI mice (n = 4 per group) at 24 hours and 48
hours after pristane injection. Results are the mean £ SD. *** = P <
0.001 by Student’s t-test. See Figure 1 for other definitions.
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We further analyzed the response of peritoneal
macrophages to various TLR ligands. Unexpectedly, after
stimulation of peritoneal macrophages with TLR ligands
for 24 hours, positive effects of the TLR-3, TLR-4, and
TLR-9 ligands on Tnfa gene expression were observed in
the peritoneal macrophages from mice with Lgals9 defi-
ciency, with statistically significant differences compared to
Gal-9*'* PI mice (for results, see Supplementary Figures
6A, B, and D, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40467/abstract), whereas the TLR-7 ligand did not exert a
stimulatory effect on 7Tnfa mRNA expression (see Sup-
plementary Figure 6C, http://onlinelibrary.wiley.com/doi/
10.1002/art.40467/abstract). Furthermore, stimulation
with TLR ligands did not alter 7nfa mRNA expression,
nor did it alter supernatant TNF concentrations, in
cultured peritoneal macrophages from PBS-injected
Gal-9~/~ mice compared to PBS-injected Gal-9*/* mice
(see Supplementary Figures 6E and E http://onlinelibrary.
wiley.com/doi/10.1002/art.40467/abstract). These results
suggest that Lgals9 deficiency does not alter the pristane-
induced recruitment of inflammatory leukocytes into the
peritoneal cavity, nor does it impair the sensitivities of
cytokine production stimulated by TLR ligands.

Role of Lgals9 deficiency in conferring protection
against pristane-induced lupus in a manner independent of
the TLR-7—type I IFN pathway. The activation of the TLR-
7/myeloid differentiation factor 88 pathway triggers the
subsequent secretion of type I IFN and the expression of
IFN-stimulated genes (ISGs) and chemokines. Since TLR-
7-type I IFN is the essential pathway for the development of
pristane-induced lupus (46), we investigated whether Lgals9
deficiency protected against the development of pristane-
induced lupus via alterations in the TLR-7-type I IFN
pathway in peritoneal macrophages. The expression levels of
ISGs (MxI, Cxcl10, and Irf7) and IFN-induced chemokines
(Ccl2, Ccl7, and Ccl12) in the peritoneal macrophages were
comparable between Gal-9~~ PI mice and Gal-9** PI
mice (Figure 6A). In cultured peritoneal macrophages,
there was no difference in the expression of ISGs and IFN-
induced genes stimulated with various TLR ligands between
Gal-9~"~ PI mice and Gal-9*"* PI mice (see Supplementary
Figures 5A-D, http://onlinelibrary.wiley.com/doi/10.1002/art.
40467/abstract). These results suggest that Lgals9 deficiency
does not alter the TLR-7-type I IFN pathway in the peri-
toneal macrophages of mice with pristane-induced lupus.

DISCUSSION

It has been postulated that the application of
exogenous Gal-9 may limit the pathogenic activities of T
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cells, such as the activation of Thl and Th17 cells (19).
Indeed, the therapeutic effect of recombinant Gal-9 has
been successfully demonstrated in several autoimmune
disease models, including CIA (20,33), immune complex—
induced arthritis (47), and spontaneous lupus in MRL/lpr
mice (24). We initially hypothesized that Lgals9 deficiency
would exacerbate the clinical features of SLE in pristane-
injected BALB/c mice and in the MRL/lpr mouse model
of lupus. However, unexpectedly, Lgals9 deficiency signifi-
cantly ameliorated glomerulonephritis, arthritis, and
lipogranuloma formation in pristane-injected BALB/c
mice, whereas in MRL/lpr mice, glomerulonephritis and
lymphadenopathy were not altered. Although many
researchers have attempted to explore the clinical applica-
tion of recombinant Gal-9 in autoimmune diseases, the
development of antagonists to Gal-9 is also a new option
in the treatment of autoimmune diseases. The small mole-
cules that interfere with the binding between [-galacto-
side and Gal-9 may be such candidates for therapy.
Human recombinant Gal-9 lacking a link peptide, desig-
nated hGINC (null), is more resistant to proteolysis in
the serum, limits lattice formation by reduced rotational
freedom of carbohydrate binding domains (CRDs), and
also works as an antagonist against the CRD-dependent
effects of native Gal-9 (16).

Lgals9 deficiency did not alter the production of
autoantibodies in either pristane-injected BALB/c mice
or MRL/lpr mice, and anti-nRNP and anti-dsDNA
antibodies were equally present in Gal-9~~ PI mice
and Gal-9** PI mice. There was no impairment in the
development of B cells and maturation to plasma cells,
suggesting that Gal-9 is not required for autoantibody
production, nor was B cell differentiation impaired in
antibody-secreting cells. Although Gal-9 induces the
differentiation of naive T cells to Treg cells and sup-
presses differentiation to Th1l and Th17 cells in in vitro
experiments (20), we found no alterations of cell popu-
lations in lymphocytes from the spleen and peritoneal
lavage between Gal-9~/~ PI mice and Gal-9*/* PI
mice. Double-negative T cells are known to expand and
stimulate autoantibody production by secreting IL-17
and IFNy (48), and reductions in the number of
double-negative cells were observed in the spleens of
Gal-9~/~ MRL/Ipr mice; however, we did not observe a
reduction in autoantibody production.

In contrast to that seen in the spleen and lymph
nodes, a significant reduction in lipogranuloma formation
was observed in Gal-9~ PI mice. Lipogranulomas
induced by pristane injection consisted of B cells, CD4+ T
cells, and DCs. Lipogranulomas are regarded as a form of
ectopic lymphoid tissue, i.e., tertiary lymphoid tissue (44).
The mechanism of lipogranuloma formation remains
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largely unknown, but presumably the recruitment of
inflammatory cells in response to different chemokines
and cytokines triggered by pristane injection plays a cru-
cial role in the development of this unique structure.
There was no impairment in leukocyte recruitment into
the peritoneal cavity of Gal-9~/~ PI mice; however, the
formation and development of lipogranulomas was
prominently diminished, and even completely absent, in
some Gal-9~~ PI mice. Although the formation and
development of lipogranulomas was not initially altered
in Gal-9~ PI mice, they might undergo resolution
through the reduction in cellular maintenance and supply
that occurs as result of the reduced number of HEVs, or
through the reduction in pristane-induced cytokine pro-
duction in the peritoneal cavity over time. The injection
of pristane into the peritoneal cavity triggers an inflamma-
tory local response characterized by the priming and acti-
vation of peritoneal macrophages (27), which results in
the production of an array of inflammatory cytokines and
chemokines, an enhanced stimulation by TLRs, and the
recruitment, infiltration, and activation of inflammatory
cells operating the innate and adaptive immune system in
the peritoneal cavity.

We initially hypothesized that the ameliorated
arthritis and glomerulonephritis in our model could be
attributed to an impairment in the recruitment of inflam-
matory leukocytes into the peritoneal cavity, but Gal-9
deficiency did not affect the recruitment of inflammatory
leukocytes into the peritoneal cavity. It is well-known that
Gal-9 enhances TNF secretion in DCs (15,49) and micro-
glial cells (50), belonging to the monocytic lineage. The
interaction of TLRs and TLR ligands links to the com-
mon downstream signaling pathway, but their interaction
produces different amounts or types of cytokines in the
same cell, due in part to the quantitative and qualitative
nature of the interaction between the TLRs and their
ligand (51). Thus, we extensively investigated the basal
and stimulated production of TNF protein by various
TLR ligands, such as TLR-3, TLR-4, TLR-7, and TLR-9,
in cultured peritoneal macrophages. In Gal-9~/~ PI mice,
the basal and TLR ligand-stimulated production of TNF
protein from the peritoneal macrophages was not altered,
although a certain degree of reduction in expression of
Tnfa transcripts in the basal condition, and hyperrespon-
siveness in stimulated conditions, was observed. It is
known that several cytokine genes, including 7nfa, under-
go posttranscriptional regulation at the mRNA and pro-
tein translational levels (52), and the overall and final
output of TNF in response to pristane was not influenced
by Lgals9 deficiency.

As demonstrated by several studies, the mouse
model of pristane-induced lupus is known to be
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dependent on the TLR-7-type I IFN pathway. Type I
IFN is induced by the Ly-6CM&" subset of immature
monocytes, and the animal model is characterized by
an increased expression of type I IFN-induced genes,
the so-called IFN signature (45,46,53). The sustained
production of anti-nRNP antibodies is dependent on
TLR-7 ligand stimulation in the switched memory-like
B cell subset (54). In the current investigation, we
found no defects or reductions in the expression of sev-
eral ISGs and IFN-induced chemokines, accumulation
of Ly-6CMe" inflammatory monocytes in the peritoneal
cavity, or production of anti-nRNP. Thus, Lgals9 defi-
ciency appears to protect against pristane-induced
lupus in mice in a manner independent of the TLR-7—
type I IFN pathway in peritoneal macrophages.

Based on the findings in the current study, we can
speculate as to why mice are protected against pristane-
induced lupus in this model, while MRL/lpr mice are
not. The single-cell response of basal and pristane-
primed peritoneal macrophages to TLR ligands was not
altered by Lgals9 deficiency, as evidenced by the findings
with regard to production of TNE, type I IFN, ISGs, and
IFN-induced chemokines. However, Gal-9 is essentially
required for the neogenesis of tertiary lymphoid tissue,
which is characterized by lymphoid follicle-like struc-
tures and HEVs in response to pristane in vivo, although
the formation of lymphoid tissues, such as lymph nodes
and spleen, was not impaired in Gal-9~/~ mice. The Gal-
9AS splice variant was found to be highly expressed in
endothelial cells in different tumors, and it enhanced
sprouting and migration of human umbilical vein
endothelial cells toward a Gal-9AS5 gradient (55). HEVs
are the major entry port for immune cells in secondary
lymphoid organs (56), and the reduced -cellularity
observed in Gal-9~/~ PI mouse lipogranulomas suggests
that inflammatory cells could be recruited via these
newly formed vessels. Moreover, Gal-9 deficiency could
have hampered their recruitment by inhibiting the for-
mation of HEVs.

Another explanation for the protection against
pristane-induced lupus in this model would be that
Gal-9 is essential for lipogranuloma formation since it
modulates cell adhesion and cell cluster formation (57).
Lipogranulomas consist of immune cell clusters, and
Gal-9 deficiency may impair cell adhesion, resulting in
reduced cell aggregation and lipogranuloma formation.
The formation of tertiary lymphoid-like structures also
requires signals provided by the local environment,
together with an appropriate stromal response, where
Gal-9 is highly expressed.

In summary, the current investigation in Gal-9~/~
PI mice suggests that the antagonism of Gal-9 is beneficial
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for the treatment of nephritis and arthritis in SLE. Lgals9
deficiency did not affect the survival and apoptosis of T
and B cells nor did it affect the production of cytokines
from peritoneal macrophages; however, it notably caused
a reduction in lipogranuloma formation. The apoptotic
potential of the Gal-9 recombinant protein is dose-
dependent, and a lower dose of Gal-9 or decline in the
concentration of Gal-9 may cause enhanced cytokine
production. The current therapy for SLE, which includes
steroids and immunosuppressant agents, is associated
with severe infections, a complication that impairs the
quality of life in patients with SLE. A more robust and
vigorous virus-specific immune response to acute and
chronic viral infections is mounted in Gal-9—deficient
mice, resulting in rapid viral clearance. Thus, antagonism
of Gal-9 signaling may be beneficial for the prevention of
various infections, including viral infection (58), in
patients with SLE.
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The patient, a 24-year-old woman with a history of systemic lupus erythematosus (SLE), presented with fever, polyarthralgia, and
worsened neutropenia (0.5 x 10%/liter). Results of a physical examination and routine laboratory evaluations were unremarkable.
Examination of a peripheral blood smear showed neutrophils (red arrows) engulfing homogeneous, violaceus nuclear material
(yellow arrows), confirming a suspected diagnosis of lupus flare. SLE-associated antinuclear antibodies opsonize nucleoproteins
released from dying cells, with uptake by phagocytic cells, including polymorphonuclear leukocytes and macrophages: the so-called
lupus erythematosus (LE) cells (1). First described in 1948 in bone marrow preparations from patients with SLE (2), LE cells are rarely
identified on peripheral blood smears but may be found during acute flares, as in our patient, and can help in making the correct
diagnosis (3).
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Evidence of Alternative Modes of B Cell Activation Involving
Acquired Fab Regions of N-Glycosylation in Antibody-Secreting
Cells Infiltrating the Labial Salivary Glands of Patients With
Sjogren’s Syndrome
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Objective. To better understand the role of B cells,
the potential mechanisms responsible for their aberrant
activation, and the production of autoantibodies in the
pathogenesis of Sjogren’s syndrome (SS), this study
explored patterns of selection pressure and sites of N-
glycosylation acquired by somatic mutation (acN-glyc) in
the IgG variable (V) regions of antibody-secreting cells
(ASCs) isolated from the minor salivary glands of patients
with SS and non-SS control patients with sicca symptoms.

Methods. A novel method to produce and charac-
terize recombinant monoclonal antibodies (mAb) from
single cell-sorted ASC infiltrates was applied to concur-
rently probe expressed genes (all heavy- and light-chain
isotypes as well as any other gene of interest not related
to immunoglobulin) in the labial salivary glands of
patients with SS and non-SS controls. V regions were
amplified by reverse transcription—polymerase chain
reaction, sequenced, and analyzed for the incidence of
N-glycosylation and selection pressure. For specificity
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testing, the amplified regions were expressed as either the
native mAb or mutant mAb lacking the acN-glyc motif.
Protein modeling was used to demonstrate how even an
acN-glyc site outside of the complementarity-determining
region could participate in, or inhibit, antigen binding.

Results. V-region sequence analyses revealed
clonal expansions and evidence of secondary light-chain
editing and allelic inclusion, of which neither of the lat-
ter two have previously been reported in patients with
SS. Increased frequencies of acN-glyc were found in the
sequences from patients with SS, and these acN-glyc
regions were associated with an increased number of
replacement mutations and lowered selection pressure.
A clonal set of polyreactive mAb with differential frame-
work region 1 acN-glyc motifs was also identified, and
removal of the acN-glyc could nearly abolish binding to
autoantigens.

Conclusion. These findings support the notion
of an alternative mechanism for the selection and pro-
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ALTERNATIVE MODES OF B CELL ACTIVATION IN SS

liferation of some autoreactive B cells, involving V-region
N-glycosylation, in patients with SS.

Sjogren’s syndrome (SS) is a systemic, chronic
autoimmune disease that is characterized by lymphocytic
infiltration of the exocrine glands, inflammation, tissue
damage, and secretory dysfunction. Typically, the lacrimal
and salivary glands are affected, resulting in dry eyes (ker-
atoconjuntivitis sicca) and dry mouth (xerosomia), but
patients can also present with extraglandular complica-
tions or overlapping autoimmune diseases (1-5). In
addition, patients with SS have an increased risk of pro-
gression to various non-Hodgkin’s lymphomas (NHLs),
resulting in significant morbidity (6).

There is evidence to indicate that chronic immune
cell stimulation by bacteria is an active mechanism in the
development of NHLs not associated with SS (7-9). It has
been demonstrated that Pseudomonas aeruginosa and
Burkholderia cenocepacia lectins bind to and activate B
cells via B cell receptor variable (V)-region glycans (10).
Similarly, in a patient with SS-associated NHL, evidence of
a bacterial etiology was observed with the regression of a
parotid mucosa-associated lymphoid tissue lymphoma after
clearance of the patient’s Helicobacter pylori infection (11).

It is known that dysregulation of both innate and
adaptive immunity contributes to the etiology of SS and its
complications; however, the pathophysiology of SS, as well
as Sjogren’s-associated lymphoma, is largely unknown. B
cells play a role in the pathogenesis of SS, as evidenced by
the presence of autoantigen-specific memory B cells
(12,13) and the incidence of autoantibodies to Ro/SSA
(Ro52 and Ro60) and La/SSB (14). An abundance of evi-
dence has demonstrated that there is antigen-driven pro-
duction of autoantibodies within the salivary glands of
patients with SS (13,15,16). Ig V-region sequence analysis
enables the identification of clonally expanded cells, serv-
ing as strong evidence of the antigen-driven activation and
proliferation of B cells.

Antigen-driven activation can also be determined
empirically by analyses of selection pressure in V-region
sequences, in which the observed frequency of nonsynony-
mous (replacement) mutations is compared to their ex-
pected frequency in a state of no selection. When the fre-
quency of replacement mutations is greater than expected,
the Ig is considered to have undergone positive selection,
and when the frequency is less than expected, negative
selection is indicated. Typical antigen-driven activation
results in positive selection in the complementarity-deter-
mining regions (CDRs), which directly interact with the
antigen, and negative selection in the framework regions
(FRs), which are important for structural integrity. Patterns
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of selective pressure contrary to this model indicate non-
specific activation.

Somatic hypermutations (SHMs) leading to amino
acid replacements can also give rise to posttranslational
modifications by the introduction of N-linked glycosyla-
tion (N-glyc) motifs. This results in SHM-acquired N-glyc
(acN-glyc) of the antibody at these sites, and may have
implications in immune responses or disease states. Ig V-
region acN-glyc motifs have been reported to be present
in B cells from the parotid glands of patients with SS (17)
and are strongly correlated with follicular lymphoma
(18,19), a disease with a 4-fold increased incidence in
patients with SS (20). Instances of single Ig V-region
N-glycans introduced by SHM have been demonstrated to
either strengthen (21), weaken, or abolish binding of self
or foreign antigens (22). Conversely, bacterial or innate
immune system lectins can bind V-region N-glycans,
causing activation of B cells in an antigen-independent
manner (10,23). Therefore, analyses of Ig V-region
N-glycosylation may give clues with regard to the
antibody—antigen interactions, tolerance mechanisms, and
nonspecific modes of B cell activation that may drive
proliferation of B cells in patients with SS.

In this study, we hypothesized that acN-glyc in the
V regions of IgG antibody-secreting cells (ASCs) isolated
from the labial salivary glands of patients with SS and non-
SS control patients with dry mouth and dry eye (sicca
symptoms) may provide opportunities for antigen-inde-
pendent proliferation of autoreactive B cells and antibody
production in the salivary glands of patients with SS. Our
findings support this hypothesis, suggesting an alternative
means by which B cell selection and proliferation of some
autoreactive B cells may occur in patients with SS.

PATIENTS AND METHODS

Collection of labial salivary gland samples and evaluation
of human subjects. Studies were approved by the Oklahoma Medi-
cal Research Foundation (OMRF) and University of Oklahoma
Health Sciences Center Institutional Review Boards. Samples and
data were obtained from all subjects following their provision of
written informed consent. Participants were evaluated in the
OMREF Sjogren’s Research Clinic (OSRC), as reported previously
(24). Labial salivary glands were collected for single-cell sorting and
production of monoclonal antibodies (mAb), as previously
described (16). All 14 participants had symptoms of dry eyes and
dry mouth, without a current diagnosis of, or history of, NHL. Of
the 14 participants, 8 met the American-European Consensus
Group classification criteria for primary SS (2), and 1 also met the
American College of Rheumatology classification criteria for sys-
temic lupus erythematosus (SLE) (25,26). Six subjects with sicca
symptoms who did not meet the classification criteria for SS served
as non-SS controls.

Hematoxylin and eosin (H&E)-stained salivary gland
sections were obtained from the OSRC repository, and 2
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independent evaluations of the tissue sections for the presence of
ectopic germinal center structures were made both by an oral
pathologist and by a hematopathologist (DML and TAS). The
demographic characteristics of the participants, classification cri-
teria met, clinical/extraglandular manifestations, and disease
activity scores based on the EULAR Sjogren’s Syndrome Disease
Activity Index (ESSDAI) (with higher scores indicating a higher
level of disease activity) (27) are summarized in Table 1. Patients
with SS were evaluated for the predictive risk of developing
NHL, as described in ref. 28 (risk factors are listed in Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40458/abstract).
Production of recombinant mAb. Single-cell suspensions
were stained for fluorescence-activated cell sorting, as previously
described (16). The recombinant mAb were produced from the
labial salivary glands of 3 patients (1 patient with SS and SLE,
and 2 patients with primary SS [patients pSS-1 and pSS-2 in
Table 2]), using IgG and kappa gene primers, as previously
described (29). For the remaining subjects, the protocol was mod-
ified as described herein (see Supplementary Materials and Meth-
ods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40458/abstract). Variable
(V), diversity (D), and joining (J) domains, FRs, and CDRs, along
with the germline sequences, were identified using the International
Immunogenetics Information System (IMGT/V-Quest) database.
To make the mutant mAb clones used in this study, V-
region genes cloned into expression vectors were subjected to

Table 1.
controls with sicca symptoms*

KOELSCH ET AL

site-directed mutagenesis using a QS5 site-directed mutagenesis
kit (New England Biolabs), with nonoverlapping primers
designed using the online tool NEBaseChanger (version 1.2.6;
https://nebasechanger.neb.com). The mutated V genes were
sequenced, amplified, and expressed in the same manner as
described above.

Ig analyses for antigen-driven selection. The method
known as BASELINe (i.e., Bayesian estimation of antigen-driven
selection; http://clip.med.yale.edu/selection) can be used to detect
and quantify antigen selection in individual or multiple sequences
based on mutational patterns, normalized to germline sequences,
and provides a visual representation of differences in selective
pressure (30). Clonally related sequences were identified by
manual examination of the V-region genes recognized by
the IMGT/V-Quest system, with confirmation using the Clonal
Relate program (http://www.cse.unsw.edu.au/~ihmmune/Clona
IRelate) (31). To eliminate potential bias, we retained only the
first randomly listed antibody in each of the clonal groups identi-
fied by ClonalRelate for the BASELINe analysis. The remaining
productive heavy- and light-chain V-region sequences were then
grouped (ie., first by subject classification [SS or non-SS], and
then by IgG allele [e.g., IGHV1-18*01, among others), and ana-
lyzed using BASELINe (version 1.3).

Ig heavy- and light-chain N-glycosylation motif analy-
sis. Potential acN-glyc sites in the heavy- and light-chain
V-region amino acid sequences were identified using the Net-
NGlyc web interface (http://www.cbs.dtu.dk/services/NetNGlyc/).

Demographic characteristics, classification criteria met, and extraglandular/clinical manifestations in patients with SS and non-SS

Patients with SS Non-SS sicca controls

Demographics
Age, mean + SD (range) years
Sex, no. female/no. male
Race, no.
Black
White
White/Native American
Classification criteria

van Bijsterveld ocular surface staining score for eye dryness/damage, no. positive

Schirmer’s tear production test for dry eye, no. positive
Abnormal WUSEF rate, no. positivet
Salivary gland biopsy interpretation, finding (no. positive)
Focus score, mean + SD (range)
Serum ANAs, no. positive
Serum anti-Ro/SSA, no. positive
Serum anti-La/SSB, no. positive
Clinical/extraglandular manifestations
ESSDALI score, mean + SD
Hyper-IgG, no. positive
Hypo-IgG, no. positive
Hyper-IgM, no. positive
Low C3, no. positive
Low C4, no. positive
Low CHS50, no. positive
Salivary gland enlargement, current or past, no. positive
Arthritis/arthralgias, no. positive
Synovitis, no. positive
Raynaud’s syndrome, no. positive

(n=8) (n=6)
4423 + 10.48 (30-58) 50 + 11.97 (36-72)

8/0 5/1

1

5

2 1

8 0

3 0

3

2
NSCS (5); FLS (1)

FLS (8)
441 £ 339 (1.8-12) 0.33 £ 0.82 (0-2)
8 5
6 1
3 0

1.625 + 0.92 NA
5 1
0 1
1 0
0 0
1 0
1 1
2 3
2 2
1 1
4 3

* SS = Sjogren’s syndrome; FLS = focal lymphocytic sialadenitis; NSCS = nonspecific chronic sialadenitis; ANAs = antinuclear antibodies; ESSDAI =

EULAR Sjogren’s Syndrome Disease Activity Index; NA = not applicable.

+ Representing the number of patients with a whole unstimulated salivary flow (WUSF) rate of <1.5 ml/15 minutes (the threshold for abnormal).
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Table 2. Clonal expansions, light-chain editing, and allelic inclusion in the sequences from 3 patients with SS and 1 non-SS
control
Vu Dy Ju  Light-chain  Light-chain
Subject* Clone Status gene  gene gene V gene J gene

pSS-1 2-E04k  Clone 17 4-59 423 4 Vl1-12 J 4
pSS-1 3-C06k  Clone 17 4-59 423 4 V,1-12 J 4
pSS-1 4-A01k  Clone 17 4-59 423 4 V,1-12 J4
pSS-1 4-B03k  Clone 1 4-59 423 4 V1-12 J 4
pSS-1 4-G03k  Clone 1t 4-59 423 4 V,1-12 J 4
pSS-2 1-B03K  Clone 1 2-5 3-22 4 V,1-39 J2
pSS-2 3-E04K  Clone 1 2-5 322 4 V,1-39 J2
pSS-2 1-CO1IK  Clone 2 1-69 2-2 5 V,1-39 J2
pSS-2 1-DO3K  Clone 2 1-69 2-2 5 V. 1-39 J2
pSS-2 1-FO1IK  Clone 3 3-7 2-21 4 V,3-11 JS
pSS-2 3-E01K  Clone 3 3-7 2-21 4 V,3-11 Ji5
pSS-2 1-G02K  Clone 4 (light-chain replacement)  3-33 39 4 V,3-20 J 4
pSS-2 1-C06K  Clone 4 (light-chain replacement)  3-33 3-9 4 V,3-15 12
pSS-2 2-D06K  Clone 5 (light-chain replacement)  3-33 3-9 1 V,3-15 13
pSS-2 3-D06K  Clone 5 (light-chain replacement)  3-33 3-9 1 V,4-1 J1
pSS-4 1-GO1IK  Clone 1 5-10-1 33 5 V,3-20 Ji5
pSS-4 6-D06K  Clone 1 5-10-1  3-3 5 V,3-20 1S
pSS-4 1-CO2L  Clone 2 (light-chain replacement)  4-34  3-22 4 V,3-25 1,2
pSS-4 2-A06K  Clone 2 (light-chain replacement)  4-34  3-22 4 V,3-20 J1
pSS-4 1-FO3K  Clone 3 (light-chain replacement) ~ 3-23  2-21 4 V1-5 Ji
pSS-4 4-CO3K  Clone 3 (light-chain replacement)  3-23  2-21 4 V,3-15 12
pSS-4 6-C06K  Clone 3 (light-chain replacement)  3-23  2-21 4 V,4-1 1,5
pSS-4 6-E01K  Allelic inclusion 321 6-19 6 V. 1-39 J 1
pSS-4 6-EO01L  Allelic inclusion 3-21 6-19 6 V;2-11 1,2
pSS-4 6-E04K  Allelic inclusion 353 6-13 5 V,1-5 J 1
pSS-4 6-E04L  Allelic inclusion 3-53  6-13 5 V,2-14 12
Non-SS control subject 2 1-FO6K  Clone 1 (light-chain replacement) ~ 3-15  6-19 4 V. 1-9 J2
Non-SS control subject 2 1-G04K  Clone 1 (light-chain replacement)  3-15 6-19 4 V,1-12 J 1

* Subject identifiers refer to 3 patients with primary Sjogren’s syndrome (pSS) and 1 patient with sicca symptoms who did

not meet the criteria for primary SS (non-SS control).

1 Clone has heavy-chain N-glycosylation acquired by somatic mutation (acN-glyc).

N-glycosylation motifs were defined as previously described
(32). To confirm that all identified acN-glyc sites were intro-
duced by SHM, sequences were compared to their germline
counterparts. The translated sequences of clonally related V
regions were analyzed using the online Clustal Omega multiple
sequence alignment program (http://www.ebi.ac.uk/Tools/msa/
clustalo/) (33). Clonal sequences were not removed, because
we found that each could yield unique glycosylation patterns.
We excluded any possible N-glyc sites with a potential signifi-
cance of association of <0.5, or jury agreement of <5 of 9 (34).

Glycoprotein and specificity analyses of mAb. For anal-
yses of mAb, 1.5 pg of mAb or bovine IgG control (Equitech-
Bio) were incubated at 37°C overnight with or without PNGase
F (New England Biolabs), and then electrophoresed on a 4-
12% sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) gel (GenScript). For Coomassie blue staining,
the gel was fixed in a destaining solution of 50% methanol and
10% acetic acid for 1 hour at room temperature, incubated for
1 hour with Coomassie brilliant blue (Bio-Rad), and then
washed and destained with a destaining solution.

For analyses of lectin binding and immunoblotting of the
mADb, samples were loaded onto a 4-12% SDS-PAGE gel (Gen-
Script) and then electrophoresed, prior to transfer onto a cellulose
membrane. For concanavalin A (Con A) staining, the membrane
was blocked with a Tris buffered saline solution containing 0.05%
Tween 20 (TBS-T) and 5% (weight/volume) bovine serum albumin

(BSA) for 1 hour at room temperature, and then incubated with
Con A-biotin (0.2 pg/ml) (Vector) in TBS-T with 1% BSA for 1
hour at room temperature, followed by incubation with strepta-
vidin—horseradish peroxidase (HRP) (0.2 pug/ml) (Vector) in TBS-
T containing 1% BSA for 1 hour at room temperature. For human
IgG staining, the membrane was incubated with peroxidase-labeled
goat anti-human IgG (Fc) antibody (KPL) at 0.2 pg/ml in TBS-T
with 5% BSA for 1 hour at room temperature, and then washed
with TBS-T. Signals were detected using an HRP chemilumines-
cence substrate (SuperSignal West Pico Chemiluminescent Sub-
strate; Thermo Scientific).

Enzyme-linked immunosorbent assays (ELISAs) for
screening of nuclear antigens were performed on all mAb in a
manner as previously described (16).

Ig protein modeling. To visualize the location of the
acN-glyc sites in the clonal set of mAb, we utilized the crystal
structure of the human IgG1 molecule (PDB accession number
3EYQ, 2.4 A resolution) as a template for the HHPRED
modeling server (https://toolkit.tuebingen.mpg.de/hhpred) (35).
The individual somatic mutations from mAb clone 2-E04k
were inserted where appropriate, and a representative Fab
FR3 complex—type biantennary N-glycan, as identified in
another published study (36), was modeled at the acN-glyc
site using MAIN software (37). The model graphics were
created using PyMOL (PyMOL Molecular Graphics System,
version 1.8.2; Schrodinger).
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Statistical analysis. Fisher’s exact tests were performed
using GraphPad QuickCalcs (http:/www.graphpad.com/quickcalc
s/contingencyl). GraphPad Prism software (version 7.0b) was used
for the F test to compare variances, as well as for all parametric
t-tests and nonparametric Mann-Whitney tests, which were each
preceded by the D’Agostino and Pearson omnibus normality test.

RESULTS

Demographic and clinical characteristics of the par-
ticipants. Evaluation of H&E-stained sections from the sali-
vary gland biopsy tissue revealed that all patients with SS
and non-SS controls had varying levels of chronic inflamma-
tion with lymphocytic infiltration (Table 1). In addition, 4 of
the patients with SS (patients SS/SLE, pSS-1, pSS-2, and
pSS-5 identified in Table 2 and Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40458/abstract])
had probable ectopic germinal center structures, including
various associating cells such as plasma cells, follicular den-
dritic cells, and antigen-processing/presenting tingible body
macrophages. We found no significant difference between
patients with SS and non-SS controls with regard to the
mean + SD age (44 + 10.48 years versus 50 + 11.97 years,
respectively; P = 0.35) or variance in age (P = 0.72). We
found that 5 of the 8 patients with SS had an increased
probability (39.9%) of future development of NHL (see
Supplementary Table 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.40458/abstract), based on the presence of inde-
pendent risk variables defined by a previously validated clin-
ical tool (28).

Clonal expansions, secondary light-chain editing,
and allelic inclusion, as revealed by Ig heavy- and light-
chain sequence analyses. We cloned and sequenced a total
of 122 productive IgG heavy-chain and kappa or lambda
light-chain pairs from the ASCs of both groups. Of these,
100 pairs were from patients with SS (4 pairs from patient
SS/SLE, 18 pairs from patient pSS-1, 23 pairs from patient
pSS-2, 11 pairs from patient pSS-3, 36 pairs from
patient pSS-4, 1 pair from patient pSS-5, 5 pairs from
patient pSS-6, and 2 pairs from patient pSS-7), and 22
pairs were from non-SS controls (8 pairs from non-SS con-
trol subject 1, 6 pairs from non-SS control subject 2, 2 pairs
from non-SS control subject 3, 1 pair from non-SS control
subject 4, 4 pairs from non-SS control subject 5, and 1 pair
from non-SS control subject 6). We identified several clon-
ally related mAb. Of the patients with SS, patient pSS-1
had a single 5-member expansion, patient pSS-2 had a
total of five 2-member expansions, and patient pSS-4 had
a total of 5 expansions. There was 1 clonal pair identified
in the sequences from non-SS control subject 2 (Table 2).

We found evidence of secondary light-chain edit-
ing in the sequences from patients pSS-2 and pSS-4 and
non-SS control subject 2, indicated by the presence of
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clonally related heavy chains with differential light-chain
usage (clonal, with light-chain replacement) (Table 2). In
addition, allelic inclusion, or 1 heavy chain with 2 distinct
light chains within the same cell, was identified in 2
instances, in the ASCs from patient pSS-4 (clones 6-E01
and 6-E04) (Table 2). In each case, both a kappa light-
chain sequence and a lambda light-chain sequence were
amplified from the same cell.

Whether analyzed with clonal sequences or without
clonal sequences, the length of the heavy-chain CDR3 was
greater in patients with SS than in non-SS controls (with
clonal sequences, 17 amino acids versus 15.5 amino acids
in length, respectively [P = 0.047]; without clonal se-
quences, 17 amino acids versus 15 amino acids in length, re-
spectively [P = 0.048]). There were no differences between
patients and controls in the lengths of the light-chain
CDR3s (11 amino acids in length, with or without clones, in
both groups) or in the number of amino acid replacements
in the heavy or light chains.

Differential acquisition of V-region N-glycoslyation
motifs between patients with SS and non-SS controls. All
of the N-glyc motifs identified in the heavy- and light-chain
V regions of patients and controls were not germline
encoded, and therefore had been acquired via SHM (acV-
glyc). We identified acN-glyc motifs in sequences from 6 of
8 patients with SS (patients pSS/SLE, pSS-1, pSS-2, pSS-3,
pSS-5, and pSS-6) and 2 of 6 non-SS controls (non-SS con-
trol subject 3 and non-SS control subject 5).

The acquisition of Fab N-glycosylation by SHM is
a process that occurs in germinal centers. Therefore, we
looked for correlations between the incidence of acN-
glyc and the presence of germinal centers in the salivary
gland biopsy tissue. We found that in each of the 4 sub-
jects identified with germinal center—like structures, all
had V-region acN-glyc motifs, but not all subjects with V-
region acN-glyc motifs had germinal center—like struc-
tures in the glands examined. The incidence of acN-glyc
in a heavy-chain/light-chain pair was more than doubled
in sequences from patients with SS (29% [28 of 97]) as
compared to non-SS controls (9% [2 of 22]); however,
these differences only trended toward statistical signifi-
cance (P =0.061).

We found a trend toward an increased number of
acN-glyc sites in the FRs of sequences from patients with
SS as compared to those from non-SS controls (22% [21
of 97] versus 5% [1 of 22], respectively; P = 0.072). In
patients with SS, one-half (n = 11) of the FR acN-glyc
motifs were located in FR1 of the heavy and light chains.
There were no FR1 acN-glyc motifs in the non-SS control
sequences. We found no instances of acN-glyc motifs in
the CDR3 regions of heavy or light chains, and no differ-
ences in the number of CDR1/CDR2 acN-glyc motifs
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between patients with SS and non-SS controls (11 of 97
versus 3 of 22, respectively; P = 0.722).

Association of acN-glyc motifs with increased fre-
quencies of SHM and amino acid replacements. We com-
pared the heavy- and light-chain sequences that contained
acN-glyc (n = 31) to those without acN-glyc (n = 91), with-
out regard to disease classification (Figures 1A-C). Heavy
chains with acN-glyc motifs had significantly more SHMs
than those without acN-glyc motifs (mean + SD number of
SHMs 22.45 + 1.047 versus 17.27 £+ 0.8383; P = 0.001).
The SHMs in heavy chains containing acN-glyc sites also
resulted in replacement mutations more often than in those
without acN-glyc sites (mean £ SD number of replacement
mutations 16.65 £ 0.86 versus 12.88 + 0.62; P = 0.002).
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Figure 1. Somatic hypermutations, replacement mutations, and amino
acid (AA) changes in sequences in the presence or absence of regions
of N-glycosylation acquired by somatic mutation (acN-glyc). Sequence
analyses of variable (V) regions were performed in the minor salivary
gland antibody-secreting cells from patients with Sjogren’s syndrome
(SS) and non-SS control patients with sicca symptoms, in V regions with
(n = 31) or without (n = 91) acN-glyc motifs. A, Number of heavy- and
light-chain V-region somatic hypermutations. B, Number of heavy- and
light-chain replacement mutations. C, Number of heavy- and light-chain
V-region amino acid changes. Results are the mean + SD. * = P < (.05;
** = P < (0.01. NS = not significant.
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In the light chains, there was a trend toward more
SHMs and replacement mutations in those containing
acN-glyc motifs than in those without acN-glyc (mean
number of SHMs 13 versus 10 [P = 0.096]; mean number
of replacement mutations 9 versus 7 [P = 0.146]). Both
heavy and light chains with acN-glyc sites had significantly
more amino acid replacements than did those without
acN-glyc sites (in heavy chains, mean + SD 13.26 + 0.599
versus 10.46 + 0.462 [P = 0.002]; in light chains, 8.910 +
0.843 versus 6.980 + 0.416 [P = 0.028]).

Selection pressure patterns in the V regions of
sequences from patients with SS compared to non-SS con-
trols. We performed a BASELINe focused binomial test
(30,38,39) on all of the unique sequences from patients
with SS and non-SS controls, and found overall positive
selection in the CDRs and negative selection in the FRs of
the heavy chains from each group (for CDRs, P = 0.009 in
patients with SS, P = 0.05 in non-SS controls; for FRs, P =
2.99 x 107 in patients with SS, P = 0.02 in non-SS con-
trols). We found no significant selection pressure in the
light-chain CDRs of sequences either in patients with SS
or in non-SS controls (P = 0.19 and P = 0.39, respectively).
However, both in the light-chain sequences from patients
with SS and in the light-chain sequences from non-SS con-
trols, negative selection in the FRs was observed (P = 2.85
x 107" and P = 4.46 x 10™®, respectively).

When we compared all of the SS sequences with all
of the non-SS sequences, we found no significant differ-
ences in the selection pressures in either the heavy- or
light-chain CDRs or FRs between the 2 groups (Figure 2A
[for heavy chains] and Figure 2B [for light chains]).

Differential selection pressure patterns in Fab
sequences with acN-glyc motifs. Since we found an in-
creased frequency of acN-glyc motifs in the sequences from
patients with SS, and since bacterial lectins have been
reported to bind N-glycans and facilitate nonspecific B cell
activation (10), we analyzed the effects of acN-glyc on
selection pressure. We compared heavy-chain sequences
that contained acN-glyc motifs to those without acN-glyc
motifs, without regard to disease classification. Results of
the BASELINe focused binomial test indicated differential
CDR selection between the 2 groups, in which there was
no selection in the CDRs from heavy chains with acN-glyc
motifs (P = 0.41) but strong selection in the CDRs from
heavy chains without acN-glyc motifs (P = 0.0007). All
sequences, both those with and those without ac/N-glyc
motifs, had negative selection in the FRs (P =3.91 x 10>
and P=5.6 x 10~%, respectively).

When we compared the selection strengths of
heavy chains with acN-glyc motifs to those without acN-
glyc motifs, we found that heavy chains with acN-glyc
motifs showed a trend toward less positive selection in
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Figure 2. Comparison of selection pressure differences between groups using the Bayesian estimation of antigen-driven selection (BASELINe)
method. The histograms provide a visualization of selection pressures for the complementarity-determining regions (CDRs) (red lines) and frame-
work regions (FRs) (blue lines). Overlays of both, indicating the differences between groups, are shown in the lower left quadrants, with solid lines
representing the column variable (e.g., in A, non-Sjogren’s syndrome [SS] control patients with sicca symptoms) and broken lines representing the
row variable (e.g., in A, patients with SS). Upper right quadrants show the statistically derived relative differences (determined with the binomial
statistical test used by BASELINe) for each comparison, where the red boxes and positive numbers represent positive selection, and green boxes
and negative numbers represent negative selection. Selection pressures in the heavy chains (A) and light chains (B) were compared between
patients with SS and non-SS controls. Selection pressures in the heavy chains were also compared between those with N-glycosylation acquired by
somatic mutation (acN-glyc) and those without acN-glyc (C).

their CDRs (P = 0.0679) relative to the sequences without (patient pSS-1, clone 1 in Table 2). A multiple alignment

acN-glyc motifs (Figure 2C).

of the heavy- and light-chain amino acid sequences (Fig-

Clonally related mAb with differential FR1 acV- ure 3A) revealed that 3 of the heavy-chain translated
glyc motifs. Our analyses of acN-glyc motifs also revealed sequences in the clones were identical (for clones 2-E04k,
a clonal set of differentially glycosylated Ig sequences 3-C06k, and 4-A01k). Clone 2-C06k and 4-A0lk also
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Figure 3. Clonal monoclonal antibody (mAb) N-glycosylation and antigen binding assessed by enzyme-linked immunosorbent assay (ELISA). A,
Alignment of heavy- and light-chain amino acids from clonally related mAb derived from the antibody-secreting cells of a patient with primary Sjogren’s
syndrome (patient pSS-1) reveals differences that may affect antigen binding. Amino acids that are different from the consensus residues are indicated
in boldface and underline. Boxed area indicates the site of an acquired N-glycosylation motif (acN-glyc) (N-C-T, position 21) in 4 of the 5 clones. Circled
X symbols indicate identical translated heavy-chain V-region sequences, while solid stars indicate identical translated light-chain V-region sequences.
Asterisks indicate fully conserved residues, with the colon representing conservation between groups with strongly similar properties, and the period
representing conservation between groups with weakly similar properties. B, The mAb heavy chains were assessed by mobility shift analysis. After diges-
tion with PNGase E followed by Coomassie blue (CBB) staining, a more modest shift could be seen in clone 4-B03k and bovine IgG (known to have 1
Fc-region N-glyc) as compared to clones 4-A01k, 2-E04k, and 4-G03k. Concanavalin A (Con A) staining indicates the complete removal of glycans by
PNGase E C, Binding of clonal mAb to Ro, La, Sm, and nuclear RNP (nRNP) was determined by ELISA. D, Antigen ELISA shows loss of antigen bind-
ing by mutant N21D-3C06k (lacking acN-glyc) as compared to its glycosylated counterpart, 3-CO6K. Results in C and D are expressed as the absorbance
at 405 nm (Abs 405). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40458/abstract.

shared an identical light-chain sequence. Clone 4-B03k
was the only 1 of the 5 clonal immunoglobulins that did
not have an acN-glyc at position 21 of the heavy chain
(D21) in FRI1.

To confirm that the FR1 (N21) N-glyc motifs in
this clonal group could indeed be glycosylated at the pro-
tein level, the heavy- and light-chain V regions of the 5
pairs were cloned into expression vectors and expressed
as mAb. Glycosylation studies were performed on mAb
4-A01k, 2-E04k, 4-G03k, and 4-B03k. Clone 3-C06k was
not analyzed, as it was identical in amino acid sequence to
clone 4-A01k (Figure 3A). After enzymatic removal of N-
glycans with PNGase F and separation on an SDS-PAGE
gel, staining with Coomassie brilliant blue showed that
there was a motility shift in the heavy chain of the Ig
molecules (Figure 3B), indicating that loss of N-glycans
had occurred. The shift for clone 4-B03k, which lacked
the FR1 N-glycan motif, was moderate compared to that
for the other 3 clones, and comparable to that observed
for bovine IgG, which was known to carry only 1 N-glycan
per heavy chain. Staining with Con A, which binds man-
nose-containing N-glycans, confirmed the presence of

N-glycans in the untreated sample, and demonstrated that
the N-glycans were quantitatively removed after treat-
ment with PNGase F

Effect of FR1 N-glycoslyation on mAb antigen
binding. To determine whether these clones were autore-
active, the mAb were tested by ELISA for binding Ro, La,
Sm, and nuclear RNP (nRNP) (Figure 3C). All 5 clones
had some degree of binding to all antigens, with 3-CO06k,
4-A01k, and 4-G03k having the highest levels of reactivity.

We next determined the effects of N-glycosylation in
the FR1 on antigen binding. We removed the acN-glyc motif
from the FR1 of 3-C06k by replacing the asparagine (N) at
position 21 with an aspartic acid (D) (N21D-3C06k). Con-
versely, we introduced an N-glyc motif to 4-B03k at the
same position, converting the aspartic acid to an asparagine
(D2IN-4B03k). We expressed these mutant mAb and
retested them for binding to Ro, La, Sm, and nRNP. We
found that N21D-3C06k had almost completely lost all
binding to all 4 antigens after removal of the FR1 N-glyc
(Figure 3D). However, D21N-4B03k did not gain binding
to any of the antigens after the addition of an N-glyc in
FR1, but instead lost binding to La, Sm, and nRNP.
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Potential mechanism for FR1 acN-glyc participa-
tion in antigen binding via expansion of the antigen-
binding site, as revealed by protein modeling. We used
protein modeling of clone 2-E04k to visualize the location
of the FR1 N-glyc in relation to the CDR antigen-binding
pocket (Figures 4A and B). The heavy-chain FR1 acN-
glyc was oriented on the exterior of the molecule, very
near the CDR binding site. We replaced the light chain in
the model with the other light chains in the clonal group
and found no appreciable difference in the orientation of
the acN-glyc (data not shown).

To visualize how an N-glyc might affect or partici-
pate in antigen binding, we added and remodeled an FR3

KOELSCH ET AL

complex, biantennary N-glycan structure (4FQC), as was
previously identified in another study (36), to our model
(Figure 4C). We found that the binding surface could
effectively be expanded by the close proximity of the
branched carbohydrate structure (Figure 4D).

DISCUSSION

The non-SS controls used in this study were not
healthy subjects, but unlike healthy controls, they had a
sufficient number of ASCs for isolation by single-cell sort-
ing, and therefore these subjects served as excellent sicca
controls. Since the non-SS control subjects each had some

. N-acetyl glucosmine (NAG)
A Fucose (Fuc)

. Mannose (MAN)

O Galactose (GAL)

@ sizic acid (SIA)

Figure 4. Protein model of 2-E04k monoclonal antibody variable (V) regions with complex-type framework region 1 N-glycan. A, The mono
image shows the heavy-chain V region (Vy) oriented on the left, and light-chain V region (VL) on the right. Heavy-chain complementarity-deter-
mining region (CDR) residues are indicated in red (CDR1), yellow (CDR2), and blue (CDR3). Light-chain CDR region residues are indicated in
muted colors, pink (CDR1), light yellow (CDR2), and light blue (CDR3). B, The same model as in A is shown rotated upward ~50° about the hor-
izontal axis, with the position of the heavy-chain acquired N-glycosylation (acN-glyc) motif (N21) shown in magenta. C, The schematic diagram
depicts the representative complex-type N-glycan utilized in the model. D, The stereo image depicts the same model as shown in A.
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degree of glandular inflammation (see Table 1), the differ-
ences seen between patients with SS and non-SS controls
in this study could not be attributed to an inflammatory
milieu or the lack thereof. It will be interesting to follow
up the non-SS controls longitudinally to determine if some
progression to SS takes place over time, or if these subjects
represent a distinct disease or subset not yet defined.

The ASCs from the first 3 subjects enrolled into
this study were interrogated using a previously published
reverse transcription—polymerase chain reaction (RT-
PCR) protocol (29) that limited the probing of each
single-sorted cell with multiplexed primers for only 1
heavy-chain and 1 light-chain isotype. The modification of
our protocol for the remaining subjects to a 2-step RT-
PCR method enabled probing for multiple heavy- and
light-chain isotypes. The utility of this method could also
extend to any other expressed gene of interest in single-
sorted cells from any B cell population. Our efforts
revealed what appear to be rare cases of allelic inclusion
in 1 of the patients with primary SS (patient pSS-4), which
would not have been identified with the previous method.
We are uncertain whether both light chains are translated
and expressed with heavy chains in these cells, or whether
they remain as remnant messenger RNA from earlier
selection events. B cells that express dual light chains on
their surface have been described in healthy humans (40)
and in various B cell lymphomas (41-43). The incidence
of lymphoma is increased in SS, and it is possible that the
dual light-chain ASCs that we identified are precursors to
neoplastic lymphoblasts. Interestingly, patient pSS-4 was
one of the patients who was also identified as having an
increased probability of lymphoma development (28).

Secondary light-chain replacement, or receptor
revision as it is called in the periphery, has been demon-
strated in both mice and humans (44,45). Receptor revi-
sion has also been reported in patients with SLE (46) and
in the cerebral spinal fluid infiltrating B cells from
patients with multiple sclerosis (47,48), but to our knowl-
edge, this process has not been previously reported in
patients with SS. These findings are not likely to be the
result of PCR contamination, as each light-chain replace-
ment was a unique sequence, not found paired with any
other heavy chain in the study. Whether the light-chain
replacements identified represent a novel peripheral tol-
erance mechanism is unknown.

Our finding of somatically mutated, clonally re-
lated ASCs in 3 patients with SS and 1 non-SS control
may represent evidence that antigen-driven B cell prolif-
eration occurs within the labial salivary glands, and is con-
sistent with findings from our previous study (16). The
BASELINe analyses also supported this finding. A recent
study by Hamza et al found no evidence for positive
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selection in SS parotid B cell heavy chains using the
BASELINe method (17), but this may be easily explained
by differences in study designs. The Hamza study involved
bulk RNA from parotid tissue B cells, instead of single
cell-sorted labial salivary gland ASCs as in our study.
They also probed only the IgG Vy3-family genes, whereas
we included primers for all Vy-family genes. Alterna-
tively, there may be microenvironmental differences
between the parotid gland and labial salivary gland tissue,
or differences in B cell subsets, since memory B cells
accumulate in the parotid tissue of patients with SS (49).

The increased incidence of acN-glyc motifs, particu-
larly those occurring in the FRs, was interesting. Hamza
and colleagues also reported an increased frequency of FR
acN-glyc motifs in patients with SS. The increased rates of
SHM in immunoglobulins with regions of acN-glyc suggest
that acN-glyc motifs may drive SHM by facilitating
increased activation signals via bacterial lectins, indepen-
dent of antigen. This is supported by our finding that heavy
chains with acN-glyc motifs did not indicate selection of
the CDR antigen-binding regions, suggesting that there is
an antigen-independent mechanism for their origin. Alter-
natively, the likelihood of acquiring novel N-glycosylation
motifs may increase as the rate of SHM increases. It was
interesting that we found evidence of salivary gland germi-
nal center structures in only 4 of the patients with acN-glyc
sites. This may be explained by the fact that these analyses
were not performed in the same glands. Since the glands
processed for single-cell sorting and mAb production/se-
quencing must be used in their entirety for the production
of mAD, the germinal center analyses were performed on
other glands biopsied at the same clinic visit.

Sequences with acN-glyc motifs have at least 1
replacement mutation leading to the acquisition of the
N-glyc, so it is possible that we have introduced bias to
this analysis by parsing them into acN-glyc—positive and
acN-glyc—negative groups. However, BASELINe analysis
predicts selection pressures by identifying replacement
mutations that occur at higher rates than would be
expected in a scenario of “no selection,” and therefore we
would expect any bias of this nature to have resulted in
increased positive selection, but we observed the opposite,
which supports our data and reinforces the idea of a non-
specific activation of these cells. Since bacterial lectins
have been demonstrated to bind Ig N-glycans and trigger
nonspecific activation of the B cell (10), this is a possible
mechanism for a break in tolerance leading to Ig autore-
activity, as well as a potential mechanism for the increased
risk of lymphoma seen in patients with SS.

After removing the FR1 acN-glyc from clone
3-C06k, binding to 4 common autoantigens was almost
completely abolished, indicating that the acquisition of an
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N-glycan via SHM can actually increase binding to the self
antigens that are commonly bound by mAb produced from
the labial salivary glands of patients with SS (16). Similar
findings have been reported for a polyreactive mAb after
removal of an FR3 N-glyc (50). The heavy chain is only
partially responsible for antigen affinity, and between the 5
clones there were 4 light chains with unique mutations,
which could explain the lowered binding by both D21N-
4B03k and 2-E04k. Oligosaccharides are inherently flexi-
ble, and individual sugar linkages can exist in various
conformations (51). The N-glycan conformation in our
model is one possible, but hypothetical, conformation. In
reality, the glycan at N21 probably freely explores the
solvent space within its cone of rotation. In order for it to
add surface area to the CDR3, it must be trapped in this
conformation by stabilizing influences of the incoming
antigen, or by antigen binding in those moments when the
glycan stochastically occupies that space. Therefore, our
model provides visual evidence of how glycan structures
originating outside of the CDRs could affect antigen bind-
ing, depending on their placement, structure, and rota-
tional conformations, by extending the surface of, or
interfering with, the antigen-binding plane. This supports
the possibility of either antigen-independent or codepen-
dent stimulation via lectin—glycan interactions, leading to
B cell activation.

In summary, we have developed an improved
method for the isolation and characterization of rare B cell
populations and production of mAb from these cells, which
provides data suggesting the possibility that peripheral toler-
ance mechanisms, which have not been previously reported,
are active in the labial salivary gland ASCs of patients with
SS. Overall, we found evidence of antigen-driven positive
selection in these cells. However, our finding of reduced
positive selection in ASCs harboring Ig acN-glyc motifs sug-
gests that in patients with SS, there may be potential alter-
native mechanisms for the selection and hyperactivation of
B cells as well as the proliferation of some of the autoreac-
tive cells frequently seen in this disease.
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Objective. To evaluate circulating cytokine profiles
in patients with antineutrophil cytoplasmic antibody—associ-
ated vasculitis (AAV), classified by antineutrophil cytoplas-
mic antibody (ANCA) specificity (proteinase 3 ANCA
[PR3-ANCA] versus myeloperoxidase ANCA [MPO-
ANCA]) or by clinical diagnosis (granulomatosis with poly-
angiitis [GPA] versus microscopic polyangiitis [MPA]).

Methods. A panel of 29 cytokines was tested in
186 patients with active AAV at inclusion into the Ritux-
imab in AAV trial. Cytokine concentrations were com-
pared between groups within each classification system.
Multivariable analyses adjusted for age, sex, and renal
insufficiency were performed, with each biomarker as a
dependent variable and ANCA specificity and clinical
diagnosis as explanatory variables of interest.

Results. Levels of 9 circulating cytokines (inter-
leukin-6 [IL-6], granulocyte—-macrophage colony-stimulat-
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ing factor [GM-CSF], IL-15, IL-18, CXCLS/IL-8,
CCL-17/thymus and activation—regulated chemokine [TARC],
IL-18 binding protein [IL-18 BP], soluble IL-2 receptor o
[sIL-2Ra], and nerve growth factor § [NGFp]) were sig-
nificantly higher in PR3-AAV than MPO-AAY, 4 cytokines
(sIL6R, soluble tumor necrosis factor receptor type II
[STNFRII], neutrophil gelatinase-associated lipocalin
[NGAL], and soluble intercellular adhesion molecule 1
[sSICAM-1]) were higher in MPO-AAYV than in PR3-AAY,
6 cytokines (IL-6, GM-CSE IL-15, IL-18, sIL-2Ra, and
NGFp) were higher in GPA than in MPA, and 3 cytokines
(osteopontin, STNFRII, and NGAL) were higher in MPA
than in GPA (all P < 0.05). For nearly all cytokines, the
difference between PR3-AAV and MPQO-AAV was larger
than that between GPA and MPA. The multivariate analy-
sis showed that 8 cytokines (IL-15, IL-8, IL-18 BPE, NGF-g,
sICAM-1, TARC, osteopontin, and kidney injury molecule 1
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(P <0.05) distinguished patients with AAV better (lower
P values and larger effect sizes) when grouped by ANCA
specificity than by clinical diagnosis.

Conclusion. Distinct cytokine profiles were identi-
fied for PR3-AAV versus MPO-AAV and for GPA versus
MPA. Differences in these circulating immune mediators
are more strongly associated with ANCA specificity than
with clinical diagnosis, suggesting that heterogeneity in the
AAV subtypes extends beyond clinical phenotypes.

Antineutrophil cytoplasmic antibodies (ANCAs)
are the primary serologic markers of ANCA-associated
vasculitis (AAV), a group of primary systemic necrotizing
small vessel vasculitides that includes granulomatosis with
polyangiitis (GPA) and microscopic polyangiitis (MPA)
(1,2). GPA and MPA share many of the clinical features
induced by capillaritis. Yet it remains a matter of debate
whether they represent expression of the same disease
spectrum or 2 distinct condition (1). GPA differs from
MPA due to the presence of necrotizing granulomatous
tissue inflammation, a different organ predilection, and
association with different ANCA specificity (1).

Patients with GPA are more likely to have ANCAs
directed against proteinase 3 (PR3), whereas patients with
MPA more often have ANCAs against myeloperoxidase
(MPO), but there is substantial overlap. Recent data sug-
gest that ANCA specificity may have stronger associations
with genetic predisposition (3), response to therapy (4),
relapse risk (5,6), and long-term prognosis (7) than clinical
diagnosis does, emphasizing the clinical utility of ANCA
specificity in the classification of patients with AAV.

As in other autoimmune diseases, the role of
cytokines in the pathogenesis of AAV is now emerging
(8-11). The levels of some of these circulating immune
mediators have been shown to be elevated in patients with
severe active AAV and to decline after treatment, distin-
guishing active AAV from remission better than conven-
tional markers such as the C-reactive protein level and
erythrocyte sedimentation rate (9). Even though evidence
supporting classification based on ANCA specificity is
now accumulating, a specific characterization of circulat-
ing cytokine profiles associated with ANCA specificity or
with clinical diagnosis has not yet been performed.

Therefore, we evaluated a panel of 29 circulating
immune mediators associated with inflammation, prolifer-
ation, vascular injury, and tissue damage and repair in
serum samples from patients with active AAV collected at
the time of inclusion into a large, prospective clinical trial
and determined their association with ANCA specificity
(PR3-AAV versus MPO-AAV) and clinical diagnosis
(GPA versus MPA).

PATIENTS AND METHODS

Patient classification and study design. The patients
included in this study were enrolled in the Rituximab in AAV
(RAVE) trial, a double-blind, double-dummy—controlled trial of
197 patients with active severe GPA or MPA randomized to
receive either cyclophosphamide followed by azathioprine, or
rituximab (12). A positive serum assay for PR3-ANCA or MPO-
ANCA and a Birmingham Vasculitis Activity Score for Wegener’s
Granulomatosis (BVAS/WG) (13) of >3 were required for enroll-
ment. Details of the trial design and the main study results have
been published previously (12,14). Of the 197 patients included
in the RAVE trial, 187 had baseline serum samples available for
the purpose of this study. One patient was excluded from this
analysis because a clinical diagnosis of GPA versus MPA was
indeterminate. Thus, data for 186 patients were included.
Patients were classified by their ANCA specificity (PR3-AAV or
MPO-AAV) and by their clinical diagnosis (GPA or MPA), which
were provided by the RAVE trial investigators at the time of
enrollment (12).

The primary aim of this study was to compare the profiles
of the selected serum biomarkers studied within each classification
system. The secondary aim was to determine whether ANCA-
based or clinical diagnosis—based classification showed more signif-
icant differences in these circulating immune mediators.

Baseline disease characteristics. Disease activity was
assessed in all patients, using the BVAS/WG, and organ mani-
festations present at enrollment were recorded by the study
investigators, all of whom were clinicians with expertise in vas-
culitis. We defined baseline phenotype categories (capillaritis,
granulomatosis, renal involvement, and alveolar hemorrhage)
based on the BVAS/WG items recorded at the time of
enrollment, as previously described (6). Specific clinical fea-
tures of classification grouping (ANCA specificity and clinical
diagnosis) in the RAVE cohort were analyzed in a previous
study (4).

Serum sample processing and cytokine assays. Serum
was processed and stored at each study site and then shipped to
a central repository and subsequently to the Johnson Laboratory
at the University of Michigan. All samples remained frozen at
—80°C until the day the assays were performed. A panel of 29
cytokines was originally compiled; these cytokines were selected
for their possible role as markers of disease activity and classified
roughly as molecules involved in inflammation or proliferation,
chemokines, soluble receptors, markers of vascular injury, or
markers of tissue damage and repair, as previously reported (9).
Assays for all cytokines were performed using an antibody array
(a set of miniaturized sandwich immunoassays) as previously
described (9), except for BAFE which was measured by enzyme-
linked immunosorbent assay using monoclonal antibodies devel-
oped at Genentech.

Data processing and statistical analysis. Data were ana-
lyzed at the Mayo Clinic. Two classification systems, ANCA
specificity and clinical diagnosis, defined groups for comparison.
Continuous variables are summarized as the mean 4 SD or the
median and interquartile range (IQR), and nominal variables
are summarized as frequencies and percentages. Baseline char-
acteristics of the patients were compared between groups for
each classification system using the Wilcoxon rank sum test for
continuous variables and the chi-square test for nominal vari-
ables. The Wilcoxon rank sum test was used to compare values
of each serum cytokine between groups within each classification
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system. We also used parametric methods after a log;( transfor-
mation of values of each biomarker with resulting values stan-
dardized to have a mean of 0 and an SD of 1. We analyzed each
cytokine individually, reporting individual P values and 95%
confidence intervals. Then we evaluated the relative strength of
association of biomarkers with groups defined using the 2 classi-
fication systems.

In order to address the question of whether ANCA
specificity (PR3-ANCA versus MPO-ANCA) and clinical diag-
nosis (GPA versus MPA) predict the level of each cytokine, we
conducted a multivariable linear regression analysis. We per-
formed this analysis for each cytokine with the given cytokine
as the dependent variable, ANCA specificity (PR3-ANCA ver-
sus MPO-ANCA), and clinical diagnosis (GPA versus MPA) as
the explanatory variables of interest, and age, sex, and renal
insufficiency (glomerular filtration rate <60 ml/minute/1.73 m?)
as covariates. Initial analyses were performed to verify the ab-
sence of ANCA-by-disease interaction effects. This model ap-
proach tries to explain the strength of the association of each
biomarker with PR3-AAV or MPO-AAV and GPA or MPA.
Results of the multivariable analyses were summarized by
presenting the respective effect estimates (Z score) and corre-
sponding 95% confidence intervals for ANCA specificity and
clinical diagnosis.

P values less than 0.05 were considered significant. Mul-
tiple-comparisons correction methods were not applied in para-
metric, nonparametric, and multivariate analyses since each
cytokine was analyzed separately and without considering a set
of statistical inferences simultaneously. The 2-tailed P value for
each analysis is presented in the Supplementary materials,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40471/abstract. All analy-
ses were performed using JMP and SAS software (SAS Institute).
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RESULTS

Demographic and clinical features of the patients
at enrollment. The 186 patients included 92 men and 94
women with a median age of 52 years (IQR 44-66, range
15-92), all of whom had severe disease, with a median
BVAS/WG of 8 (IQR 5-10, range 3-23). Of these pa-
tients, 124 had PR3-ANCA and 62 had MPO-ANCA,
whereas 140 were diagnosed as having GPA and 46 were
diagnosed as having MPA. The baseline characteristics of
the patients with PR3-ANCA versus those with MPO-
ANCA and of the patients with GPA versus those with
MPA are summarized in Table 1. There was substantial
overlap in clinical disease manifestations between patients
classified by ANCA specificity or clinical diagnosis. Yet
within each classification group (ANCA specificity and
clinical diagnosis), demographic characteristics, creatinine
clearance, and all phenotype categories except alveolar
hemorrhage were significantly different (P < 0.05 for all
comparisons) (Table 1). BVAS/WG scores were not dif-
ferently distributed across the subsets.

Comparison of blood cytokine profiles between dis-
ease categories. As previously reported, each of the cyto-
kines tested at baseline was significantly increased in the
RAVE cohort compared to healthy controls, except for
RANTES, angiotensin-converting enzyme, basic fibroblast
growth factor, and vascular cell adhesion molecule 1 (9).
Circulating cytokine profiles differed significantly between

Table 1. Baseline characteristics of the 186 patients with AAV according to serologic and clinical classifications*

ANCA specificity AAV clinical diagnosis

PR3-AAV MPO-AAV GPA MPA

(n=124) (n=62) P (n = 140) (n = 46) pr
Age at diagnosis, median (IQR) years 51 (40-60) 59 (47-71) <0.001 51 (43-60) 66.5 (45-72.3) <0.001
Men, no. (%) 70 (56.5) 22 (35.5) 0.004 76 (54.3) 16 (34.8) 0.027
Any capillaritis manifestation, no. (%) 98 (79.0) 60 (96.8) 0.002 112 (80.0) 45 (97.8) 0.016
Any granulomatous manifestation, no. (%)% 93 (75.0) 23 (37.1) <0.001 106 (75.7) 10 (21.7) <0.001
Alveolar hemorrhage, no. (%)§ 32 (25.8) 13 (21.0) 0.413 34 (24.3) 11 (23.9) 0.849
Any renal involvement, no. (%) 71 (57.3) 50 (80.6) 0.003 83 (59.3) 38 (82.6) 0.007

Baseline creatinine clearance, median (IQR)
ml/minute

92.1 (64.0-121.5)  50.26 (30.2-73.71)  <0.001 ~ 91.1 (58.7-121.4)  46.6 (29.9-71.6)  <0.001

Receiving steroids and/or immunosuppressive 64 (51.6) 34 (54.8) 0.802 70 (50.0) 28 (60.9) 0.266
agents at screening, no. (%)
Baseline BVAS/WG score, median (IQR) 8 (5-10) 8 (6-10) 0.867 8 (5-10) 7 (5-9) 0.141

* AAV = antineutrophil cytoplasmic antibody—associated vasculitis; ANCA = antineutrophil cytoplasmic antibody; PR3 = proteinase 3; MPO =
myeloperoxidase; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; IQR = interquartile range.

+ Defined as the presence of 1 or more of the following Birmingham Vasculitis Activity Score for Wegener’s Granulomatosis (BVAS/WG) items:
cutaneous purpura, scleritis, retinal hemorrhage or exudate, sensorineural deafness, hematuria, red blood cell casts on urinalysis or glomerulonephri-
tis, increase in creatinine level, alveolar hemorrhage, mesenteric ischemia, sensory peripheral neuropathy, or motor mononeuritis multiplex.

1 BVAS/WG items reflecting underlying necrotizing granulomatous inflammation included mouth ulcers, retroorbital mass/proptosis, bloody nasal
discharge, sinus involvement, salivary gland enlargement, subglottic inflammation, conductive deafness, other major or minor ear, nose, and throat
involvement, pulmonary nodule/cavity, endobronchial involvement, meningitis, and cord lesion.

§ A patient was categorized as having alveolar hemorrhage only if that item was scored on the BVAS/WG.

q Patients were considered to have renal disease if any renal item on the BVAS/WG (hematuria, red blood cell casts or glomerulonephritis,
increase in creatinine level, or “other”) was scored.
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Figure 1. Association of circulating cytokines with antineutrophil cytoplasmic antibody (ANCA) type and ANCA-associated vasculitis (AAV) clini-
cal diagnosis subgroups (ANCA against proteinase 3 [PR3-ANCA] versus ANCA against myeloperoxidase [MPO-ANCA] and granulomatosis with
polyangiitis [GPA] versus microscopic polyangiitis [MPA]). A, Graphic representation of circulating cytokine profiles. Colors represent the strength
of association in each classification system. B, Parametric analyses of the biomarkers (effect size) (see Patients and Methods for details). Values
are the median (interquartile range). Broken line represents 0. IL-6 = interleukin-6; GM-CSF = granulocyte-macrophage colony-stimulating factor;
G-CSF = granulocyte colony-stimulating factor; IFNy = interferon-y; BCA-1 = B cell-attracting chemokine 1; IP-10 = interferon-y—inducible 10-kd
protein; TARC = thymus and activation-regulated chemokine; sIL-6R = soluble IL-6 receptor; IL-18 BP = IL-18 binding protein; sSTNFRII =
soluble tumor necrosis factor receptor type II; ACE = angiotensin-converting enzyme; NGFf = nerve growth factor f; bFGF = basic fibroblast
growth factor; KIM-1 = kidney injury molecule 1; MMP-3 = matrix metalloproteinase 3; PDGF-AB = platelet-derived growth factor A and B;
TIMP-1 = tissue inhibitor of metalloproteinases 1; NGAL = neutrophil gelatinase—associated lipocalin; PAI-1 = plasminogen activator inhibitor 1;
VCAM-1 = vascular cell adhesion molecule 1; ICAM-1 = intercellular adhesion molecule 1; NS = not significant.
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patients with PR3-AAV and those with MPO-AAV (Fig-
ure 1A and Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40471/abstract). Levels of 9 proteins
were higher in patients with PR3-AAV than in patients
with  MPO-AAV (interleukin-6 [IL-6], granulocyte—
macrophage colony-stimulating factor [GM-CSF], IL-15,
IL-18, CXCLS/IL-8, CCL17/thymus and activation-regu-
lated chemokine [TARC], IL-18 binding protein [IL-18
BP], soluble IL-2 receptor o [sIL-2Ra], and nerve growth
factor B [NGFp]), whereas 4 biomarkers were higher in
patients with MPO-AAV than in patients with PR3-AAV
(sIL-6R, soluble tumor necrosis factor receptor type II
[STNFRII], neutrophil gelatinase—associated lipocalin
[NGAL], and soluble intercellular adhesion molecule 1
[SICAM-1]).

In contrast, the same biomarkers were less often
associated with either GPA or MPA when patients were
classified according to clinical diagnosis (Figure 1A and
Supplementary Table 1). Serum levels of 6 markers were
higher in patients with GPA than in those with MPA
(IL-6, GM-CSEF, 1L-15, IL-18, sIL-2Ra, and NGF), and
3 were higher in patients with MPA than in patients with
GPA (osteopontin, sSTNFRII, and NGAL). Thus, more
cytokines were associated with either PR3-AAV or MPO-
AAV than with either GPA or MPA. The difference
between biomarker concentrations was also greater for
PR3-ANCA versus MPO-ANCA than for GPA versus
MPA in 9 cases (Figures 1A and B). Patients with PR3-
AAV had the highest number of significantly associated
serum biomarkers, most of them with a stronger associa-
tion when compared to other subsets (Figure 1).

We also compared cytokine levels among sub-
groups of patients with AAV by combining ANCA speci-
ficity and clinical phenotype, namely patients with GPA
with PR3-ANCA (n = 121), patients with MPA with PR3-
ANCA (n = 3), patients with GPA with MPO-ANCA (n =
19), and patients with MPA with MPO-ANCA (n = 43).
The serum levels of 10 of 29 cytokines differed significantly
between patients with GPA with PR3-ANCA and patients
with GPA with MPO-ANCA, serum levels of 2 cytokines
differed significantly between patients with GPA with
MPO-ANCA and patients with MPA with MPO-ANCA
(i.e., kidney injury molecule 1 [KIM-1] and osteopontin),
and serum levels of 12 cytokines differed significantly
between patients with GPA with PR3-ANCA and patients
with MPA with MPO-ANCA (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40471/abstract).

Association of cytokines with ANCA specificity and
clinical diagnosis.To evaluate how strongly each cytokine
is associated with either ANCA specificity or clinical
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diagnosis, a multivariable analysis directly comparing each
classification system was performed. From this analysis 8
biomarkers were found to have significant independent
multivariable associations with ANCA specificity and/or
clinical diagnosis (Figure 2A and Supplementary Table 3
and Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40471/abstract). For 5 biomarkers there
was an independent association with ANCA specificity
only. IL-18 BP, NGE IL-8, and IL-15 were associated with
PR3-AAV, and sICAM-1 was associated with MPO-AAV.
For 3 biomarkers there was a significant association with
both ANCA specificity and clinical diagnosis. Osteopontin,
KIM-1, and TARC were all associated with PR3-AAV and
MPA. No biomarker was found to have a significant
association with clinical diagnosis alone. Figure 2B illus-
trates the relative capacity of the 2 classification systems to
simultaneously explain the values of all biomarkers tested.

DISCUSSION

The results of this exploratory analysis conducted
in patients with severe active AAV suggest that circulating
serum cytokines reflect ANCA specificity better than they
reflect clinical diagnosis. Using a panel of 29 circulating
cytokines that have already been shown to be individually
associated with AAV disease activity or implicated in its
pathogenesis (8,9), we demonstrated that these molecules
are more strongly related to ANCA specificity (PR3-AAV
versus MPO-AAV) than to clinical diagnosis (GPA versus
MPA).

This study identified distinct cytokine profiles for
PR3-AAV versus MPO-AAV and for GPA versus MPA,
with a higher number of cytokines associated with and a
larger effect size in favor of PR3-AAV than MPO-AAYV,
GPA, or MPA (Figure 1). These findings indirectly sug-
gest that certain combinations of pathways might be more
involved in PR3-AAV than in GPA, MPA, and MPO-
AAV. For instance, signaling cascades critical for prolifer-
ation or survival of PR3-ANCA-producing B cells may
drive or potentially be impacted by this cytokine network
(11,15).

Since different subsets of patients showed distinc-
tive cytokine profiles, our results suggest that different tar-
geted treatment approaches could be evaluated separately
in clinical trials for the different subsets of AAV, similar to
other autoimmune diseases in which different cytokine
profiles correspond to different disease activity and treat-
ment responsiveness (16). Our study had low power to
detect differences in subgroups defined by the combination
of ANCA specificity and clinical phenotype, and we were
unable to compare cytokine levels in the subgroup with
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Figure 2. Multivariate analysis comparing the 2 classification systems (PR3-ANCA versus MPO-ANCA and GPA versus MPA) for each cytokine. A,
Associations of each biomarker with ANCA specificity and clinical diagnosis. One example of a molecule not associated with either ANCA specificity
or clinical diagnosis (STNFRII) is shown. The other panels show the 8 soluble mediators with a significant association with ANCA type and/or clini-
cal diagnosis. The magnitude of the difference between MPA (solid lines) and GPA (broken lines) is visually depicted by the distance between the 2
lines. The magnitude of the difference between PR3-ANCA and MPO-ANCA is visually represented by the slope of the lines. The statistical model
forces them to be parallel. The direction and the grade of inclination represent the type and the strength of the association with ANCA type, respec-
tively. B, Scatterplot comparing the effect of ANCA type and clinical diagnosis for all serum cytokines studied. The more a biomarker is skewed to
the left or right, the more strongly it discriminates patients by ANCA type. The more a biomarker is skewed to the bottom or top, the more strongly
it discriminates patients by clinical diagnosis. 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.40471/abstract.
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PR3-ANCA and MPA because it comprised only 3
patients. Nevertheless, the differences observed between
the PR3-ANCA and MPO-ANCA subgroups were also
seen when patients with GPA with PR3-ANCA were com-
pared to patients with GPA with MPO-ANCA, consistent
with the main observation that cytokine profiles are more
closely related to ANCA specificity than to disease pheno-
type. Further functional studies are needed to elucidate
the interrelationships between these circulating molecules
and the pathophysiologic or protective mechanisms in
which they participate.

The multivariable analysis directly comparing
each classification system identified 8 cytokines separat-
ing PR3-AAV from MPO-AAV. Three of them (KIM-1,
TARC, and osteopontin) were also associated with clin-
ical diagnosis and specifically with MPA. Intriguingly,
no cytokines were associated with clinical diagnosis
(either GPA or MPA) only, thus suggesting that these
circulating immune mediators are better distinguished
by ANCA specificity than by clinical diagnosis. In clini-
cal practice, establishing an unequivocal diagnosis of
GPA or MPA is often challenging for a variety of rea-
sons, including incomplete disease manifestations at
the time of the first diagnosis and disagreements
between experts about the application of different defi-
nition schemes during the diagnostic evaluation of indi-
vidual patients. In contrast, information on ANCA
specificity is readily available and usually does not
change during patient follow-up (1). Our findings pro-
vide a molecular basis supporting the concept of an
ANCA-based classification of AAV, which has already
been shown to convey useful information about clinical
outcomes and prognoses (1,4,5).

The difference, if any exists, between PR3-
ANCA-mediated inflammation and MPO-ANCA-
mediated inflammation has not yet been entirely char-
acterized, unlike for inflammation in GPA versus MPA.
Histopathologic differences in inflammation between GPA
and MPA are striking, and would have suggested that
cytokines correlate with phenotype rather than ANCA
specificity, since serum cytokines may be considered bona
fide surrogates of the immunopathologic events occurring
in AAV. Therefore, our findings represent the first formal
demonstration of combinations of cytokine pathways dif-
ferently activated in distinct AAV subsets, and particularly
in ANCA-based subsets. This study has several strengths.
First, the study cohort was recruited though a stringent
clinical trial protocol at centers with expertise in the study
of AAV. Second, the specimens were collected, handled,
and studied using strict protocols, and the assays were per-
formed in a single laboratory by personnel who were
blinded with regard to group assignment.

BERTI ET AL

This study also has limitations to be considered
when interpreting the findings and implications of the
work. First, we acknowledge that the absence of detailed
data on recent glucocorticoid treatment is a limitation.
The use of glucocorticoids as first treatment for active
disease before blood sampling at the time of screening
may thus have influenced our results in individual
patients. However, recent treatment was not significantly
different in each subgroup at the screening visit (Table 1).
Moreover, we had previously shown that glucocorticoid
treatment prior to obtaining the blood sample had no sig-
nificant detectable effect on the levels of the majority of
the cytokines (9), allowing us to conclude that the differ-
ences we observed in our study among distinct AAV sub-
sets were not driven by the effects of glucocorticoids.

Second, patients with AAV without ANCA and
those with non-severe disease activity were excluded from
the RAVE trial, and our findings cannot therefore be gen-
eralized to all patients with GPA or MPA. However, recent
evidence supports the notion that patients with AAV who
are consistently ANCA-negative may represent different
subsets of disease with different pathogenesis (1).

Third, the comparison of GPA to MPA had lower
statistical power to detect differences than did the compar-
ison of PR3-AAV to MPO-AAY, due to the greater imbal-
ance in the number of patients in the clinical diagnosis
groups. However, the comparison of PR3-AAV and
MPO-AAV had not only lower P values, but also larger
estimated effect sizes than the comparison by clinical diag-
nosis, highlighting the strength of our findings.

Finally, given the non-comprehensive and rela-
tively limited number of cytokines studied, we were not
able to comprehensively investigate possible mutual
interactions or effects of the different cytokine path-
ways, thus not providing a pathophysiologic explanation
of our results. The biomarkers tested were not specifi-
cally selected to represent pathophysiologic processes
considered likely to differentiate subsets of AAV, and a
replication of these results in an independent cohort of
patients with AAV is recommended. The understanding
of the reciprocal influence of these mediators is beyond
the scope of our study.

In conclusion, this analysis supports the concept of
an ANCA-based classification of AAV by showing that a
set of selected serum biomarkers associates more strongly
with either PR3-AAV or MPO-AAV than with GPA or
MPA. Distinct cytokine profiles were identified for PR3-
AAV versus MPO-AAV and for GPA versus MPA. Differ-
ences in these circulating immune mediators are more
strongly associated with ANCA specificity than with clini-
cal diagnosis, suggesting that heterogeneity in the AAV
subtypes extends beyond the clinical phenotypes identified
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by the conventional clinical classification (GPA versus
MPA). Our results provide additional support for stratifi-
cation of patients by ANCA specificity for treatment trials.
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U-Shaped Association Between Serum Uric Acid Level
and Risk of Mortality

A Cohort Study

Sung Kweon Cho,' Yoosoo Chang,* Inah Kim,? and Seungho Ryu

Objective. In addition to the controversy regarding
the association of hyperuricemia with cardiovascular dis-
ease (CVD) mortality, few studies have examined the
impact of a low uric acid level on mortality. We undertook
the present study to evaluate the relationship between
both low and high uric acid levels and the risk of all-
cause and cause-specific mortality in a large sample of
Korean adults over a full range of uric acid levels.

Methods. A cohort study was performed in
375,163 South Korean men and women who underwent
health check-ups from 2002 to 2012. Vital status and
cause of death were ascertained from the national death
records. Hazard ratios (HRs) and 95% confidence inter-
vals (95% Cls) for mortality outcomes were estimated
using Cox proportional hazards regression analysis.

Results. During a total of 2,060,721.9 person-years
of follow-up, 2,020 participants died, with 287 CVD
deaths and 963 cancer deaths. Low and high uric acid
levels were associated with increased all-cause, CVD, and
cancer mortality. The multivariable-adjusted HRs for all-
cause mortality in the lowest uric acid categories (<3.5
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mg/dl for men and <2.5 mg/dl for women) compared with
the sex-specific reference category were 1.58 (95% CI
1.18-2.10) and 1.80 (95% CI 1.10-2.93), respectively. Cor-
responding HRs in the highest uric acid categories (=>9.5
mg/dl for men and >8.5 mg/dl for women) were 2.39 (95%
CI 1.57-3.66) and 3.77 (95% CI 1.17-12.17), respectively.

Conclusion. In this large cohort study of men and
women, both low and high uric acid levels were predic-
tive of increased mortality, supporting a U-shaped asso-
ciation between serum uric acid levels and adverse
health outcomes.

Uric acid is the final oxidation product of purine
metabolism and is an established risk factor for gouty ar-
thritis and kidney stones (1). A number of epidemiologic
studies have shown that an elevated uric acid level is asso-
ciated with a wide variety of adverse health outcomes,
including hypertension, metabolic syndrome, kidney dis-
ease, cardiovascular disease (CVD), and cancer (2-6).
However, the role of uric acid as an independent risk fac-
tor for CVD, cancer, and all-cause mortality remains a
subject of controversy (7-11). Some studies demonstrated
a positive association between hyperuricemia and cardio-
vascular mortality (12,13), while other studies did not
(14,15). Furthermore, studies of the association between
serum uric acid level and cancer mortality have provided
conflicting results. Taghizadeh et al reported that a high
level of uric acid was related to a lower risk of cancer
mortality (16). In contrast, other cohort studies demon-
strated that a high level of uric acid was associated with
an increased risk of cancer-related mortality (17,18).

Most studies of the association between the uric
acid level and mortality have focused on the role of hyper-
uricemia, but the influence of a low uric acid level on mor-
tality has not been established. A cohort study in Japan
demonstrated that low uric acid level (<4.6 mg/dl in men
and <3.3 mg/dl in women) can increase CVD mortality (5).
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Recently, several studies have shown that a low uric acid
level was significantly associated with increased all-cause
mortality in patients undergoing dialysis (19,20). The uric
acid has an antioxidant effect (21), and it has been demon-
strated that hypouricemia can injure the endothelium and
induce oxidative stress-related disease such as hyperten-
sion, diabetes mellitus, and kidney disease (22,23). Few
longitudinal studies have evaluated the risk of all-cause,
cancer-specific, and CVD mortality across the full range of
uric acid levels in the general population while considering
both low and high uric acid levels. The purpose of this
study was to evaluate the association of low and high uric
acid levels with all-cause, CVD, and cancer-specific mor-
tality in a large cohort of Korean adults who participated
in a health screening examination program.

PATIENTS AND METHODS

Study population. The Kangbuk Samsung Health Study
is a cohort study of Korean men and women who underwent
comprehensive annual or biennial health examinations at the
Kangbuk Samsung Hospital Total Healthcare Centers in Seoul
and Suwon, South Korea (24,25). The current cohort included all
men and women age >18 years who participated in a screening
between January 1, 2002 and December 31, 2012 (n = 375,163).
More than 80% of participants were employees of various com-
panies and local government organizations and their spouses. In
Korea, annual or biennial health screening examinations of
employees are required by the Industrial Safety and Health Law.

We excluded 22,120 subjects who met one of the follow-
ing exclusion criteria: unknown vital status (n = 2); missing data
on uric acid level, glucose level, body mass index (BMI), or esti-
mated glomerular filtration rate (GFR) (n = 320); a history of
malignancy (n = 5,352); and/or a history of CVD (n = 16,643).
Because some participants met more than one exclusion criterion,
the total number of participants eligible for this study was
375,163. This study was approved by the institutional review board
of Kangbuk Samsung Hospital. The requirement for informed
consent was waived, because we used de-identified retrospective
data routinely collected during the health screening process.

Data collection. All examinations were conducted at a
Kangbuk Samsung Hospital Total Healthcare Center in Seoul or
Suwon. Self-administered standardized questionnaires were used
to identify medical history and medication use, smoking status,
alcohol intake, and exercise frequency (24,25). CVD and malig-
nancy were defined as physician-diagnosed heart disease or stroke
and physician-diagnosed malignancy of any type, respectively.
Smoking status was categorized as never, former, and current.
Alcohol consumption was categorized as none, moderate (<20
gm/day), and high (>20 gm/day). We also assessed the weekly fre-
quency of moderate- or vigorous-intensity physical activity.

Sitting blood pressure (BP), height, and weight were
measured by trained nurses. Body mass index (BMI) was calcu-
lated as the weight in kilograms divided by the height in meters
squared. Obesity was defined as a BMI >25 kg/m? which is the
proposed cutoff for Asian populations (26). Hypertension was
defined as systolic BP >140 mm Hg, diastolic BP >90 mm Hg,
or current use of antihypertensive medication.
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Blood specimens were obtained from the antecubital
vein after more than 10 hours of fasting. Serum levels of glucose,
total cholesterol, low-density lipoprotein (LDL) cholesterol,
high-density lipoprotein (HDL) cholesterol, triglycerides, creati-
nine, total bilirubin, and gamma glutamyl transferase (GGT)
were measured at the Laboratory Medicine Department of
Kangbuk Samsung Hospital as previously described (25). Serum
uric acid levels were measured enzymatically using an automatic
analyzer (either an Advia 1650 Auto analyzer [Bayer Diagnos-
tics] or a Modular DP analyzer [Roche Diagnostics]). Insulin
resistance was assessed with the homeostatic model assessment
of insulin resistance (HOMA-IR) equation: fasting blood insulin
(wU/ml) x fasting blood glucose (mmoles/liter)/22.5. Diabetes
mellitus was defined as a fasting serum glucose level >126 mg/dl
or current use of medication to treat diabetes mellitus.

We estimated GFR using the 4-variable Modification
of Diet in Renal Disease study equation (27):

GFR (ml/minute/1.73 m* body surface area)

)71154 —0.203

= 186.3 x (serum creatinine x age

(x 0.742 if female)

Chronic kidney disease was defined as an estimated
GFR <60 ml/minute/1.73 m’.

Mortality follow-up. The vital status of study subjects was
identified through nationwide death certificate data from the
Korea National Statistical Office through December 31, 2012.
According to the registry for the Domestic Relations Act in Korea,
all deaths of Koreans are reported to Statistics Korea, meaning
that death certificate data among Korean adults can be considered
100% accurate. Concordance between the cause of death accord-
ing to the death certificate and diagnosis based on medical utiliza-
tion data (the death benefit record of the Korean Medical
Insurance Corporation) was 72.2% for all-cause deaths and 94.9%
for deaths from cancer of all sites, regardless of primary site (28).

CVD mortality was defined as International Statistical
Classification of Diseases and Related Health Problems, Tenth
Revision (ICD-10) codes 100 to I199. Cancer deaths were identi-
fied by ICD-10 codes C00—-C97 as the underlying cause of death
on the death certificates (29).

Statistical analysis. The chi-square test and one-way
analysis of variance were used to compare the characteristics of
the study participants at baseline regarding categories of uric
acid level in men and women. There is no universally accepted
definition of hypouricemia or hyperuricemia solely based on uric
acid level, while sex differences regarding uric acid levels are
well described in a previous report (30). Therefore, sex-specific
values based on the uric acid distribution of our population were
used in this study. Men were divided into 8 groups according to
uric acid level in mg/dl (<3.5 [corresponding to approximately
the 1.4th percentile in men], 3.5-4.4, 4.5-5.4, 5.5-6.4, 6.5-7.4,
7.5-8.4, 8.5-9.4, and >9.5). Women were also divided into 8
groups according to the uric acid level in mg/dl (<2.5 [corre-
sponding to approximately the 1.7th percentile in women], 2.5
3.4,3.5-4.4,45-54,55-64,6.5-7.4,7.5-8.4, and >8.5). The ref-
erence group was defined as the lowest mortality incidence
group in both men and women (6.5-7.4 mg/dl in men and 3.5-
4.4 mg/dl in women). Hazard ratios (HRs) with 95% confidence
intervals (95% ClIs) for mortality outcomes were estimated using
Cox proportional hazards regression analysis. We used age as
the time scale where subjects enter the analysis at their age at
the time of their first health check-up examination (left
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truncation) and exit at their age on the date of death or on
December 31, 2012. This approach effectively controlled for age
in the analysis. For analyses of cause-specific mortality, partici-
pants who died of other causes were censored at the date of
death.

We used 2 models with progressively increased adjust-
ments for confounding variables that could affect the association
between uric acid level and mortality. We initially adjusted for
study center (Seoul, Suwon), year of screening examination
(1-year categories), education level (less than college education,
college education or more, or unknown), alcohol intake (none,
<20 gm/day, >20 gm/day, or unknown), smoking (never, past,
current, or unknown), vigorous exercise (<3 times/week,
>3 times/week, or unknown), and BMI (continuous). Next, we
included history of hypertension (yes, no, or unknown), diabetes
mellitus (yes, no, or unknown), medication for hyperlipidemia
(yes, no, or unknown), medication for hypertension (yes, no, or
unknown), and estimated GFR (continuous). We assessed the
proportional hazards assumption by examining graphs of esti-
mated log(—log) (survival). For tests of a quadratic trend, we
squared the linear trend variable after centering it on the refer-
ence value in both men and women. To further explore the
shape of the dose-response relationship between the uric acid
level and the risk of all-cause, CVD, and cancer mortality,
restricted cubic splines with knots were used at the Sth, 27.5th,
50th, 72.5th, and 95th percentiles of uric acid distribution.

Finally, we performed stratified analyses in the prespeci-
fied subgroups defined by smoking status (never or past smoker
versus current smoker), alcohol intake (<20 gm/day versus >20
gm/day), obesity (BMI <25 kg/m? versus >25 kg/m?), HOMA-IR
value (<2.5 versus >2.5), chronic kidney disease (no versus yes),
diabetes mellitus (no versus yes), and any comorbidities including
hypertension, diabetes mellitus, and chronic kidney disease (no
versus yes); interactions between subgroups were tested using
likelihood ratio tests comparing models with and those without
multiplicative interaction terms. All P values were 2-tailed, and P
values less than 0.05 were considered significant. We used Stata
software, version 14.0 (StataCorp) for data analysis.

RESULTS

Baseline characteristics of men and women are
described in Tables 1 and 2, respectively. Serum uric acid
levels were higher in men than in women. In men and
women, an increase in serum uric acid level was positively
associated with increased BMI, obesity, alcohol consump-
tion, hypertension, elevated systolic and diastolic BP, total
cholesterol, LDL cholesterol, triglycerides, HOMA-IR
value, high-sensitivity C-reactive protein level, GGT level,
and homocysteine level. An increase in the serum uric
acid level was negatively associated with age and HDL
cholesterol in men and with higher education level and
HDL cholesterol in women. Serum uric acid levels
increased with age in women but not in men.

The median follow-up duration was 5.7 years (in-
terquartile range 2.3-8.7 years). There were 2,020 deaths
documented during 2,060,721.9 person-years of follow-up
(1,439 in men and 581 in women). Among the total deaths,

1125

287 were ascribed to CVD (206 in men and 81 in women)
and 963 to cancer (683 in men and 280 in women).

Table 3 shows the relationship between serum uric
acid level and risks of all-cause, CVD, and cancer mortality
in men. In a multivariable model adjusted for center, year
of screening examination, education level, BMI, smoking
status, alcohol intake, regular exercise, hypertension, dia-
betes mellitus, medication for hyperlipidemia, and esti-
mated GFR, the lowest level of uric acid (<3.5 mg/dl) was
associated with increased risk of all-cause, CVD, and can-
cer mortality in men. The corresponding HRs for all-cause,
CVD, and cancer mortality comparing <3.5 mg/dl uric acid
with 6.5-7.4 mg/dl uric acid were 1.58 (95% CI 1.18-2.10),
1.50 (95% CI 0.62-3.64), and 1.38 (95% CI 0.91-2.11),
respectively. The highest level of uric acid (>9.5 mg/dl) was
also significantly associated with increased risk of all-cause,
CVD, and cancer mortality in men. The multivariable-
adjusted HRs for all-cause, CVD, and cancer mortality
comparing >9.5 mg/dl uric acid with 6.5-7.4 mg/dl uric acid
were 2.39 (95% CI 1.57-3.66), 3.76 (95% CI 1.54-9.20),
and 2.67 (95% CI 1.47-4.87), respectively.

The lowest level of uric acid (<2.5 mg/dl) was asso-
ciated with increased risk of all-cause, CVD, and cancer
mortality in women (Table 4). The multivariable-adjusted
HRs for all-cause, CVD, and cancer mortality comparing
<2.5 mg/dl uric acid with 3.5-4.4 mg/dl uric acid were 1.80
(95% CI 1.10-2.93), 3.96 (95% CI 1.37-11.47), and 1.58
(95% CI 0.76-3.29), respectively. The highest level of uric
acid (>8.5 mg/dl) was associated with significantly
increased risk of all-cause and CVD mortality, but a sig-
nificant difference in cancer mortality was not observed.
The multivariable-adjusted HRs for all-cause and CVD
mortality comparing >8.5 mg/dl uric acid with 3.5-4.4
mg/dl uric acid were 377 (95% CI 1.17-12.17) and 11.44
(95% CI 2.74-47.68), respectively.

In multivariable-adjusted spline regression models
for both men and women, a U-shaped association between
uric acid and all-cause mortality was observed at ~7 mg/dl
for men and ~4 mg/dl for women, as an inflection point
(Figures 1 and 2). In prespecified subgroup analyses, associ-
ations between serum uric acid level and mortality were
similar across subgroups of study participants with no signif-
icant interactions with regard to alcohol intake (<20 gm/day
versus >20 gm/day), smoking status (never versus current),
regular exercise (<3 times/week versus >3 times/week), BMI
(<25 kg/m? versus >25 kg/m?®), HOMA-IR value (<2.5 ver-
sus >2.5), chronic kidney disease (no versus yes), diabetes
mellitus (no versus yes), or comorbidities including hyper-
tension, diabetes mellitus, and chronic kidney disease (no
versus yes) (see Supplementary Tables 1 and 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40472/abstract).
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Table 3. All-cause, CVD, and cancer mortality by uric acid level among men*
Adjusted HR (95% CI
Mortality rate thdg 5% Chf
Uric acid level, mg/dl Person-years ~ No. of events  (per 100,000 person-years) Model 1 Model 2 Model 3

All-cause mortality

<35 16,683.2 60 359.6
3.5-4.4 71,322.4 132 185.1
4554 244,426.5 363 148.5
5.5-6.4 419,502.4 432 103.0
6.5-7.4 290,985.9 274 94.2
7.5-8.4 108,976.8 122 112.0
8.5-9.4 29,359.2 32 109.0
>9.5 8,907.3 24 269.4
P for quadratic trend
CVD mortality
<35 16,683.2 6 36.0
3544 71,322.4 12 16.8
45-54 244,426.5 52 213
5.5-6.4 419,502.4 68 16.2
6.5-7.4 290,985.9 35 12.0
7.5-8.4 198,976.8 19 17.4
8.5-9.4 29,359.2 8 273
>9.5 8,907.3 6 67.4
P for quadratic trend
Cancer mortality

<3.5 16,683.2 28 167.8
3.5-4.4 71,322.4 61 85.5
4554 244,426.5 182 74.5
5.5-6.4 419,502.4 201 47.9
6.5-7.4 290,985.9 133 45.7
7.5-8.4 108,976.8 54 49.6
8.5-94 29,359.2 12 40.9
>9.5 8,907.3 12 134.7

P for quadratic trend

1.95 (1.47-2.58)
1.13 (0.91-1.40)
1.11 (0.95-1.30)
0.99 (0.85-1.15)
1.00 (reference)
1.20 (0.97-1.49)
0.98 (0.68-1.41)
2.13 (1.40-3.24)
<0.001

1.53 (0.64-3.66)
0.83 (0.43-1.61)
1.26 (0.82-1.94)
1.22 (0.81-1.84)
1.00 (reference)
1.48 (0.85-2.59)
1.86 (0.86-4.02)
4.27 (1.79-10.20)
0.490

1.74 (1.16-2.63)
1.00 (0.74-1.36)
1.09 (0.87-1.36)
0.93 (0.75-1.16)
1.00 (reference)
1.10 (0.80-1.51)
0.75 (0.42-1.36)
2.17 (1.20-3.92)
0.008

1.80 (1.35-2.39)
1.04 (0.84-1.29)
1.06 (0.90-1.24)
0.97 (0.83-1.13)
1.00 (reference)
1.21 (0.98-1.50)
1.01 (0.70-1.46)
2.25 (1.48-3.41)
<0.001

1.51 (0.63-3.64)
0.80 (0.41-1.56)
1.26 (0.82-1.95)
1.24 (0.82-1.87)
1.00 (reference)
1.44 (0.83-2.53)
1.88 (1.87-4.07)
4.36 (1.82-10.44)
0.528

1.62 (1.07-2.44)
0.94 (0.69-1.28)
1.05 (0.84-1.32)
0.92 (0.74-1.14)
1.00 (reference)
1.10 (0.80-1.52)
0.78 (0.43-1.41)
2.27 (1.26-4.12)
0.029

1.58 (1.18-2.10)
0.94 (0.75-1.16)
1.00 (0.85-1.17)
0.95 (0.81-1.10)
1.00 (reference)
1.23 (0.99-1.52)
1.04 (0.72-1.50)
2.39 (1.57-3.66)
0.005

1.50 (0.62-3.64)
0.79 (0.40-1.55)
1.25 (0.81-1.95)
1.25 (0.83-1.89)
1.00 (reference)
1.40 (0.80-2.45)
1.72 (0.79-3.77)
3.76 (1.54-9.20)
0.551

1.38 (0.91-2.11)
0.83 (0.60-1.13)
0.97 (0.77-1.22)
0.88 (0.71-1.10)
1.00 (reference)
1.14 (0.83-1.57)
0.84 (0.46-1.52)
2.67 (1.47-4.87)
0.172

* CVD = cardiovascular disease.
+ Cox proportional hazards models using age as a time scale were used to estimate hazard ratios (HRs) and 95% confidence intervals (95% ClIs).
Model 1 was adjusted for age (time scale). Model 2 was further adjusted for center, year of screening examination, education level, body mass
index, smoking status, alcohol intake, and regular exercise. Model 3 was further adjusted for hypertension, diabetes mellitus, use of medication for
hyperlipidemia, use of medication for hypertension, and estimated glomerular filtration rate.

In a sensitivity analysis, we reanalyzed the association
between uric acid and mortality in men and women after
excluding those age >60 years. The results did not change
qualitatively (see Supplementary Tables 3 and 4, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40472/abstract).

DISCUSSION

In this large cohort study of young and middle-
aged men and women, both low and high uric acid levels
were significantly associated with increased mortality
compared with the sex-specific reference group. This
association remained statistically significant after further
adjusting for potential confounders including estimated
GFR. Our findings suggest a U-shaped, independent
association between serum uric acid level and mortality
in both men and women.

In contrast to our findings, a recent study showed
no association between uric acid levels and all-cause or
cardiovascular mortality (14). In that study, uric acid

was categorized according to quintiles (<5.2, 5.3-5.8,
5.9-6.4, 6.5-7.1, and >7.1 mg/dl in men and <3.5, 3.6-
4.0, 4.1-4.4, 45-5.0, and >5.0 mg/dl in women). While a
quintile-based analytic approach is a commonly used
method in epidemiologic research (31), by grouping uric
acid levels according to quintiles, intracategory variation
in mortality risk could not be examined, leading to the
failure to detect the influence of very low and very high
uric acid levels on mortality. The upper bound of the
lowest uric acid quintile in that study was higher than
that in our study, while the lower bound of the highest
quintile was much lower than that in our study.

The Evidence for Cardiovascular Prevention from
Observational Cohorts in Japan study of 36,313 subjects
showed increased CVD mortality associated with low
uric acid level in men but not in women, using a quintile-
based approach (5); the lowest level of uric acid was
defined as <4.6 mg/dl in men and <3.3 mg/dl in women.
That study did not take into account several confounding
factors such as glucose and creatinine levels, which were
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Table 4. All-cause, CVD, and cancer mortality by uric acid level among women*
Adjusted HR (95% CI
Mortality rate juste 5% Chf
Uric acid level, mg/dl ~ Person-years No. of events (per 100,000 person-years) Model 1 Model 2 Model 3

All-cause mortality

<25 14,729.8 18 122.2
2.5-34 145,331.7 84 57.8
3544 397,828.0 227 57.1
4554 246,319.4 162 65.8
5.5-6.4 55,964.8 60 107.2
6.5-7.4 8,566.2 19 221.8
7.5-84 1,450.3 8 551.6
>8.5 368.0 3 81.5
P for quadratic trend
CVD mortality
<25 14,729.8 4 27.2
2.5-34 145,331.7 15 10.3
3.5-4.4 397,828.0 25 6.3
4554 246,319.4 20 8.1
5.5-6.4 55,964.8 9 16.1
6.5-7.4 8,566.2 2 234
7.5-8.4 1,450.3 3 206.9
>8.5 368.0 3 815.1
P for quadratic trend
Cancer mortality

<25 14,729.8 8 543
2.5-34 145,331.7 36 24.8
3544 397,828.0 114 287
4554 246,319.4 88 35.7
5.5-6.4 55,964.8 23 41.1
6.5-7.4 8,566.2 8 93.4
7.5-8.4 1,450.3 3 206.9
>8.5 368.0 0 0

P for quadratic trend

1.83 (1.12-2.98)
1.01 (0.79-1.30)
1.00 (reference)
1.00 (0.82-1.22)
1.22 (0.91-1.62)
1.53 (0.95-2.47)
2.55 (1.24-5.23)
3.60 (1.14-11.33)
<0.001

3.84 (1.33-11.04)
1.64 (0.87-3.12)

1.00 (reference)

1.06 (0.59-1.92)

1.44 (0.67-3.11)

1.19 (0.28-5.09)

6.00 (1.71-21.04)

23.01 (6.70-79.05)

<0.001

1.65 (0.80-3.44)
0.87 (0.60-1.26)
1.00 (reference)
1.08 (0.82-1.43)
0.95 (0.60-1.49)
1.43 (0.69-2.96)
2.28 (0.71-7.30)

0.320

1.81 (1.11-2.95)
1.01 (0.78-1.30)
1.00 (reference)
0.99 (0.81-1.21)
1.21 (0.90-1.62)
1.47 (0.91-2.39)
2.61 (1.27-5.39)
3.99 (1.26-12.60)
<0.001

3.75 (1.30-10.82)
1.63 (0.86-3.10)
1.00 (reference)
1.04 (0.58-1.88)
1.40 (0.64-3.07)
1.13 (0.26-4.85)
6.00 (1.68-21.50)
28.69 (8.07-102.04)
<0.001

1.62 (0.78-3.37)
0.86 (0.59-1.26)
1.00 (reference)
1.07 (0.81-1.42)
0.93 (0.59-1.48)
1.39 (0.67-2.89)
2.27 (0.71-7.28)

0.345

1.80 (1.10-2.93)
1.00 (0.78-1.29)
1.00 (reference)
0.99 (0.80-1.21)
1.19 (0.89-1.61)
1.43 (0.88-2.34)
2.36 (1.12-4.99)
3.77 (1.17-12.17)
<0.001

3.96 (1.37-11.47)
1.72 (0.90-3.29)

1.00 (reference)

0.93 (0.51-1.70)

1.08 (0.49-2.41)

0.75 (0.17-3.32)

2.29 (0.57-9.19)

11.44 (2.74-47.68)

0.001

1.58 (0.76-3.29)
0.85 (0.58-1.24)
1.00 (reference)
1.10 (0.83-1.45)
0.96 (0.61-1.53)
1.47 (0.70-3.07)
2.55 (0.78-8.35)

0.263

* CVD = cardiovascular disease.
+ Cox proportional hazards models using age as a time scale were used to estimate hazard ratios (HRs) and 95% confidence intervals (95% ClIs).
Model 1 was adjusted for age (time scale). Model 2 was further adjusted for center, year of screening examination, education level, body mass
index, smoking status, alcohol intake, and regular exercise. Model 3 was further adjusted for hypertension, diabetes mellitus, use of medication for
hyperlipidemia, use of medication for hypertension, and estimated glomerular filtration rate.

unavailable. Approximately two-thirds of serum uric acid
is excreted by the kidneys, and uric acid level is affected
by renal function. It was difficult to determine whether
the association between the uric acid level and mortality
observed in previous studies was independent of
decreased renal function as well as other confounders
(32). Recently, a cohort study of 27,490 participants with
normal kidney function demonstrated that a low uric
acid level was an independent risk factor for all-cause
mortality in men, while high uric acid levels were not
(15); for women, there was no significant association
between serum uric acid levels and mortality (15).

In our study, an association between low uric acid
level (<3.5 mg/dl in men and <2.5 mg/dl in women) and
all-cause mortality was found in both men and women
and remained significant after adjustment for estimated
GFR. A low uric acid level was also significantly associ-
ated with increased risk of cancer mortality in men (Table
3, models 1 and 2) and increased CVD mortality in
women (Table 4, models 1-3), while a nonsignificant

increase in CVD mortality among men and in cancer
mortality among women was observed. Our findings were
consistent with those from earlier studies that showed
U-shaped or J-shaped associations. A Taiwanese study
showed U-shaped associations between uric acid levels
and all-cause mortality and cardiovascular mortality in
the general population (33). That study used the refer-
ence group of uric acid level (5-6 mg/dl) to evaluate low
(<2.9 mg/dl) and high (>11.4 mg/dl) uric acid levels.
However, that study was limited by the absence of impor-
tant covariates such as smoking status, alcohol intake,
and BMI. We found a U-shaped association after adjust-
ing for these factors. Another small Taiwanese study
showed a J-shaped association with all-cause mortality in
patients receiving hemodialysis (34). Patients with low
(<6.5 mg/dl) or high (>9.0 mg/dl) uric acid levels had a
higher risk of mortality, with the highest risk at higher
levels. A J-shaped association between serum uric acid
level and poor renal survival was recently reported in
patients with nephropathy (35).
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Figure 1. Multivariable-adjusted hazard ratios for all-cause (A), car-
diovascular disease (CVD) (B), and cancer mortality (C) by uric acid
level among men. Blue lines represent adjusted hazard ratios (with
95% confidence limits [dashed lines]) for all-cause, CVD, and cancer
mortality based on restricted cubic splines with knots at the Sth,
27.5th, 50th, 72.5th, and 95th percentiles of uric acid distribution.
Red lines represent references for hazard ratios. Models were
adjusted for age (time scale), center, year of screening examination,
smoking status, alcohol intake, physical activity, education level, body
mass index, hypertension, diabetes mellitus, use of medication for
hyperlipidemia, use of medication for hypertension, and estimated
glomerular filtration rate.
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Figure 2. Multivariable-adjusted hazard ratios for all-cause (A), car-
diovascular disease (CVD) (B), and cancer mortality (C) by uric acid
level among women. Blue lines represent adjusted hazard ratios (with
95% confidence limits [dashed lines]) for all-cause, CVD, and cancer
mortality based on restricted cubic splines with knots at the S5th,
27.5th, 50th, 72.5th, and 95th percentiles of uric acid distribution.
Red lines represent references for hazard ratios. Models were
adjusted for age (time scale), center, year of screening examination,
smoking status, alcohol intake, physical activity, education level, body
mass index, hypertension, diabetes mellitus, use of medication for
hyperlipidemia, use of medication for hypertension, and estimated
glomerular filtration rate.
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Even though the mechanism underlying the
increased risk of mortality related to a low uric acid level
is not fully understood, there are some possible explana-
tions. Low uric acid level can also be a marker of nutri-
tion, possibly reflecting malnutrition (36). Unfortunately,
the current study was not able to include nutritional infor-
mation. Additionally, information about medication use
that could affect uric acid levels was unavailable. How-
ever, our study population comprised young or middle-
aged people with low levels of comorbid conditions
including diabetes mellitus, hypertension, and renal dis-
eases; thus, the observed association of low uric acid level
and mortality might not be fully explained by unmeasured
confounders. Indeed, uric acid acts as an antioxidant by
increasing superoxide dismutation to hydrogen peroxide
and decreasing the availability of superoxide and its harm-
ful interaction with nitric oxide (37). Individuals with
hypouricemia are hypothesized to develop increased risk
of atherosclerotic diseases due to decreased antioxidant
potential (38,39). The induction of cancer cell prolifera-
tion was observed in low uric acid conditions through
reactive oxygen species (ROS) production in a mouse
model (40). Further study is warranted to elucidate the
mechanism underlying the role of low uric acid levels in
adverse health outcomes.

A high uric acid level was associated with increased
all-cause mortality and CVD mortality (3,12,41), while it
was not associated with all-cause mortality in some previ-
ous studies (14,15). In our large cohort study, subjects in
the groups with the highest uric acid levels (=9.5 mg/dl in
men and >8.5 mg/dl in women) showed a significantly
increased risk of all-cause and CVD mortality. The associ-
ation was stronger in women, even though the absolute
incidence of all-cause and CVD mortality was >2 times
higher in men. Similarly, previous population-based stud-
ies found a stronger association between hyperuricemia
and CVD mortality, more so among women than among
men (12,13). The mechanism behind hyperuricemia-
related all-cause and CVD mortality can be explained by
inflammasome and oxidative stress. Hyperuricemia can
activate the NLRP3 inflammasome and induce the pro-
duction of interleukin-1 (42). These events stimulate the
inflammatory cascade reaction. Intracellular hyper-
uricemia also generates inflammatory stress from ROS/
reactive nitrogen species (RNS) generation and cyclooxy-
genase 2 (COX-2) activation. Oxidative stress with activa-
tion of the renin—angiotensin system in human vascular
endothelial cells is the main mechanism of uric acid-in-
duced endothelial dysfunction (43). Genetic variants
related to serum uric acid level were reported previously
by the Global Urate Genetics Consortium (44). Using
Mendelian randomization with reported genetic variants,

CHO ET AL

Kleber et al demonstrated that a high uric acid level is caus-
ally related to adverse cardiovascular outcomes (45). As
their study focused on subjects with European ancestry,
analysis of related health outcomes with a genetic variant
in an Asian population is needed.

Additionally, in our study, increased risk of cancer
mortality was observed only in men with the highest uric
acid levels and not in women; however, this inconclusive
result for women might be explained by the small number
of outcome events, which could lead to imprecise
estimates. Elevated serum uric acid levels have been
reported to be associated with excess cancer occurrence,
recurrence, and cancer mortality in several studies
(17,46,47). High uric acid levels contribute to tumorigene-
sis by promoting both transformation and tumor cell pro-
liferation mediating progression from early stage cancer
to highly aggressive cancer (48). This effect is thought to
generate inflammatory stress arising from ROS/RNS gen-
eration and COX-2 activation. Hyperuricemia is also
regarded as a consequence of high tumor cell prolifera-
tion rate and accelerated purine breakdown (48,49). The
observed positive association between high uric acid level
and cancer mortality may be due to the aggressive cancer
status (50,51). Future studies are needed to assess the role
of uric acid in cancer development, its progression, and
related mortality while considering both low and high uric
acid levels.

This study has several limitations. First, we did not
adjust for dietary factors and drug histories. Data on
urate-lowering medications were not available. The target
uric acid level is <6 mg/dl during urate-lowering therapy
according to the 2012 American College of Rheumatol-
ogy guidelines for management of gout (52). The mean
uric acid—lowering effect is 2.7 mg/dl in hyperuricemic
patients (53). Furthermore, a very low level of uric acid
(such as <3 mg/dl) is not recommended for gout manage-
ment (54). Therefore, a uric acid level below 3.5 mg/dl in
men and 2.5 mg/dl in women, which were the lowest in
our study, might not be affected by treatment. Second,
repeated serum uric acid measurement data were not
used. We used a single assessment of uric acid levels at
baseline and did not incorporate changes in uric acid
levels or other changes in lifestyle factors and covariates
during follow-up. Third, information on smoking, alcohol
use, physical activity, and medical history was obtained via
a self-administered structured questionnaire used in
health check-up programs in Korea as part of the
National Health Insurance Program, and measurement
error in these variables could have resulted in some
degree of residual confounding.

Fourth, the significant findings are primarily driven
by extreme categories of uric acid with a small number of
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events, as shown in Tables 3 and 4. Fluctuations in uric
acid levels are multifactorial: BMI, waist circumference,
BP, insulin resistance, renal disease, diet, medication use,
and genetic factors are all known to contribute to the vari-
ability of uric acid levels (55). Although we cannot
exclude the possibility of unmeasured or residual con-
founding factors, our results were derived from a young
Asian population and thus might have been less likely to
be affected by comorbidities. Another possibility is that
low extreme and high extreme levels of uric acid could be
explained by genetic factors (56-58). The prevalence of
hypouricemia was reported to be 1.39% in Korea, which
is higher than that reported in Western countries (59).
Finally, the subjects included in this study were young and
middle-aged Korean men and women who regularly
attended health screening examinations, most often as
part of work-related health check-up programs; thus, gen-
eralization of these results to other age or race/ethnicity
groups should be undertaken with caution.

Despite these limitations, the considerable strengths
of this study included its large sample size and the use of
carefully standardized clinical, imaging, and laboratory pro-
cedures. These strengths enabled researchers to examine
the relationship between uric acid and cause-specific mor-
tality across a full range of uric acid levels independently of
possible confounders.

In conclusion, our study demonstrated that low
uric acid levels were independently associated with
increased risk of all-cause mortality in men and women,
increased risk of CVD mortality in women, and increased
risk of cancer mortality in men. Our study supports a J- or
U-shaped association between serum uric acid levels and
all-cause mortality, CVD mortality, and cancer mortality.
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A CD8a— Subset of CD4+SLAME7+ Cytotoxic T Cells Is
Expanded in Patients With IgG4-Related Disease and
Decreases Following Glucocorticoid Treatment
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Objective. An unconventional population of CD4+
signaling lymphocytic activation molecule family member
T—positive (SLAMF7+) cytotoxic effector memory T (Tgyy)
cells (CD4+ cytotoxic T lymphocytes [CTLs]) has been
linked causally to IgG4-related disease (IgG4-RD). Gluco-
corticoids represent the first-line therapeutic approach in
patients with IgG4-RD, but their mechanism of action in
this specific condition remains unknown. We undertook
this study to determine the impact of glucocorticoids on
CD4+ CTLs in IgG4-RD.

Methods. Expression of CDS8o, granzyme A, per-
forin, and SLAMF7 within the effector memory compart-
ment of CD45RO+ (Tgy) and CD45RA+ effector memory
T (Temra) CD4+ cells was quantified by flow cytometry in
18 patients with active IgG4-RD, both at baseline and after
6 months of glucocorticoid treatment. Eighteen healthy sub-
jects were studied as controls. Next-generation sequencing
of the T cell receptor - and B-chain gene was performed on
circulating CD4+ CTLs from patients with IgG4-RD before
and after treatment and in affected tissues.
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Results. Circulating CD4+ Tgy and Tgyvgra cells
were not expanded in IgG4-RD patients compared to
healthy controls. CD4+SLAMF7+ Tgy, cells (but not Tgyra
cells) were significantly increased among IgG4-RD patients.
Within CD4+SLAMF7+ Tgy cells, CD8a— cells but not
CD8o'" cells were elevated in IgG4-RD patients. The same
dominant clones of CD8u—CD4+SLAMF7+ Tgy cells
found in peripheral blood were also identified in affected
tissue. CD8a— and CD8'**CD4+SLAMF7+ Ty cells both
expressed cytolytic molecules. Clonally expanded CD8o—
but not CD8+'*"CD4+SLAMF7+ Tgy; cells decreased fol-
lowing glucocorticoid-induced disease remission.

Conclusion. A subset of CD8a—CD4+SLAMF7+
cytotoxic Tgy cells is oligoclonally expanded in patients
with active IgG4-RD. This Tgy; cell population contracts
following glucocorticoid-induced remission. Further char-
acterization of this cell population may provide prognos-
tic information and targets for therapeutic intervention.

IgG4-related disease (IgG4-RD) is an increasingly
recognized immune-mediated condition that includes a
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variety of clinical manifestations previously regarded as
unique, single-organ disorders unrelated to each other.
The clinical manifestations of IgG4-RD include autoim-
mune pancreatitis, retroperitoneal fibrosis, chronic sialad-
enitis, and hypertrophic pachymeningitis, among others
(1,2). IgG4-RD is also commonly referred to as a fibro-
inflammatory disorder characterized by tumefactive
lesions, frequent elevation of serum IgG4 levels, and tis-
sue fibrosis (1). Glucocorticoids represent the treatment
of choice to induce IgG4-RD remission, but their effect
on the cells orchestrating the disease remains unknown
(1). Likewise, the profibrotic mechanisms driving IgG4-
RD remain poorly elucidated.

Recently, the accepted view of IgG4-RD as a Th2-
mediated disorder has been questioned by the identifica-
tion of an unusual population of clonally expanded CD4+
cytotoxic T lymphocytes (CTLs) that accumulate within
affected tissues (3-5). In contrast to the lack of correla-
tion with Th2 lymphocytes, CD4+ CTLs appear linked to
IgG4-RD activity because they are increased in the
peripheral blood of subjects with active disease and
decrease following rituximab-induced remission despite
their lack of CD20 expression (3-8). They express CD8a/
o homodimers in addition to CD4 and share several fea-
tures with CD8+ CTLs (which express CD8a/p heterodi-
mers as well as CD8o/o homodimers), including the
production of cytolytic molecules (4,9). Moreover, CD4+
CTLs in patients with IgG4-RD secrete profibrotic cyto-
kines (such as interleukin-1p, interferon-y, and transform-
ing growth factor ) and express signaling lymphocytic
activation molecule family member 7 (SLAMF7), a sur-
face antigen implicated in homotypic interactions with
activated B cells and disease immunopathogenesis (4,10).
Thus, because CD4+ CTLs have the potential both to
stimulate fibroblast activation and to interact with antigen-
presenting B cells, these cells may play a central role in the
pathogenesis of IgG4-RD (1).

To better clarify the mechanisms of action of glu-
cocorticoids in IgG4-RD and the pathogenic relevance
of CD4+ CTLs, we aim to describe the effects of corti-
costeroid treatment on CD4+ CTLs. Glucocorticoids
offer a unique vantage point for observing variations of
putatively pathogenic T lymphocytes, because it has been
shown that they do not drastically perturb B and T cell
counts in the peripheral blood (11,12). On the other
hand, rituximab reduces the circulating levels of acti-
vated CD4+ T lymphocytes in a global manner by abro-
gating the survival and differentiation signals provided
by naive B cells (13,14). In the present work, we also
identify a population of CD8o—CD4+SLAMEF7+ effec-
tor memory T (Tgm) cells—corresponding to a subset of
CD4+ CTLs—that are oligoclonally expanded in the
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peripheral blood of patients with active IgG4-RD and
whose numbers contract with disease remission.

PATIENTS AND METHODS

Patients. Eighteen consecutive patients with active,
untreated IgG4-RD who had been referred to the San Raffaele
Scientific Institute were included in this observational prospective
study (15). IgG4-RD was diagnosed according to the consensus
statement on the pathology of IgG4-RD and the comprehensive
diagnostic criteria for IgG4-RD (16,17). Patients with isolated
pancreatic involvement who did not undergo pancreatic biopsy
were diagnosed as having definite IgG4-RD according to the
international consensus diagnostic criteria for autoimmune pan-
creatitis (18). All patients were initially treated with prednisone
(0.6-1 mg/kg) for 1 month; prednisone was gradually tapered and
withdrawn after 6 months in accordance with international guide-
lines (12). Blood for serologic and immunologic studies and clini-
cal correlations was obtained at baseline and 6 months after the
institution of glucocorticoid treatment. Eighteen healthy age- and
sex-matched subjects served as controls. All patients gave written
informed consent for the analyses performed. The study was
conducted according to the Declaration of Helsinki and
approved by the Ethics Committee of the San Raffaele Scientific
Institute.

Disease activity. IgG4-RD activity was assessed by
means of the IgG4-RD responder index (RI). Active disease was
defined by an IgG4-RD RI >3. Disease remission was defined by
an IgG4-RD RI <3. A reduction in the IgG4-RD RI of >2 points
still with a total score >3 was considered a partial response to
glucocorticoid treatment (19).

Flow cytometry. Peripheral blood mononuclear cells
were isolated from patients with IgG4-RD and healthy controls
by Ficoll density-gradient centrifugation (GE Healthcare), resus-
pended in fetal bovine serum (FBS) containing 10% DMSO,
and cryopreserved. For T cell surface staining, cells were stained
at 4°C for 30 minutes in staining buffer containing optimized
concentrations of the following fluorochrome-conjugated
anti-human antibodies (purchased from BioLegend unless
otherwise specified): phycoerythrin (PE)—conjugated anti-CD4
(clone RPA-T4; BD Biosciences), PE-Cy7—conjugated anti-CD4
(clone OKT4), fluorescein isothiocyanate (FITC)-conjugated
anti-CD8o (clone HIT8a; BD Biosciences), PE-conjugated
anti-CD8o (clone SK1), allophycocyanin (APC)-Cy7-conju-
gated anti-CD27 (clone 0323), BV510-conjugated anti-CD27
(clone MT271), Pacific Blue (PB)-conjugated anti-CD45RO
(clone UCHLa), BV605-conjugated anti-CD45RA (clone
HI100; BD Biosciences), PE-Cy7-conjugated anti-CD62L
(clone DREG-56), APC-conjugated anti-CD319/SLAMF7
(clone 162.1), and Alexa Fluor 647-conjugated anti-CD319/
SLAMEF7 (clone 235614; BD Biosciences).

Viable cells were identified among those negative for 7-
aminoactinomycin D Viability Staining Solution (BioLegend).
For intracellular staining of granzyme A and perforin on T cells
using PE-conjugated anti-granzyme A (clone CB9d) and FITC-
conjugated antiperforin (clone dG9), cells were fixed and per-
meabilized with a BD Cytofix/Cytoperm kit according to the
instructions of the manufacturer (BD Biosciences) and then
stained in permeabilization buffer at 4°C for 30 minutes.
CD45RO+ Tgpm cells were defined as CD4+CD45RO+
CD27"°VCD62LY cells. CD45RA+ effector memory T (Temra)
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cells were identified as CD4+CD45RA+CD27**CD62L"* cells
(see Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40469/abstract). To identify CD4+ CTLs, we assessed
granzyme A and perforin expression among SLAMF7+ cells
within the Tgy and Tgmra cell compartments. Flow cytometry
was performed on a BD LSRII flow cytometer (BD Bio-
sciences), and the Flow Cytometry Standard files were analyzed
using FlowJo software, version 10 (Tree Star).

For plasmablast staining, 10-color flow cytometry (Navios
cytometer; Beckman Coulter) was readily performed on EDTA-
treated fresh whole blood samples using a lyse-no-wash technique
(ammonium chloride) and the following panel of directly conju-
gated antibodies: FITC-conjugated anti-CD3, PE-conjugated
anti-CD56, energy-coupled dye—conjugated anti-CD4, PC5.5-con-
jugated anti-CD138, PC7-conjugated anti-CD27, APC-conjugated
anti-CD20, Alexa Fluor 700—conjugated anti-CD19, Alexa Fluor
750—conjugated anti-CD38, PB-conjugated anti-CDS, and Krome
Orange—conjugated anti-CD45 (all from Beckman Coulter). Plas-
mablasts were identified within the lymphocyte gate as CD19+
CD20—CD27+CD38* """ cells.

Cell sorting and immunofluorescence. Using a Beckman
Coulter MoFlo XDP instrument, CD4+CD45RO+CD27"°%
CD62L°YCD319/SLAMF7+CD8— cells were sorted from 2
patients with IgG4-RD at the time of diagnosis (patients 1 and 5)
and from 1 patient after 6 months of glucocorticoids (patient 1).
Cells were cultured overnight in Dulbecco’s modified Eagle’s me-
dium/10% FBS, L-glutamine, and antibiotics on Lab-Tek Chamber
Slides (Thermo Fisher) previously coated with poly-L-lysine
(Sigma-Aldrich). Cells were fixed in 4% paraformaldehyde for 10
minutes at room temperature followed by incubation for 1 hour
with phosphate buffered saline (PBS) containing 0.1% Triton
X-100, 10% serum, and 3% bovine serum albumin (BSA)
(blocking solution). For granzyme staining, cells were incubated
with mouse anti-human granzyme A monoclonal antibody
(Chemicon) overnight at 4°C in PBS/10% BSA followed by an
Alexa Fluor 488—conjugated goat anti-mouse secondary antibody
(Invitrogen) and Hoechst 33342 Solution (Thermo Fisher) (for
nuclear staining). Unrelated mouse IgG antibody was used
in parallel as isotype control. Images were captured using a
PerkinElmer Ultraview ESR Laser Scanning Confocal micro-
scope. Linear adjustments of the images were done using Adobe
Photoshop CS4.

Next-generation sequencing. Total RNA was extracted
from formalin-fixed paraffin-embedded (FFPE) tissues from
patient 1 (pancreas) and patient 5 (lacrimal gland and lungs)
(Pathology Unit of San Raffaele Institute) using a Maxwell 16
LEV RNA FFPE kit according to the protocol of the manufac-
turer (Promega). RNA extraction from sorted CD8a—CD4+
SLAMF7+ CTLs was performed with a PicoPure RNA Isolation
Kit (Thermo Fisher). RNA concentration was assessed with a
Qubit 2.0 Fluorometer (Thermo Fisher) using a Qubit RNA
Assay kit (Thermo Fisher). RNA integrity (the RNA integrity
number) was evaluated on an Agilent 2100 Bioanalyzer with an
RNA 6000 Nano kit (Agilent).

High-throughput sequencing of the T cell receptor
(TCR) o- and B-chain repertoire was performed by using a mod-
ified rapid amplification of complementary DNA (cDNA) ends
polymerase chain reaction (PCR) protocol (20,21). TCR-specific
cDNA was reverse transcribed using the SmartScribe enzyme
(Takara Bio) in the presence of biotinylated primers specific for
the constant o- and B-chain genes and in the presence of a

barcoded (5-bp) template switching primer. Enrichment of the
TCR-specific biotinylated cDNA molecules was obtained using
streptavidin magnetic beads (Dynabeads; Life Technologies).
Upon magnetic capture, TCR-specific cDNA was washed and
resuspended in 10 pl water. One microliter of cDNA and 1 pl of
the first PCR product were used as input material for the first
and second exponential PCRs, respectively. In the first exponen-
tial PCR, primers specific for the constant a- and p-chain gene
and for the template switching sequence were used. In the sec-
ond exponential PCR, fusion primers harboring Illumina MiSeq
sequencing adaptors were added. In particular, a barcoded
(10-bp) fusion primer specific for the constant TCR genes was
used to tag each individual sample. PCR amplicons were puri-
fied using AmPure beads (Beckman Coulter).

Library quantification was performed with a Qubit 2.0
Fluorometer using a Qubit double-stranded DNA HS kit
(Thermo Fisher), and the fragment length distribution was
assessed on an Agilent 2100 Bioanalyzer with a High Sensitivity
DNA kit (Agilent). Libraries were sequenced in paired-end
mode (300 bp read 1 plus 150 bp read 2) on a MiSeq platform
using MiSeq version 3 600-cycle reagents (Illumina). After
demultiplexing of the sequencing results, analysis of the third
complementarity-determining region (CDR3) clonotypes was
carried out using MiTCR software (22,23).

Statistical analysis. Statistical analysis was performed
with GraphPad Prism software, version 6.0. The population dis-
tributions were analyzed for normality with the D’Agostino-
Pearson normality test. Comparisons between the different
populations were performed with paired and unpaired Mann-
Whitney and Wilcoxon correction tests. Correlation studies were
performed with Pearson or Spearman correlation tests. Linear
regression analyses were performed, and their results are
expressed as P values. Results are presented as the median and
range unless otherwise specified. P values less than 0.05 were
considered significant.

RESULTS

Clinical, serologic, and immunologic features in
the cohort of patients with IgG4-RD. Eighteen patients
(11 men and 7 women) with a mean age of 64 years
(range 47-83 years) were included in the study
(Table 1). All patients had definite IgG4-RD based on
the 2012 consensus statement on the pathology of
IgG4-RD (16). The pancreas was the most commonly
affected organ (10 cases), followed by lymph nodes
(6 cases), the biliary tree (3 cases), the aorta (3 cases),
and the lacrimal glands (2 cases). The parotid glands,
lung, and submandibular glands were involved in 1 case
each. Eight patients (44%) had >2 organs involved by
IgG4-RD. All patients had active IgG4-RD as defined
by a mean IgG4-RD RI of 8 (range 6-15; normal <3).
The mean levels of serum IgG4 and circulating plas-
mablasts were 423 mg/dl (range 156-1,360 mg/dl; nor-
mal <135 mg/dl) and 5,781 cells/ml (range 140-40,840
cells/ml; normal 0-653 cells/ml), respectively. Serum
IgG4 levels were elevated in all patients. Circulating
plasmablasts were elevated in 16 patients (89%).
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CD4+ Tgy and Teyra cells are not expanded in
treatment-naive patients with newly diagnosed, active
IgG4-RD. In patients with 1gG4-RD, CD4+ CTLs have
been identified following the observation of expanded cir-
culating CD4+CD45RO+CD27°¥CD62L'" Ty cells
during active disease (4). Therefore, to study CD4+ CTLs,
we first performed flow cytometry analysis on CD27'%
CD62L'Y cells within the CD4+CD45RO+ memory Tcell
compartment. Circulating CD4+ Tgy cells were not
increased in our cohort of patients with active, untreated
IgG4-RD compared to age- and sex-matched healthy indi-
viduals. In particular, the absolute counts of circulating
CD4+ Tgy cells in IgG4-RD patients and healthy subjects
were a median of 85,830 cells/ml (range 18,462-239,643
cells/ml) and 82,385 cells/ml (range 32,832-194,000 cells/
ml), respectively (P > 0.05). CD4+ Tgy cells in IgG4-RD
patients and controls represented a median of 20% (range
10.4-64.7%) and 18% (range 10.8-46.2%), respectively,
of total CD4+CD45RO+ memory T cells (P > 0.05) (Fig-
ures 1A and B). Absolute counts of CD4+ Tgy, cells did
not correlate with the number of organs involved by
IgG4-RD, the IgG4-RD RI, serum IgG4 levels, or num-
bers of circulating plasmablasts (data not shown).

CD4+ CTLs were described originally in the setting
of chronic viral infections as CD27°“CD62L°CD4+
CD45RA+ effector memory T (Temra) cells that acquire a
cytolytic gene program after down-regulation of the tran-
scription factor Th-inducing POZ/Kruppel-like factor and
up-regulation of eomesodermin and RUNX-3 (24,25).

DELLA-TORRE ET AL

Therefore, we also examined the expansion of CD27™

CD62L" cells within the CD4+CD45RA+ (Tgyra) cell
compartment by flow cytometry, but we did not identify sig-
nificant differences between 1gG4-RD patients and healthy
subjects (P > 0.05) (Figures 1C and D).

Expansion of CD8a—CD4+SLAMFE7+ Tgy cells
in peripheral blood of patients with active, untreated
IgG4-RD. CD4+ CTLs in IgG4-RD have been described
as SLAMF7-expressing cells within the CD4+ Tgy; cell
compartment (4). To assess the frequency of circulating
CD4+ CTLs in patients with active, untreated 1gG4-RD,
we analyzed Tgyy cells for the expression of SLAMF7.
The fraction of total Tgy cells that were circulating
CD4+SLAMEF7+ Tgpy cells in IgG4-RD patients was sig-
nificantly increased compared to that in healthy individu-
als (median of 54.1% |[range 35.9-83.4%] and 40.5%
[range 20.7-66.8%], respectively; P < 0.01) (Figures 2A
and C). Absolute counts of circulating CD4+SLAMF7+
Tgwm cells in IgG4-RD patients were increased compared
to those in healthy individuals, but not to a significant
extent (median of 51,893 cells/ml [range 9,430-188,840
cells/ml] and 26,570 cells/ml [range 9,740-53,670 cells/ml],
respectively; P = 0.07) (data not shown).

Because CD4+ CTLs have also been shown to
express CDS8a, we further assessed circulating
CD4+SLAMF7+ Tgm cells for the expression of this
surface marker (24,25). CD8a— but not CD8a/'*“CD4+
SLAMF7+ Tgy cells were significantly expanded in
patients with active IgG4-RD compared to healthy

Table 1. Clinical, serologic, and immunologic features of the patients*

Patient/ Tem SLAMF7+ Tgy  CD8a—SLAMF7+  Plasmablasts/  Serum IgG4 1gG4-RD
age/sex  cells/ml cells/ml Tgm cells/ml mlf level, mg/dli Organ involvement RI§
1/83/F 226,389 188,840 146,877 9,000 1,360 Pancreas, biliary tree 12
2/66/M 40,299 17,071 14,459 7,140 485 Biliary tree, parotid glands, lymph nodes 15
3/67/M 25,778 14,595 13,962 940 720 Pancreas 6
4/70/M 25,037 9,430 9,176 5,400 343 Pancreas, lymph nodes 9
5/72/M 46,035 31,540 29,221 250 368 Lacrimal glands, lungs 6
6/70/M 239,643 131,204 129,987 3,560 221 Pancreas, lymph nodes 9
7/47/F 90,251 45,535 44,635 140 177 Pancreas, lacrimal glands 9
8/73/F 30,749 15,619 15,558 7,000 534 Pancreas, lymph nodes 12
9/53/M 141,512 72,899 68,959 9,300 973 Lymph nodes 6
10/63/M 101,729 48,667 45,213 810 156 Submandibular glands 6
11/65/M 48,234 24,250 23,819 4,000 308 Pancreas 6
12/71/F 84,439 46,744 37,063 1,000 420 Aorta 6
13/51/F 45,877 26,225 23,796 6,000 178 Aorta 6
14/53/F 38,232 16,677 15,891 1,030 173 Aorta 6
15/66/M 48,115 26,576 26,040 1,760 362 Pancreas 6
16/75/ M 93,084 47,096 38,084 2,150 314 Biliary tree 6
17/51/F 18,462 9,974 9,688 40,840 253 Pancreas 15
18/71/ M 201,073 161,133 156,111 3,740 282 Pancreas, lymph nodes 6

* Tgm cells = effector memory T cells; SLAMF7+ = signaling lymphocytic activation molecule family member 7 positive; IgG4-RD RI = IgG4-

related disease responder index.

+ Normal 0-653 cells/ml (see ref. 7).
1 Normal <135 mg/dl.

§ Normal <3.
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Figure 1. CD4+CD45RO+ effector memory T (Tgy) cells and CD4+CD45RA+ effector memory T (Tgmra) cells are not expanded in patients with
active, untreated IgG4-related disease (IgG4-RD). A and C, Contour plots showing different frequencies of CD4+CD45RO+CD27"°YCD62L'Y Ty
cells (A) and CD4+CD45RA+CD27"VCD62L'Y Tgpra cells (C) in peripheral blood from 2 representative healthy controls (HC) and 2 representa-
tive patients with IgG4-RD (patients 1 and 13) before and after glucocorticoid treatment. B and D, Percentages and numbers of CD4+CD45RO+C-
D27°%CD62L'Y Ty cells (B) and CD4+CD45RA+CD27'°VCD62L'" Tyra cells (D) in peripheral blood from healthy controls and patients with
IgG4-RD before and after glucocorticoid treatment. Symbols represent individual subjects. 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 minimum and maximum values. NS = not
significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40469/abstract.

controls, both in absolute numbers and in percentage
of Tgm cells. In particular, the median number of circu-
lating CD8a—CD4+SLAMF7+ Tgy cells in patients
with active IgG4-RD and healthy subjects was 47,141
cells/ml (range 9,176-146,877 cells/ml) and 23,872 cells/
ml (range 9,430-42,420 cells/ml), respectively (P =

0.05). The median fraction of circulating Tgp cells that
had a CD8u—CD4+SLAMF7+ phenotype was 51.8%
(range 37.6-77.6%) in patients with active IgG4-RD
and 37.1% (range 21.0-53.7%) in healthy controls (P =
0.0008). The median number of circulating CD8o'
CD4+SLAMF7+ Tgym cells in patients with active
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Figure 2. CD4+CD8a— signaling lymphocytic activation molecule family member 7-positive (SLAMF7+) Tgy cells are expanded in patients with
active, untreated IgG4-RD and decrease following glucocorticoid treatment. A and B, Contour plots showing different frequencies of CD8o!® and
CD8u—SLAMF7+CD4+ Tgy cells (A) and Tgmra cells (B) in peripheral blood from representative healthy controls and patients with 1gG4-RD
(patients 1 and 16) before (A and B) and after (A) glucocorticoid treatment. C and D, Percentages of CD8a'® and CD8o—SLAMF7+CD4+ Tgy, cells
(C) and Tgmra cells (D) in peripheral blood from healthy controls and patients with IgG4-RD before and after glucocorticoid treatment. Symbols
represent individual subjects. 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 minimum and maximum values. * = P < 0.05 by Mann-Whitney 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.40469/abstract.

IgG4-RD and healthy subjects was 4,478 cells/ml (range
200-41,960 cells/ml) and 2,989 cells/ml (range 160—
20,890 cells/ml), respectively (P > 0.05). Circulating
CD8o/*YCD4+SLAMF7+ Tgy cells in patients with
active IgG4-RD and healthy subjects represented a
median of 3.9% (range 0.4-18.5%) and 3.7% (range
0.1-26%) of Tgm cells, respectively (P > 0.05) (Fig-
ures 2A and C).

Great variability in the frequency of circulating
CD8o'*“CD4+SLAMF7+ Tgy cells was observed both in
IgG4-RD patients and in healthy individuals. Indeed, while
circulating CD8a—CD4+SLAMF7+ Tgy cells were uni-
formly expanded in IgG4-RD patients compared to con-
trols, circulating CD8x*"CD4+SLAMF7+ Ty cells were
present both in 10 of 18 IgG4-RD patients and in 10 of 18
healthy subjects (56% of each group). Absolute numbers
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of total CD4+SLAMF7+ Tgy cells and CD8a—CD4+ SLAMEF7+ cells within the Tgyra cell compartment were
SLAMF7+ Tgy cells did not correlate with the number of increased compared to controls, but not to a significant
organs involved by IgG4-RD, the IgG4-RD RI, serum extent. Percentages of CD8a/*Y and CD8u—CD4+-
IgG4 levels, or numbers of circulating plasmablasts (data SLAMF7+ Tgmra cells did not differ between IgG4-RD
not shown). In addition, the absolute number (data not patients and healthy subjects (Figures 2B and D). Of note,
shown) as well as the percentage (Figures 2B and D) of CD8o*CD4+SLAMF7+ Tgppra cells were absent in the

A CD27w CDB2L' SLAMF7+ gated cells (lgG4-RD) C CD4+ CD45RO+ gated cells* (IlgG4-RD)

O
=
98.1% g
=i
=
L
N
2 £
8 S
© rd
42.7% 50.1%
Granzyme A Perforin
W CcD27+ CD62L- M CD8a+ cells*
B cD27'++ cD62L'>« Il CD27'e% CDB2Llw
Perforin SLAMF+ CD8a- SLAMF+ CD8a'w
D CD4+ CD45R0O+ gated cells™

6000+

=
£

Normalized to mode
g CD8a MFI

il
10pm M CD27 CD62L' Il CD8a+ cells* [l CD27'* CD62Low Il CD27w CD62LIow
SLAMF7- SLAMF+ CD8a™  SLAMF+ CD8glo
(lgG4-RD) (Healthy contral)

low

Figure 3. Expression of cytolytic molecules on CD8o— and CD8x™ CD4+ signaling lymphocytic activation molecule family member 7—positive
(SLAMF7+) Tgym cells. A, Contour plots showing different frequencies of perforin- and granzyme A-positive CD8u— and CD8u!® CD4+ Tem
SLAMEF7+ cytotoxic T lymphocytes (CTLs) from a patient with IgG4-RD. Results are representative of 10 independent experiments. B, Immunofluo-
rescence analysis of bulk-sorted CD8o— CD4+ Tgym SLAMFE7+ CTLs showing granzyme A production. C, Histograms showing expression of
granzyme A and perforin on CD8u— and CD84® CD4+ Tgy SLAMF7+ CTLs from a patient with IgG4-RD. Results are representative of 10
independent experiments. D, Expression of CD8o on CD8o'°*CD4+SLAMF7+ CTLs from a representative patient with IgG4-RD and from a repre-
sentative healthy control (histograms; left) and in the study cohort presented as the mean + SD median fluorescence intensity (MFI) (right). ** = P
< 0.01. Asterisks in C and D indicate gated on CD8+ T lymphocytes. See Figure 1 for other definitions.
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same IgG4-RD patients and healthy controls lacking
CD8o/*“CD4+SLAMF7+ Tgy cells.
CD8a—CD4+SLAMF7+ Tgy cells in IgG4-RD
are oligoclonally expanded and bear a cytolytic phenotype,
and the same clones found in the blood also infiltrate
affected organs. To compare the cytotoxic phenotype of
the expanded CD8uo—CD4+SLAMF7+ Tgy cells and of
CD8o““CD4+SLAMF7+ Tgy cells in patients with
1gG4-RD, we used flow cytometry to assess the expression
of granzyme A and perforin on both cell populations.
Coexpression of the 2 cytolytic molecules was detected
on half of the CD8a—CD4+SLAMF7+ Tgpm cells
(average 51.7%, range 37.1-62.0%) and on almost all
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CD84/*CD4+SLAMF7+ Tgy cells (Figure 3A). Granzyme
A expression on sorted CD8o—CD4+SLAMEF7+ Tgy cells
was also confirmed by immunofluorescence (Figure 3B).
Of note, the expression levels of granzyme A and perforin
both on CD8«* and on CD8u—CD4+SLAMF7+ Ty
cells were comparable to those on professional cytotoxic
CD8&+ T cells (Figure 3C). Conversely, the expression of
CD8o on CD8x°“CD4+SLAMF7+ Ty, cells was compa-
rable in IgG4-RD patients and healthy individuals, but sig-
nificantly lower than that on professional CD8+ T cells
(Figure 3D).

To gain clues about the involvement of CD8o—
CD4+ CTLs in IgG4-RD pathogenesis, we profiled the
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Figure 4. Clinical improvement induced by glucocorticoid (GC) treatment correlates with contraction of clonally expanded circulating CD8a—CD4+
signaling lymphocytic activation molecule family member 7-positive (SLAMF7+) Tgy cells. A, Retrieval frequency of third complementarity-
determining region (CDR3) amino acid sequences of T cell receptor (TCR) a- and B-chains from circulating CD8a—CD4+SLAMF7+ Tgy, cells before
and after treatment and in the pancreas of patient 1 and in the blood, lacrimal gland, and lung tissues of patient 5, showing an oligoclonal pattern on
next-generation sequencing analysis. Circulating CD4+ Ty cells from a healthy donor are polyclonal. Red bars indicate the most frequently encoun-
tered sequences; violet bars represent the 10th most frequently encountered sequences; gray bars represent overall remaining CDR3 sequences. The
higher is the gray bar, the more polyclonal is the sample. Patient 1 also shows an increased polyclonality of the TCR - and B-chain repertoire after
treatment. B, Ten CDR3 nucleotide sequences of the TCR a- and B-chains most frequently shared between circulating CD8a—CD4+SLAMF7+ Tgy
cells and pancreatic tissue of patient 1. The frequency of clones expanded at baseline decreases after glucocorticoid treatment, together with clinical
improvement. Gray panels indicate missing nucleotide sequences. C, Percentage decrease of circulating CD4+ Tgy cells, total SLAMF7+CD4+
cytotoxic T lymphocytes (CTLs), CD8x®“SLAMF7+CD4+ CTLs, and CD8a—SLAMF7+CD4+ CTLs in all 18 study patients after 6 months of gluco-
corticoid treatment (normalized to pretreatment levels), plotted against the IgG4-RD responder index (RI). 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.40469/abstract.
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TCR o- and B-chain repertoire in peripheral blood from
patients 1 and 5 and looked for shared clones in tissue
biopsy samples obtained before treatment at the time of
diagnosis. Comprehensive analysis of the TCR o- and -
chain nucleotide sequences showed an oligoclonal TCRo/f3
repertoire of circulating CD8o—CD4+SLAMFET7+ Tgy cells
and CDR3 clonotypes that were identical to those
sequenced within the tissue from each patient (Figures 4A
and B).

Contraction of clonally expanded CD8a—CD4+
SLAMF7+ Tgy cells following glucocorticoid-induced
disease remission. Six months after institution of glucocor-
ticoid treatment, we performed a second flow cytometry
analysis to assess the effects of glucocorticoids on CD4+
Tem cells and CD4+SLAMF7+ Tgy cells. At that time
point, the mean IgG4-RD RI value was 2 (range 1-4), con-
sistent with a clinical improvement in all patients. Fifteen
patients had disease in remission, and 3 had achieved a
partial response.

The median number of circulating CD4+ Tgy cells
was 105,672 cells/ml (range 38,501-229,949 cells/ml), rep-
resenting a median of 23.9% of total CD4+CD45RO+
memory T cells (range 10.6-44.1%), and did not differ
from pretreatment level (paired P > 0.05) (Figures 1A
and B). Following clinical improvement, the number of
circulating CD4+SLAMF7+ Tgpy cells decreased to a
median of 46,585 cells/ml (range 2,304-104,390 cells/ml),
and the frequency of these cells decreased to a median of
455% of total CD4+ Tgym cells (range 28.7-59.9%)
(paired P < 0.05 compared to baseline values)
(Figure 2C). The mean percentage decline of circulating
SLAMEF7-expressing CD4+ Tgy cells from pretreatment
level was 19%.

Among CD4+SLAMF7+ Tgy cells, the counts of
CD8a— lymphocytes decreased selectively and reached
levels comparable to those in healthy individuals following
clinical improvement (Figure 3C). In particular, circulating
CD80—CD4+SLAMF7+ CTLs decreased to a median of
42.8% of total CD4+ Tgy cells (range 28.2-50.4%) (paired
P =0.001 compared to baseline value) (Figure 2C). The
mean percentage decline of circulating CD8o—CD4+
SLAMF7+ CTLs compared to pretreatment level was
28%. CD8o/*CD4+SLAMF7+ Tgy cells were not
affected by glucocorticoid treatment (Figure 2C). There-
fore, the reduction of CD4+SLAMF7+ Tgy, cells after glu-
cocorticoid treatment was mainly due to the selective
decrease of the CD8a— subset of CD4+SLAMF7+ Tgy
cells (Figure 4C). In a single patient in whom the analysis
was performed, the TCRo/f chain repertoire of
CD8a—CD4+SLAMF7+ CTLs showed a decrease in the
frequency of the initially expanded clones, corresponding
to an increase in the repertoire diversity (Figure 4A). No

significant effect of glucocorticoids was observed on the
Temra cell compartment.

DISCUSSION

The concept of cytotoxicity associated with CD4+
Th lymphocytes has steadily emerged in recent years, in
contrast with the traditional view of CTLs originating only
from major histocompatibility complex (MHC) class I-
restricted CD8+ T lymphocytes. CD4+ CTLs, which repre-
sent uncommon subsets of highly differentiated CD4+
Tem and CD4+ Tgyra lymphocytes that retain the ability
to kill target cells in an MHC class II-dependent manner,
arise in response to repeated antigen stimulation (24,25).
In particular, CD4+ CTLs have been extensively character-
ized in the setting of chronic viral infections such as cyto-
megalovirus, dengue, HIV, and hepatitis B and hepatitis C
viruses, where they likely complement CD8+ and natural
killer T cell immune responses (26-28). These cells appear
to be of particular importance and superior to CD8+ cyto-
toxic T cells in maintaining viral latency (29). CD4+ CTLs
have also been identified in autoimmune diseases such as
rheumatoid arthritis, inflammatory bowel disease, and sys-
temic sclerosis, indicating that they might contribute to
chronic inflammation and fibrosis as well (24,25,30).

More recently, we contributed to the identification
of CD4+ CTLs in the increasingly recognized fibroinflam-
matory condition IgG4-RD, and we further characterized
them as SLAMF7-expressing cells within the CD4+ Tgy
cell compartment (4). Indeed, SLAMF7+CD4+ Tgp cells
exhibited distinctive features of CD8+ CTLs, such as 1)
expression of the surface antigen CD8a, 2) expression of
the transcription factors eomesodermin and RUNX-3, 3)
secretion of the cytolytic molecules granzyme A and
perforin, and 4) in vitro cytotoxic activity (4).

Herein we describe for the first time the effects of
glucocorticoids on CD4+ CTLs, and we demonstrate that
the expression of CD8a identifies at least 2 distinct sub-
sets of CD4+SLAMF7+ CTLs within the Tem and TEMRrA
cell compartments of patients with [gG4-RD. CD8a— but
not CD8x/'°"CD4+SLAMF7+ Tgym CTLs correlate with
IgG4-RD activity, since the former, in contrast to the lat-
ter, are increased in the peripheral blood of patients with
active, untreated disease, express TCR clones also found
in affected lesions, and appear to be selectively modulated
with disease remission after glucocorticoid treatment.
Indeed, the finding of common CDR3 sequences ex-
pressed by dominant circulating CD8o—CD4+SLAMF7+
CTL clones and tissue-infiltrating lymphocytes strongly
supports a pathophysiologic relevance of these cells in
IgG4-RD, because it indicates that antigen-specific cyto-
toxic T cells activated in secondary lymphoid organs are
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directly present at the site of active disease. In this sense,
CD8u—CD4+SLAMF7+ CTLs might represent the
intralesional SLAMF7+CD4+ granzyme A-positive T
cells that have been previously shown to infiltrate tissues
in patients with IgG4-RD, although further studies are
warranted to address this issue (5). Definitive confirma-
tion of this finding would require TCR repertoire analysis
on CD8o—CD4+SLAMF7+ CTLs sorted directly from
fresh IgG4-RD biopsy samples.

The response of CD8u—CD4+SLAMF7+ Tgm
cells to glucocorticoids also represents an important find-
ing above and beyond the previously reported effect of
rituximab on CD4+SLAMF7+ CTLs in patients with
IgG4-RD (4). By depleting CD20+ naive B cells, ritux-
imab is presumed to deprive activated CD4+ T lympho-
cytes of B cell-derived survival signals, thus limiting the
expansion of both pathogenic and bystander T cell clones
(11,12). Accordingly, the decreased CD4+SLAMF7+
CTL counts that we previously observed in IgG4-RD
patients treated with rituximab might have been a general
consequence of B cell depletion on activated CD4+ T
cells. Conversely, glucocorticoids have minimal long-term
effects on circulating CD19+ and CD20+ B cells in
IgG4-RD patients, which offers a different perspective for
identifying alterations of putatively pathogenic cells even-
tually associated with disease remission (Lanzillotta M,
et al: unpublished observations). Therefore, the selective
decrease of CD8a—CD4+SLAMF7+ CTLs but not of
CD8o*"CD4+SLAMF7+ CTLs induced by glucocorticoid
treatment further strengthens the pathogenic link between
CD8u—CD4+SLAMF7+ CTLs and IgG4-RD and unveils
a potentially relevant mechanism behind the efficacy of
glucocorticoids in patients with this condition. The
reduced frequency of expanded CD8a—CD4+SLAMF7+
T cell clones that we observed in a single patient after glu-
cocorticoid treatment also supports the hypothesis of a
contraction of antigen-specific T lymphocytes but deserves
additional confirmation in a larger number of patients.

On the other hand, CD8«/**CD4+ CTLs repre-
sented a minor population within the expanded CD4+
SLAMEF7+ Tgy cell pool in IgG4-RD patients, and these
could also be found in healthy individuals, which is incon-
sistent with a causal role in IgG4-RD inflammation and
fibrosis. In particular, while circulating CD8a—CD4+
SLAMF7+ Tgym cells appeared to be uniformly expanded
only in patients with active IgG4-RD, CD8a/*“CD4+
SLAMF7+ T cells were detectable in 50-60% of both
patients and controls. Therefore, these results suggest that
CD80/®"CD4+ CTLs may not be linked to active [gG4-RD
per se but may reflect an underlying chronic disease or
preexisting immune responses to common chronic viral
infections (e.g., cytomegalovirus and hepatitis B or
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hepatitis C viruses), as occurs in otherwise healthy sub-
jects. Activation assays with viral peptides would be neces-
sary to confirm this hypothesis and to address the antigen
specificity of CD8«®¥ compared to CD8x—CDd4+
SLAMEFET7+ Ty cells.

In conclusion, we report for the first time that glu-
cocorticoid-induced remission in patients with IgG4-RD is
associated with a decrease of circulating CD4+ CTLs, a
recently identified potentially pathogenic population of T
lymphocytes. Moreover, we identify a CD8a— subpopula-
tion of CD4+SLAMF7+ CTLs that has a stronger associa-
tion with IgG4-RD, as it is selectively depleted by
glucocorticoids. Additional studies are needed to address
the biologic relationship between CD8o—CD4+SLAMF7+
Tem and Tepmra cells in IgG4-RD, to functionally charac-
terize them, and to understand the pathogenic relevance
of concomitant chronic viral infections in patients with
IgG4-RD.
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Objective. To investigate the pharmacokinetics,
effectiveness, and safety of subcutaneous (SC) abatacept
treatment over 24 months in patients with polyarticular-
course juvenile idiopathic arthritis (JIA).

Methods. In this phase III, open-label, interna-
tional, multicenter, single-arm study, patients with poly-
articular JIA (cohort 1, ages 6-17 years and cohort 2, ages
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2-5 years) in whom treatment with >1 disease-modifying
antirheumatic drug was unsuccessful received weight-tiered
SC abatacept weekly: 10 to <25 kg (50 mg), 25 to <50 kg
(87.5 mg), >50 kg (125 mg). Patients who had met the JIA-
American College of Rheumatology 30% improvement cri-
teria (achieved a JIA-ACR 30 response) at month 4 were
given the option to continue SC abatacept to month 24.
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The primary end point was the abatacept steady-state
serum trough concentration (C,ss) in cohort 1 at month
4. Other outcome measures included JIA-ACR 30, 50, 70,
90, 100, and inactive disease status, the median Juvenile
Arthritis Disease Activity Score in 71 joints using the C-
reactive protein level (JADAS-71-CRP) over time, safety,
and immunogenicity.

Results. The median abatacept C,,;,ss at month 4
(primary end point) and at month 24 was above the tar-
get therapeutic exposure (10 pg/ml) in both cohorts. The
percentage of patients who had achieved JIA-ACR 30, 50,
70, 90, or 100 responses or had inactive disease responses
at month 4 (intent-to-treat population) was 83.2%, 72.8%,
52.6%, 28.3%, 14.5%, and 30.1%, respectively, in cohort 1
(n =173) and 89.1%, 84.8%, 73.9%, 58.7%, 41.3%, and
50.0%, respectively, in cohort 2 (n = 46); the responses
were maintained to month 24. The median (interquartile
range) JADAS-71-CRP improved from baseline to month
4: cohort 1, from 21.0 (13.5, 30.3) to 4.6 (2.1, 9.4); cohort
2, from 18.1 (14.0, 23.1) to 2.1 (0.3, 4.4). Improvements
were sustained to month 24, at which time 27 of 173
patients (cohort 1) and 11 of 22 patients (cohort 2) had
achieved JADAS-71-CRP remission. No unexpected
adverse events were reported; 4 of 172 patients (2.3%) in
cohort 1 and 4 of 46 (8.7%) in cohort 2 developed anti-
abatacept antibodies, with no clinical effects.

Conclusion. Weight-stratified SC abatacept yielded
target therapeutic exposures across age and weight groups,
was well tolerated, and improved polyarticular JIA symp-
toms over 24 months.

Juvenile idiopathic arthritis (JIA) is a rheumatic
disease presenting in children <16 years of age (1-3). For
polyarticular-course JIA (JIA of any category with >5 af-
fected joints [1,4,5]), methotrexate (MTX) is the recom-
mended first-line disease-modifying antirheumatic drug
(DMARD) therapy (3). If disease activity remains moder-
ate or high after 3 months of MTX treatment, a biologic
agent is frequently initiated and a tumor necrosis factor
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inhibitor (TNFi) is most commonly employed, followed
by an anti-interleukin-6 agent or abatacept (6). However,
it is important to have multiple treatment options in this
pediatric population, particularly for patients who are
intolerant of or do not respond to MTX or TNFi (2,7-15)
or who live in a tuberculosis-endemic country.

Abatacept, which selectively modulates the CD80/
CD86:CD28 costimulatory signal required for full T cell
activation, has a distinct mechanism of action upstream of
that of other currently available treatments for rheumatic
diseases (13,16-18). In adults with rheumatoid arthritis
(RA), intravenous (IV) abatacept inhibits structural dam-
age, reduces disease progression, and improves function
and health-related quality of life, with good safety and tol-
erability (16,19,20). I'V-administered abatacept has been
proven effective and well tolerated in polyarticular JIA
clinical trials and real-world settings (21), with benefits of
treatment sustained up to 7 years in patients ages 6—17
years (2,9,13). A subcutaneous (SC) abatacept formula-
tion is also available, allowing for administration at home,
thus providing greater flexibility (22).

The exposure-response relationship established in
RA and JIA has demonstrated that abatacept steady-state
serum trough concentration (Cpings) is @ good predictor of
efficacy (23,24). A Cpinss Of 10 pg/ml has been shown to
correlate with near-maximal efficacy, based on response
as assessed by the Disease Activity Score in 28 joints (24)
in RA and the JIA-American College of Rheumatology
30% improvement criteria (JIA-ACR 30) (21,23,25) in
JIA. In adults with RA, a weight-tiered 10 mg/kg monthly
IV dose and 125 mg weekly SC fixed dose of abatacept
have shown equivalent efficacy and comparable safety
(22), but the effectiveness and safety of SC abatacept in
polyarticular JIA have yet to be demonstrated in a clinical
trial.

The aim of this study was to investigate the phar-
macokinetics (PK), effectiveness, safety, and immuno-
genicity of weekly weight-tiered treatment with SC
abatacept in patients with active polyarticular JIA, includ-
ing those >2 years of age, over a period of 24 months.
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PATIENTS AND METHODS

Study design. This 24-month, single-arm, open-label,
international, multicenter, 2-part, phase III study (26) was initi-
ated in August 2013 and conducted across 48 centers worldwide
by members of the Paediatric Rheumatology International Trials
Organisation (PRINTO) (27) and the Pediatric Rheumatology
Collaborative Study Group (PRCSG) (see Appendix A for inves-
tigators who participated in this study). The study included 2 age
cohorts (cohort 1, ages 6-17 years and cohort 2, ages 2-5 years).
During the first 4 months (part 1), patients received open-label
SC abatacept weekly, based on body-weight tier at each study
visit (10 to <25 kg [50 mg], 25 to <50 kg [87.5 mg], and >50 kg
[125 mg]) (see Supplementary Materials, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40466/abstract for rationale for the dosing regimen).

At month 4, JIA-ACR 30 responders (28) were given the
opportunity to participate in a 20-month extension (part 2 of the
study) and continue open-label abatacept treatment according to
the previous dosing regimen; part 1 and part 2 formed the 24-
month cumulative period. Also at month 4, JIA-ACR 30 nonre-
sponders were given the option to continue SC abatacept for an
additional 3 months and to discontinue treatment if a JIA-ACR
30 response was not achieved by month 7. After part 2, long-term
follow-up began, in which patients who completed both parts of
the study entered a post-study drug access program. The study
was conducted in accordance with the Declaration of Helsinki
(29), the International Conference on Harmonisation Guidelines
for Good Clinical Practice, and local regulations. At each site, an
institutional review board or independent ethics committee
approved the protocol, consent forms, and any other written
information provided to patients or their legal representatives.

Patients. Enrolled patients met the International
League of Associations for Rheumatology criteria for JIA (4) in
1 of the following categories: extended oligoarticular JIA, poly-
articular JIA rheumatoid factor (RF) positive, polyarticular JIA
RF negative, enthesitis-related arthritis, psoriatic arthritis, or
systemic JIA (with systemic features absent for >6 months prior
to enrollment). Patients also had a history of =5 joints with active
disease and active articular disease at baseline, defined as >2
active joints and >2 joints with limitation of motion.

In addition, patients were naive to treatment with aba-
tacept but may have had an inadequate response or prior intoler-
ance to >1 nonbiologic or biologic DMARD, including TNFi.
Patients with systemic JIA at onset were restricted to <10% of
the study population, and those with a prior inadequate response
to TNFi or other biologic DMARDs were restricted to <30% of
the study population (see Supplementary Materials, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract).
All patients or their legal representatives provided written
informed consent prior to study entry.

Study end points. The primary end point was abatacept
Chninss in cohort 1 (ages 6-17 years) at month 4 of the study (end
of part 1). Secondary end points included the proportion of
patients in cohort 1 achieving JIA-ACR 30 response by the end
of part 1 and the proportion of patients with serious adverse
events (SAEs), AEs, AEs leading to discontinuation, death,
marked laboratory abnormalities, and positive immunogenic
responses (defined as the presence of antibodies reactive with
abatacept in serum) (30) in both cohorts over parts 1 and 2.
Abatacept Cpyinss to month 24 (end of part 2) was an exploratory
end point for both cohorts.
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Prespecified exploratory efficacy end points for both
cohorts included the proportions of patients achieving JIA-ACR
30, 50, 70, 90, 100 responses or inactive disease (modified criter-
ia), defined as absence of active joints, physician’s global assess-
ment of disease severity <10 mm, and C-reactive protein (CRP)
level <0.6 mg/dl (based on the normal range for CRP as defined
by the central analysis site) (31) over time to the end of part 2.
JIA-ACR response rates were not corrected for MTX or
corticosteroid use; however, if patients received an intraarticular
corticosteroid injection, the treated joint was designated as active
for the following 3 months. Other prespecified exploratory end
points for cohort 1 included median post-baseline values of the 6
JIA-ACR core set variables: number of active joints, number of
joints with limitation of motion, physician’s global assessment,
parent’s global assessment of patient overall well-being, cross-
culturally adapted and validated version of the Childhood Health
Assessment Questionnaire disability index (C-HAQ DI) (32),
and laboratory marker of acute inflammation (CRP level).
Post hoc analyses in both cohorts were conducted to determine
the median Juvenile Arthritis Disease Activity Score in 71
joints using the CRP level (JADAS-71-CRP) (33,34) over time,
and the proportion of patients achieving low disease activity
according to the JADAS-71-CRP (cutoff value in polyarthritis
<3.8) and remission (defined as a JADAS-71-CRP value of <1
for >6 months) (33,35). In addition, post hoc subgroup analyses
of JIA-ACR response rates and proportions of patients achieving
JADAS-71-CRP low disease activity and remission in cohort 1
were performed using baseline concomitant MTX treatment,
prior biologic treatment, and JIA category as subgroups (see
Supplementary Materials, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40466/abstract).

Analysis populations. In both cohorts, the PK analysis
population for month 4 (end of part 1) comprised treated pa-
tients for whom PK measurements were collected in the 4-10-
day window after the most recent SC dose; these patients also
had 7 consecutive weekly SC abatacept injections at the same
dosage prior to month 4. The PK analysis population at the time
points other than month 4 also comprised those patients with
PK measurements collected in the 4-10-day window after the
most recent SC dose.

Effectiveness analyses were conducted on the intent-to-
treat (ITT) population (defined as all treated patients) for both
cohorts in part 1, as prespecified. For part 2, an “as-observed”
analysis was planned for both cohorts. However, in cohort 1
(ages 6-17 years), ITT analyses were also performed for the eval-
uation of effectiveness (sensitivity analysis), except for median
post-baseline values for JADAS-71-CRP and the 6 JIA-ACR
core set variables over the cumulative period. In cohort 2 (ages
2-5 years), only as-observed analyses were performed for part 2,
as not all patients had completed treatment at the time of data-
base locking.

Safety analyses were performed on the ITT population in
both cohorts, taking into consideration all events during parts 1
and 2. Marked laboratory abnormalities criteria were prespecified
(see Supplementary Materials, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40466/abstract). Immunogenicity was as-
sessed in patients in the ITT population for whom >1 post-base-
line immunogenicity result was collected.

Statistical analysis, sample size, and power calculation.
As the aim of this study was to assess the PK of SC abatacept
treatment, it was not powered for statistical hypothesis testing. A
sample size of ~160 patients for cohort 1 (ages 617 years) was
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planned to allow for assessment of PK, effectiveness, safety, and
immunogenicity, resembling the sample size of the 4-month
lead-in phase of the IV abatacept JIA study (13). Enrollment of
~160 patients into the 3 body-weight tiers was predicted to
ensure that the half-width of the 90% confidence interval (90%
CI) for Cpinss Would be within 18% of the true population mean
for each body-weight tier group, calculated based on a log-trans-
formed standard deviation for C;, 0f 0.49. For JIA-ACR 30
response, a sample of 160 patients would yield a precision of
7.4% for the half-width of the 95% CI, assuming an underlying
true responder rate of 64%;, as seen with IV abatacept in JIA
(13). For cohort 2 (ages 2-5 years), a sample size of >30 patients
permitted initial descriptive assessment of PK, effectiveness,
safety, and immunogenicity.

All effectiveness, safety, and PK analyses were descrip-
tive, with no formal statistical testing. For effectiveness analyses
using the ITT population, patients with missing data were
imputed as nonresponders. Cls for proportions were computed
using normal approximation, provided that the actual number of
events was >5; otherwise, computed Cls were calculated using
an exact method. In order to investigate the impact of immuno-
genicity on effectiveness, safety, and PK, a clinical review of the
data on effectiveness, safety, and PK for patients who had posi-
tive immunogenic responses was performed.

RESULTS

Patient disposition and baseline characteristics. A
total of 219 patients entered part 1 of the study; 173 were
ages 6-17 years (cohort 1) and 46 were ages 2-5 years (co-
hort 2). As shown in Figure 1, 132 patients (76.3%) in
cohort 1 and 24 (52.2%) in cohort 2 completed both parts
1 and 2. In both cohorts, the discontinuation rate was low
across both parts of the trial; overall, the main reasons
for discontinuation were lack of efficacy, withdrawal of

consent, and AEs. Treatment in the cumulative period was
ongoing for 15 patients (32.6%) in cohort 2 at the time of
database locking. Baseline demographic and disease char-
acteristics for cohorts 1 and 2 are shown in Table 1.
Whereas 41.0% of patients (71 of 173) in cohort 1 had a
disease duration of >2 years, most patients (91.3% [42 of
46]) in cohort 2—which included patients as young as 2
years of age—had a disease duration of <2 years (median
0.5 years). At baseline, 78.6% of patients in cohort 1 and
80.4% in cohort 2 were receiving concomitant MTX. A
protocol violation occurred in cohort 1, due to inclusion of
5 patients from noneligible JIA categories in the analysis.
The median exposure to abatacept during the cumulative
period was 24.3 months (range 1.9-28.0) in cohort 1 and
24.1 months (range 4.0-26.2) in cohort 2.

Pharmacokinetics. The median abatacept Cpins
values at months 4 and 24 in cohort 1 were 40.5 pg/ml
(range 9.3-97.0; n = 135) and 43.0 pg/ml (range 0.0-105.2;
n = 79), respectively, and were 51.2 (20.1-122.1; n = 30)
and 58.7 (26.5-103.7; n = 19) in cohort 2, respectively
(Figure 2). Across all weight groups in cohort 1 and over-
all in cohort 2, the median C,,;.s Values were consistent
and above the target therapeutic exposure of 10 pg/ml.
After the effect of body weight was taken into account,
there was no independent age effect on Cynss (see Supple-
mentary Materials, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40466/abstract). The results of this
study do not indicate that C,;,s values >10 pg/ml were
associated with either greater effectiveness or an increase
in rates of AEs (including infections) at the month 4 time
point (data not shown).

Enrolled
N =234

Cohort 1
Screening failures
n=14

Entered initial
4-month period
(part 1)

n=173
Discontinued n=11(6.4%)
AEs
Lack of efficacy -
Withdrawal of consent
Poor/noncompliance

Completed initial
4-month period
(part 1)

n = 162 (93.6%)

1

Entered 20-month
extension period
(part 2)

n = 157 (90.8%)

e

Completed 20-month
extension period
(part 2)

n =132 (76.3%)

Discontinued n =25 (14.5%)
AEs n=4
Lack of efficacy

Withdrawal of consent

No longer met study criteria
Pregnancy

553573
oo
“NoF

Cohort 2
Screening failures
n=1

Entered initial
4-month period
(part 1)
n=46

I Discontinued n=

3
Lack of efficacy n
Withdrawal of consent n

Completed initial
4-month period
(part 1)

n =43 (93.5%)

1

Entered 20-month
extension period

(part 2)
n = 43 (93.5%)*

Discontinued n=4(8.7%)
Lack of efficacy n=3
AEs n=1

Completed 20-month
extension period
(part 2)

n = 24 (52.2%)

Figure 1. Patient disposition. * = treatment ongoing at time of analysis in 15 patients (32.6%). AEs = adverse events.
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Table 1. Summary of baseline demographics and clinical characteristics of the JIA patients*
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Characteristic Cohort 1 (n = 173) Cohort 2 (n = 46)

Age, median (IQR) years 13.0 (10.0-15.0) 4.0 (3.0-5.0)
Female sex 136 (78.6) 28 (60.9)
Weight, median (IQR) kg 45.0 (31.5-57.0) 18.0 (15.0-21.1)
Weight category

<25 kg 18 (10.4) 43 (93.5)

25 to <50 kg 74 (42.8) 3 (6.5)

>50 kg 81 (46.8) 0
Ethnicity

White 144 (83.2) 44 (95.7)

African American 14 (8.1) 1(2.2)

Other 15 (8.7) 1(2.2)
Disease duration, median (IQR) 2.0 (0.0-4.0) 0.5 (0.0-1.0)

<2 years 102 (59.0) 42 (91.3)

2 to <5 years 37 (21.4) 4 (8.7)

5 to <10 years 30 (17.3) 0

>10 years 4(2.3) 0
JIA category

Polyarthritis RF negative 94 (54.3) 29 (63.0)

Polyarthritis RF positive 46 (26.6) 3 (6.5)

Extended oligoarthritis 19 (11.0) 10 (21.7)

Systemic arthritis 5(2.9) 0

Psoriatic arthritis 0 4 (8.7)

Enthesitis-related arthritis 4(2.3) 0

Undifferentiated or persistent oligoarthritist 5(2.9) 0
JIA-ACR core set variable, median (IQR)

No. of active joints 10.0 (6.0-19.0) 7.0 (6.0-12.0)

No. of joints with limitation of motion 8.0 (4.0-15.0) 8.0 (4.0-11.0)

Physician global assessment
Parent’s global assessment}
C-HAQ DI}
CRP, mg/dI§
JADAS-71-CRP, median (IQR)Y
MTX use at baseline
MTX dose at baseline, median (IQR) mg/m?/week
Route of MTX administration
Oral
Parenteral#
Oral corticosteroid use at baseline**
Oral prednisone (or equivalent) dose at baseline, median (IQR) mg/kg/dayt+
Prior biologic useif

48.0 (31.0-67.0)
47.8 (24.1-68.0)
0.9 (0.4-1.5)
0.2 (0.1-0.9)
21.0 (13.5-30.3)
136 (78.6)
11.6 (9.7-14.4)

76 (43.9)
60 (34.7)
56 (32.4)

0.1 (0.1-0.2)
46 (26.6)

50.0 (35.0-60.0)
42.1 (17.9-54.7)
1.2 (0.8-1.6)
0.1 (0.1-1.4)
18.1 (14.0-23.1)
37 (80.4)
13.3 (10.9-15.3)

18 (39.1)
19 (41.3)
9 (19.6)
0.2 (0.2-0.4)
10 (21.7)

* Except where indicated otherwise, values are the number (%) of patients. Cohort 1 consisted of patients ages 6-17 years,
and cohort 2 consisted of patients ages 2-5 years. JIA = juvenile idiopathic arthritis; IQR = interquartile range; RF = rheuma-
toid factor; JIA-ACR = JIA-American College of Rheumatology criteria for improvement; C-HAQ DI = Childhood Health
Assessment Questionnaire disability index; JADAS-71-CRP = Juvenile Arthritis Disease Activity Score in 71 joints using the

C-reactive protein level; MTX = methotrexate.

T Protocol violation.

i In cohort 1, n = 172.

§ Normal <0.6 mg/dl.

9 In cohort 1, n = 171.

# Includes subcutaneous and intramuscular administration.
** Prednisone or prednisolone.

11 In cohort 1, n = 52; in cohort 2, n = 8.

11 Adalimumab, etanercept, or tocilizumab.

Effectiveness. In both cohorts, robust JIA-ACR
responses were observed as early as month 1 (Figures 3A
and B) (for “as observed” analysis, see Supplementary
Materials). At month 4, JIA-ACR 30 response rates were
83% and 89% in cohorts 1 (n = 173) and 2 (n = 46),
respectively. JIA-ACR 30 response rates in cohorts 1 and
2, respectively, were 75% and 96% at month 21, and 58%
and 100% at month 24. Higher-level JIA-ACR response

rates increased steadily to month 21 (see Figures 3A and
B, and Supplementary Materials, available at http://online
library.wiley.com/doi/10.1002/art.40466/abstract). Inactive
disease status was achieved at month 4 by 30% and 50%
of patients in cohorts 1 and 2, respectively. JIA-ACR
responses were in line with JADAS-71-CRP scores, per
the “as-observed” analysis, reflecting low disease activity
in 42.8% and 90.9% of patients in cohorts 1 and 2,
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Figure 2. Abatacept steady-state trough concentration (Cynss) in patients ages 617 years (cohort 1) by weight group (A) at month 4 (left) and
month 24 (right), and patients ages 2-5 years (cohort 2) at months 4 and 24 (B). Cpinss Was summarized for treated patients (>1 dose of study
medication) with evaluable pharmacokinetic measurements at each time point. Data are shown as box plots. Each symbol represents a single sub-
ject. Boxes represent the upper and lower interquartile range. Lines inside the boxes represent the median. Whiskers represent the 5th and 95th

percentiles. Dashed lines indicate the target therapeutic concentration.

respectively, at month 24. The median JADAS-71-CRP
values were below the cutoff value for low disease activity
in polyarthritis by month 7 in cohort 1 and by month 3 in
cohort 2; these values reached the lowest level of 1.3 at
month 24 in cohort 1, and of 0.5 at month 19 in cohort 2
(Figures 4A and B). In cohort 1, all 6 JIA-ACR core set
variables, including C-HAQ DI and parent’s global assess-
ment of patient overall well-being, improved over time
and these values were maintained until the end of the
study (see Supplementary Materials, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40466/abstract). Additional results
of JIA category analyses (cohort 1) can also be found in
the Supplementary Materials.

Safety and immunogenicity. In total, 309.8 and
71.0 patient-years of follow-up were available from the

safety populations in cohorts 1 and 2, respectively. As
shown in Table 2, abatacept was well tolerated in both
cohorts throughout the study. AEs occurred in 152
patients (87.9%) in cohort 1 and in 43 patients (93.5%)
in cohort 2. SAEs occurred in 14 patients (8.1%) in
cohort 1 and 3 (6.5%) in cohort 2. In cohort 1, the inci-
dence rates of AEs and SAEs per 100 patient-years of
exposure were 173.0 (95% CI 147.6-202.8) and 4.7
(95% CI 2.8-7.9), respectively. Two SAEs were consid-
ered related to the study drug: sepsis (n = 1; severe
intensity) in cohort 1 and overdose (n = 1; mild inten-
sity) in cohort 2, in a patient in whom a higher abata-
cept dose was administered due to misclassification of
weight tier. One malignancy, stage III ovarian germ cell
teratoma (severe intensity) was reported in cohort 1 on
study day 99, but was considered by the investigator to
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Figure 3. Juvenile Idiopathic Arthritis—~American College of Rheumatology (JIA-ACR) 30, 50, 70, 90 improvement criteria response rates over
time for patients ages 617 years (cohort 1; intent-to-treat [ITT] population analysis) (A) and patients ages 2-5 years (cohort 2; ITT population
analysis to month 4 [study part 1], “as-observed” population analysis thereafter to month 24 [study part 2]) (B). Bars show the 95% confidence
intervals. The apparent decrease in response rates at month 24 in cohort 1 reflects a decreased number of patients with available data at this time
point and the associated increased proportion of patients imputed as nonresponders due to missing values.

be unrelated to the study drug. Three autoimmune dis-
orders (none of which were considered related to the
study drug) were reported in cohort 1: pediatric autoim-
mune neuropsychiatric disorder associated with strepto-
coccal infection (mild intensity) on study day 71,
psoriasis (mild intensity) on study day 327, and
Takayasu arteritis (moderate intensity) on study day

416. There were no reported cases of malignancies or
autoimmune disorders in cohort 2.

Local injection site reactions were of mild or mod-
erate intensity and occurred in 12 patients (6.9%) in
cohort 1 and 2 (4.3%) in cohort 2 (none of which led to
discontinuation). Seven local injection site reactions of
moderate intensity occurred in 3 patients in cohort 1, and
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1 patient required treatment. The overall rates of patients
with infections in cohorts 1 and 2, respectively, were
68.2% and 78.3%. All marked laboratory abnormalities
were mild or moderate, and no deaths occurred during the
study (for further details, see Supplementary Materials,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract).

Overall, 4 of 172 patients (2.3%) in cohort 1, and 4
0of 46 (8.7%) in cohort 2 developed antibodies reactive with
abatacept while receiving treatment during the cumulative
period, but antibody positivity did not persist. The pres-
ence of these antibodies had no apparent effect on PK,
effectiveness, or safety (see Supplementary Materials,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40466/abstract).
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Figure 4. Baseline and post-baseline Juvenile Arthritis Disease Activity
Score in 71 joints using the C-reactive protein level (JADAS-71-CRP) in
cohort 1 (A) and cohort 2 (B). Values are the median and interquartile
range. JADAS-71-CRP variables included number of active joints, physi-
cian’s global assessment of disease activity, parent’s global assessment of
patient well-being, and laboratory measurement of inflammation, as
measured by CRP. Dashed lines show the JADAS-71-CRP cutoff values
for inactive disease, low disease activity, and high disease activity (1, 3.8,
and 10.5, respectively) (33,35).

Table 2. Adverse events over the 24-month cumulative period (all
treated patients)*

Cobhort 1 Cohort 2
Event (n=173) (n = 406)
Exposure, patient-years 309.8 71.0
Deaths 0 0
SAEst 14 (8.1) 3(6.5)
Treatment-related SAEs] 1 (0.6) 1(2.2)
Discontinuations due to SAEs 4 (2.3)§ 0
Incidence rate, per 100 patient-years 4.68 4.41
AEs (including SAEs) 152 (87.9) 43 (93.5)
Treatment-related AEs 54 (31.2) 27 (58.7)
Discontinuations due to AEs{ 7 (4.0) 1(22)
Incidence rate, per 100 patient-years 173.03 426.44
AE:s of special interest#
Malignancies 1 (0.6) 0
Autoimmune disorders 3(1.7) 0
Local injection-site reactions/pain 12 (6.9) 2 (4.3)
Infections 118 (68.2) 36 (78.3)

* Except where indicated otherwise, values are the number (%) of
patients.

+ In cohort 1, serious adverse events (SAEs) included sepsis, abdomi-
nal pain, and upper respiratory tract infection (all 3 of which
occurred in 1 patient), hypomagnesemia and stage III ovarian germ
cell teratoma (both occurred in 1 patient), appendicitis, pneumonia,
pyelonephritis, concussion, radius fracture, urinary calculus, nephro-
lithiasis, anemia, vertigo, chest pain, synovitis, and autonomic nervous
system imbalance; in cohort 2, SAEs included overdose, tendon disor-
der, and febrile convulsion (each in 1 patient).

i Treatment-related SAEs included sepsis of severe intensity in cohort 1
and an overdose of mild intensity (administration of a higher abatacept
dose due to misclassification by weight tier) in cohort 2.

§ Includes discontinuations due to the following SAEs: sepsis, vertigo,
stage III ovarian germ cell teratoma, and autonomic nervous system
imbalance.

9| Discontinuations due to sepsis, vertigo, stage III ovarian germ cell
teratoma, autonomic nervous system imbalance, exanthema, fatigue,
and aphthous ulcer in cohort 1; and pyrexia, rhinitis, and cough (all
in 1 patient) in cohort 2.

# No opportunistic infections (including extrapulmonary tuberculosis
and herpes zoster) related to study drug occurred in either cohort
during the study. In cohort 1, stage III ovarian germ cell teratoma
was the only malignancy; autoimmune disorders included pediatric
autoimmune neuropsychiatric disorders associated with streptococcal
infections, psoriasis, and Takayasu arteritis.

DISCUSSION

In this phase III study of weekly weight-tiered SC
abatacept in patients with polyarticular JIA, the primary
end point of abatacept Cp,ss at month 4 in patients ages
6-17 years was shown to be consistently above the
planned minimal target therapeutic exposure of Cpings 10
pg/ml, without compromising patient safety. The target
therapeutic exposure was achieved at month 4 across all
weight groups in cohort 1, and overall in cohort 2.
SC abatacept was effective and improved function and
patient well-being over the 24-month cumulative treat-
ment period in both cohorts, with a low rate of discontinu-
ation due to AEs.

The PK data confirm the feasibility of a weekly
weight-tiered SC abatacept treatment regimen for


http://onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40466/abstract

1152

polyarticular JIA in patients ages 2-17 years old (see
Supplementary Materials, http://onlinelibrary.wiley.com/
doi/10.1002/art.40466/abstract). The observed Cpings
values were within the ranges of exposure previously
found for IV abatacept (10 mg/kg) in patients with
JIA (23) and in adults with RA receiving IV or SC
abatacept treatment (36) (also see Supplementary
Materials). Abatacept Cpinss values at months 4 and
24 were comparable, demonstrating that the target
therapeutic exposure is maintained with continued
treatment.

The robust JIA-ACR response rates and improve-
ments in JADAS-71-CRP scores to month 24 demon-
strated in our study support the use of weekly weight-tiered
SC abatacept therapy in patients with polyarticular JIA.
In both cohorts, an early onset of treatment response was
observed, with responses maintained throughout the
study. In cohort 1, analysis of the 6 JIA-ACR core
variables revealed a beneficial effect of SC abatacept on
function (C-HAQ DI) and well-being (parent’s global
assessment of patient overall well-being).

SC abatacept was well tolerated in both cohorts,
with no new safety concerns observed. Safety and immuno-
genicity profiles were similar in cohorts 1 and 2. Although
the rate of infections was higher than that observed in a
study of adult patients with RA who were treated with aba-
tacept (16), this finding was somewhat expected due to a
known greater susceptibility of children to infections as
compared with adults. Notably, there were no reported
opportunistic infections related to abatacept treatment in
patients with polyarticular JIA, even in countries with a high
burden of tuberculosis, which is consistent with observations
in adults with RA who receive abatacept treatment (37). In
addition, there were no malignancies or autoimmune disor-
ders in cohort 2, and the rate of these events was minimal
in cohort 1. The safety of SC abatacept was largely consis-
tent with that of IV abatacept in polyarticular JIA (2,9,13).

Tolerability of SC injections is of special concern
in pediatric patients. In this study, SC abatacept treat-
ment yielded an overall low rate of local injection site
reactions, most of which were mild—only a few moder-
ate and no severe reactions were reported. Notably, no
local injection site reactions led to treatment discontinu-
ation. Fewer patients developed anti-abatacept antibod-
ies while receiving SC abatacept treatment compared
with IV abatacept treatment (2); this was somewhat
expected given that similar trends were observed in a
study of adult patients with RA who received SC or IV
abatacept plus MTX and had inadequate responses to
MTX (22). This finding was also possibly related to the
concomitant use of MTX in >75% of patients in the
current study and differences in study designs.

BRUNNER ET AL

The effectiveness of SC abatacept treatment
demonstrated in the current study constitutes a conserva-
tive interpretation of the data. Despite the observational
character of the study, an ITT analysis was performed for
the cumulative period in cohort 1 and up to month 4 in
cohort 2, in which patients discontinuing the study prior
to month 24 or not having data available at this time point
were imputed as nonresponders.

Abatacept is seldom used to treat polyarticular
JIA early in the disease course. The results from cohort 2
in this study, in which abatacept treatment was initiated in
patients with a median disease duration of only 0.5 years,
provide valuable data regarding the early introduction of
abatacept therapy; notably, JIA-ACR response rates were
consistently higher in cohort 2 than in cohort 1.

The study has some limitations, including the
open-label design and a protocol violation, in which a few
patients with undifferentiated and persistent oligoarthritis
entered the trial despite not meeting the eligibility criter-
ia. Additionally, the use of concomitant medications such
as MTX and corticosteroids, as well as prior use of bio-
logic DMARDs (including TNFi) in some patients, may
have had confounding effects. However, the sample sizes
of the corresponding subgroups were too small to analyze.

In conclusion, weight-tiered weekly SC abatacept
was effective in patients with polyarticular JIA, with no
new safety concerns identified. These data suggest that
SC abatacept provides an effective and well-tolerated
treatment option for patients with polyarticular JIA, with
the additional benefit of the convenience associated with
self or parent/caregiver administration of the treatment.
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Identification of an Amino Acid Motif in HLA-DRf1
That Distinguishes Uveitis in Patients With
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Objective. Uveitis is a visually debilitating disorder
that affects up to 30% of children with the most common
forms of juvenile idiopathic arthritis (JIA). The disease
mechanisms predisposing only a subgroup of children to
uveitis are unknown. This study was undertaken to iden-
tify genetic susceptibility loci for uveitis in JIA, using a
genome-wide association study in 522 children with JIA.

Methods. Two cohorts of JIA patients with oph-
thalmologic follow-up data were genotyped. Data were
then imputed using a genome-wide imputation reference
panel, and an HLA-specific reference panel was used for
imputing amino acids and HLA types in the major histo-
compatibility complex (MHC). After imputation, genome-
wide and MHC-specific analyses were performed, and a
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reverse immunology approach was utilized to model anti-
gen presentation at 13 common HLA-DRf1 alleles.

Results. Presence of the amino acid serine at posi-
tion 11 (serine 11) in HLA-DRfI was associated with an
increased risk of uveitis in JIA patients (odds ratio [OR]
2.60, P = 543 x 10 '°) and was specific to girls (Pgemales
=7.61 x 107 '° versus P,,,1es = 0.18). Serine 11 resides in
the YST motif in the peptide-binding groove of HLA—
DRp1; all 3 amino acids in this motif are in perfect link-
age disequilibrium and show identical association with
disease. Quantitative prediction of binding affinity
revealed that HLA-DRJ1 alleles with the YST motif could
be distinguished on the basis of discernable peptide-bind-
ing preferences.
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Conclusion. These findings highlight a geneti-
cally distinct, sexually dimorphic feature of JIA with
uveitis as compared to JIA without uveitis. The associ-
ation could be indicative of the potential involvement
of antigen presentation by HLA-DRp1 in the develop-
ment of uveitis in JIA. The results of this study may
advance our progress toward improved treatments for,
and possible prevention of, the sight-threatening com-
plications of uveitis in children with JIA.

Juvenile idiopathic arthritis (JIA) is the most com-
mon chronic rheumatic disease in childhood, affecting
~16-150 per 100,000 individuals (1). As many as 1 in 3
children diagnosed as having one of the most common cat-
egories of JIA, either oligoarticular JIA or rheumatoid fac-
tor (RF)-negative polyarticular JIA, develop chronic
anterior uveitis. Uveitis in JIA specifically is a chronic
inflammatory eye disease, and is the most frequent
extraarticular manifestation of JIA (2). Uveitis threatens
the sight of those affected, and can result in complications,
including band keratopathy, cataracts, glaucoma, macular
edema, and, in severe cases, hypotony (2). Because it typi-
cally afflicts children younger than age 7 years, uveitis can
dramatically impact the quality of life of children and can
continue to impact patients into adulthood (2,3).

Early detection and adequate ophthalmologic
management of JIA-associated uveitis are critical to pre-
vent sight-threatening complications (4,5). Despite its
severity, chronic anterior uveitis is typically insidious in
onset and often becomes symptomatic only after irre-
versible damage has occurred. Consequently, rigorous
ophthalmologic screening of all JIA patients is required
for early detection and prompt treatment of uveitis associ-
ated with JIA (6). Despite screening, severe ocular com-
plications may already be present at the time of the
uveitis diagnosis.

JIA and uveitis are complex, multifactorial
autoimmune disorders with both genetic and environ-
mental risk factors (2,3,7). Genome-wide association
studies (GWAS) in JIA (regardless of uveitis status) have
revealed a number of loci associated with the disease (8-
10), which, collectively, can explain ~20% of the pheno-
typic variation (8). A number of HLA alleles have also
been identified as factors that increase the risk of JIA-
associated uveitis compared to an unaffected control
group (11). However, genome-wide genetic markers that
distinguish JIA without uveitis from JIA with uveitis
remain elusive. Furthermore, whereas girls comprise the
majority of JIA patients (female-to-male ratio ~2:1) (12),
the extent to which the biologic risk of developing uveitis
in JIA is sexually dimorphic is unknown (12).

HAASNOOT ET AL

In the present study, we performed genotyping and
imputation of the major histocompatibility complex
(MHC) in 192 patients with JIA-associated uveitis and
330 JIA patients without uveitis (hereafter referred to as
non-uveitis JIA controls), with the aim of identifying those
genetic variants that segregate more commonly in JIA
patients with uveitis compared to those without uveitis.

PATIENTS AND METHODS

Data collection. We performed data collection, quality
control, and statistical analyses in 2 phases, and then jointly ana-
lyzed the data from both phases to improve the power of locus
discovery (Table 1; see also Supplementary Methods, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40484/abstract) (13). Analysis code,
supporting data files, and links to summary-level data can be found
at https://github.com/saralpulit/UveitisJIA_ MHC-fineMapping.
Samples for genotyping were collected from 2 cohorts: 1) a
Dutch cohort, comprising 137 patients with JIA-associated
uveitis and 247 non-uveitis JIA control patients (phase 1), and
2) a cohort of samples collected in Germany, Belgium, and
Switzerland, comprising 77 patients with JIA-associated uveitis
and 115 non-uveitis JIA controls (phase 2).

Table 1. Samples included in phase 1 and phase 2 of the analysis™*

All Patients
patients Patients with with JIA
with JIA-associated ~ without
JIA uveitis uveitis
Samples, pre-QC
Phase 1 384 137 (64) 247 (68)
Phase 2 192 77 (36) 115 (32)
Total 576 214 362
Samples, post-QC
Phase 1 357 126 (66) 231 (70)
Phase 2 165 66 (34) 99 (30)
Total 522 192 330
ANA status
ANA+ 304 150 (78) 154 (47)
ANA-— 182 32 (17) 150 (46)
Data unavailable 36 10 (5) 26 (8)
Sex
Female 364 136 (71) 228 (69)
Male 158 56 (29) 102 (31)
JIA categoryt
Oligoarticular (persistent) 214 101 (53) 113 (34)
Oligoarticular (extended) 98 36 (19) 62 (19)
Polyarticular RF-negative 169 46 (24) 123 (37)
Other} 41 9(4) 32 (10)

* Sample numbers (%) are shown both pre- and post—quality control
(QC) for all patients with juvenile idiopathic arthritis (JIA), patients
with JIA-associated uveitis, and JIA patients without uveitis. The
presence or absence of antinuclear antibodies (ANAs), sex distribu-
tion, and JIA categories are also shown.

1 An extended description of sex and ANA status within the JIA cat-
egories can be found in Supplementary Table 6 (http:/onlinelibrary.
wiley.com/doi/10.1002/art.40484/abstract).

1 Includes rheumatoid factor (RF)—positive polyarthritis (n = 4), pso-
riatic arthritis (n = 6), enthesitis-related arthritis (n = 15), systemic
arthritis (n = 3), other arthritis (n = 10), and unknown (n = 3).
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Patients were diagnosed as having JIA according to the cri-
teria of the International League of Associations for Rheumatology
or the European League Against Rheumatism (14,15). Ophthal-
mologists screened all patients according to the Academy of Pedi-
atrics guidelines (6), and patients with no clinical signs of uveitis at
the time of screening were followed up for at least 4 years after the
onset of JIA. Patients in whom trace cells or more abundant cells
were found in the anterior chamber and who were treated with at
least topical steroids during the ophthalmologic examinations were
diagnosed as having JIA-associated (anterior) uveitis.

DNA material from all JIA patients in phase 1 were
collected at the University Medical Center Utrecht, University
Medical Center Leiden, Erasmus Medical Center Rotterdam,
Academic Medical Center Amsterdam, and Radboud University
Medical Center Nijmegen (all in The Netherlands). Phase 2 sam-
ples were collected from the Inception Cohort of Newly Diag-
nosed Patients with Juvenile Idiopathic Arthritis (ICON-JIA)
Study Group and provided by the ICON Biobank at the Westfalis-
che Wilhelms-Universitit Miinster in Germany, the University
Hospitals Leuven in Belgium, and the University Children’s Hospi-
tal in Zurich, Switzerland.

Genotype data from 398 unrelated and unaffected
Dutch subjects were used as population-level controls. These
subjects had previously been genotyped using the same plat-
form as used in the present study (16).

This study was approved by the local Institutional
Review Boards and is in compliance with the principles of the
Declaration of Helsinki. Informed consent was obtained from
all participating patients if they were age 18 years or older,
from both parents and patients if they were age 12-18 years,
and from only parents if they were younger than age 12 years.

Prephasing and imputation. We genotyped all samples
on the Infinium HumanOmniExpress-24 array (version 1.1). In
each phase, we performed sample- and variant-level quality con-
trol, prephasing, and imputation. We prephased the phase 1 and
phase 2 data separately using the Shapelt2 program (17). As the
sample size was >100 samples, we ran prephasing without a ref-
erence panel, in accordance with the Shapelt2 recommenda-
tions. Following prephasing, we imputed the prephased samples
using Impute2 software (18), and an imputation reference panel
was constructed using the 2,504 samples that were whole-ge-
nome sequenced in the 1000 Genomes Project (phase 3) (19).

To impute amino acids and HLA alleles in the MHC,
we used the SNP2HLA pipeline (20). This panel includes sin-
gle-nucleotide polymorphisms (SNPs) and amino acids in the
MHC, as well as HLA class I and class II types. HLA types
are imputed to 2- and 4-digit resolution. The SNP2HLA pipe-
line uses the Beagle program (21) to phase and impute the
data. Full details on prephasing and imputation can be found
in Supplementary Methods (http://onlinelibrary.wiley.com/doi/
10.1002/art.40484/abstract).

Genome-wide association testing. Our data enabled 3
comparisons: 1) all JIA cases versus population-level controls, 2)
JIA-associated uveitis cases versus population-level controls, and
3) JIA-associated uveitis cases versus non-uveitis JIA controls. As
we sought to compare the genetic architecture of JIA and uveitis,
and because far larger GWAS of JIA and population-level con-
trols have already been completed (22), we performed the first 2
comparisons for the purposes of quality control and to look up
known associations (22,23) (for more details, see Supplementary
Figures 1 and 2 and Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.

1157

com/doi/10.1002/art.40484/abstract). We accounted for these
comparisons when considering multiple testing. Herein we
focused on the comparison between JIA-associated uveitis cases
and non-uveitis JIA controls.

Within each study phase, we performed a GWAS, using
Plink software version 1.9 (24), in an additive logistic regression
model, with corrections for sex and the first 2 principal compo-
nents (PCs; to account for sample ancestry) (see Supplementary
Methods and Supplementary Figures 3 and 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40484/abstract). We meta-analyzed the
results using the METAL program (25) for a combined analysis
of 192 patients with JIA-associated uveitis and 330 non-uveitis
JIA controls (Table 1). To ensure that we were analyzing SNPs
with high-quality imputation, we only analyzed common SNPs
(i.e., those with a minor allele frequency of >1%) with an impu-
tation quality (info) score of >0.7. The single signal identified as
achieving genome-wide significance (P < 2 x 1078, accounting
for 3 phenotype comparisons) resided in the MHC (see Supple-
mentary Figures 3 and 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.40484/abstract).

Association testing and fine-mapping in the MHC. To
identify the amino acids or HLA types driving the genome-wide
association signal, we imputed the MHC region on chromosome
6 using an MHC-specific imputation panel (20). We merged the
imputation dosages from phase 1 and phase 2 to perform a mega-
analysis, running a logistic regression across the merged data, with
corrections for the top 5 PCs, sex, and analysis phase (i.e., phase 1
or phase 2). To ensure that this mega-analysis approach was
appropriate, we additionally performed an inverse variance—
weighted meta-analysis (26,27) of the 2 phases. We found that the
results were highly concordant (r = 0.95 for Pearson’s correlation
of genome-wide [ values; see Supplementary Methods and Sup-
plementary Figure 5, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40484/
abstract). Our mega-analysis approach has the additional advan-
tages of allowing for interaction testing and conditional analysis.
To identify independent signals within the MHC, we performed
conditional analyses (results shown in Figure 1).

In silico prediction of peptide binding to HLA-DRfI.
We used proteome data from human iris tissue (2,959 nonredun-
dant proteins) as a representative source of proteins present in
iris tissue (28). Patients with JIA-associated uveitis commonly
have antinuclear antibodies (ANAs) and antibodies directed to
iris tissue, and therefore we focused on nuclear iris proteins to
generate a potentially disease-relevant data set. We selected 147
proteins that fulfilled these criteria (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http:/
onlinelibrary.wiley.com/doi/10.1002/art.40484/abstract), and their
full-length amino acid sequences were fed into the neural net-
work of the netMHClIIpan3.1 server.

‘We next tested the predicted affinities of all 83,686 overlap-
ping 15-mer peptides from the selected 147 proteins in netMHCII-
pan3.1 for binding to representative 4-digit alleles of HLA-DRBI.
The affinity data were log-transformed to a value between 0 and 1
using the calculation 1 — 1og(ICsq ns)/10g(50,000) (29), where
1Cs0 nas represents the half maximal inhibitory concentration.

To categorize HLA-DRBI allotypes with similar pre-
dicted binding preferences, we performed unsupervised hierar-
chical clustering and generated heatmaps based on the
Euclidean distance measure and the Ward’s linkage method,
using the MetaboAnalyst server (30). We computed the ratio of
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Figure 1. Association and conditional testing in HLA-DRBI. A, Initial association testing in the major histocompatibility complex (MHC) revealed a
genome-wide significant signal at HLA-DRBI position 11 (presence of serine [S] or aspartic acid [D]; purple diamond). B, Conditioning on the pres-
ence of aspartic acid at position 11 (green and white diamonds, gray outline) left the association signal essentially unchanged, while presence of serine
(pale purple diamond) remained the strongest association. Conditioning on the presence of serine at position 11 (aquamarine and white diamonds,
black outline) dramatically mitigated the association signal, indicating that the presence of serine explains the bulk of the association at DRBI
position 11. Presence of lysine (K) at position 69 in HLA-DPBI (dark purple diamond) remained modestly associated. C, Conditioning on lysine at
position 69 in HLA-DPBI (rs6457109, dark purple diamond) removed the remainder of the signal (P = 0.0024). LD = linkage disequilibrium.

the average binding affinity of HLA-DRf1 molecules that con-
tain serine 11 in the peptide-binding groove to the average bind-
ing affinity of HLA-DRP1 proteins that have other amino acids
at this position, as a measure of the overall difference in pre-
dicted binding affinity for each peptide.

RESULTS

Of the SNPs, amino acids, and classic alleles
tested in the MHC for an association with uveitis in JTA

(see Supplementary Table 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40484/abstract), we observed the stron-
gest association with the presence of either serine or as-
partic acid at position 11 in HLA-DRBI (odds ratio
[OR] 2.59, 95% confidence interval [95% CI] 1.92-3.50;
P =480 x 10~'°) (Figure 1A and Table 2).

To identify which of the possible residues at
position 11 explained the signal, we first performed an
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Table 2. Association analyses of amino acids in HLA-DRBI in relation to risk of JIA-associated uveitis*
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Model, population, DRI position, amino acid residue

Classic HLA alleles

Mega-analysis

Frequency
(cases/controls)

OR (95% CI)

Initial association testing
All JIA
Position 11
Ser or Asp
Ser
Conditioning on Asp at position 11
All JIA
Position 11
Ser or Asp
Ser
Conditioning on Ser at position 11
All JIA
Position 11
Ser or Asp
Sex-specific association testing
Female
Position 233
Thr
Male
Position 233
Thr
Female
Position 11
Ser or Asp
Male
Position 11
Ser or Asp
Female
Position 11
Ser
Male
Position 11
Ser
Conditioning on Thr at position 233
Female
Position 11
Ser or Asp
Male
Position 11
Ser or Asp
Female
Position 11
Ser
Male
Position 11
Ser
Sex interaction association
All JIA
Position 11

*03, *08, *09, *11, *12, *13, *14
#03, 08, *11, *12, *13, *14

%03, *08, *09, *11, *12, *13, *14
#03, *08, *11, *12, *13, *14

*03, *08, *09, *11, *12, *13, *14

*01, *04, *07, *08, *09, *10, *15, *16

*01, *04, *07, *08, *09, *10, *15, *16

*03, *08, *09, *11, *12, *13, *14

%03, *08, *09, *11, *12, *13, *14

#03, %08, *11, *12, *13, *14

#03, *08, *11, *12, *13, *14

*03, *08, *09, *11, *12, *13, *14

*03, *08, *09, *11, *12, *13, *14

*03, *08, *11, *12, *13, *14

*03, *08, *11, *12, *13, *14

%03, *08, *11, *12, *13, *14

0.79/0.59
0.77/0.57

0.79/0.59
0.77/0.57

0.79/0.59

0.18/0.44

0.37/0.46

0.84/0.59

0.67/0.56

0.82/0.57

0.64/0.55

0.84/0.59

0.67/0.56

0.82/0.57

0.64/0.55

—/—

2.59 (1.92-3.50)
247 (1.84-3.32)

2.60 (1.92-3.52)
2.60 (1.92-3.52)

2.36 (0.93-5.98)

0.30 (0.20-0.43)

0.73 (0.44-1.20)

3.48 (2.35-5.16)

1.52 (0.92-2.51)

3.30 (2.26-4.83)

1.41 (0.86-2.31)

1.98 (0.73-5.32)

3.14 (0.70-14.15)

0.84 (0.10-6.94)

2.83 (0.16-51.47)

2.25 (1.22-4.15)

480 x 1071
1.44 x 107°

543 x 1071
5.46 x 10710

0.069

3.50 x 10710

0.210

4.92 x 10710

0.100

7.61 x 1071°

0.177

0.178

0.136

0.878

0.482

0.0096

* These are the top results from the mega-analysis of HLA-DRBI in samples from patients with juvenile idiopathic arthritis (JIA)-associated uve-
itis (cases) versus JIA patients without uveitis (controls). All reported results correspond to the presence of the given amino acid residues. Presence
of serine (Ser) or aspartic acid (Asp) at position 11 in HLA-DRBI (imputation info score 1.11) was the top hit after initial association testing.
Conditioning on either aspartic acid or serine revealed that the amino acids at positions 10-13, all well-imputed (imputation info score 1.08) and
in perfect linkage disequilibrium, explain the bulk of the initial signal. Association statistics for tyrosine (position 10), threonine (Thr) (position
12), and serine or glycine (position 13) are identical to the association statistics reported for serine (position 11) due to linkage disequilibrium.
OR = odds ratio; 95% CI = 95% confidence interval.

omnibus test of all but 1 of the 6 alleles present at
HLA-DRBI position 11 as compared to a null model.
We found that the goodness-of-fit of the omnibus test
far exceeded that of the null model (which included

only the variables of sex, PCs, and study phase) (like-
lihood ratio test P = 1.5 x 10~°).

Next, to test whether a single HLA-DRBI position
11 allele was driving the top association signal (as
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opposed to all possible alleles together, as modeled by the
omnibus test), we performed conditional testing of the
top association signal by first including the imputation
dosages for serine, and then separately including aspartic
acid at position 11 as an additional covariate in the logis-
tic regression model (Figure 1B and Table 2). After con-
ditioning on serine 11, the association signal dropped
substantially (P = 0.069), whereas conditioning on aspartic
acid at position 11 left the signal essentially unchanged
(OR 2.60, 95% CI 1.92-3.52; P="5.43 x 10~'%), indicating
that the presence of serine explains the bulk of the signal.

The association with the presence of serine at posi-
tion 11 in HLA-DRBI1 was consistent both in the phase 1
cohort (OR 2.15, 95% CI 1.52-3.05; P = 1.59 x 10*5) and
in the phase 2 cohort (OR 3.34, 95% CI 1.92-5.83; P =
2.11 x 107°), indicating that both study phases con-
tributed to the signal identified as showing genome-wide
significance in the overall mega-analysis (13). In separate
subset analyses of samples from patients with oligoarticular
(extended or persistent) JIA or RF-negative polyartic-
ular JIA, which represent the phenotypes in which typi-
cal chronic anterior uveitis most commonly occurs, the
association results were not affected (for serine 11, OR
242, P=1.72 x 10~®) (see Supplementary Results, http://
onlinelibrary.wiley.com/doi/10.1002/art.40484/abstract).

HLA-DRBI serine 11 is positioned in the middle
of what is known as the YST motif (31,32). The motif is
composed of tyrosine (Y) at position 10, serine (S) at
position 11, and threonine (T) at position 12. All 3 amino
acids are in perfect linkage disequilibrium (LD) with one
another (i.e., * = 1 between all residue pairs). Addition-
ally, the residues in the YST motif are in near-perfect LD
(r* = 0.9999994) with a fourth residue, the presence of ser-
ine or glycine at position 13 (OR 2.47, 95% CI 1.84-3.32;
P =1.44 x 10"°). Thus, all 4 amino acid configurations
show identical, statistically significant associations with
JIA-associated uveitis (Table 2).

To further decipher the specific residues across
positions 10-13 driving the association in uveitis, we per-
formed a series of likelihood ratio tests. Briefly, a likeli-
hood ratio test compares the fit of 2 models to the
observed data and indicates if either model best fits that
data. First, as expected, we found that a model contain-
ing serine 11 (or tyrosine 10 or threonine 12) best fit the
data (P =1.48 x 107'°, compared to a model containing
only PCs and sex as variables), a finding that is consistent
with the results from our initial association testing.

We next combined the serine or glycine residue at
position 13 with the YST motif in a single model, and
compared that model to 1 containing the PCs, sex, and
serine 11. The model including serine/glycine 13 only
modestly improved the model fit (likelihood ratio test
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P =10.043); neither serine 13 nor glycine 13 alone improved
the model (P = 0.70 for both tests).

We then wanted to test whether the uveitis-asso-
ciated serine 11 signal was independent of associations
previously observed in all patients with JIA (including
uveitis cases) found at HLA-DRBI serine 13 and glycine
13 (22) and replicated in our own data (for results, see
Supplementary Table 4, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40484/abstract). We observed a modest
LD between serine 11 and serine 13 (r* = 0.621) and
between serine 11 and glycine 13 (r* = 0.104). Condition-
ing serine 11 on serine 13 in our comparison of patients
with JIA-associated uveitis and non-uveitis JIA patients,
we found that the serine 11 signal was modestly affected
(OR 2.61,95% CI 1.74-3.93; P = 3.83 x 10~°). Similarly,
conditioning on glycine 13 revealed a modest signal
change (OR 2.41, 95% CI 1.75-3.32; P = 6.49 x 10°%).
These results indicate that the association signal at serine
11 primarily represents an effect that is independent of
that of serine 13 and glycine 13 in all patients with JIA.

Sexual dimorphism in JIA-associated uveitis. As
uveitis is epidemiologically known to be more prevalent in
female patients with oligoarticular JIA (33), we wanted to
formally test whether the genetic association signal in uve-
itis was sexually dimorphic. In analyzing female patients
only (136 samples from girls with JIA and uveitis versus
228 samples from girls with JIA without uveitis), we found
a genome-wide significant signal at serine 11 in HLA—
DRBI (OR 3.30,95% CI 2.26-4.83; P =7.61 x 10~ '°). We
found no evidence of association with serine 11 in male
patients (56 boys with JIA and uveitis versus 102 boys with
JIA without uveitis) (OR 1.41, 95% CI 0.86-2.31; P =
0.177) (Table 2 and Supplementary Figure 6, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40484/abstract). Although the most
significant association with uveitis in girls was mapped to
amino acid position 233 in the cytoplasmic domain of
HILA-DRBI (for the presence of threonine, OR 0.30,
95% CI 0.20-0.43; P = 3.50 x 10~'%) (Table 2), this posi-
tion is in near-perfect LD (r* = 0.98) with the residues in
the YST motif (positions 10-12), as well as with the
presence of serine or glycine at position 13 (results in Sup-
plementary Figure 7, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40484/abstract), and consequently yields a nearly
identical association to that at serine 11 (Table 2).

To further explore the potential for a sex-specific
effect, we ran the association test at serine 11 across all
samples and included an interaction term between sex and
the imputed dosage for presence of serine 11. We found a
significant effect of the interaction term (OR 2.25, 95% CI
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1.22-4.15; P = 0.0096), indicating that the HLA-DRBI ser-
ine 11 signal was indeed sex specific. When we reduced
our analysis to the subsets of patients with oligoarticular
(extended or persistent) JIA and those with RF-negative
polyarticular JIA, the interaction results remained
unchanged (P = 0.0121) (see Supplementary Results, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40484/abstract).

In silico peptide binding to HLA-DRf1. Polymor-
phisms in the HLA-DRBI1 B-chain specify the peptide-
binding preference of HLA-DR. The YST motif
containing serine 11 is located in the bottom of the antigen-
binding groove of the HLA-DR protein (Figure 2),
suggesting that different peptide-binding preferences of
HLA-DRBI1 may confer a risk of uveitis. To explore whether
the presence of serine 11 affects peptide-MHC class II inter-
actions, we compared the predicted binding affinity for 13
common HLA-DRBI allotypes (representing 79% of the
DRBI alleles in JIA cases) using a panel of >80,000 peptides
based on proteome data from human iris tissue (see
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Supplementary Results and Supplementary Table 2, avail-
able on the Arthritis & Rheumatology web site at http://on
linelibrary.wiley.com/doi/10.1002/art.40484/abstract) imple-
mented in the NetMHClIpan server (29). The neural
network—based NetMHClIpan algorithm is capable of reli-
ably detecting differences between peptide-binding reper-
toires of highly similar MHC class II molecules (29).

To compare predicted binding preferences, we per-
formed unsupervised hierarchical clustering on the bind-
ing profiles of all DRBI alleles; clustering discerned 2
major clusters of classic alleles strikingly similar to the dis-
tribution of serine at position 11 (results in Supplemen-
tary Figure 8, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40484/abstract). We observed that the average binding
affinity of the peptide panel was higher for the HLA-
DRBI alleles that encode serine at position 11 than for
the alleles that have other amino acids at this position
(P =3.44 x 10~"°, by Wilcoxon signed rank test) (results
in Supplementary Table 5, available on the Arthritis &

Figure 2. Three-dimensional ribbon model for HLA-DR (Protein Data Bank entry: 3pdo). The molecule is positioned to provide a view from the
top of the peptide-binding groove. The B-chain (DRP) is highlighted in orange. Amino acid serine at position 11 (red) is located in the bottom
center of the peptide-binding groove of HLA-DRP1. Adjacent amino acid tyrosine at position 10 (green) and threonine at position 12 (blue) and
serine at position 11 are displayed as spheres. The 3-dimensional structure was produced using the UCSF Chimera system (see ref. 30). Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40484/abstract.
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Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40484/abstract).

To compare these 2 clusters, we computed the ratio
of the average binding affinity of the 6 HLA-DRBI allo-
types that contain serine 11 and the average binding affin-
ity of the 7 allotypes that have other amino acids at this
position (see Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40484/abstract). Since MHC class
IT molecules at the cell surface present repertoires that are
skewed in favor of high-affinity binders (29), we selected
for those peptides that had an affinity (ICsp ) of <500
nM (an affinity of <500 nM is routinely used as a threshold
for potential immunogenicity) or <50 nM (strong binding
peptides) for HLA-DRBI allotypes with serine 11 (see
Supplementary Methods, http://onlinelibrary.wiley.com/
doi/10.1002/art.40484/abstract). The data indicated that
peptides with an intermediate or high affinity for allotypes
containing serine 11 had less affinity to allotypes that con-
tained other amino acids at position 11 (for results, see
Supplementary Table 5, http://onlinelibrary.wiley.com/doi/
10.1002/art.40484/abstract).

DISCUSSION

Through interrogation of imputed HLA types and
amino acids, we have identified the amino acid serine at
position 11 in the HLA-DRBI gene as being strongly associ-
ated with an increased risk of uveitis in female JIA patients.
The perfect LD observed across the YST motif (positions
10-12) makes it impossible to disentangle the 3 amino acids
in a statistical framework; a subset of the amino acids, all 3
(i.e., the complete YST motif), or a more complex interac-
tion of these variants with others in the region may all be key
to disease onset. Interrogation of larger sample collections
and extensive functional work in this region will be necessary
to fully understand the mechanism(s) driving the association.
Nevertheless, our findings indicate that, although JIA with
uveitis and JIA without uveitis share clinical features and
HLA-specific genetic risk factors (23), there appear to be
genetic signals that are specific to JIA with uveitis.

Further analyses revealed that the serine 11 signal
is sexually dimorphic and unique to female patients with
JIA. The reduced number of male patients with JIA-
associated uveitis (Table 1) and resulting reduced power
in the male-only analysis may explain the absence of asso-
ciation signal. However, we had 98.5% power to detect an
association (P < 0.05) at serine 11 in the male-only analy-
sis, assuming that the OR in male patients was the same
as in female patients (OR 3.30). Assuming a more modest
effect in male patients (OR 2.00), we still had 75.2%
power to detect a signal at P < 0.05. To detect more subtle
effects in male patients or other lower-penetrance,
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sexually dimorphic effects in either sex, larger case collec-
tions will be necessary.

Although JIA-associated uveitis is known to occur
more frequently in girls (33), more detailed sex-specific
epidemiologic data in JIA-associated uveitis are sparse.
The genotype-by-sex interaction informs an exciting field
of future research aimed at elucidating potential sex-
specific uveitis risk mechanisms (e.g., hormone regulation)
underlying the HLA-DRBI signal. The sexually dimorphic
serine 11 association (or the complete YST motif) may also
help explain the previously reported evidence of sexually
dimorphic severity or course of the disease in children with
JIA-associated uveitis (34). Moreover, the findings indicate
that sex stratification may be beneficial for future clinical
trials, as some therapeutic agents may be more efficacious
in female patients only or in male patients only (35).

Although all 3 YST-motif residues reside at the bot-
tom of the HLA-DRBI1 peptide-binding groove, only serine
11 is positioned toward, and thus most likely interacting
with, binding peptide epitopes (Figure 2). Previous work has
identified serine 11 as the strongest risk factor in seronega-
tive rheumatoid arthritis (RA) (36). Some JIA patients with
uveitis might be categorized as having seronegative RA by
the time that they reach adulthood, and seronegative RA is
considered to genetically mirror the uveitis-prone JIA
categories (22). In contrast, serine 11 is highly protective
against seropositive RA, a biologically distinct form of RA
in which uveitis is not common (<1% of cases) (37).

HLA-DRBpI is essential to immunity and orches-
trates the downstream immune response by presenting a
dynamic cargo of thousands of different peptides for scrutiny
by T helper cells (38); both JIA and uveitis are thought to
be mediated by T helper cell subsets (2). A potential expla-
nation for the strong association of an amino acid motif
(tagged by serine 11) in HLA-DRBI is that predetermined
peptide preferences may affect T helper cell regulation.
Although the large panel of putative antigens that we tested
(see Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40484/abstract) was by no means exhaustive,
the experiment demonstrated that the presence of serine 11
in HLA-DRBI is accompanied by changes in binding affinity
in the resulting protein (see Supplementary Table 5 and Sup-
plementary Figure 8, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40484/abstract), suggesting that antigen presentation by the
HLA-DRPI protein may (partially) underpin the suscepti-
bility to uveitis. HLA-DRBI risk alleles that encode serine
11 (Supplementary Table 3, http://onlinelibrary.wiley.com/d
0i/10.1002/art.40484/abstract) may communicate distinct
peptidomes that influence T helper cells and increase
the likelihood of downstream immune responses (e.g.,
generation of ANAs) to the eye; ANA positivity was
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modestly correlated with the presence of serine 11 in the
cases studied herein (Pearson’s r = 0.21, P = 1.0 x 107°).
Functional studies using HLA-proteomic approaches will
be necessary to experimentally validate and systematically
dissect the complex downstream effects of serine 11 on tis-
sue-specific antigen presentation by HLA-DRp1 in uveitis.

The relatively high frequency of serine 11 in the
JIA patients who did not develop uveitis (Table 2) indi-
cates the likely involvement of additional (epi)genetic and
environmental factors in uveitis. Only a handful of candi-
date gene studies (2,39), HLA-specific analyses (23), and
a recent GWAS (40) have investigated uveitis as a pheno-
type separate from JIA overall, with the latter study iden-
tifying HLA-DRBI*1501 as a uveitis risk factor. Genes
outside the MHC have also been implicated in JIA-asso-
ciated uveitis, including a polymorphism in VTCNI (41)
and variants near the immune genes TRAFI and C5 (42).
Other studies have implicated a role for infiltrated plasma
cells (43), T helper cells (2), and changes in the ocular
fluid microenvironment (44-46). Although our study
was well powered to detect common (frequency >10%)
and highly penetrant (OR >3 [Supplementary Figure 9])
genetic variations that were associated with increased
uveitis risk, the study was underpowered to identify com-
mon (frequency 1-10%), modestly penetrant variants
(ORs 1.05-1.5), which are the hallmark genetic feature
of complex phenotypes (47,48). Future studies will need
to interrogate much larger samples from an array of
global populations (49) in order to identify additional
genetic signals that influence disease risk.

A number of risk factors, including young age and
presence of ANAs (assumed to reflect aberrant immune
activation [50]), are used to regularly screen (~4 times/
year) JIA patients for early detection of uveitis. How-
ever, a considerable number of uveitis cases are diag-
nosed after sight-threatening complications have already
occurred (6). A biomarker test, such as a test for the
presence of serine 11, would significantly simplify the
diagnosis and prevent unnecessary ophthalmologic
screening in JIA patients who have a low susceptibility to
uveitis (4). Deeper examination of our phenotypic data
showed that 99% of female JIA patients with uveitis car-
ried at least one copy of the variant coding for serine 11.
The only female JIA patient with uveitis who lacked ser-
ine 11 in HLA-DRBI appeared to have ANA-negative
oligoarthritis with mild vitritis and peripheral multifocal
choroiditis in the absence of anterior segment inflamma-
tion. This ocular finding is atypical for JIA, and thus,
according to our inclusion criteria, this sample was likely
improperly included at cohort collection. Prospective
studies in larger populations, including detailed clinical
evaluation of development of uveitis and secondary
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uveitis phenotypes, will be necessary to dissect the poten-
tial of serine 11 or other genotypes to serve as biomark-
ers for disease risk. Regardless, the current study justifies
further genetic analysis.

The results of our study represent a key step in
understanding the pathogenesis of uveitis in JIA, helping
to discern biologically shared and distinct features of JIA-
associated uveitis and JIA without uveitis. Future work will
allow us to further disentangle the 2 phenotypes, evaluate
shared and distinct disease etiology, identify disease path-
ways, and evaluate the efficacy of serine 11 or other genetic
markers as potentially efficient clinical decision-making
tools. By pinpointing and understanding the molecular
mechanisms of uveitis, we can identify biomarkers that
stratify patients for disease risk, catalyze future lines of
research in precision medicine, and make advancements
toward improving the treatment and prevention of sight-
threatening complications of uveitis in children with JIA.
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Clinical Images: Diffuse idiopathic skeletal hyperostosis—on the wrong side?

The patient, a 58-year-old man, was referred to our rheumatology department because of arthralgia and generalized stiffness. He had
already been diagnosed as having Kartagener syndrome with situs inversus. Physical examination revealed multiple painful entheses
and stiffness of the thoracic spine. There were no signs of arthritis. Diffuse idiopathic skeletal hyperostosis (DISH) was suspected.
Radiography of the thoracic spine revealed continuous ossification between 5 contiguous vertebral bodies (A). The lateral view
showed extensive ossification of the anterior longitudinal ligament (B). DISH was diagnosed. In DISH, the ossification is normally
localized on the right side of the spine. It is hypothesized that the descending aorta inhibits ossification on the left side. In our patient,
however, the ossification occurred on the left side. We concluded that along with the situs inversus due to Kartagener syndrome the
pathologic features of DISH had also “moved” to the contralateral side. This feature has rarely been reported in patients with DISH.
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Ultrasonography and power Doppler studies in
chikungunya disease: comment on the article by Chang et al

To the Editor:

We read with interest the recent article by Chang et al
regarding the frequency of chronic joint pain following chikun-
gunya infection (1). We would like to congratulate the authors for
their excellent study, a pioneer in the American continents, in such
a large cohort (500 patients) and over a lengthy period of time.

Our group recently performed studies in 50 patients
with a confirmed diagnosis of chikungunya fever (2,3). The
study was performed between 2016 and 2017 in Rio de
Janeiro, Brazil. In our study, ultrasonography was used to
examine lesions on the wrists, hands, and ankles. As in the
study by Chang et al, there was a predominance of female
patients. However, parameters such as educational level and
absenteeism from work were not positively correlated with
disease severity (4). Based on our observations about the data
that were collected and partially analyzed, the use of power
Doppler studies could have relevance for predicting cases
with a worse prognosis or cases that do not respond ade-
quately to steroids or immunosuppressive drugs or cases that
may progress to other forms of arthritis such as rheumatoid
arthritis (RA) or psoriatic arthritis (PsA).

In the Chang article, the definition of the initial period of
infection is unclear. Classically, there are 3 phases of disease: acute
(first 10 days), subacute (between 10 and 90 days), and chronic
(after 90 days). In our studies (2,3,5), ultrasonography was per-
formed, on average, during the subacute stage of the disease. We
believe that this period is the most appropriate for identifying, with
ultrasonography and power Doppler studies, cases with the poten-
tial to evolve poorly. In their study in a cohort of 500 patients, the
authors did not cite any case that has evolved into other forms of
arthritis. In our smaller series, 2 cases of arthritis (RA and PsA,
respectively) were identified after chikungunya infection. Was the
exclusion of patients with RA or PsA deliberate? Patients with the
chronic form of chikungunya fever may have mild, moderate, or
severe presentations, and it can be estimated by the number of
compromised joints and the presence of neurologic symptoms (for
example, carpal tunnel syndrome). Thus, some patients may have
only mild pain in 1 joint and others may present with a severe poly-
articular form that prevents them from working or may progress to
RA. It would have been interesting if the authors discriminated the
degree of impairment in patients in whom chronic pain developed.

Roberto Mogami, MD, PhD
Flavio Sztajnbock, MD, PhD

Ana C. B. Koifman, MD, PhD
André de A. Vieira, MD

Rodrigo S. Torezan, MD

State University of Rio de Janeiro
Mirhelen M. De Abreu, MD, PhD
Yédda de F. B. Chagas, MD

Joao L. P. Vaz, MD, PhD

Federal University of Rio de Janeiro
Rio de Janeiro, Brazil
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Reply

To the Editor:

We would like to thank Dr. Mogami and colleagues for
sharing their experience with chikungunya virus in Brazil and
especially for highlighting the possible utility of ultrasonography
during the subacute disease phase to identify severe or evolving
cases of arthritis. Indeed, Doppler ultrasonography may be an
effective approach to identifying patients who might benefit
from treatment with disease-modifying agents such as
methotrexate during the subacute phase. However, additional
peer-reviewed research is needed to define the role of ultra-
sound in the selection of patients for aggressive treatment.

Table 1 in our article shows prior comorbidities in the
patients, including any type of arthritis, gout, and osteoarthritis.
None of these patients were excluded from the analysis. There
were no significant differences in the percentage of prior comor-
bidities between patients with and those without persistent joint
pain. The evolution of diagnosed RA or PsA following a con-
firmed episode of chikungunya fever was not assessed. This is an
astute observation by Mogami et al and has been included in
our 3-year follow-up study.

To clarify, the definition of the initial period of infec-
tion, shown in Table 2 as the “initial chikungunya virus symp-
tom duration,” represents the patient-reported duration of
systemic illness on days that are associated with chikungunya
viral infection characterized by muscle pain, weakness, joint
pain, rash, and fever. The median initial chikungunya virus
symptom duration was 4 days (interquartile range 3-8) among
all patients with confirmed chikungunya infection.

Joint pain severity and disability among patients with per-
sistent joint pain attributed to the chikungunya infection are
shown in Table 3, with 27% of patients reporting symptoms
impacting their ability to continue normal activities of daily living.
Furthermore, those patients had a significantly greater number of
swollen joints (mean £+ SD 0.5 £ 1.0) and tender joints (2.9 +
2.3) compared with those without persistent joint pain (0.06 £ 0.3
and 0.2 + 0.8, respectively). Interestingly, the global pain score in
the last week (range 0-100) was not significantly different
between patients with and those without persistent joint pain
attributed to chikungunya infection, which indicated a high



LETTERS

prevalence of generalized pain among all patients with serologi-
cally confirmed chikungunya infection regardless of arthralgia sta-
tus. Further evaluation for depression and other types of arthritis
in patients with chikungunya infection compared with controls is
needed (Suhrbier A, Jaffar-Bandjee M, Gasque P. Arthritogenic
alphaviruses: an overview. Nat Rev Rheumatol 2012;8:420-9).

Supported by the Rheumatology Research Foundation and the NIH
(National Center for Advancing Translational Sciences grants ULI1-TR-
001876 and KL2-TR-001877).

Aileen Y. Chang, MD, MSPH
Jeffrey M. Bethony, PhD
Gary L. Simon, MD, PhD
George Washington University
Washington, DC

Liliana Encinales, MD

Allied Research Society
Barranquilla, Colombia
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Familial Mediterranean fever: new insights into cancer
immunoprevention? Comment on the article by
Brenner et al

1o the Editor:

We read with interest the report by Brenner et al describ-
ing their study which showed that familial Mediterranean fever
(FMF), which is prevelant in our country of Turkey as well as in
Israel where their study was conducted, was associated with lower
risk of cancer (1). We have some comments and suggestions.

FMF is a chronic autoinflammatory disorder caused by
mutations in the MEFV gene, which encodes pyrin. In FMFE,
MEFV has either gain-of-function or loss-of-function muta-
tions, resulting in activation of caspase 1 and increased levels of
interleukin-1f (IL-1p). IL-1p is the key molecule in activation
of the innate immune system, mainly macrophages and granu-
locytes. Beyond being the first-line defense against infections
by other microorganisms, innate immunity exerts tumoricidal
activity via several different mechanisms. Natural killer (NK)
cells can recognize cell surface stress ligands and tumor-derived
glycolipids, macrophages can kill tumor cells with nitric oxide
products, and eosinophils can destroy tumor cells via major
basic protein and granzyme A molecules (2). Monoclonal anti-
bodies have been commonly used in cancer treatment for a
decade, and these antibodies activate antibody-dependent cellu-
lar cytotoxicity by NK cells, neutrophils, and macrophages (3,4).

Overactivation of innate immunity in FMF may lead to
better tumor immunosurveillance and clearance of tumor cells
in the early phases of carcinogenesis. This might explain the
lower risk of cancer in patients with FMF and can be a model for
therapies that modulate the innate immune system both to fight
against, and more importantly to prevent, cancer. Many preclini-
cal studies and early clinical trials have shown that antitumor
immunity may be enhanced by combination immunotherapies
that activate both innate and adaptive immunity, as reviewed
recently by Moynihan and Irvine (2). Selected patients with high
cancer risk (e.g., familial cancer syndromes, high-grade dys-
plasia, chronic inflammatory diseases) may derive benefit from
such therapies in terms of cancer immunoprevention (2).

On the other hand, recent studies have shown that
inflammasomes, which are the major component of the innate
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immune system that function to induce maturation of inflam-
matory cytokines such as IL-18 and IL-18, might also have
roles in tumor progression, depending on the tumor type and
stage of tumor progression, as shown in breast and skin tumor
models (2). Thus, innate immunity seems to function as a
“double-edged sword” for cancer development: prevention in
early phases but, once immunoediting, evasion, and escape occur
in tumor cells, it may further augment cancer progression.
Therefore, the course of cancer in patients with FMF might be
more aggressive. This issue was not addressed in the study by
Brenner et al, and might be assessed in follow-up investigations.
Finally, the type and duration of biologic treatment, if
received by any of the patients included in the study by Brenner and
colleagues, might be an important consideration as there are con-
cerns that these therapies may increase the risk of some cancers.

Emre Bilgin, MD

Abdulsamet Erden, MD

Omer Dizdar, MD, PhD

Hacettepe University School of Medicine
Ankara, Turkey
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Reply

To the Editor:

We thank Dr. Bilgin and colleagues for their enlightening
comments regarding our recent report in Arthritis and Rheumatol-
ogy. We completely agree with their notion that the innate
immune system may be a double-edged sword with regard to can-
cer; we noted this in the Discussion section of the article.
Although the innate immune response likely prevents earlier, and
enhances later, phases of cancer, this could not be addressed in
our study, which investigated the rate, but not the course, of can-
cer in FME As FMF is a disease with prominent innate immune
activation, it may serve as a model to test such ideas, but this will
require a separate investigation. Biologic treatments, mainly cana-
kinumab and anakinra, are being used to treat our patients with
colchicine-resistant FME but this has begun only recently.
Because the proportion of these patients in our cohort is negligi-
ble, no conclusions on the role of IL-1 blockade in cancer could
be drawn based on our study. Interestingly, canakinumab was
found to reduce the aggressiveness and prevalence of lung cancer
in a post hoc analysis of the Canakinumab Anti-inflammatory
Thrombosis Outcomes Study (Ridker PM, MacFadyen JG, Thu-
ren T, Everett BM, Libby P, Glynn RJ, CANTOS Trial Group.
Effect of interleukin-1f inhibition with canakinumab on incident
lung cancer in patients with atherosclerosis: exploratory results
from a randomised, double-blind, placebo-controlled trial. Lancet
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Clinical Images: Osteomalacia due to drug-induced Fanconi syndrome

"" !
The patient, a 70-year-old man, presented with a 1-year history of bilateral deep knee pain and myalgia. For the last 10 years he had been
taking adefovir (10 mg/day) for hepatitis B. He was also taking metformin for diabetes mellitus. Examination revealed mild bilateral
patellofemoral crepitus and proximal myopathy. Laboratory investigations showed an increased level of alkaline phosphatase (449 units/
liter [normal 40-130]) and hypophosphatemia (1.5 mg/dl [normal 2.6-4.5]). Renal function and corrected calcium, 25-hydroxyvitamin D,
and creatine kinase levels were normal, as were thyroid function, serum protein electrophoresis results, and levels of parathyroid hor-
mone, testosterone, and serum free light chain. Knee radiography showed only mild degenerative changes. However, bone scanning with
isotope labeling revealed multiple foci of increased tracer uptake at the right fifth and seventh ribs, L2 vertebra, proximal humeri, left
distal femur, and right proximal tibia (left). Coronal T1-weighted magnetic resonance imaging of the knees showed bilateral symmetric
pseudofractures in the medial tibia and femur metaphysis perpendicular to the long axis of the bones, characteristic of Looser zones (1)
(right). Further investigation revealed reduced tubular phosphate reabsorption (0.17 mmoles/liter, calculated using the ratio of urine
fractional excretion of phosphate to the glomerular filtration rate [2] [normal 0.80-1.35]), metabolic acidosis with positive urine anion
gap, hypouricemia, and normoglycemic glycosuria. Levels of 1,25-hydroxyvitamin D and fibroblast growth factor 23 were normal. We
diagnosed osteomalacia due to adefovir-induced Fanconi syndrome with multiple pseudofractures. Fanconi syndrome is a proximal tubu-
lar defect in which reabsorption of phosphate is reduced, resulting in hypophosphatemia and consequent osteomalacia, along with other
biochemical abnormalities. In cases of adult-onset osteomalacia in which vitamin D deficiency has been ruled out, drug causes must be
considered. Other drugs known to cause Fanconi syndrome include chemotherapy agents, antiepileptic agents, and antibiotics (3). It is

postulated that these drugs directly damage mitochondria in the proximal tubules. In our patient, we substituted entecavir for the adefo-
vir and initiated treatment with phosphate replacement and calcitriol. His symptoms resolved within 4 months.

1. Chang CY, Rosenthal DI, Mitchell DM, Handa A, Kattapuram Jiacai Cho, MBBS, MMed, MRCP
SV, Huang AJ. Imaging findings of metabolic bone disease. Radio- Peter P. Cheung, MBBS, FRACP, PhD
graphics 2016;36:1871-87. National University Hospital

2. Payne RB. Renal tubular reabsorption of phosphate (TmP/GFR): and Yong Loo Lin School of Medicine

indications and interpretation. Ann Clin Biochem 1995;35:201-6.
3. Hall AM, Bass P, Unwin RJ. Drug-induced renal Fanconi syndrome
[review]. Q J Med 2014;107:261-9.

Singapore, Singapore
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Join Us in Chicago for the 2018 ACR/ARHP Annual Meeting,
October 19-24

High-impact learning starts with our pre-meeting
courses. Pre-meeting courses offer attendees unique learning
opportunities in specific topic areas. They will be held October
19-20 at McCormick Place Convention Center. Whatever your
area of research or practice, you're sure to find something just
for you!

* ACR Basic Research Conference: Epigenetics in Immune-
Mediated Disease (October 19-20)

* ACR Clinical Research Conference: Applications of Mobile
Health Technologies (October 19-20)

* Musculoskeletal Ultrasound Course for Rheumatologists—
Fundamentals (October 19-20)

e Coding: Unlock the Mysteries of Advanced Coding for
Rheumatology (October 19)

* ACR Review Course (October 20)

* ACR/ARHP Immunology Breakthroughs: Impact on Diag-
nosis and Therapy (October 20)

* Musculoskeletal Ultrasound Course for Rheumatologists—
Advanced (October 20)

* Practice Management: Putting the Pieces Together—Winning
Strategies for Rheumatology Practices (October 20)

2018 Opening Lecture: Saturday, October 20. What fac-
tors can predict survival in times of great adversity? Surely the most
important is resilience. In this year’s unique, compelling Opening
Lecture, a Hollywood mogul shares his story of resilience in surviv-
ing an acute, life-threatening medical crisis and his arduous road to
recovery with physical rehabilitation and therapy. Veteran film and
television producer Jonathan Koch, President and CCO of Asy-
lum Entertainment, LLC, will focus on the patient’s journey, high-
lighting how a team of dedicated, skilled, and resilient health care
professionals can work with the patient as partners to triumph over a
challenging rare illness. A few years ago, Mr. Koch, a busy executive
and dad, rapidly developed a serious illness that led quickly to hospi-
talization in an intensive care unit. It was a puzzling and rare diagno-
sis: acute hemophagocytic lymphohistiocytosis. He faced losing not
just his successful career in the entertainment industry, but his life,
and the life yet to be lived with his loved ones. While Mr. Koch’s ini-
tial therapy saved his life, he awoke from a medically induced coma

with severe necrosis in his extremities, necessitating amputation of
his hands and feet. In this lecture, he will describe the physical and
emotional trauma he endured, and share his experiences working
with his health care team to restore his independence and mobility
so he could return to his career, dance with his daughter, and even
play tennis. This heartbreaking and heartwarming talk will illuminate
the patient’s perspective on care, the pain and grief associated with
illness, and the power of resilience to fuel recovery and restored in-
dependence. Mr. Koch’s inspiring story will also spotlight how health
care providers can emphasize resilience in the care setting, not just
for their patients struggling to overcome illness, but for themselves.

ARHP Keynote Address: Sunday, October 21. The
ARHP Keynote Address, 2030: A Rheumatology Odyssey, will
be a discussion of the history and future of rheumatoid arthritis
diagnosis, treatment, and ongoing maintenance as told through
the science, research, and the interprofessional team of provid-
ers it takes to care for these patients. Using an engaging, TED-
style presentation format, lain McInness, PhD, FRCP, FRSE from
the University of Glasgow and member of the EULAR Executive
Committee, and Ben Smith, PA-C, DFAAPA from Florida State
University will lead the audience on a journey through the his-
tory of RA, arriving in the future. As innovative therapies have
evolved, so has the team of experts treating RA. Along with
rehabilitation specialists, nurses, and researchers, the team of
the present includes NPs, PAs, pharmacists, and highly educated
office staff. What will be the role of artificial intelligence, social
media, telemedicine, and precision medicine in the future of RA
care? The work force shortage will be addressed through unique
strategies expected to bridge the gaps and advance access to rheu-
matologic care for RA patients all over the world.

Register now. The deadline for advance registration for
the 2018 Annual Meeting is October 3. Go to rheumatology.
org/Annual-Meeting/Registration to register or obtain more
information on all Annual Meeting sessions.

Education Programs

4th Annual Conference of the Emirates Society for
Rheumatology. October 10-12, 2018, Dubai, UAE. Confer-
ence sessions will cover recent updates in the management of
specific rheumatic diseases. An accredited musculoskeletal
ultrasound course will be offered, and there will be meet-
the-expert sessions and workshops, as well as educational
activities for nurses and patients in addition to the numer-
ous sessions geared toward physicians. The deadline for sub-
mission of abstracts is July 31, 2018. The official language
will be English. The registration fee is $200 through July 3,
2018, and $300 thereafter. For additional information, e-mail
infomed@infomedweb.com or Nathalie@infomedweb.com.
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