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Cover image: The figure on the cover (from Qi et al, page 291) illustrates the worldwide
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to be associated with systemic lupus erythematosus and to regulate expression of LC3B, an
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Antibody Repertoire in Neuropsychiatric SLE and
Neuromyelitis Optica Spectrum Disorder

In thisissue, Mader et al (p. 277) report the
results of their analysis of the frequency of
brain-reactive antibodies in patients with

neuropsychiatric systemiclu-
p- 277 puserythematosus (NPSLE)
I and compare that to the fre-
quency of antibodies found in patients with
systemic lupus erythematosus (SLE) without
neuropsychiatric manifestations. They found
that serafrom 82% of patientswith neuromy-
elitisopticaspectrumdisorder (NMOSD) and
27% of patients with demyelinating NPSLE
werepositivefor 1gG anti—aquaporin 4 (AQP-
4) antibodies. In contrast, al serafrom patients
with non-demyelinating NPSLE, patientswith
SLE, and healthy controls were negative for
1gG anti-AQP-4.

The investigators detected 1gG anti—
myelin oligodendrocyte glycoprotein (anti-
MOG) at high titersin 50% of the patients
with NMOSD who were negative for 1gG
anti—-AQP-4, and at low titersin 18% of pa-
tients with demyelinating NPSLE and 1%
of patientswith non-demyelinating NPSLE.
Although they found 1gG antibodiesto dou-
ble-stranded DNA (anti-dsDNA) in 33% of

NMOSD patients, only 12% of NMOSD pa-
tients were positive for 1gG anti-DWEY' S,
compared to 29% of SLE patients and 55%
of NPSLE patients. They found 1gG anti-
DWEY Santibodiesin 58% of patientswith
non-demyelinating NPSL E and 27% of pa-
tients with demyelinating NPSLE. Serum
IgG brain-reactive antibodies were also
found at asimilar frequency in patientswith
non-demyelinating NPSLE, demyelinating
NPSLE, and SLE, but these antibodieswere
lessfrequent in patientswith NMOSD.

The authors conclude that patients with
demyelinating NPSLE should be tested for
antibodiesto AQP-4, MOG, and DWEY S.
While IgG anti—-AQP-4 may be diagnostic
of NMOSD, none of the tested antibod-
ies appear to be diagnostic of demyelin-
ating NPSLE. The investigators also note
that while 1gG anti-dsDNA antibodies are
present in patients with NMOSD, the an-
tibodies are not cross-reactive with 1gG
anti-DWEY S. This discrepancy suggests
that demyelinating NPSLE and NMOSD
may result from different antigenic stimuli
and mechanisms of tissue damage.

Figure 1. Staining patterns of serum IgG anti-
brain antibodies. Representative results show
immunostaining for serum 1gG anti-brain antibodies
in mouse brain tissue from the hippocampus
region incubated with serum from a patient with
neuromyelitis optica spectrum disorder (NMOSD)
and serum from a patient with systemic lupus
erythematosus (SLE). Original magnification x 40.

Novel Formulation of Triamcinolone Acetonide

Helps Knee Osteoarthritis

In this issue, Conaghan et al (p. 204) describe a prolonged reduction in
symptoms of knee osteoarthritis (OA) in patients following intraarticular
(IA) injection with FX006, a novel, microsphere-based, extended-

release formulation of triamcinolone acetonide for

p- 204 IA injection. The formulation was designed to

I maintain drug concentration in the joint and provide

prolonged analgesic benefits in patients with OA of the knee. This

phase IIb study compared the analgesic benefits of 2 doses of FX006
(16 mg and 32 mg) with saline placebo injection.

The primary end point of the clinical trial was significant improvement

in average daily pain (ADP) intensity at week 12 of treatment. While the

primary end point was not met, the investigators found an obvious dose
response and a safety profile similar to that of placebo. Specifically, there

were significant improvements in ADP intensity in patients treated with
32 mg of FX006 as compared to saline placebo at weeks I-I1 and week
13. Post hoc analysis of the standardized effect size for 32 mg of FX006
compared with saline placebo showed an effect size based on the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain
subscale above 0.30 at weeks 4 and 8 and approaching 0.30 at week 12.

The improvements in ADP intensity were also significantly
greater with FX006 16 mg versus saline placebo at weeks [-9.
Although FX006 16 mg and 32 mg had comparable median times to
onset of analgesia (day 4) and provided similar and significant maximal
analgesic effects from approximately week 5, the maximal effect
persisted longer with the 32-mg dose. Thus, FX006 32 mg provided
increased therapeutic benefit relative to FX006 16 mg.


http://onlinelibrary.wiley.com/doi/10.1002/art.40356/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40364/full

Rare Variant of Autophagy Protein Associated With
SLE in Chinese Subjects

Recent evidence from genetic, cell
biology, and animal model studies have
suggested that autophagy plays arolein
mediating systemic lupus
p- 287 erythematosus (SLE).
BN  Despite this connection
between autophagy and SLE, the genetic
basis for pathophysiology has not been
thoroughly examined. Inthisissue, Qi et a
(p. 287) report on their efforts to identify
SL E susceptibility variantsin autophagy-
related genes and investigate the func-
tional significance of the association.
Their study included a gene family—based
genetic association analysisthat involved
26 autophagy-related genes.
The investigators used |mmunoChip
arrays and selected the most strongly

associated polymorphisms for replication
in additional cohorts. They next analyzed
publicly available blood expression quan-
titative trait locus data and Encyclopedia
of DNA Elements data on transcription
factor binding sites and cell type—specific
differential expression. They found alikely
genetic association between light chain 3B
(LC3B) and susceptibility to SLE. LC3B is
acentral protein in autophagy aswell asa
widely used marker of autophagy.

The investigators evaluated 14,474
samples from Chinese subjects and
observed that the rare Chinese variant
(rs933717T) of MAP1LC3B, which
encodes microtubule-associated protein
LC3B, was associated with genome-
wide significance with susceptibility to

SLE (odds ratio 0.13, P = 2.36 x 107%).
They found that the rs933717 risk allele
C correlated with increased MAP1LC3B
expression; moreover, increased
MAP1LC3B messenger RNA was noted
in SLE patients as well as lupus-prone
mice. When they tested the functional
effects of MAP1LC3B using luciferase
reporter assays, electrophoretic mobility
shift assays, and differential gene expres-
sion assays, they found that therisk allele
increased luciferase activity by 2.7-3.8-
fold in both HEK 293T and Jurkat cell
lines. Moreover, nuclear extracts of
HEK 293T and Jurkat cells had increased
binding to therisk allele. These findings
thus confirm alikely association between
L C3B and susceptibility to SLE.

Gut Microbiota in Reactive Arthritis and
Postinfectious Spondyloarthritis

In this issue, Manasson et al (p. 242) report the results of the
first culture-independent study designed to characterize the gut
microbial community in postinfectious arthritis. They found that

while subjects with reactive arthritis (ReA) were
p. 242 like control subjects with preceding infections
I but without arthritis in terms of gut bacterial
richness or diversity, individuals with ReA and postinfectious
peripheral spondyloarthritis (SpA) had an increased prevalence
of enteropathogens. These patients also had a significantly higher
abundance of Erwinia and Pseudomonas.

When the investigators focused their attention on subjects
who had ultrasound evidence of enthesitis, they found that
these individuals were enriched in Campylobacter. In contrast,
subjects with uveitis were enriched in Erwinia and Dialister,
and subjects with radiographic sacroiliitis were enriched in
unclassified Ruminococcaceae and Dialister. In addition, the
researchers noted that while bacterial factors correlated with
disease presence and clinical features of ReA, host genetics also
appeared to be an independent driver of the composition of the
intestinal community. HLA—-A24 was associated with differences
in gut microbiota diversity irrespective of disease status, such
that they were able to identify several co-occurring taxa that
were predictive of HLA—A24 status. The authors conclude that
an understanding of the gut microbiota—host genetic relationships
may help to further clarify the pathogenesis of postinfectious
spondyloarthritides.

A

Figure |. Alpha diversity (left) and beta diversity (right) for subjects grouped
by HLA alleles. A and B, Alpha diversity was significantly lower in subjects
carrying the HLA-A24 allele (A) and the HLA-B35 allele (B). Correspondingly,
differences in beta diversity were also seen in subjects with HLA-A24 (A) and
subjects with HLA-B35 (B).
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Germinal Center B Cells Are Essential for
Collagen-Induced Arthritis

Dahdah et al, Arthritis Rheumatol 2018;70:193-203.

CORRESPONDENCE
Stephen Malin, PhD: stephen.malin@ki.se
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SUMMARY

B lymphocytes provide the humoral arm of adaptive immunity due to their unique ability to terminally dif-
ferentiate into antibody-producing plasma cells. These antibodies can be both protective and pathogenic,
and recognition of cartilage by autoantibodies is thought to be a critical component of the progression to
rheumatoid arthritis (RA). The relative importance of other B cell functions, such as antigen presentation
and cytokine secretion (tumor necrosis factor [TNF], interleukin-6 [IL-6], etc.), in promoting experimental
collagen-induced arthritis (CIA) was not previously known. Dahdah and colleagues found that mice lack-
ing most functional mature B cells are protected against CIA. The germinal center (GC) response, which
can develop with the help of T cells to improve the quality and type of antibodies produced, is critical for
producing anticollagen antibodies. However, mice lacking GCs were susceptible to experimental arthritis
induced by injection of pathologic antibodies. This indicates that the critical pathologic mechanism of B cells
in CIA is autoantibody production. While B cells likely have a much more complex function in RA, targeting
the GC response could be of potential therapeutic benefit.
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Loading-Induced Reduction in Sclerostin as a
Mechanism of Subchondral Bone Plate Sclerosis in
Mouse Knee Joints During Late-Stage Osteoarthritis

Jia et al, Arthritis Rheumatol 2018;70:230-241.

CORRESPONDENCE
Ling Qin, PhD: qinling@pennmedicine.upenn.edu
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SUMMARY

Thickening of the subchondral bone plate (SBP), the layer of
bone underneath the articular cartilage, is a hallmark of late-stage
osteoarthritis (OA). To better understand this process, Jia and
colleagues devised a 3-dimensional approach for measuring the
thickness of the entire SBP in mouse femurs and then studied 4
distinct mouse models that develop severe knee joint OA: a genetically
modified, cartilage-damaged mouse model with or without OA-
inducing surgery,and normal mice with 2 different OA-inducing surgical
procedures. In each model, abnormal overloading of the SBP caused
by depletion of the overlying cartilage was associated with decreased
levels of the osteocyte glycoprotein sclerostin. Sclerostin inhibits
Whnt signaling, a pathway that strongly promotes bone formation.
This decreased sclerostin content led to an increase in the formation
and activity of osteoblasts at the bone marrow side of the SBP and
its subsequent expansion. These data reveal a novel mechanism of
pathologic subchondral bone changes associated with late-stage OA
and offer a new approach for experimental OA research.

KEY POINTS

* A new micro—computed tomography
protocol was developed to measure the
thickness of the SBP in mouse
distal femurs.

* Four mouse models with severe knee
joint OA were generated to characterize
SBP changes of late-stage OA.

* SBP thickening under damaged cartilage
is due to elevated bone formation
at the bone marrow side of the SBP
and a reduction of sclerostin levels in
osteocytes within the SBP.

* These studies reveal the intimate
relationship among mechanical loading,
osteocytic sclerostin, and SBP sclerosis
in late-stage OA.
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EDITORIAL

Prevalence of Arthritis Revisited

Jeffrey N. Katz

Estimates of disease prevalence have far-reaching
consequences. By providing a baseline understanding of
the impact of a disease, these estimates are used to justify
investment in research, prevention, and treatment. For
years, estimates of arthritis prevalence have been derived
from a single screening question on the National Health
Interview Survey (NHIS): “Have you ever been told by a
doctor or other health professional that you have some
form of arthritis, rheumatoid arthritis, gout, lupus, or
fibromyalgia?” (1) This question alone grounds the pre-
vailing estimates of ~54 million US adults living with
arthritis (2).

What do we know about the accuracy of this ques-
tion on doctor-diagnosed arthritis? In a validation study
performed at the Fallon Clinic in central Massachusetts,
Sacks and colleagues compared responses to this specific
NHIS item to a determination based on a medical record
review, a standardized physical examination, and a physi-
cian’s interpretation of these data (3). The study docu-
mented sensitivity of the doctor-diagnosed arthritis
question of 53% in persons ages 45-64 years and 69% in
those ages >65 years. Thus, the NHIS question misses
47% and 31% of arthritis cases, respectively, in the two
age groups. Specificity of the question was ~80% in both
age groups. These modest sensitivities and specificities
suggest that prevalence estimates based on this question
risk substantial misclassification. In particular, the low
sensitivity points to underestimation of arthritis preva-
lence, especially in persons younger than 65 years of age.
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Surely, we can and should do better, given that estimates
of prevalence can translate into investment into research,
prevention, and management.

In this issue of Arthritis & Rheumatology, Drs.
Jafarzadeh and Felson (4) bring to the field of arthritis
epidemiology a Bayesian method of estimating arthritis
prevalence that may be considerably more accurate than
prior estimates using the single NHIS item on doctor-
diagnosed arthritis. Their method incorporates two addi-
tional NHIS items pertaining to arthritis: one asks about
joint pain, aching, or stiffness in the last 30 days, and the
other asks if symptoms have lasted for more than 90 days.
In their validation study, Sacks and colleagues also exam-
ined the sensitivity and specificity of these items in addi-
tion to the question on doctor-diagnosed arthritis. They
found that chronic joint symptoms (joint aching, pain, or
stiffness lasting longer than 90 days) had a sensitivity of
69% for both age groups (45-64 years and >65 years) and
specificities of 67% and 89% in the younger and older
groups, respectively. Using the sensitivities and specificities
of each of these arthritis screening questions, Jafarzadeh
and Felson used Bayesian methods to estimate the
prevalence of arthritis in adults ages 45-65 years and >65
years. The authors’ updated prevalence estimate was 91
million Americans, 68% higher than the original estimate.
The findings suggest that prior survey estimates based on
the single doctor-diagnosed arthritis question may have
underestimated arthritis prevalence substantially.

Limitations inherent in the data used to derive
these new prevalence estimates urge some caution in
interpreting the findings. The work relies upon a single
validation study performed at the Fallon Clinic with a
population that was 97% white. Although it is not known
whether the performance characteristics of the 3 arthritis
screening questions varies among persons of different
racial or ethnic backgrounds, the sample homogeneity
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may limit the generalizability of the results. Also, while
the gold standard—consisting of a standardized examina-
tion by a trained nurse, a medical record review, and a
physician’s judgement—was executed using rigorous pro-
tocols, the findings are nonetheless subject to observer
variability. Furthermore, the Fallon validation study had a
limited sample size (389 subjects) to begin with, and sensi-
tivities and specificities were calculated on subgroups of
this sample. Consequently, the estimated sensitivities and
specificities of each survey item have limited precision.
These limitations in the Fallon data, and therefore in the
estimates of Jafarzadeh and Felson, can be overcome
with more research to improve the accuracy of screening
questions. Development of such items is an important
research agenda.

Discussion of arthritis prevalence invites broader
consideration of what “arthritis” means in this context.
Doctor-diagnosed “arthritis” is defined in the NHIS sur-
vey item to include rheumatoid arthritis, fibromyalgia,
lupus, and other problems. As these disorders vary con-
siderably in prevalence, mechanism, impact on produc-
tivity and quality of life, and direct medical costs (5-8),
separate estimates of the prevalence of the individual
disorders would be more informative for many policy-
making applications. That said, surveys must be reason-
ably brief, creating a trade-off between specificity of the
items and robustness of the response rate.

Dollars (for research, prevention, and treatment)
generally follow burden. In particular, investment by the
National Institutes of Health (NIH) in disease-specific
research is associated with prevalence and even more so
with measures that combine both prevalence and impact,
such as disability-adjusted life years lost. Indeed, Gillum
and colleagues showed that disability-adjusted life years
lost explained 33% of the variance in NIH disease-specific
funding in 2006; prevalence explained 6% (9). Thus, while
there are exceptions (for example, systemic lupus erythe-
matosus is among the least prevalent rheumatic disorders
but among the most generously supported by NIH re-
search dollars [10]), highly prevalent disorders, especially
those that are disabling, tend to command more resources
than less widespread conditions. Consequently, systematic
underestimates of prevalence could lead to underinvest-
ment in research, prevention, and therapy.

The work of Drs. Jafarzadeh and Felson moves
our field a large step forward, both by introducing a set
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of techniques that permits more nuanced use of exist-
ing survey data and by highlighting the limits of the
specific questions deployed at present in national
prevalence surveys. While additional research will con-
tinue to refine the estimates of Jafarzadeh and Felson,
the adjusted prevalence estimates these authors present
are sufficiently robust and concerning to justify a policy
agenda encouraging greater investment of scarce resources
into research on the pathogenesis, prevention, and treat-
ment of arthritis conditions.
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EDITORIAL

Bench to Bedside—and Back Again: Finding the Goldilocks Zone Within the

Scleroderma Universe

Janet E. Pope,' Jason J. Lee,” and Christopher P. Denton®

Systemic sclerosis (SSc) is a complex inflammatory
connective tissue disease characterized by skin thickening,
organ fibrosis, and vasculopathy (1,2). The underlying
disease mechanisms and pathophysiology are not fully
understood. However, it appears to be, at least in part,
driven by autoimmunity and inflammation associated with
microvascular dysfunction, ultimately resulting in excess
extracellular matrix deposition in target organs (2—4).
Clinical heterogeneity coupled with our lack of under-
standing of the disease pathogenesis means that current
treatment strategies are mostly organ-based therapies
using antirheumatic drugs that were originally approved
for other indications (5). Of course, this clinical diversity
not only provides challenges to discovery of disease mech-
anisms, it also complicates often underpowered clinical
trials that aim to find the right drugs for the right patient
at the right time.

One approach to discovery of the “Goldilocks
Zone” of disease-modifying therapy for all patients with
SSc is to start at a point of known commonality. For exam-
ple, SSc is often characterized by the presence of autoanti-
bodies (6,7). More specifically, there has been recent
interest in B cell biology and modulation, including data
derived from animal models of disease, human tissue ana-
lyses, and even small randomized clinical trials of B cell
depletion in patients with SSc (6,8,9). In addition to their
role in autoantibody formation, B cells have been shown
to be elevated in blood and tissue samples from patients
with SSc, with abnormal chronic activation while demon-
strating secretion of important disease cytokines such as
interleukin-6 and transforming growth factor f§ (6).

Janet E. Pope, MD, MPH, FRCPC: St. Joseph’s Health
Care, University of Western Ontario, London, Ontario, Canada; 2Jason
J. Lee, MD, FRCPC: University of Western Ontario, London, Ontario,
Canada; >Christopher P. Denton, PhD, FRCP: Royal Free Hospital
and University College London Medical School, London, UK.

Address correspondence to Janet E. Pope, MD, MPH,
FRCPC, Division of Rheumatology, St. Joseph’s Health Care, 268
Grosvenor Street, London, Ontario N6A 4V2, Canada. E-mail:
janet.pope@sjhc.london.on.ca.

Submitted for publication September 29, 2017; accepted in
revised form November 3, 2017.

155

In this issue of Arthritis & Rheumatology, Gordon
et al present their experience with belimumab in a ran-
domized, placebo-controlled trial (10). Belimumab is a
human monoclonal antibody directed against BAFE, also
known as B lymphocyte stimulator. Their study assessed
the potential benefit of adding belimumab to standard
treatment of early diffuse cutaneous SSc (dcSSc) with
mycophenolate mofetil (MMF). The authors evaluated
safety and looked for signals of efficacy. The results
showed improvement in the modified Rodnan skin thick-
ness score (11) during the treatment period, with a
numerically greater decrease in patients randomized to
receive belimumab than in those randomized to receive
placebo (median change of —10 versus —3), although the
difference was not statistically significant. Interestingly,
the authors investigated differential gene expression for
patients who received belimumab, which clearly identified
the clinical improvers compared to the nonresponders.

While the trends toward benefit with use of
belimumab are promising for patients with SSc, this mod-
ern study design also highlights an important innovative
paradigm shift in the approach to research of heteroge-
neous autoimmune connective tissue diseases. Specifically,
in this study, the research design incorporated clinical data
along with differential gene expression data, which allowed
for a deeper, more intelligent interpretation of the end
point results. Although the study was underpowered to
show statistical significance for overall clinical outcomes,
we are encouraged by the biologic data that demonstrated
expected drug target modulation along with identification
of a subset of patients who derived substantial benefit.
This is important since one can envision a truly transla-
tional research loop that not only allows bench data to
drive clinical trials, but also allows clinical trial experiences
to guide further biologic research.

Therefore, another approach to discovery of our
elusive Goldilocks Zone may be to translate traditional
clinical trials data into modern basic and clinical research
that unravels the heterogeneity of SSc. Using novel tech-
niques, studies by Milano et al (12) and others (13) have
shown that disease stratification and personalization are
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within reach. Going forward, biologic precision will allow
clinicians and researchers to reveal more powerful truths
within small trials of uncommon and rare diseases. For
instance, a very small study of imatinib in active dcSSc
used changes in levels of cytokines from skin biopsy
samples and serum to determine if there were changes
correlating with treatment response (14).

Change to SSc trial design should take into consid-
eration various factors such as ethical considerations
including background immune suppression (Good Clini-
cal Practice) and weighing this against gaining insight
about how a treatment works compared to placebo (for
example, as monotherapy and not combined with other
standard of care treatment). Interpretation of pilot stu-
dies in general, use of genomics or other parameters to
help to understand early trial results, and overall interpre-
tation of pathophysiology of early SSc and role of B cell
signaling are all important in this particular trial design.

The strengths of the study by Gordon et al include
randomization, blinding, a placebo control, and the addi-
tion of study drug to a standardized background treatment
(MMF). Limitations include the small number of patients,
the single-center design with potential bias (or center
effect), and the confounding effect of concurrent immuno-
suppression with MME. This cotherapy makes it impossible
to attribute any treatment effect solely to belimumab and
may have blunted the difference in treatment response
between the 2 groups. However, it allowed for all patients
to receive standard of care, which enhances recruitment
and allows for Good Clinical Practice. Future studies may
need to determine whether MMF is needed and also
whether other immunosuppressive drugs could be used.
This study provides data for a power calculation of a larger
trial.

The gene expression analysis may be difficult to
interpret due to small numbers, and the MMF response
and natural history may confound the effect of belimumab.
However, the authors showed modulation of B cell recep-
tor activation and profibrotic signaling in the belimumab
group and not in clinical improvers in the placebo group.

In conclusion, the study by Gordon et al sets
some important precedents. Their novel trial in early
dcSSc, which incorporated standard of care treatment
and gene expression analysis, constitutes a template for
future SSc trials.
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EDITORIAL

Wnt Signaling Related to Subchondral Bone Density and Cartilage

Degradation in Osteoarthritis

David B. Burr' and Achint Utreja®

The role of subchondral bone in the progression
of osteoarthritis (OA) has been a controversial topic for
nearly 50 years (1,2). The observation that subchondral
sclerosis is nearly always present in end-stage disease led
to the conclusion that the increased stiffness caused by a
thicker subchondral bone plate detracted from the
bone’s ability to attenuate the loads imposed on the joint
cartilage, increasing cartilage stresses and initiating the
process of joint deterioration. Because cartilage damage
does not always progress to full-thickness cartilage loss
and OA, Radin and Rose (3) proposed that the initiation
and the progression of cartilage deterioration were sepa-
rate processes. They suggested that it was steep stiffness
gradients at the joint margins, primarily regions of high
tensile and shear stresses, that tend to create inhomo-
geneities in the subchondral plate—cartilage complex.
They hypothesized that these changes can lead to differ-
ential deformation between more compliant and denser
regions of the subchondral bone, tearing the cartilage
attached to it and initiating fibrillation. They further pro-
posed that progression of cartilage loss, a separate pro-
cess, ensues when continued loading occurs on an
already dense and stiff subchondral plate. Findings from
several animal models support this progression of events.
In a model of spontaneous age-related OA in cynomol-
gus macaques, an animal model of aging-related OA
much like that in humans, Carlson et al (4,5) clearly
demonstrated that cartilage damage occurs subsequent
to subchondral bone densification.

In the study by Jia et al in this issue of Arthritis &
Rheumatology, the investigators examined the mechanisms
of subchondral densification, and whether increased
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subchondral plate density is a sine qua non of progressive
disease (6). Jia and colleagues employed several different
mouse models for the study, and induced OA with 2 dif-
ferent surgical approaches.

They first developed a cartilage-specific knock-
out of the epidermal growth factor receptor (Egfi-
CKO), which they had previously shown regulates
chondrocyte number and joint lubrication (7,8). They
surgically destabilized the medial meniscus (DMM),
and in some cases hemisected the meniscus (DMMH),
in Egfr-CKO or wild-type (WT) mice, and subsequently
observed changes in the meniscus after 2-3 months. To
simulate the effects of aging, the study investigators
performed DMM on WT mice, and observed cartilage
changes 10 months after surgery. They also examined
the spontaneous initiation and progression of OA in
Egfr-CKO mice over a 12-month period. To determine
the effect of preexisting bone densification on the pro-
cess of cartilage degeneration, they also subjected mice
with knockout of the sclerostin gene (Sost-KO mice) to
DMMH. This directly tests the Radin and Rose
hypothesis that increased density and stiffness of the
subchondral bone are a necessary precondition for the
progression of OA. If they do in fact represent a pre-
condition for disease progression, then one might
expect an accelerated onset of OA or cartilage degen-
eration that is more severe than that in WT mice. If
they are not a precondition, then the expectation is
that cartilage degeneration will be similarly severe and
OA will develop in a similar manner in mice with and
those without preexisting subchondral densification, or
may not occur at all.

In addition, Jia et al utilized a novel microfocal
computed tomography (micro-CT) approach that allowed
them to visualize bone and cartilage changes 3-dimension-
ally (3-D) (6), rather than by 2-D histologic serial section-
ing. Given the focal nature of cartilage degeneration in
OA, 2-D histologic approaches can provide an imperfect
view of the relationship between cartilage and bone in the
regions where cartilage fibrillation occurs. This new 3-D
micro-CT method allowed the investigators in this study
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to localize subchondral bone changes to the areas in
which cartilage was either healthy or degenerating.

What Jia and colleagues observed in the OA mod-
els in which mouse knees were subjected to DMM surgery
was a location-specific increase in subchondral plate
thickness, occurring from the marrow side of the subchon-
dral plate, but only at sites of cartilage deterioration and
not at sites where the overlying cartilage was healthy. This
was associated with a localized reduction in sclerostin in
subchondral bone, increased vessel ingrowth, and more
osteoblasts, but only at those sites associated with in-
creased thickness and cartilage damage. These areas were
in load-bearing sites of the joints; non-loading-bearing
sites did not show similar changes in cartilage or bone.
This implicates mechanical loading as complicit in the
degenerative process. In situations in which there was not
cartilage damage, and in non-load-bearing sites, these
subchondral plate changes did not occur. Interestingly,
spontaneous age-related development of cartilage dam-
age in the Egfr-CKO mice was not localized to the medial
weight-bearing sites, but was also found laterally in associ-
ation with reduced sclerostin. As has been observed in
other models in which subchondral plate sclerosis occurs
in association with cartilage loss (9), the trabecular bone
adjacent to the subchondral plate becomes osteopenic
and its microarchitecture deteriorates, which is likely attri-
butable to the effects of stress shielding.

The authors conclude that subchondral bone sclero-
sis occurs through a down-regulation of sclerostin that is
fueled by mechanical loading in those regions of the joint
in which cartilage is breaking down (6). This is consistent
with what we know about the role of sclerostin in mechani-
cally induced bone formation from animal models involv-
ing in vivo mechanical loading of the joints (10). In the Jia
study, in mice at 2 months after DMM surgery, changes in
proteoglycan and cartilage fibrillation can be seen, at a
time when the investigators were unable to identify any
changes in the subchondral bone. Based on this, Jia et al
conclude that subchondral sclerosis is secondary to the car-
tilage change, and is driven by the mechanically mediated
down-regulation of sclerostin.

As further evidence of this, they note that Sost-KO
mice do not develop spontaneous cartilage deterioration,
even in mature 14-month-old mice (6), despite the fact
that down-regulation of Sost results in a significant
increase in bone volume and density (11). This is consis-
tent with observations in human subjects, in individuals
who have a gain-of-function mutation of the lipoprotein
receptor—related protein 5 gene (LRPS), which leads to
high bone mass (12). However, there is no evidence of
increased incidence of OA in individuals with this muta-
tion as compared to normal healthy subjects, suggesting
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that sclerotic subchondral bone alone does not lead to
cartilage disease.

Animal models also have shown that the existence
of elevated subchondral density alone does not lead to
cartilage deterioration and OA, unless preceded by a per-
iod of increased subchondral remodeling and vasculariza-
tion. In the Dunkin-Hartley guinea pig model of OA,
animals exhibit a high rate of subchondral bone turnover
within the first 2 months of life, and develop severe OA
progressively over 12 months (13). In a second guinea pig
strain (Strain 13), the animals, at 2 months of age, have a
subchondral plate thickness that is 67 times higher than
that of Dunkin-Hartley guinea pigs, do not have a high
rate of subchondral bone turnover, and do not develop
OA. All of these lines of evidence show that subchondral
plate densification by itself does not initiate joint disease.
In fact, Jia and colleagues make this clear when they state
that subchondral bone plate thickening alone is “not suf-
ficient to affect cartilage degeneration” and also con-
clude that subchondral bone plate thickening “cannot be
an initiator of cartilage and joint damage in OA” (6).

When DMMH is performed on Sost-KO mice, the
resulting cartilage deterioration is no worse than that in
WT mice, suggesting that subchondral sclerosis is not
driving the progression of joint degeneration either, but
rather reacting to it. The fact that preexisting subchondral
sclerosis neither accelerates the process of joint degenera-
tion nor makes the OA worse may detract from the thesis
of Radin and Rose that subchondral sclerosis is required
for progression of disease once cartilage deterioration has
initiated. However, conclusive evidence that subchondral
sclerosis either exists (in Sost-KO mice) or develops (in
WT mice) during the process of joint destruction is lack-
ing. Evidence that subchondral sclerosis does not con-
tribute to joint deterioration would only be conclusive if it
could be shown that OA develops even in the absence of
subchondral sclerosis. Therefore, an experiment like the
ones conducted in the Jia study, in which subchondral
bone is prevented from becoming sclerotic (perhaps by
performing DMMH in a Sost-overexpressing mouse, or by
preventing increased subchondral plate thickness), would
provide the negative control needed to conclusively reject
the hypothesis that subchondral sclerosis is a necessary
component of progressive disease.

Sclerostin is also expressed by chondrocytes (14),
and therefore changes in Wnt signaling may also be
important to cartilage health either independent of or
concurrent with changes that occur in subchondral bone.
A comparison of the expression of Wnt genes in bone
samples from patients with hip fractures or hip/knee OA
showed up-regulation of 7 genes, including LRPS, in the
OA samples (15). This led the authors to conclude that
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Wnt pathway genes not only affect the subchondral bone
but also regulate cartilage degradation in OA. This is sup-
ported by earlier observations in a mouse model of OA
with B-catenin overexpression induced by conditional acti-
vation, in which increased B-catenin signaling was associ-
ated with an OA phenotype (16). Wnt signaling can be
induced by proinflammatory cytokines (17,18), and can
generate cartilage matrix degradation by stimulating the
expression of matrix metalloproteinases (MMPs) and
ADAMTS motifs (19). Shin et al compared the expres-
sion of LRPS5, type II collagen, and MMPs in human and
mouse OA cartilage, and found a relationship between
increased LRP5 expression and cartilage destruction in
OA (20). Conversely, LRP5 deficiency decreased Wnt-
mediated cartilage destruction. Similar findings were
reported in a study that investigated Wnt signaling and
LRP5 expression in human OA chondrocytes (21).
Increased LRP5 expression was consistent with greater
severity of cartilage destruction, whereas decreased levels
reduced the extent of cartilage damage.

Joint instability (induced by DMM) in Sost-KO
mice leads to higher scores for the severity of OA carti-
lage degeneration, pointing to the significance of scle-
rostin in the maintenance of cartilage integrity during
mechanical loading (22). Similarly, selective inhibition of
the Wnt pathway by Dkk-1 decreases the severity of OA
in mice (23). However, in both sheep and mouse models
of surgically induced OA, the levels of Sost were in-
creased in cartilage, but only focally, in regions of carti-
lage damage, while being focally decreased in the
subchondral bone associated with the cartilage damage
(14). The up-regulation of Sost in these cases seems
somewhat contradictory to the idea that increased Wnt
signaling promotes cartilage degradation. However, this
could be a secondary response to the increased inflam-
mation associated with the initiation of cartilage degen-
eration (17,18), and therefore temporal relationships in
the regulation of sclerostin expression and Wnt signaling
are important to study. Preventing expression of scle-
rostin and allowing Wnt signaling will increase subchon-
dral bone density and may permit the initiation of
cartilage degradation, but later-stage inflammatory pro-
cesses could stimulate sclerostin production, leading to
full-thickness cartilage loss.

The observation that increased plate thickness
occurs subsequent to the initiation of cartilage deteriora-
tion does not address whether other changes to subchon-
dral bone that occur prior to overt cartilage deterioration
contribute to the disease. Although the findings in the
study by Jia et al do not support the hypothesis of Radin
and Rose, since they provide no evidence that increased
subchondral density drives progression of disease, this
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leaves open the question of what initiates the process in
the first place. There is now accumulating evidence that
increased remodeling in the early phases of joint disease
may be required for progression of disease. This was
noted many years ago by Li and Aspden (24), who showed
that bone in patients with OA was significantly less stiff
for a given apparent density than normal or osteoporotic
bone. This does not mean that the subchondral plate is
less stiff at a structural level, and it may not be. However,
the tissue modulus is lower because of the high turnover
and mineralization lag period prior to full maturation and
mineralization of the tissue. Day et al (25) showed that
subjects who were in the early phases of cartilage loss but
had not yet developed arthritis had lower subchondral
bone tissue modulus, confirming the earlier work of Li
and Aspden. The increase in remodeling rate in the early
phases of OA has been verified using animal models.

When this early remodeling reaction is suppressed
using bisphosphonates (26-29) or RANKL inhibitors
(30,31), which prevent the early increase in remodeling
but eventually lead to increased subchondral plate thick-
ness, cartilage is protected from progressive deterioration.
The protective effect may be both dose- and time-related.
More potent bisphosphonates appear to have a greater
effect (29), as does treatment earlier in the degenerative
process (32-34). Although suppression of remodeling is
not effective at preventing all cartilage damage, early sup-
pression is associated with prevention of progressive joint
disease. These studies clearly demonstrate that increased
bone remodeling is a precursor to OA, and that suppres-
sion of remodeling in early phases of the disease can pre-
vent OA, even if it leads to subchondral densification.

The work by Jia et al is instructive in showing that
mechanically induced down-regulation of sclerostin pro-
vides a mechanism for focally increased subchondral bone
density. Lower sclerostin expression in bone biopsy tissue
has been observed in OA patients as compared to healthy
controls (35), but this may not reflect processes involving
Wnat signaling in cartilage (36,37). In the OA models used
by Jia et al, it would be fascinating to understand the tem-
poral expression of the Sost gene in cartilage and the asso-
ciated changes in Wnt signaling. The data suggest that an
early decrease in sclerostin expression leads to increased
bone density but also can create permissive conditions for
the acceleration of cartilage degradation, with a subse-
quent inflammation-related increase in cartilage Sost
expression. This Wnt signaling link makes the relationship
between cartilage loss and subchondral bone densification
more complex.

Evidence that cartilage loss occurs prior to scle-
rostin down-regulation and the subsequent densification
of subchondral bone has not been conclusive, and such
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a conclusion would require a more thorough temporal
analysis of both cartilage and bone changes in the mod-
els that have been employed. The argument over
whether OA initiates in the bone or in the cartilage has
not been resolved fully, as evidenced by a scheduled
debate on the topic at the 2018 meeting of the Ortho-
paedic Research Society. One difficulty in resolving this
question is that OA is a condition that takes a long
time to develop. Therefore, it is difficult to know if and
when early joint changes will progress to OA in
humans. It is also difficult to determine, in individuals
with OA, when the process began, or what the initiat-
ing factor might have been. In this regard, there is a
movement toward increasing studies of posttraumatic
OA (PTOA), in which the time of disease initiation can
be identified precisely. As PTOA progresses in a way
that is consistent with age-related OA (at least macro-
and microscopically), this is an appropriate way to
develop new therapies, even though we do not really
know whether PTOA and age-related OA are equiva-
lent mechanistically.

It has been suggested that OA represents a com-
mon final outcome for a multietiologic set of joint diseases
and conditions that all lead to the same joint degenerative
changes, involving both elevated subchondral density and
augmented cartilage deterioration and eventual loss. It is
possible that the common mechanistic pathway ultimately
recognized for OA might be through Wnt signaling, which
both accelerates cartilage deterioration and underlies
increased subchondral density. This may be the long-
sought link between bone and cartilage changes that Radin
and his colleagues attempted to identify nearly 50 years
ago. Based on the data presented in the current study by
Jia et al (6), Radin and colleagues appear to have been
correct about the role of mechanical loading (2). However,
at that time, it was not possible to identify the molecular
link for these events, which only became apparent more
recently with the discovery of the role of the Wnt pathway
and its inhibitors, such as sclerostin and Dkk. The role of
subchondral bone in the progression of OA thus deserves
more study, both in animal models and in humans.
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REVIEW

Defining a Unified Vascular Phenotype in Systemic Sclerosis

Yannick Allanore,' Oliver Distler,” Marco Matucci-Cerinic,” and Christopher P. Denton*

Microcirculation impairment and related vascu-
lopathy are hallmarks of systemic sclerosis (SSc). Digital
ulceration is second only to Raynaud’s phenomenon as a
vascular complication occurring in patients with SSc.
Digital ulcers are painful and generate disability. Fur-
thermore, patients may develop recurrent digital ulcers,
and it is reasonable to question whether the outcomes of
such patients might be different from those of patients
who are not affected. Recently, several registries have pro-
vided relevant information about digital ulcers. Male sex
and severe skin disease appear to be the main associated
factors observed in several registries. However, limita-
tions of those studies are the differences in the definitions
of digital ulcers and organ involvement. Few longitudinal
studies are available, and the more robust data from the
European League Against Rheumatism Scleroderma
Trial and Research cohort suggested worse outcomes in
patients with a history of digital ulcers but could not
demonstrate that a history of digital ulcers can predict
additional vascular complications such as pulmonary
arterial hypertension, heart failure, or renal crisis. Nev-
ertheless, the autopsy studies published many years ago
and the more recent longitudinal biomarker studies
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support the concept of generalized vasculopathy and
a potential association between various cardiovascular
complications. It is expected that with the availability of
several structured registries, identification of a vascular
profile or vascular phenotype will be addressed using
more robust data in the near future.

Introduction

Systemic sclerosis (SSc) is an autoimmune connec-
tive tissue disorder that is characterized by a complex
interplay of vascular abnormalities, immune system activa-
tion, and an uncontrolled fibrotic response. The vascular
component is often referred to as vasculopathy and is
thought to have a key role in the early pathogenesis of
SSc. Patients with SSc develop a broad spectrum of vascu-
lar manifestations, including Raynaud’s phenomenon
(RP) (distal vasospasm), which is almost universal, digital
ulcers, which are common, and critical digital ischemia,
which is rare. In parallel, within this very heterogeneous
disease, some patients will develop vascular disease—
related organ damage leading to heart or kidney failure
(1-3). It is still unclear whether there is a continuum
between peripheral vasculopathy promoting digital ulcera-
tion, or critical ischemia, and some other vascular disease—
related complications (4,5). The objective of this review is
to address this question by analyzing whether severe digital
vasculopathy could be a surrogate for vasculopathy else-
where. The various sources of information used to answer
this research question are shown in Figure 1.

Generalized microvascular damage, from RP to
obliterated small vessels

SSc vasculopathy depends on the complex interac-
tion of various pathologic processes including autoimmunity,
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« Risk factors of digital ulcers
« Vascular complications in DU versus
non-DU S5c patients

= Development of subsequent DU

= Development of organ
vasculopathy baseline DU versus
non-DU patients

« Candidates to predict
vascular outcomes

« Prediction of DU and also other
vascular complications

Figure 1. Sources of information used to answer the research question about the relationship between digital ulcers (DUs) and other systemic

sclerosis (SSc)-related vascular complications.

impaired compensatory vasculogenesis and angiogenesis,
endothelial-mesenchymal transition, endothelial dysfunc-
tion, and an impaired coagulation/fibrinolysis system. SSc
vasculopathy is characterized by a variety of such changes
that affect primarily the microcirculation and small arteri-
oles (4,5). Disease in larger vessels can occur in SSc (6),
although there are still some debates about the risk of
atherosclerosis in SSc (7). That topic is beyond the scope of
this review, which focuses primarily on the potential risk
of generalized microangiopathy and a potential continuum
between digital ulcers and organ-based vasculopathy.

The hallmark of functional abnormalities related to
SSc vasculopathy is RP. It is characterized by exaggerated but
reversible vasospasm in response to cold exposure, stress, or
emotional upset. Vascular tone dysfunction is mainly attribu-
table to impaired endothelial function. Several studies have
shown reduced flow-mediated dilation values, supporting the
notion of impaired nitric oxide production (8). It must be
pointed out that although impaired endothelial function is
mainly recognized at the digital level, it is well established
that all microcirculatory systems can be affected (4,5). For
example, cardiac imaging showed abnormal perfusion related
to small coronary artery disturbances after cold stress (7).

With the progression of structural vascular
changes, functional alteration of vascular cells includes

endothelial cell apoptosis, impaired coagulation/fibrino-
lysis system, aberrant expression of soluble factors and
cell adhesion molecules, leading to the pathologic
inflammation. During this phase, perivascular infiltrates
are evident, endothelial cells, pericytes, and vascular
smooth muscle cells proliferate, endothelial-mesenchy-
mal transition takes place, and myofibroblasts are acti-
vated in the dermal tissue (9). The next steps include
altered neovascularization and vascular remodeling due
to impairment of compensatory vasculogenesis and exag-
gerated angiogenesis (10-16). Circulating levels of vari-
ous angiogenic/angiostatic factors are largely altered
and, so far, most studies have shown that proangiogenic
factor levels are increased throughout the disease course,
especially during the active stage (17,18). The progres-
sion of these events leads to intima and media fibropro-
liferation, which will provoke microvessel obliteration.
Consequently, chronic hypoxia may further promote
fibrosis of the surrounding tissue (16). Early damage to
the endothelium, together with the vascular instability
and the chronic hypoxia generating reactive oxygen
species, thus have a downstream deleterious effect on
capillaries (17). This leads eventually to aberrant angio-
genesis and progressively to a loss of capillaries. The ves-
sel obliteration will further progress to tissue anoxia,
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which will have a devastating effect on the extremities,
with tissue necrosis and gangrene (17).

Taken together, these findings support the notion
of generalized microvascular impairment in SSc. It is rea-
sonable to ask why the digits might be primarily affected,
but exposure to cold in this area could result in more
important and/or earlier damage, which could explain
the high risk for the development of digital ischemia and
ulceration. Nevertheless, the pathogenesis of the vascu-
lopathy, the findings of abnormal circulating markers as
previously highlighted, such as the inverse correlation
between flow-mediated dilation values and pulmonary
artery pressure (PAP) and the association of decreased
flow-mediated dilation values with the presence of pul-
monary arterial hypertension (PAH) and digital ulcers,
indicate the presence of a generalized vascular abnor-
mality (19,20). Therefore, the natural course of the dis-
ease should be evaluated more deeply to determine
whether the proliferative and obliterative vasculopathy
may gradually and sometimes subclinically progress
along with disease duration, eventually becoming clini-
cally evident, with variable tonality of severe vessel
involvement. This may thus lead to periodic or recurrent
digital ulcers, PAH, heart failure, and renal function
decline or renal crisis.

Data from cross-sectional studies of risk factors and
vascular complications in SSc patients with digital
ulcers

To investigate the clinical vascular manifestations
occurring in SSc patients with digital ulcers, the charac-
teristics of patients with digital ulcers versus those with-
out digital ulcers (extracted from publications of large
cross-sectional series) were analyzed.

In a French multicenter study, a cross-sectional
analysis of 599 patients with SSc (the ItinérAIR-Scléro-
dermie cohort) showed that 53% of these patients had
prior or current digital ulcers (21). When associated vari-
ables were considered, digital ulceration appeared to
occur more frequently in male patients, patients with a
higher modified Rodnan skin thickness score (MRSS)
(22), patients with early onset of disease, patients with a
diffusing capacity for carbon monoxide (DLco) of <60%
predicted, and patients with anti—topoisomerase I anti-
bodies. It must be highlighted that sex and skin disease
were the variables with the strongest associations. The
frequency of PAH was not higher in patients with prior
or current digital ulcers than in those who were never
affected (21). DLco measures gas exchanges through the
alveolar membrane and can be influenced by the thick-
ness of the alveolar membrane and lung capillary
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volume. Therefore, a reduced DLco in the absence of
impairment in pulmonary function (forced vital capacity
[% predicted]) may represent a surrogate marker of vas-
culopathy. The associations with DLco impairment,
worsening of RP, and recurrent digital ulcers indicate the
pathophysiologic link between the involvement of 2 dif-
ferent endothelial systems, the lungs and the digits. How-
ever, no relationship between prior or current digital
ulcers and PAH was observed in the French study (21).

The German Network for Systemic Scleroderma
(23) has provided data for 1,880 patients, among whom
1,690 were evaluable for digital ulcers. Among these
patients, 408 (24%) had digital ulcers at the time of entry
into the registry. In multivariate analyses, data sets for
1,164 patients were used and revealed that male sex was
the most powerful independent predictor of the presence
of digital ulcers, and that PAH, anti-—Scl-70 antibodies
(but not anticentromere antibodies [ACAs]), involve-
ment of the mouth or esophagus, an elevated erythrocyte
sedimentation rate, and onset of RP at a young age were
all risk factors for the presence of digital ulcers. Diffuse
skin sclerosis in combination with PAH was the most
powerful predictor for the occurrence of digital ulcers.

In a Spanish study, a total of 19 referral centers par-
ticipated in the recruitment of 1,326 SSc patients (24).
Among these patients, 552 had prior or current digital
ulcers. Multivariate analysis showed that the presence of
prior/current digital ulcers was independently associated with
younger age at SSc diagnosis, diffuse cutaneous SSc (dcSSc),
and the presence of peripheral vascular manifestations such
as RP, telangiectasia, and acroosteolysis. However, a history
of digital ulcers was not associated with any visceral
vasculopathy such as PAH or scleroderma renal crisis.

The Canadian Scleroderma Research Group (25)
investigated the features associated with digital ulcers
and their complications and sought to determine whether
digital ulceration was associated with PAH and sclero-
derma renal crisis. Among 938 SSc patients, 8% had a
current digital ulcer, 44% had a digital ulcer ever, and
53% had digital pitting scars. In the multivariate analysis,
the most important variables predictive of digital ulcers
were younger age at disease onset, interstitial lung dis-
ease, higher hand and finger skin scores, and a higher
Health Assessment Questionnaire (26) score. There was
no significant association between a history of digital
ulcers and any definition of PAH (prevalence 9%) or with
renal crisis (prevalence 5%).

If microcirculation impairment is fundamental in
SSc vasculopathy, large vessel disease may overlap and
contribute to tissue damage, although the potential role
of atherosclerosis in SSc-related vascular damage is still
being debated. In a Japanese cross-sectional study (27),
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the association of carotid artery atherosclerosis with digi-
tal ulcers was examined by comparing SSc patients with
digital ulcers (n = 48 [29.5%]) and those without digital
ulcers (n = 206 [70.5%]). No multivariable analysis was
performed, but it is of interest to point out that carotid
atherosclerosis was not more common in SSc patients
with digital ulcers than in those without digital ulcers.
Regarding SSc characteristics, digital ulcers were more
common in male patients and in those with dcSSc, and
the MRSS was higher in patients with a history of digital
ulcers, confirming previously reported findings in patient
populations in other geographic regions (28). An evalua-
tion of heart disease showed that the incidence of PAH
was not higher in SSc patients with digital ulcers than in
those without digital ulcers (9% and 10%, respectively).
After exclusion of the patients with PAH, those with digi-
tal ulcers more commonly had elevated levels of natri-
uretic peptide or milder cardiac abnormalities such as
electrocardiographic changes or coronary artery disease.

Cutaneous telangiectasias are common in SSc and
are part of the American College of Rheumatology/Euro-
pean League Against Rheumatism (EULAR) 2010 classifi-
cation criteria for rheumatoid arthritis (29). A previous
cross-sectional study (30) was performed to determine
whether the number and size of cutaneous telangiec-
tasias were associated with the pattern of microvascular
lesions assessed by nailfold videocapillaroscopy and mark-
ers reflecting the severity of SSc-related vasculopathy.

Among 87 patients, both profuse and pseudotumoral cuta-
neous telangiectasias were associated with capillary loss
and severe dysangiogenesis on nailfold videocapillaroscopy.
In a multivariate analysis, profuse pseudotumoral cuta-
neous telangiectasias were independently associated with
past or current digital ulcers, whereas pseudotumoral cuta-
neous telangiectasias were independently associated with
the late nailfold videocapillaroscopy pattern and PAH (31).
Of most interest, a previous study showed some association
between telangiectasias and PAH; the adjusted relative
odds of PAH was 12.4 for patients with a 10-point increase
in the telangiectasia score (30). These 2 studies emphasized
telangiectasia as being a potential clinical marker of more
widespread aberrant microvascular disease in SSc. Regard-
ing renal crisis, another vascular organ complication, few
studies address the risk factors for renal crisis; however,
none of these studies suggested that digital ulcers or PAH
may be a risk factor for such an event (31).

The results of the main studies described above
are summarized in Table 1; the associations observed in
multivariable analyses are highlighted. Overall, even with
the limitation of cross-sectional designs, these studies
showed that digital ulcers were more common in patients
with early-onset SSc, in male patients, in those with
dcSSc, and in association with a high MRSS, but they did
not consistently show a higher risk of PAH, heart failure,
or renal crisis in patients with digital ulcers compared
with those without digital ulcers.

Table 1. Associations of SSc with digital ulcers as determined by multivariable analyses in large multicenter cross-sectional studies*
German Network for Canadian Scleroderma
French ItinérAIR-Sclérodermie Systemic Scleroderma Research Group Spanish registry
registry (2009) registry (2009) registry (2011) on SSc (2016)

Variable (n =599) (n = 1,690) (n =938) (n =1,326)
Digital ulceration status Prior or currentf Active at inclusionf Prior or current§ Prior or currentq
Age + - + +
Male sex + + - —
Smoking - Not studied - -
Disease duration + — - -
Severe skin involvement + NA + (finger MRSS) -
Diffuse cutaneous SSc - - - +
Anti-topo antibodies - + - —
ESR Not studied + - Not studied
Esophageal involvement Not studied + +# Not studied
DLco <60% predicted + NA - -
Interstitial lung disease Exclusion criterion if severe - + +
Pulmonary hypertension Exclusion criterion + - -
Renal crisis - - - -
HAQ score Not studied Not studied + Not studied

* NA = not available; MRSS = modified Rodnan skin thickness score; anti-topo = antitopoisomerase; ESR = erythrocyte sedimentation rate;
DLco = diffusing capacity for carbon monoxide; HAQ = Health Assessment Questionnaire.

T Prevalence 53%.
i Prevalence 24%.
§ Prevalence 44%.
9 Prevalence 42%.
# Only diffuse cutaneous systemic sclerosis (SSc).
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Data from longitudinal studies of vascular
complications in SSc patients with digital ulcers

Another way to investigate whether digital ulcers
may be a surrogate for generalized vasculopathy is to
examine prospective data to determine whether SSc
patients with digital ulcers at baseline develop more organ
vasculopathy compared with patients who are not affected.

A study looking at the natural history of SSc-
related digital ulcers was based on 103 patients, among
whom 46 had a history of digital ulcers (32). The mean
duration of follow-up after the first non-RP symptom of
SSc was ~12 years. The first digital ulcer occurred within
1 year following the first non-RP symptom in 43% of
patients and within 5 years in 73% of patients. A multi-
variable analysis showed that in SSc patients who were
younger when the first non-RP symptom occurred and in
patients with a higher MRSS (21) (e.g., those classified
as being in the dcSSc subset), digital ulcers occurred ear-
lier. It must also be pointed out that the first digital ulcer
manifestation was delayed when vasodilator therapy was
given (mainly calcium-channel blockers or angiotensin-
converting enzyme inhibitors). PAH occurred in 11
patients (11%) during the course of the disease, and its
prevalence was comparable between the SSc patients in
the subgroup with PAH and the subgroup with no digital
ulcers (14% and 9%, respectively; P =0.53) (31).

One of the main studies that highlighted the link
between DLco and vasculopathy used the Pittsburgh
Scleroderma Databank to match 106 patients who had
a diagnosis of PAH with 106 subjects according to SSc
skin subtype, age, sex, race, disease duration, and mean
time to the diagnosis of PAH after the initial visit. If a
decline in DLco occurred before a diagnosis of PAH,
patients with PAH and controls had a similar frequency
of RP, digital tip ulcers, and digital gangrene. However,
visual analog scales showed that patients had signifi-
cantly higher values for both the severity of RP and the
severity of digital tip ulcers (33).

In the EULAR Scleroderma Trials and Research
(EUSTAR) cohort, it was shown that at presentation,
1,092 of 3,196 patients (34%) had a history of digital
ulcers. Follow-up of 3 years was the cutoff time for
determining the occurrence of complications (34). In
multivariable analyses adjusting for age, sex, and other
parameters that were considered to be potentially sig-
nificant, a history of digital ulcers was strongly predic-
tive for the presence of digital ulcers at prospective
visits but also for an elevated systolic PAP on heart
ultrasound, for any cardiovascular event (new digital
ulcers, elevated systolic PAP by echocardiography, left
ventricular failure, and death). Overt PAH could not be
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analyzed, and there was no prediction for renal crisis
(34).

In the Australian Scleroderma Interest Group PAH
registry, among 1,636 patients with SSc, 194 (12%) had
PAH proven by right-sided heart catheterization; among
these patients, 160 were detected prospectively by screen-
ing (35). The study primarily reviewed the outcomes of
patients according to the screening programs, but the char-
acteristics of SSc-related PAH were detailed and analyzed
using univariate analyses. The data showed that SSc
patients with PAH were older, had a longer disease dura-
tion from the first non-RP clinical manifestation, were
more likely to be positive for ACAs, and to have telangiec-
tasia, calcinosis, and joint contractures. Furthermore, digi-
tal ulcers were more frequent in patients with PAH (53%
in patients with SSc-related PAH and 42% in SSc patients
without PAH), but the strength of association was not very
great, and only multivariable analyses could clarify whether
the various variables associated in univariate analyses are
independently associated if they are still associated in the
multivariable model. Therefore, their independence can be
demonstrated only by multivariate analyses.

The German investigators also reviewed prospec-
tive data regarding digital ulcers and showed various
degrees of progression according to SSc characteristics
(36). Unfortunately, no details were provided for other
outcomes, with the exception of a statement that the weak
or lack of association of digital ulcers with PAH or heart
and renal involvement indicates that vasculopathy in digi-
tal arteries and the renal and pulmonary vasculature seems
to be affected by different pathophysiologic pathways.

As opposed to the cross-sectional analyses, the
available longitudinal data appeared to support some
links between baseline digital ulcers and the subsequent
risk of more severe vasculopathy defined by recurrent dig-
ital ulcers but also the risk of PAH. The low frequency of
renal crisis and heart failure limits the possibility of identi-
fying such links, but the large EUSTAR registry supports
a predictive value of baseline digital ulcers for overall car-
diovascular complications. Confirmation will have to be
investigated in the future using new database extracts that
may contain more patients with a longer follow-up.

Vascular biomarker studies

In recent years, many studies have investigated
candidate vascular biomarkers. Although some of these
studies were mainly descriptive, using cross-sectional
designs, others were based on longitudinal data, allow-
ing prediction of overall vascular risk (37).

The pentraxins are a highly conserved family of
proteins with a unique architecture. In humans, the 2 main
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members of this family are C-reactive protein and serum
amyloid P. Pentraxin 3 (PTX3) is expressed predominantly
in atherosclerotic lesions that involve various cells such as
macrophages, neutrophils, dendritic cells, or smooth mus-
cle cells. Interestingly, PTX3 has been examined as a novel
biomarker for inflammatory cardiovascular disease. In
SSc, circulating levels of PTX3, but also fibroblast growth
factor 2 (FGF-2), have been shown to be significantly
higher in SSc patients than in healthy control subjects (38).
Of most interest is the observation that the PTX3 level
was elevated in SSc patients who had digital ulcers or
PAH, while the level of FGF-2 was reduced in SSc patients
with PAH. Multivariate analysis identified an elevated
PTX3 level as an independent parameter associated with
the presence of digital ulcers and PAH. Furthermore,
PTX3 levels were a useful predictor of future occurrences
of digital ulcers, and reduced FGF-2 levels were indepen-
dently associated with the presence of PAH.

Chemokine CXCLA levels have been demon-
strated to be correlated with skin and lung fibrosis and
also with PAH (39). No data regarding digital ulcers
were provided, but among chemokines, only CXCL4
predicted the risk and progression of SSc.

In a prospective cohort of 100 SSc patients who
were followed up for 3 years, vascular biomarkers of new
events were investigated, primarily to predict the develop-
ment of new digital ulcers, which occurred in 17 SSc
patients. Both angiogenic and vasculogenic markers were
measured. Based on various multivariable models, a his-
tory of digital ulcers, but also placenta growth factor
(PIGF) levels and the endothelial progenitor cell count,
were independent predictors of the development of digital
ulcers (40). The prediction of other cardiovascular end
points was studied, suggesting stimulating clues with these
markers, but the number of events was low, which limited
statistical power. Interestingly, another study confirmed
the promise of PIGF as well as Flit-1 as measures of pul-
monary hypertension in SSc (41).

Functional autoantibodies are directed against the
vascular receptors angiotensin II receptor type 1 (AT,) and
endothelin 1 type A receptor (ETAR). A majority of SSc
patients have increased levels of anti-ETAR and anti-AT;
antibodies compared with those in healthy donors. More-
over, in SSc patients, the autoantibodies are associated
with various vascular symptoms of the disease, such as
PAH, digital ulcers, and renal crisis. Nevertheless, the anti-
bodies are also associated with dcSSc as well as lung fibro-
sis. Taken together, these data suggest a possible role of
these antibodies in disease mechanisms, but their use in
clinical practice for predicting damage remains to be estab-
lished. In the context of digital ulcers, it has been shown
that anti-ETAR autoantibodies can be used, together with

the current or past presence of digital ulcers, to identify
patients with SSc who are at risk for the development of
subsequent digital ulcers (42,43).

Imaging may also provide some tools to predict
digital ulcers and vascular outcomes. Although few stud-
ies have been performed so far, capillaroscopy has been
shown to be an interesting candidate, and a prospective
study with a 6-month duration showed that the mean
number of capillaries per millimeter in the middle finger
of the dominant hand, the number of digital ulcers at
enrollment, and the presence of critical digital ischemia
at enrollment were risk factors for the development of
new digital ulcers. Other cardiovascular outcomes were
not measured for a duration of 6 months (44).

The carotid—femoral pulse wave velocity (PWV) is
a marker of aortic stiffness that holds prognostic signifi-
cance in various vascular conditions, including systemic
hypertension, renal failure, and heart failure. The aug-
mentation index standardized to a heart rate of 75/minute
(Aix_75), defined as the amplitude of the reflected wave
from the periphery to the heart, can be measured by
applanation tonometry and depends on several factors,
including large artery (but also medium and small artery)
stiffness. Radial applanation tonometry was performed in
a group of 63 SSc patients to investigate an association of
PWYV or the Aix_75 with digital ulcers in 10 SSc patients.
At baseline, there were no differences between SSc
patients with digital ulcers and those without digital ulcers
with regard to the cutaneous subset of SSc, disease dura-
tion, renal and pulmonary function, cardiovascular risk
factors, heart function, and PAP (45). SSc patients with
digital ulcers had an increased Aix 75 compared with
patients without digital ulcers, while there was no differ-
ence in PWV. The results of the multivariate logistic
regression revealed that age, sex, erythrocyte sedimenta-
tion rate, aortic pulse pressure, and digital ulcers were
independently associated with the Aix_75 (45).

Collectively, these results suggest the existence
of increased stiffness of small and medium arteries in
SSc patients with digital ulcers, without significantly
increased aortic stiffness when compared with SSc
patients without digital ulcers. The predictive value of
such a tool on broader cardiovascular outcomes and in
a larger population would be of interest.

Conclusions

Vascular injury and subsequent vascular dysfunc-
tion are among the earliest alterations in SSc and are con-
sidered to act within the initiating steps in SSc
pathogenesis. Microcirculation impairment, the hallmark
of the disease, may also spread to larger vessels, even if
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the reality of an increased prevalence of atherosclerosis in
SSc remains controversial. The disease process is
undoubtedly generalized, and all microvascular territories
are affected. This notion is strongly supported by autopsy
studies that showed lung and kidney vessel involvement
despite the lack of any evidence of organ involvement
(46). It is well known that among all vascular complica-
tions, digital ulcers are the most common clinical expres-
sion of advanced vasculopathy. It remains unclear why the
digits are affected most, although permanent exposure to
external stress might contribute to the severity. Some
investigators have speculated that digital ulcers could be a
clinical marker of tissue damage (vascular and fibrotic
changes), but epidemiologic studies do not clearly and
reproducibly demonstrate a strong link between digital
ulcers and other vascular complications. Indeed, cross-
sectional studies show that SSc patients with digital ulcers
have more severe disease, but a higher frequency of PAH
or renal crisis has not been observed. Longitudinal studies
further support poorer outcomes in SSc patients with digi-
tal ulcers, and some of these studies suggest a predictive
value of baseline digital ulcers for subsequent digital
ulcers or even PAH or overall cardiovascular complica-
tions. Currently, however, several methodologic issues
preclude firm conclusions. Indeed, the definition of the
events differs between studies, the time of observation is
usually not very long for PAH (which is usually a late com-
plication), and because of the scarcity of major cardiovas-
cular events, the sample size may be an issue.

Biomarker studies highlight the systemic compo-
nent of vasculopathy and suggest some links between digi-
tal ulcers and PAH, although it appears that additional
further and potential regional factors might contribute to
more severe remodeling in the finger, lungs, or kidneys.
Autoantibodies might contribute to these specificities,
and it is of interest to observe that digital ulcers are more
common in patients with dcSSc and probably those who
are positive for antitopoisomerase antibodies, whereas
ACAs are reproducibly found in patients with SSc-related
PAH, and that anti-RNA polymerase III antibodies are
strong markers for renal crisis. The roles of other autoan-
tibodies that could be functional autoantibodies are inter-
esting clues in this context.

Regarding therapy for vascular SSc, several PAH
drugs are available for the treatment of SSc-related
PAH, but the drugs are given to patients who have
already developed histologically very advanced vascu-
lopathy. At a less severe stage of vasculopathy, calcium-
channel blockers and iloprost are licensed for the
treatment of severe RP and bosentan is licensed for pre-
vention of digital ulcers. Clinical trials have shown the
respective beneficial effects of these agents, but the
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duration of the trials was short, with a relatively small
number of selected patients. Therefore, the effects on
other vascular outcomes could not be reliably measured.
Scarce data are available from long-term observational
studies, but the results of several studies suggested that
long-term iloprost treatment may reduce the progression
of vascular complications (47,48), and that long-term use
of calcium-channel blockers could reduce heart or kid-
ney disease progression (49,50). Although such results
could support the notion of a continuum in vasculopathy,
because these data are very preliminary, no definite con-
clusion can be drawn.

One might add that the natural course of vascu-
lopathy and its complications has changed. Indeed, in
recent years, the clinical trials of digital ulcer recurrence
showing both faster healing and fewer relapses of digital
ulcers in SSc patients are encouraging new research to
better understand SSc-related vascular outcomes and
update its management (51-53). Therefore, SSc patients
with digital ulcers have worse outcomes compared with
patients without digital ulcers, and patients with digital
ulcers should be managed as having a severe form of the
disease (54). However, the reason why vasculopathy may
be mainly expressed in digital arteries in some patients
and in pulmonary or kidney arteries in others remains
unclear. Improving knowledge in the field would distress
this part of the disease, which is a huge contributor to
excessive morbidity and mortality.
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Objective. To prepare a dermatologic addendum
to the 2012 revised International Chapel Hill Consensus
Conference Nomenclature of Vasculitides (CHCC2012) to
address vasculitides affecting the skin (D-CHCC). The goal
was to standardize the names and definitions for cutaneous
vasculitis.

Methods. A nominal group technique with a facili-
tator was used to reach consensus on the D-CHCC nomen-
clature, using multiple face-to-face meetings, e-mail
discussions, and teleconferences.

Results. Standardized names, definitions, and de-
scriptions were adopted for cutaneous components of sys-
temic vasculitides (e.g., cutaneous IgA vasculitis as a
component of systemic IgA vasculitis), skin-limited variants
of systemic vasculitides (e.g., skin-limited IgA vasculitis,
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drug-induced skin-limited antineutrophil cytoplasmic anti-
body-associated vasculitis), and cutaneous single-organ vas-
culitides that have no systemic counterparts (e.g., nodular
vasculitis). Cutaneous vasculitides that were not included
in the CHCC2012 nomenclature were introduced.

Conclusion. Standardized names and definitions
are a prerequisite for developing validated classification
and diagnostic criteria for cutaneous vasculitis. Accurate
identification of specifically defined variants of systemic
and skin-limited vasculitides requires knowledgeable
integration of data from clinical, laboratory, and patho-
logic studies. This proposed nomenclature of vas-
culitides affecting the skin, the D-CHCC, provides a
standard framework both for clinicians and for
investigators.
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Introduction

The 2012 revised International Chapel Hill
Consensus Conference Nomenclature of Vasculitides
(CHCC2012) (1) reflects advances in the understanding
of vasculitis since the first CHCC nomenclature intro-
duced in 1994. One of the most frequently affected organs
in vasculitis is the skin. CHCC2012 did not deal with the
special features of cutaneous vasculitis and did not explic-
itly discuss the presence of skin-limited or skin-dominant
forms of vasculitis. Therefore, a consensus group was
formed to propose an addendum to the CHCC2012 that
focuses on cutaneous vasculitis (Table 1). The goal was to
standardize the names and definitions for cutaneous vas-
culitis, but not to establish diagnostic criteria. The group
consisted of dermatologists with expertise in vasculitis,
drawn from the European Academy of Dermatology and
Venereology International Vasculitis Task Force and the
American Rheumatologic Dermatology Society. In addi-
tion, dermatology experts from Japan were included to
provide an Asian perspective. Seven of the participants
were from the CHCC2012 work group.

The work group that convened to devise the der-
matologic addendum to the CHCC2012 (D-CHCC) used
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a nominal group technique that was similar to that used
in formulating the CHCC2012 (1). This process was led
by a facilitator (CHS) and included multiple face-to-face
meetings, e-mail discussions, and teleconferences to reach
consensus.

Cutaneous vasculitis

Vasculitis of the skin (cutaneous vasculitis) can pre-
sent in several forms: 1) a cutaneous component of systemic
vasculitides (e.g., cutaneous manifestations of IgA vasculi-
tis); 2) a skin-limited or skin-dominant expression or variant
of a systemic vasculitis (e.g., skin-limited IgA vasculitis); or
3) a single-organ vasculitis (SOV) of the skin that differs
from recognized systemic vasculitides with regard to clinical,
laboratory, and pathologic features (e.g., nodular vasculitis).
The latter does not develop into a full systemic vasculitis,
while skin-dominant forms may. Systemic vasculitis is a vas-
culitis that is present in at least one organ in addition to
skin. Nonspecific signs or symptoms of systemic inflamma-
tory reactions, such as leukocytosis, a raised C-reactive pro-
tein level, or arthralgia, are not sufficient evidence of a
systemic vasculitis.

Table 1. Skin involvement status by vasculitis category and disease™

CHCC2012
vasculitis category, name

Skin involvement status

Skin-limited or
skin-dominant variant

Cutaneous component of
systemic vasculitis

Large vessel vasculitis

Takayasu arteritis No No

Giant cell arteritis Rare No
Medium vessel vasculitis

Polyarteritis nodosa Yes Yes

Kawasaki disease No No
Small vessel vasculitis

Microscopic polyangiitis Yes Yes

Granulomatosis with polyangiitis Yes Yes

Eosinophilic granulomatosis with polyangiitis Yes Yes

Anti-glomerular basement membrane disease No No

Cryoglobulinemic vasculitis Yes Yes

IgA vasculitis (Henoch-Schonlein) Yes Yes

Hypocomplementemic urticarial vasculitis (anti-Clq vasculitis) Yes Yes
Variable vessel vasculitis

Behget’s disease Yes Yes

Cogan’s syndrome Rare No
Vasculitis associated with systemic disease

SLE, rheumatoid arthritis, sarcoidosis, etc. Yes Yes
Vasculitis associated with probable etiology

Drugs, infections, sepsis, autoimmune diseases, etc. Yes Yes
Cutaneous SOV (not included in CHCC2012)

I1gM/IgG vasculitis No (not observed yet) Yes (as SOV)

Nodular vasculitis (erythema induratum of Bazin) No Yes (as SOV)

Erythema elevatum et diutinum No Yes (as SOV)

Hypergammaglobulinemic macular vasculitis No Yes (as SOV)

Normocomplementemic urticarial vasculitis No Yes (as SOV)

* CHCC2012 = 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides; SLE =

systemic lupus erythematosus; SOV = single-organ vasculitis.
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Figure 1. Distribution of vessel involvement in large vessel vasculitis
(LVV), medium vessel vasculitis (MVV), and small vessel vasculitis
(SVV). The heights of the trapezoids indicate the predilections of the
different categories of vasculitis for different types of vessels. The
brackets delineate the types of vessels in the dermis, subcutis, and
adjacent tissues. Not shown is variable vessel vasculitis, which can
affect any type of vessel, from aorta to veins. Note that LVV, MVV,
and SVV are not confined to large, medium, or small vessels. Vasculi-
tis in the dermis is most likely to be SVV, and LVV and MVV are
more often seen in the subcutaneous tissue and adjacent soft tissue
than in the dermis.

The cutaneous component of systemic vasculitides,
as well as skin-limited variants of systemic vasculitides and
SOV of the skin, are defined and described in Tables 2-5.
To conclude that a patient fulfills the definition of skin-
limited vasculitis or cutaneous SOV in a clinical setting,
there must be no detectable involvement of another, non-
cutaneous organ by vasculitis.

The CHCC work group’s definition of skin includes
the panniculus (subcutis) and mucosa, although most
vasculitides that are restricted to the skin do not affect
the mucosa. The skin has small arteries, arterioles, capillar-
ies, venules, and small veins (Figure 1). CHCC2012 distin-
guishes small vessels from medium vessels based on
structure and function, rather than diameter. Small vessels

Table 2.

Systemic and cutaneous variants of large vessel vasculitis*
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are intraparenchymal arteries, arterioles, capillaries,
venules, and veins, while medium vessels comprise main
visceral arteries and veins and their initial branches. The
largest arteries and veins in the septae of the panniculus
are medium vessels. The histopathologic features of cuta-
neous vasculitis are influenced by treatment and duration
of time since onset. Demonstration of, e.g., leukocytoclastic
immune complex vasculitis (LCV) in a biopsy specimen is
best achieved by selecting a lesion that is between 24 and
48 hours old. Immunofluorescence analysis for demonstra-
tion of immunoreactants in dermal vessels ideally requires
biopsy of an early or histamine-induced lesion, because
immunoglobulins may disappear over time (2,3).

Large vessel vasculitis

Large vessel vasculitis (LVV) affects large arteries
more often than other vasculitides (Table 2). Large arter-
ies are defined as the aorta and its major branches,
although arteries of any size may be affected. There are
no large arteries in the dermis or subcutaneous tissues;
however, as illustrated in Figure 1, LVV can involve me-
dium vessels, and even small vessels. The 2 major forms
of LVV are Takayasu arteritis (TAK) and giant cell arteri-
tis (GCA). No cutaneous vasculitis has been reported in
TAK, although nonvasculitic dermatoses may occur.

In most cases of GCA, vessels of the skin are not
affected; however, occlusion of inflamed extracutaneous
arteries that feed the skin or the mucosa results in
necrosis of supplied tissue, e.g., tongue necrosis due to
arteritis of the lingual artery (4). There are single case
reports of GCA affecting small arteries in the panniculus (5).

Medium vessel vasculitis

Medium vessel vasculitis (MVV) predominantly
affects medium arteries, although arteries of any size may
be affected (Table 3 and Figure 1). Since both some small

CHCC2012
vasculitis name

Abbreviated
CHCC2012 definition

Skin-limited or
skin-dominant variant

Cutaneous component of
systemic vasculitis

Takayasu arteritis ~ Arteritis, often granulomatous,
predominantly affecting the aorta and/or
its major branches; onset at age <50 years

Arteritis, often granulomatous, usually
affecting the aorta and/or its major
branches, with a predilection for the
branches of the carotid and vertebral

arteries; onset at age >50 years

Giant cell arteritis

No definite vasculitic lesions in the skin

Occlusive vasculitis of extracutaneous

None

None
arteries, possibly leading to cutaneous

infarction; very rare involvement of small

arteries in subcutis or submucosa

* Large vessel vasculitis affects large arteries more often than other vasculitides. Large arteries are the aorta and its major branches. Any
size artery may be affected. The 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides (CHCC2012)

definitions are detailed in ref. 1.
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Table 3.
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Systemic and cutaneous variants of medium vessel vasculitis*

CHCC2012
vasculitis name

Abbreviated
CHCC2012 definition

Skin-limited or
skin-dominant variant

Cutaneous component of
systemic vasculitis

Polyarteritis nodosa Necrotizing arteritis of medium or
small arteries, without
glomerulonephritis or vasculitis
in arterioles, capillaries, or
venules; not associated with

ANCAs

Arteritis associated with
mucocutaneous lymph node
syndrome, predominantly
affecting medium and small
arteries; usually occurs in
infants and young children

Kawasaki disease

Acute arteritis of small arteries or

Cutaneous vasculitis is not a

Cutaneous arteritis (cutaneous
polyarteritis nodosa); arteritis
affecting small arteries in the
panniculus extending to
arterioles at the
dermosubcutaneous junction,
but not to postcapillary venules

None

arterioles, manifesting as digital
arteritis, purpura, and/or skin
nodules with ulcers; in a
subgroup, postcapillary venules
may be involved in the skin

characteristic feature;
nonvasculitic mucocutaneous
lesions are common

* Medium vessel vasculitis predominantly affects medium arteries,

defined as the main visceral arteries and their branches. Any size artery

may be affected. The 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides (CHCC2012) definitions
are detailed in ref. 1. ANCAs = antineutrophil cytoplasmic antibodies.

and medium vessel vasculitides may involve small arteries
in the skin, the presence of cutaneous arteritis alone does
not distinguish these.

The 2 major forms of MVV are polyarteritis
nodosa (PAN) and Kawasaki disease (KD) (Table 3).
PAN may have cutaneous vasculitis, while KD has char-
acteristic nonvasculitic skin involvement (so-called muco-
cutaneous lymph node syndrome) (1).

PAN, as defined in the CHCC2012 nomenclature
(1), is rare. Various forms of cutaneous involvement in
PAN have been reported. Manifestations consistent with
involvement of medium vessels are skin infarction, livedo
reticularis, intradermal nodules, and deep ulcers. Yet,
purpura, hemorrhagic macules, erythema, and hemor-
rhagic blisters have also been reported in some patients
(6); these findings suggest that PAN has a component
of SVV (likely with involvement of venules). These
cases may constitute a subgroup of PAN that is an
exception to the CHCC group’s strict definition of
PAN, with vasculitis confined to arteries. Of note, use
of vasculitis associated with hepatitis B or hepatitis C
as a model for idiopathic PAN is problematic, because
hepatitis B— and hepatitis C-associated vasculitis has
a spectrum of cutaneous manifestations, ranging from
arteritis to SVV without artery involvement, e.g., in the
context of cryoglobulinemic vasculitis (CV) or immune
complex—mediated vasculitis (7).

Cutaneous arteritis (also called cutaneous PAN) is
a chronic, relapsing vasculitis that affects small arteries
and arterioles in the panniculus and dermal-subcutaneous
junction (8). It does not directly involve veins (9). In some
case series, arteritis in adjacent skeletal muscle or involve-
ment of peripheral nerves have been reported, although it
is not certain whether this represents nerve damage that

can be attributed to severe vessel inflammation in the
vicinity or to true mononeuritis multiplex; there is no
agreement as to whether the occurrence of mononeuritis
multiplex or arteritis in adjacent skeletal muscle would
justify a diagnosis of systemic PAN (10,11).

Most cases of cutaneous arteritis are confined to
the extremities (12). The clinical picture encompasses
livedo and macules or subcutaneous nodules, with or
without ulceration. The macular form has given rise to
new terms, such as macular arteritis, that have not been
sufficiently defined to clearly distinguish them from PAN.

In contrast to microscopic polyangiitis (MPA),
PAN, strictly defined, always affects arteries but not post-
capillary venules. In contrast to the lesions of nodular vas-
culitis, inflammation in cutaneous PAN does not extend
past the adventitia of the arterial vessel, and thus does not
significantly involve subcutaneous lobules (13).

Cutaneous PAN (even with inclusion of those
cases with distinct noncutaneous involvement of the
nerves and muscles underlying the involved dermis) is
different from systemic PAN, because it is more chronic
and more uniform (9,14). In most studies, no evolution
of cutaneous arteritis into systemic vasculitis has been
observed (10,15), while reports of cutaneous PAN devel-
oping into systemic PAN several years later are so rare
that one cannot exclude the possibility of accidental
occurrence of 2 different vasculitides (16) or the pres-
ence of another etiologic factor, such as CV (17).

A recently identified, genetically determined form
of PAN has a broad spectrum of disease. Loss-of-function
mutation in the adenosine deaminase type 2 gene (known
as ADA2 deficiency) is linked to autosomal, recessive,
childhood-onset disease with features similar to those of
classic PAN, shows considerable variability in severity, and
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ranges from cutaneous to systemic vasculopathy (18,19).
These observations demonstrate that in this rare form of
PAN-like disease, the same etiology can lead to both cuta-
neous and systemic forms of arteritis.

Small vessel vasculitis

Small vessel vasculitis (SVV) predominantly affects
small vessels, defined as small intraparenchymal arteries,
arterioles, capillaries, and venules. Medium arteries and
veins may also be affected. The 2 major immunopathologic
categories of SVV are antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) and immune com-
plex vasculitis (1), both of which often affect vessels in the
skin (20).

ANCA-associated vasculitis. AAV has a spectrum
of systemic and organ-limited manifestations that can be
classified on the basis of specific pathologic and clinical fea-
tures as MPA, granulomatosis with polyangiitis (GPA), or
eosinophilic granulomatosis with polyangiitis (EGPA) (1).
In addition, AAV can be classified further by serology, as
serum positive for ANCAs specific for proteinase 3 (PR3-
ANCAs) or ANCAs specific for myeloperoxidase (MPO-
ANCAs), or as an ANCA-negative AAV. Both the clinico-
pathologic variant and the ANCA serotype have value for
predicting outcomes.

The cutaneous component of systemic AAV may
have one of the following presentations: 1) LCV of der-
mal postcapillary venules, sometimes extending into
arterioles or small veins, and clinically manifesting as
hemorrhagic papules or macules, sometimes nodules;
2) vasculitis of small arteries or arterioles, clinically
manifesting as inflammatory retiform purpura or livedo
and nodules, or sometimes as noninflammatory reti-
form purpura or digital infarcts; 3) extravascular non-
vasculitic granulomatous inflammation (in GPA and
EGPA) (21); or 4) other nonvasculitic (muco)cutaneous
lesions (hyperplastic gingivitis, especially in GPA) (22).

There are reports of AAVs that are limited to
the skin. Most of them are drug-induced cutaneous
AAVs (see more details below). However, there are
single case reports of AAV limited to the skin with no
linkage to disease-eliciting drugs or other causal factors
(23,24) (Table 4).

The presence of ANCAs is mandatory for a defini-
tion of skin-limited AAV, because the variety of skin
lesions in AAV and the type of SVV alone are not specific
enough to be used as the defining feature. As there are
case reports of skin-limited vasculitis with granuloma,
typical of GPA or EGPA (24), skin-limited AAV may be
further defined as skin-limited MPA, GPA, or EGPA, in
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concordance with the CHCC2012 criteria (except for
those criteria referring to a systemic vasculitis). Organ-
limited forms of AAV also occur in organs other than the
skin, including GPA or EGPA limited to the respiratory
tract or renal-limited disease with glomerulonephritis (the
latter being the most common form of nongranulomatous
organ-limited AAV). Skin-limited AAV may be followed
by systemic AAV up to 10 years later (25).

ANCAs are sometimes absent in organ-limited
or early forms of AAV. An ANCA-negative skin-limited
AAV is difficult to define (and would be difficult to
diagnose). Further evaluations are therefore needed.

MPA. MPA encompasses vasculitis of small ves-
sels in the skin, with few or no immune deposits. It is
associated with ANCAs, but has no granulomatous
inflammation in any organ. There is often involvement
of subcutaneous vessels, including arteries.

GPA. GPA involves cutaneous vasculitis that is
indistinguishable from that in MPA, but additionally
encompasses dermal granulomas outside the walls of cuta-
neous vessels, with palisades of epithelioid macrophages
and giant cells. Smaller lesions may present as interstitial
granulomatous dermatitis. Microabscesses contain few
eosinophils, and the central zone of necrosis is usually more
basophilic than eosinophilic. There is no history of asthma
and no eosinophilia in GPA, in contrast to that in EGPA.

EGPA. EGPA exhibits cutaneous vasculitis and
granulomatous inflammation, as in GPA, but is also charac-
terized by prominent eosinophils and a history of asthma.
The spectrum of vasculitides in EGPA ranges from neutro-
philic LCV to eosinophil-rich vasculitis (without much leu-
kocytoclasia) to vasculitis of arterioles, small arteries, or
small veins (22). The extravascular dermal changes encom-
pass diffuse interstitial infiltrates containing eosinophils
and flame figures (a clinical and histologic reaction pattern
also referred to as Wells syndrome), dermal granulomatous
inflammation of palisading macrophages admixed with
eosinophils around variable eosinophilic necrotic lesions
(Churg-Strauss granuloma), and urticarial lesions (20).

Drug-induced  skin-limited AAV. Drug-induced
skin-limited AAV predominantly affects small vessels in the
dermis, and is more often associated with MPO-ANCAs
than with PR3-ANCAs. A criterion for drug-induced AAV
is the temporal association between drug intake and disease
onset, and its common reversibility following discontinua-
tion of the etiologic drug (e.g., propylthiouracil, minocy-
cline, hydralazine, or levamisole-adulterated cocaine).
Drug-induced AAV can also be a systemic vasculitis, with
renal and pulmonary involvement (26).

Immune complex vasculitis. Of the systemic
immune complex vasculitides defined in the CHCC2012
nomenclature, all except anti-glomerular basement
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Table 4.

Systemic and cutaneous variants of small vessel vasculitis*
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CHCC12
vasculitis category, name

Abbreviated
CHCC2012 definition

Cutaneous component of
systemic vasculitis

Skin-limited or
skin-dominant variant

ANCA-associated vasculitis

MPA

GPA

EGPA

Immune complex vasculitis

Anti-GBM disease

(0\%

IgA vasculitis
(Henoch-Schonlein)

Necrotizing vasculitis with few or
no immune deposits,
predominantly affecting small
vessels (i.e., capillaries, venules,
arterioles, and small arteries);
associated with ANCAs

Necrotizing vasculitis with few or
no immune deposits,
predominantly affecting small
vessels (i.e., capillaries, venules,
or arterioles)

Necrotizing granulomatous
inflammation usually involving
the upper and lower respiratory
tracts, and necrotizing vasculitis
affecting predominantly small-
to-medium vessels (e.g.,
capillaries, venules, arterioles,
arteries, and veins)

Eosinophil-rich and necrotizing
granulomatous inflammation
often involving the respiratory
tract, and necrotizing vasculitis
predominantly affecting small-
to-medium vessels and
associated with a history of
asthma and eosinophilia

Vasculitis with moderate-to-
marked vessel wall deposits of
immunoglobulin and/or
complement components,
predominantly affecting small
vessels (i.e., capillaries, venules,
arterioles, and small arteries)

Vasculitis affecting glomerular
capillaries, pulmonary
capillaries, or both, with GBM
deposition of anti-GBM
autoantibodies

Vasculitis with cryoglobulin
immune deposits affecting small
vessels (predominantly
capillaries, venules, or
arterioles); associated with
serum cryoglobulins

Vasculitis with IgA1-dominant
immune deposits, affecting small
vessels (predominantly
capillaries, venules, or
arterioles)

Vasculitis of cutaneous
postcapillary venules, small
veins, arterioles, and small
arteries; associated with ANCAs

Vasculitis of small-to-medium
vessels in the skin (postcapillary
venules, arterioles, venules, or
small arteries), often with
leukocytoclasia and without
granulomatous inflammation

Vasculitis of small-to-medium
vessels in the skin (postcapillary
venules, arterioles, small veins,
or small arteries), often with
leukocytoclasia and
nonvasculitic extravascular
dermal granulomatous
inflammation

Eosinophil-rich vasculitis of small-
to-medium vessels in the skin
(postcapillary venules, arterioles,
small venules, or small arteries),
sometimes with leukocytoclasia
and, e.g., nonvasculitic
extravascular dermal
granulomatous inflammation

Leukocytoclastic immune complex
vasculitis of small vessels
(mostly postcapillary venules,
occasionally small veins or
arterioles)

None

Leukocytoclastic vasculitis of small
vessels (postcapillary venules,
small veins, or arterioles);
associated with serum
cryoglobulins (usually type II
and type III)

Leukocytoclastic IgAl-dominant
vasculitis of mostly postcapillary
venules and also veins or
arterioles in the skin, with
vascular IgA deposits

ANCA-associated vasculitis
limited to the skin (not further
specified)

Skin-limited MPA (including
drug-induced skin-limited
MPA); vasculitis of small vessels
in the skin (postcapillary
venules, arterioles, venules, or
small arteries), without
cutaneous granulomatous
inflammation and without
systemic vasculitis; associated
with ANCAs

Skin-limited GPA (including
drug-induced skin-limited GPA);
vasculitis of small vessels in the
skin (spectrum as in MPA), with
nonvasculitic extravascular
dermal granulomatous
inflammation but without
eosinophilia, without a history
of asthma, and without systemic
vasculitis; associated with
ANCAs

Skin-limited EGPA (including
drug-induced skin-limited
EGPA); eosinophil-rich
vasculitis of small vessels in the
skin (spectrum as in MPA),
with, e.g., nonvasculitic
extravascular dermal
granulomatous inflammation,
and with a history of asthma,
but without systemic vasculitis;
associated with ANCAs

Skin-limited immune complex
vasculitis

None

Skin-limited CV, without systemic
vasculitis

Skin-limited IgA vasculitis, without
systemic vasculitis
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CHCC12
vasculitis category, name

Abbreviated
CHCC2012 definition

Skin-limited or
skin-dominant variant

Cutaneous component of
systemic vasculitis

HUYV (anti-Clq vasculitis) Vasculitis accompanied by
urticaria and
hypocomplementemia, affecting
small vessels (i.e., capillaries,
venules, or arterioles) and
associated with anti-Clq
antibodies; common forms
include glomerulonephritis,
arthritis, obstructive pulmonary
disease, and ocular
inflammation

Cutaneous leukocytoclastic

Skin-limited HUYV, without
systemic vasculitis (but often
associated with other systemic
diseases, e.g., SLE)

vasculitis of mostly postcapillary
venules with vascular deposits of
immunoglobulins, and
manifesting with lasting
urticarial lesions; anti-Clq
antibodies may be present

* Small vessel vasculitis predominantly affects small vessels, defined as small intraparenchymal arteries, arterioles, capillaries, and venules. Medium
arteries and veins may be affected as well. The 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides
(CHCC2012) definitions are detailed in ref. 1. ANCA = antineutrophil cytoplasmic antibody; MPA = microscopic polyangiitis; GPA = granulomato-
sis with polyangiitis; EGPA = eosinophilic granulomatosis with polyangiitis; anti-GBM = anti-glomerular basement membrane; CV = cryoglobuline-
mic vasculitis; HUV = hypocomplementemic urticarial vasculitis; SLE = systemic lupus erythematosus.

membrane disease have cutaneous features of vasculitis
(Table 4). Palpable purpura with predilection for the legs
(or dependent parts) is a constant feature of IgA vasculi-
tis or genuine IgM/IgG vasculitis, as is the inducibility of
lesions by vasodilatory stimuli during acute phases.
Extensive involvement of vessels beyond the postcapillary
venules and a lack of predilection for the lower legs is
more likely associated with other forms of vasculitis, such
as CV, rheumatoid vasculitis, and lupus vasculitis.

Cryoglobulinemic vasculitis. CV involves the skin in
the systemic form, but there is also a skin-limited form. CV
often is associated with hepatitis C infection. Vasculitis in
the skin involves mostly postcapillary venules, but also arte-
rioles and medium vessels (systemically rare in large vessels
as well [7]). CV is seen most often in type I, and some-
times type III, cryoglobulinemia. It has also been described
in cases of type I monoclonal cryoglobulinemia (27,28);
however, high titers of type I monoclonal cryoglobulinemia
more often result in occlusive vasculopathy (27), with intra-
luminal aggregates of cryoglobulins in small blood vessels
of the dermis as well as in capillaries of subcutaneous fat
lobules (29), and an absence of primary inflammation.

IgA vasculitis (Henoch-Schonlein). 1gA vasculitis
(Henoch-Schonlein) regularly presents with cutaneous
vasculitis predominantly of postcapillary venules, some-
times extending to the small veins and perhaps to arteri-
oles, and with primarily IgA1 deposits (30). This leads to
round and, when extending to larger vessels, retiform pal-
pable purpura (31), with a predilection for the lower legs.

There is a skin-limited form of IgA vasculitis that,
in adults, is more frequent than the systemic form
(meaning, there is no clinically detectable involvement
of systemic organs; e.g., repeated absence of erythrocyte
casts or of dysmorphic erythrocytes in urine analysis indi-
cates the absence of glomerular involvement).

Cutaneous IgM or IgG immune complex vasculifis.
Cutaneous IgM or IgG immune complex vasculitis is a
provisional category of vasculitis not included in the
CHCC2012. It is an LCV of postcapillary venules that, in
skin, is clinically almost indistinguishable from IgA vasculi-
tis (palpable purpura with predilection for the legs, elic-
itable by vasodilation); however, findings on repeated
immunofluorescence microscopy revealed that IgM and/or
IgG, rather than IgA, predominates in early or histamine-
induced lesions (2,3,32-34). This category had been
described in reviews of cutaneous vasculitis, and has been
subsumed in groups called IgA-negative immune complex
vasculitis, hypersensitivity vasculitis, or idiopathic cuta-
neous LCV (32,35,36). The term “cutaneous IgG/IgM vas-
culitis” as used herein is meant for those cases of LCV
with IgG/IgM deposits that do not belong to one of the
other defined immune (complex) vasculitides, such as vas-
culitis in cryolglobulinemia, monoclonal gammopathy, sys-
temic lupus erythematosus (SLE), rheumatoid arthritis
(33), or dermatomyositis. Similarly, LCV with, for exam-
ple, IgA cryoglobulins would be CV, and not IgA vasculitis.

Ongoing studies will reveal the prevalence of IgG/
IgM LCV and whether it could be associated with sys-
temic vasculitis. Of note, the term “leukocytoclastic vas-
culitis” should not be used as a synonym for IgA or IgG/
IgM immune complex vasculitis and does not represent a
distinct type of vasculitis. It is a descriptive term for a pat-
tern of injury that is found in pathogenetically distinct
small vessel vasculitides (20) and also as part of diseases
that are not primary vasculitides (e.g., in tissue reactions
around ulcers or infected vessels).

Hypocomplementemic urticarial vasculitis (anti-Clq
vasculitis). Hypocomplementemic urticarial vasculitis
(HUV) (anti-Clq vasculitis), as defined in the CHCC2012,
is a rare systemic vasculitis. Importantly, although more than
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Table 5.
vasculitides not included in the CHCC2012*

SUNDERKOTTER ET AL

Systemic and cutaneous variants of variable vessel vasculitis, vasculitis associated with probable etiology, and cutaneous single-organ

CHCC2012
vasculitis category, name

Abbreviated
CHCC2012 definition

Cutaneous component of
systemic vasculitis

Skin-limited or
skin-dominant variant

Vasculitis with no predominant type
of vessel involved; can affect vessels
of any size and type

Vasculitis that can affect arteries or
veins, characterized by recurrent
oral and/or genital aphthous ulcers
and accompanied by cutaneous,
ocular, articular, gastrointestinal,
and/or central nervous system
inflammatory lesions; small vessel
vasculitis, thromboangiitis,
thrombosis, arteritis, and arterial
aneurysms may occur

Vasculitis with manifestations that
may include arteritis, aortitis, aortic
aneurysms, and aortic and mitral
valvulitis

Vasculitis that is associated with and
maybe secondary to (caused by) a
systemic disease (e.g., rheumatoid
vasculitis, SLE, sarcoid vasculitis,
etc.); the name (diagnosis) should
have a prefix term specifying the
systemic disease (e.g., rheumatoid
vasculitis, lupus vasculitis, etc.)

Vasculitis that is associated with a
probable specific etiology, e.g.,
drug, infection, sepsis, neoplasm,
etc.

Vasculitis in a single organ that has
no features that indicate that it is a
limited expression of a systemic
vasculitis

Not in CHCC2012; D-CHCC
definition is vasculitis, with IgM-
and/or IgG-dominant or
codominant immune deposits,
affecting small vessels
(predominantly postcapillary
venules) in the skin

Not in CHCC2012; D-CHCC
definition is lobular panniculitis
with varying combinations of
vasculitis of venules in fat lobules
and/or of veins or arteries of the
connective tissue septa; sometimes
accompanied by pannicular
coagulative and caseous necrosis;
presence of lymphocytic,
neutrophilic, or granulomatous
inflammation

Not in CHCC2012; D-CHCC

Variable vessel vasculitis

Behget’s disease

Cogan’s syndrome

Vasculitis associated with
systemic disease

Vasculitis associated with
probable etiology

Single-organ vasculitis

Cutaneous IgM/IgG
immune complex
vasculitis

Nodular cutaneous
vasculitis (erythema
induratum of Bazin)

Erythema elevatum
et diutinum
and chronic fibrosing

leukocytoclastic vasculitis, mostly of

postcapillary venules, often with
vascular immunoglobulin deposits;
inflammation may include
eosinophils and plasma cells;
fibrosis is angiocentric and
storiform

definition is neutrophilic dermatosis

A vessel-based neutrophilic reaction
with leukocytoclasia and
(muco)cutaneous small vessel
vasculitis of mostly venules and/or
thrombophlebitis; associated with
vasculitis in other organs

Vasculitis of small arteries in the
panniculus and dermosubcutaneous
junction, and small vessels in the
dermis (rare)

Cutaneous vasculitis as a component
of systemic vasculitis; the type of
cutaneous vasculitis (small vessel or
medium vessel vasculitis) varies
depending on the underlying
systemic disease

Cutaneous vasculitis as a component
of systemic vasculitis that is
associated with a probable specific
etiology, e.g., drug, sepsis, etc.

None (not described yet)

None

None

Skin-limited (muco)cutaneous
vasculitis in absence of systemic
vasculitis (Behget’s disease with
skin-limited vasculitis)

None

Cutaneous vasculitis, without
systemic vasculitis (the name
should be, e.g., skin-limited
rheumatoid vasculitis, etc.)

Cutaneous vasculitis, without
systemic vasculitis (e.g., septic
vasculitis of the skin)

Cutaneous IgM- or IgG-dominant/
codominant leukocytoclastic
vasculitis of mostly postcapillary
venules, without systemic
involvement or cryoglobulins

Vasculitis with lobular panniculitis
of mostly small blood vessels of
the fat lobule (postcapillary
venules) and rarely of small or
medium vessels in the
panniculus or septae, with
varying combinations of
vasculitis of fat lobule venules
and/or veins or arteries of the
connective tissue septa

A neutrophilic dermatosis and
chronic localized fibrosing
leukocytoclastic vasculitis
(associated with monoclonal
gammopathy, hematologic
disease, or HIV infection)
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CHCC2012
vasculitis category, name

Abbreviated
CHCC2012 definition

Skin-limited or
skin-dominant variant

Cutaneous component of
systemic vasculitis

Recurrent macular
vasculitis in

Not in CHCC2012; D-CHCC
definition is cutaneous small vessel

hypergamma- vasculitis with recurring macules
globulinemia and purpura associated with
(hypergamma- hypergammaglobulinemia and
globulinemic vascular immunoglobulin deposits
purpura of

Waldenstrom)

Normocomplementemic
urticarial vasculitis

Not in CHCC2012; D-CHCC
definition is cutaneous small

(NUV) vessel vasculitis, accompanied
(non—anti-Clq by lasting urticarial lesions and
vasculitis) associated with

normocomplementemia and
absence of anti-Clq antibodies

None (not observed yet)

Relapsing, short-lasting macular
vasculitis of small blood vessels
with perivascular deposits of
immunoglobulins (usually
associated with polyclonal
hypergammaglobulinemia)

Cutaneous small vessel vasculitis,
accompanied by lasting
urticarial lesions and associated
with normocomplementemia
and absence of anti-Clq
antibodies; may be part of a
spectrum with neutrophilic
urticarial dermatosis

* The 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides (CHCC2012) definitions are detailed in ref. 1.
For those with a vasculitis defined by the dermatologic addendum to the CHCC2012 nomenclature (D-CHCC), the definition was for a category
of cutaneous vasculitis that was not included in the CHCC2012. SLE = systemic lupus erythematosus.

one-half of patients with HUV have anti-Clq antibodies,
patients can have HUV without these antibodies.

Cutaneous vasculitis in HUV is characterized
pathologically by LCV of mostly postcapillary venules,
often with subepidermal edema (urticaria) and vascular
immune deposits. Clinically, it is characterized by persistent
urticarial lesions that may have petechiae or postinflamma-
tory hyperpigmentation. It does not show a strong predilec-
tion for the lower legs, thereby distinguishing it from, e.g.,
IgA or IgG/IgM immune complex vasculitis. It needs to be
discriminated from neutrophilic urticarial dermatosis
(NUD), a reaction pattern recently described in auto-
inflammatory syndromes and in SLE. Clinically, NUD
shows pale reddish macules, papules, or slightly raised
plaques, but not the persistent erythematous wheals of
HUV. Histologically, NUD lacks the presence of fibri-
noid vessel necrosis and of perivascular leukocytoclasia,
and instead presents a typical neutrophilic epitheliotropism
(i.e., a perivascular and more diffuse interstitial neu-
trophilic infiltrate focally extending into the epithelia of
the epidermis, hair follicles, and sebaceous and sweat
glands) (37).

Urticarial vasculitis (HUV or normocomple-
mentemic urticarial vasculitis [NUV] [as described below
and in Table 5]) and NUD may yet be recognized as part
of a spectrum of neutrophilic dermatoses. Skin-limited
HUYV without systemic vasculitis is often, but not always,
associated with systemic diseases, such as LE, serum sick-
ness, and hepatitis B (38,39). In contrast to vasculitis in LE
or in rheumatoid vasculitis, HUV or NUV are limited to
mostly postcapillary venules, while those other forms of
vasculitis often involve deeper and larger vessels.

Normocomplementemic urticarial vasculitis. NUV
usually is not accompanied by evidence of systemic vas-
culitis, and thus is considered to be a skin-limited SOV
(38,39). It also needs to be distinguished from NUD on
the basis of the above-mentioned criteria. While NUV
has been diagnosed occasionally in the past, its prevalence
based on the D-CHCC definition needs to be clarified in
the future.

Variable vessel vasculitis

Behget’s disease (BD) and Cogan’s syndrome are
forms of variable vessel vasculitis, according to the
CHCC2012 nomenclature (1) (Table 5).

BD has many different manifestations in the skin.
Recurrent oral aphthous ulcers are an almost universal fea-
ture, while genital aphthous ulcers, erythema nodosum-—
like lesions, superficial thrombophlebitis, positive reaction
on the skin pathergy test, and nonfollicular papulopustular
lesions occur less regularly. The consensus among experts
in BD is that, except for the (acneiform) follicular pustules,
the early stages of cutaneous lesions are vessel-based neu-
trophilic reactions with leukocytoclasia and endothelial
swelling, and sometimes vasculitis with fibrinoid necrosis.
Larger vessels with thrombosis often present with vasculitis
of the vasa vasorum. Erythema nodosum-like lesions in
BD are chronic, macrophage-rich lesions that initially may
show LCV within septa (40). LCV, lobular infiltrates, and
lack of Miescher’s granulomas distinguish BD from classic
erythema nodosum. Arterial lesions are rare in BD, and on
the lower leg, these lesions may have been sometimes mis-
diagnosed due to the difficulty in distinguishing arterioles
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from altered venules (40). Biopsies of older lesions in
BD or obtained during systemic therapy have revealed lym-
phocytic infiltration in and around vessel walls and have
led to controversies about whether BD is a vasculopathy or
a lymphocytic vasculitis.

MAGIC syndrome (mouth and genital ulcers
with inflamed cartilage) encompasses cutaneous features
of BD in patients with relapsing polychondritis and vas-
culitis (41). Some patients with BD have skin-limited
vasculitis and erythema nodosum-like lesions but have
no clinical evidence of a systemic vasculitis such as
clinically detectable central nervous system vasculitis
(particularly, parenchymal and brain stem), gastroin-
testinal vasculitis, or large vessel vasculitis (of, e.g., the
pulmonary artery), the latter often being described in
BD. Similarly, some patients diagnosed as having BD
according to the presence of oral ulcers, genital ulcers,
papulopustular lesions, and/or a positive skin pathergy
test reaction may not develop systemic involvement of
BD, as manifested by eye disease, oligoarthritis, or other
(e.g., neurologic) manifestations (42,43), regardless of
whether the disease manifestations are vasculitic or non-
vasculitic in origin.

Cutaneous single-organ vasculitis

Skin-limited vasculitis that does not share sufficient
clinical, laboratory, and/or pathologic features with a sys-
temic vasculitis qualifies as a cutaneous SOV, in accordance
with the CHCC2012 definitions (Table 5).

IgM/IgG immune complex vasculitis. IgM/IgG
immune complex vasculitis (as described above) is not
known to be associated with systemic vasculitis, and
thus qualifies as an SOV.

Nodular vasculitis (erythema induratum of Bazin).
Nodular vasculitis (erythema induratum of Bazin) is a lob-
ular panniculitis with vasculitis of vessels in the panniculus.
In the presence of tuberculosis (usually with hyperergic
reaction), it has been referred to as erythema induratum
of Bazin (44). Affected vessels, in order of frequency, are
as follows: 1) small venules of fat lobules; 2) both veins of
connective tissue septae and venules of fat lobules; 3) only
veins of connective tissue septae; 4) veins and arteries of
connective tissue septae and venules of fat lobules; and 5)
veins and arteries of connective tissue septae. In some
cases, vasculitis could not be demonstrated within serial
sections throughout the specimen (44). Nodular vasculitis
with lobular panniculitis can be associated with coagula-
tive and caseous necrosis, and with (extravascular) granu-
lomatous inflammation. Depending on the stage of
disease, vasculitis is associated with neutrophilic, granulo-
matous, or lymphocytic inflammation (13).
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Lobular panniculitis distinguishes nodular vas-
culitis from cutaneous PAN, and the primary localiza-
tion of vasculitis in the panniculus distinguishes it from
GPA and EGPA.

Erythema elevatum et diutinum. Erythema ele-
vatum et diutinum (EED) is a neutrophilic dermatosis
and chronic localized fibrosing LCV, initially presenting
with LCV of mostly postcapillary venules, often with vas-
cular immune deposits and the presence of plasma cells
and, variably, eosinophils, followed typically by storiform
and angiocentric fibrosis. EED can be associated with
monoclonal gammopathy (in ~15% of individuals), auto-
immune disease, or infection (45). Granuloma faciale has
been referred to as EED localized to the face. Recently, it
was suggested that both belong to a spectrum of 1gG4-
related disease (46).

Recurrent macular vasculitis in hypergammaglob-
ulinemia (hypergammaglobulinemic purpura of Walden-
strom). Recurrent macular vasculitis in hypergam-
maglobulinemia (hypergammaglobulinemic purpura of
Waldenstrom) is a relapsing episodic vasculitis of the small
blood vessels, with vascular deposits of immunoglobulins.
It is associated with hypergammglobulinemia (usually poly-
clonal, but sometimes also monoclonal), an elevated sedi-
mentation rate, often with non-IgM rheumatoid factor
(IgG or IgA), and relapsing sudden occurrence of many
small, short-lived hemorrhagic macules on the lower legs
(47,48). It is sometimes associated with other (auto-
immune) diseases, e.g., Sjogren’s syndrome (47), but not
with systemic vasculitis.

Normocomplementemic urticarial vasculitis.
NUV is a cutaneous SOV described in more detail
above in the context of hypocomplementemic urticarial
vasculitis.

Vasculitis associated with systemic disease

Cutaneous vasculitis that is associated with, and
may be secondary to, a systemic disease often coincides
with other cutaneous features of the associated disease, in
addition to the other criteria of the respective systemic
disease.

Rheumatoid vasculitis. Rheumatoid vasculitis
occurs in patients with positive titers of rheumatoid factor
who have longstanding disease, and who often have ero-
sive theumatoid arthritis. In the skin, it ranges from (often
1gG/IgM-positive, but also IgA-positive) LCV of postcapil-
lary venules (33) to arteritis at the dermal-subcutaneous
junction or in the panniculus (49). A more frequent
involvement of vessels larger than postcapillary venules
distinguishes it from genuine IgA or IgG/IgM vasculitis
and results in a more varied clinical presentation,
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including cutaneous ulcers, digital gangrene, or nailfold
infarction. Involvement of the vasa nervorum may be an
etiologic factor in neuropathy. Rheumatoid vasculitis
affecting muscular arteries (MVYV) is distinguished from
cutaneous or systemic PAN by the additional involvement
of postcapillary venules as well as by the presence of
rheumatoid factor and arthritis.

A similarly heterogeneous presentation of vascu-
litides may occur in LE (mostly cutaneous SVV, or MVV
often involving peripheral nerves) (50), and more rarely
in dermatomyositis or systemic sclerosis. Cutaneous vas-
culitis in patients with LE may also present as HUV or as
an immune complex vasculitis, both of which are
restricted primarily to postcapillary venules. HUV in LE
is defined by the features of urticaria and LCV without
predilection for the lower legs, while immune complex
vasculitis is defined by predilection for the lower legs
and absence of urticaria.

Sjogren’s syndrome vasculitis. Sjogren’s syndrome
vasculitis is often either recurrent macular vasculitis in
hypergammaglobulinemia (see above) or cryoglobuline-
mic vasculitis (51).

Sarcoidosis. Sarcoidosis may have cutaneous LCV
or granulomatous vasculitis, though this is rare. Cuta-
neous LCV is more often associated with acute sarcoido-
sis and/or systemic symptoms (fever, arthralgia) and is
usually self-limited. Sarcoid granulomatous vasculitis is
more often associated with chronic sarcoidosis and sys-
temic vasculitis. The symptoms may resemble GCA,
except that small vessels are also involved, and small
vessels are more often affected than medium or large
vessels (52).

Vasculitis associated with probable etiology

Identifiable probable etiologies for vasculitis
include drugs, infections (e.g., hepatitis B and C), sepsis,
and neoplasms. Syphilis-associated aortitis should not
be included in this category, because it is the result of
direct invasion of Treponema pallidum in the vessel wall,
and because the CHCC2012 does not include these
forms of infectious vasculitides in its nomenclature (1).

Drug-induced vasculitis. Drug-induced vasculitis
may be systemic or skin-limited. Minocycline-associated
arteritis may present with features similar to cutaneous or
systemic PAN. Drug-associated AAV may present as a
skin-limited variant of AAV (see more detailed discus-
sions above), but also as a systemic disease featuring, e.g.,
glomerulonephritis or pulmonary involvement (26). Le-
vamisole-adulterated cocaine can cause a thrombotic vas-
culopathy and development of ANCAs (53). Drug-induced
immune complex vasculitides also come in skin-limited and
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systemic forms, clinically indistinguishable from immune
complex vasculitides arising from other causes.

A relevant criterion for skin-limited, drug-induced
vasculitis is the temporal association of onset with intake
and the eventual reversibility with discontinuation of the
likely etiologic drug. Therefore, whenever it applies,
“drug-induced” should be added as a modifier, because
this term indicates a case is a drug-induced vasculitis that
will usually remit when the drug is discontinued and will
not recur unless the drug is reintroduced.

Septic vasculitis. Septic vasculitis is not contained
in the original CHCC2012. Purpuric lesions in sepsis
often are attributable to either disseminated intravascu-
lar coagulation (DIC), septic emboli containing patho-
gens, or infection of endothelial cells by pathogens (the
latter is not included in the CHCC system). However,
some patients with bacteremia have cutaneous SVV
without detection of microbes in the vessel wall or in
thrombi (54). This involves vessels of different sizes,
from capillaries to medium vessels, which distinguishes it
from any other SVV, such as immune complex vasculitis
(55). In rare cases, it may occur without DIC, e.g., as in
smoldering vasculitis in gonococcal bacteremia.

More often, septic vasculitis occurs in conjunction
with thrombotic occlusions of capillaries and larger ves-
sels, due to coagulopathy. Clinically, septic SVV manifests
as single, randomly distributed small purpuric papules.
They may develop into retiform purpura and necrotic
ulcers when, additionally, occlusive mechanisms (e.g.,
DIC) come into effect. Septic vasculitis without DIC must
not be confused with ANCA-associated or immune com-
plex vasculitis. It is also important to recognize that infec-
tions can induce immune complex vasculitis and AAV,
and that bacteremia may be associated with development
of ANCAs (mostly, PR3-ANCAs) without development
of AAV (56).

Diseases not recognized by consensus as a primary
vasculitis

Superficial thrombophlebitis. Superficial throm-
bophlebitis (except thrombophlebitis in BD) was not
recognized by full CHCC consensus as a primary vas-
culitis. This is partly because of the controversy regard-
ing whether small veins and arteries (and thus PAN and
thrombophlebitis) are always distinguishable in the
lower legs, given the stasis-induced changes of venular
walls. The majority of investigators have considered
thrombophlebitis to be a sequela of degenerative or
anatomic alterations of the vessel walls, slowed blood
flow, and/or hypercoagulable conditions, which then
secondarily lead to inflammatory infiltration.
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Vasculitis in monoclonal gammopathy. Vasculitis
occurs rarely in cases of monoclonal gammopathy (type I
cryoglobulinemia being a special case of monoclonal gam-
mopathy) and is associated with, but distinct from, the
more frequent occlusive vasculopathy in gammopathy. It
has been described explicitly in a case of systemic IgA vas-
culitis (57). This cutaneous vasculitis presents clinically
with purpuric macules or papules, in addition to livedo or
retiform purpura from vasculopathy. In contrast to genuine
IgA or IgG/IgM vasculitis, vasculitic lesions do not regu-
larly present with a typical predilection for the lower legs.
Immunofluorescence analysis reveals vascular deposits of
the same immunoglobulin class as the monoclonal
immunoglobulin. Similarly, as with vasculitis in type I cryo-
globulinemia, it is not known whether these cases are due
to aggregates of monoclonal immunoglobulin that can acti-
vate complement, whether the monoclonal immunoglobu-
lin becomes directly fixed to structures of the vascular wall
and induces vasculitis, or whether vessel damage and
inflammation are secondary to vascular occlusion. The lat-
ter cannot be excluded at this point, and therefore this
entity requires further studies in cohorts to reach a full con-
sensus as to whether this is an original vasculitis.

Monoclonal gammopathy also is associated with
EED and several nonvasculitic dermatoses.

Exercise-induced vasculitis. Exercise-induced vas-
culitis (“golfer’s vasculitis”) is described as palpable pur-
pura or short-lived hemorrhagic macules on the lower
legs that occur after prolonged exercise or standing
upright for long periods. It is probably a form of cuta-
neous immune complex vasculitis or recurrent macular
vasculitis in hypergammaglobulinemia (58).

Lymphocytic vasculitis. Lymphocytic vasculitis is,
by strict definition, a vasculitis in which the primary event
is infiltration and damage (fibrinoid necrosis) of the vessel
walls by primarily lymphocytes (13). It is not clear if such
a vasculitis exists. Candidates are pityriasis lichenoides et
varioliformis acuta or (noninfected) arteritis in the con-
text of Epstein-Barr virus infection. The term has also
been used for later stages of other vasculitides in which
lymphocytes have followed the initially infiltrating neu-
trophils and monocytes (e.g., in BD, LE, or PAN).

The term “lymphocytic vasculitis” has also been used
for a reaction pattern in which lymphocytes infiltrate the
vessel walls without constituting a specific form of vasculitis.

Lesions not fulfilling sufficient criteria as distinct
vasculitides

Lymphocytic arteritis/macular arteritis. Lympho-
cytic arteritis/macular arteritis is mostly considered an early
or indolent or reparative stage of cutaneous PAN (59).
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Eosinophilic vasculitis. Eosinophilic vasculitis is a
term that has been used not only for eosinophil-rich LCV
in EGPA, but also for eosinophil-rich arteritis observed in
GCA, for vasculitis associated with connective tissue dis-
ease, EGPA, or hypereosinophilic syndrome, or for vas-
culitic reactions associated with blood eosinophilia. The
term therefore refers to a pattern of injury, but does not
define a specific form of vasculitis.

Granulomatous vasculitis. Granulomatous vasculi-
tis similarly refers to a pattern of injury that occurs in, e.g.,
GCA, TAK, GPA, EGPA, and sarcoid vasculitis.

Erythema (nodosum) leprosum. Erythema (no-
dosum) leprosum is an immune-mediated systemic disease
in multibacillary leprosy, characterized by erythematous
tender subcutaneous nodules or plaques, and histologi-
cally by initial neutrophilic infiltrates in the deep dermis
and lobular panniculitis, and/or sometimes vasculitis of
the small blood vessels (primarily venules, rarely arteri-
oles) on the background of macrophage-rich leprosy
lesions. It has been considered to be an immune com-
plex vasculitis (60); however, vasculitis is not a constant
feature in skin biopsy specimens (61,62), and skin
lesions show no predilection for the lower legs and are
not inducible by intracutaneous histamine.

Summary

The primary goals of this dermatologic addendum
to the CHHC2012 are to clarify the CHCC2012 categories
that are applicable to skin vasculitis, and to add definitions
of cutaneous vasculitis that are not included in the
CHCC2012. The D-CHCC does not provide diagnostic cri-
teria, but rather provides standard terminology and defini-
tions for many, but not all, forms of cutaneous vasculitis.
This review and commentary clearly show that, in most
patients, a precise diagnosis that is most likely to lead to
optimum patient management can only be made by knowl-
edgeably integrating data from clinical, laboratory, and
pathologic studies.

The authors encourage careful confirmation of
the validity of the definitions, further improvements,
and documentation of the clinical and pathologic fea-
tures in cohorts of patients, and also encourage thor-
ough identification of examples of cutaneous vasculitis
that cannot be allocated to these D-CHCC categories.
Future adjustments and additions will result from advances
in the understanding of cutaneous vasculitis.
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Updated Estimates Suggest a Much Higher Prevalence of
Arthritis in United States Adults Than Previous Ones

S. Reza Jafarzadeh! and David T. Felson?

Objective. National estimates of arthritis preva-
lence rely on a single survey question about doctor-diag-
nosed arthritis without using survey information on joint
symptoms, even though some subjects with only the latter
have been shown to have arthritis. The sensitivity of the
current surveillance definition is only 53% and 69% in
subjects ages 45-64 years and ages >65 years, respec-
tively, resulting in misclassification of nearly one-half
and one-third of subjects in those age groups. This study
was undertaken to estimate arthritis prevalence based on
an expansive surveillance definition that is adjusted for
the measurement errors in the current definition.

Methods. Using the 2015 National Health Inter-
view Survey, we developed a Bayesian multinomial latent
class model for arthritis surveillance based on doctor-
diagnosed arthritis, joint symptoms, and whether symp-
tom duration exceeded 3 months.

Results. Of 33,672 participants, 19.3% of men and
16.7% of women ages 18—64 years and 15.7% of men and
13.5% of women ages >65 years affirmed joint symptoms
without doctor-diagnosed arthritis. The measurement
error—-adjusted prevalence of arthritis was 29.9% (95%
Bayesian probability interval [95% PI] 23.4-42.3) in men
ages 18-64 years, 31.2% (95% PI 25.8-44.1) in women ages
18-64 years, 55.8% (95% PI 49.9-70.4) in men ages >65
years, and 68.7% (95% PI 62.1-79.9) in women ages >65
years. Arthritis affected 91.2 million adults (of 247.7 mil-
lion; 36.8%) in the US in 2015, which included 61.1 million
persons between 18 and 64 years of age (of 199.9 million;
30.6%). Our arthritis prevalence estimate was 68% higher
than the previously reported national estimate.
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Conclusion. Arthritis prevalence in the US pop-
ulation has been substantially underestimated, espe-
cially among adults younger than 65 years of age.

Arthritis is a highly prevalent condition in the US
and a leading cause of disability. The economic burden of
arthritis is estimated to be at least $128 billion annually in
the US (1). Effective surveillance of arthritis on a national
scale is challenging and requires a screening strategy that
goes beyond recognizing symptoms reported in a clinical
setting.

National surveillance efforts for arthritis rely on
self-report surveys as a practical tool to estimate the bur-
den of disease. The Centers for Disease Control and
Prevention (CDC) routinely publishes estimates of the
prevalence of arthritis in the US (2-4). One source of data
used for arthritis surveillance is the National Health Inter-
view Survey (NHIS), administered by the US Census
Bureau, which includes questions that are used to identify
cases of arthritis. Although identifying subjects with arthri-
tis from these health surveys is a reasonable method for
national surveillance efforts, the accuracy of estimates
depends on the validity of the surveillance definition used
to identify cases of arthritis. The main item from the NHIS
used to identify cases of arthritis has been a single question
asking subjects if they ever had doctor-diagnosed arthritis.

In a validation study in which they actually verified
clinical cases of arthritis, Sacks et al (5) documented the
diagnostic sensitivity and specificity of arthritis-related sur-
vey questions. Survey validation has shown reassuring but
imperfect accuracy. While a survey approach using a report
of doctor-diagnosed arthritis had a higher sensitivity
(68.8%) among those ages =65 years, the sensitivity of this
surveillance definition was lower (52.5%) for persons ages
45-64 years. Such a low sensitivity, especially in a younger
population, where almost half of true arthritis cases are
missed, results in substantial misclassification and underes-
timation of prevalence and would have a detrimental effect
on planning and needs assessment (3,4).

Subsequent studies that have relied on the assur-
ance of the Sacks et al (5) validation study have produced
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a national estimate of the prevalence of arthritis or of doc-
tor-diagnosed arthritis of 54.4 million adults (22.7%) in
the US in 2015 (3,4). No data have been released that cor-
rect these estimates for the measurement errors caused by
the imperfect sensitivity and specificity of surveillance defi-
nitions (3,4,6). Further, this likely underestimation of
arthritis prevalence, especially in subjects ages 45-64 years,
has suggested that prevalence in this age group is low at a
time when other studies noted a marked increase in the
rates of knee and hip replacement in this age group (7).

Strategies exist to increase the accuracy of surveil-
lance criteria, such as combining the results of multiple
individual diagnostic criteria. For example, one diagnostic
criterion could be based on a self-reported diagnosis of
arthritis from a health professional. Another diagnostic
criterion could be self-reported symptoms that are consis-
tent with arthritis. Questions about chronic joint symp-
toms are in fact included in the NHIS, and the Sacks et al
(5) validation study reported that some subjects with
chronic joint symptoms who did not report having doctor-
diagnosed arthritis had a clinical diagnosis of arthritis.
Nonetheless, chronic joint symptoms have not been used
in combination with doctor-diagnosed arthritis to derive
national estimates of arthritis prevalence. While self-
reported doctor-diagnosed arthritis has an acceptable
specificity (i.e., 81.1%) for arthritis in adults ages >65
years (5), many persons younger than 65 years of age did
not report receiving a diagnosis from a health professional
despite reporting chronic joint symptoms.

In this study, we developed a Bayesian model to
estimate the prevalence of arthritis among adults in the
US in 2015, that is, an estimate adjusted for the measure-
ment errors due to the imperfect accuracy of surveillance
criteria based on both the report of chronic joint symp-
toms and doctor-diagnosed arthritis. We used the term
“adjusted prevalence,” in contrast to “unadjusted preva-
lence,” for our measurement error—corrected prevalence
estimates (8-13). We note that an adjusted prevalence
estimate obtained using a survey is not equivalent to the
exact number of rheumatologist-verified arthritis cases,
even though the survey questions were actually validated
against such cases, but we use the word “adjusted” to sug-
gest that we are correcting estimates for the systematic
underestimation of prevalence that occurs when surveil-
lance instruments with imperfect sensitivity are used.

PATIENTS AND METHODS

Study setting and data. We obtained the most recent pub-
licly available Sample Adult Core from the 2015 NHIS data
release, which contains data for individuals ages 18 years and
older. The NHIS, which is routinely used to derive national
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estimates of arthritis prevalence, is one of the most prominent
population health surveys that covers the noninstitutionalized pop-
ulation in the US; it excludes those in long-term care facilities,
active duty armed forces personnel, and US nationals living in a
foreign country.

As noted in the study by Sacks et al (5), the National
Arthritis Data Workgroup suggested that “arthritis” be
broadly defined as a condition with clinical significance that is
either symptomatic or requires attention from a health pro-
fessional for treatment. The purpose of the definition, which
excluded injuries, was to have a practical method to estimate
the burden and impact of arthritis. For example, a case of
asymptomatic radiographic osteoarthritis resulting from a pre-
vious injury was not considered clinically significant, nor were
asymptomatic Heberden’s nodes.

In our study, identical to the definition used by the CDC,
a case of doctor-diagnosed arthritis was defined as a positive
response to the NHIS survey question, “Have you ever been told
by a doctor or other health professional that you have some form
of arthritis, rheumatoid arthritis, gout, lupus, or fibromyalgia?”
In addition to doctor-diagnosed arthritis, the NHIS included a
separate set of questions designed to identify those with chronic
joint symptoms, defined as participants who gave a positive
response to the question, “The next questions refer to your joints.
Please do not include the back or neck. During the past 30 days,
have you had any symptoms of pain, aching, or stiffness in or
around a joint?” Moreover, if the person reported recent chronic
joint symptoms, they were asked the follow-up question, “Did
your joint symptoms first begin more than 3 months ago?” We
developed surveillance criteria based on the 3 questions that were
used to define doctor-diagnosed arthritis, chronic joint symptoms,
and whether the duration of symptoms exceeded 3 months.

Surveillance criteria. We considered each of the 3 ques-
tions described in the previous section as a diagnostic test with
imperfect accuracy for arthritis. The answer to the third question
regarding the duration of symptoms was only available (i.e., posi-
tive or negative) if the person reported the existence of recent
chronic joint symptoms. Therefore, the data consisted of fre-
quencies corresponding to one of the 6 possible realizations of
test outcomes (yes/yes/yes, yes/no/null, yes/yes/no, no/yes/yes, no/
no/null, or no/yes/no) for doctor-diagnosed arthritis, chronic
joint symptoms, and duration of symptoms, respectively. The
null value indicates that the value for the duration of symptoms
was not available due to a negative response to the recent
chronic joint symptoms criterion. We further stratified the
results of the surveillance criteria into 4 subpopulations based
on sex and the age groups 18-64 years and >65 years (Table 1).

Model. We developed a Bayesian multinomial latent
class model for the 6 realizations of test outcomes in the 4 sub-
populations presented in Table 1. Bayesian latent class models
have previously been used in a variety of models for diagnostic
test outcomes when a perfect reference standard is not available
(8-21). Latent class models do not require the true disease sta-
tus of each subject to be known (i.e., observed) in order to esti-
mate prevalence and measures of diagnostic accuracy (12,13).
The multinomial probabilities corresponding to the observed
frequencies of surveillance criteria were defined as functions of
true prevalence and the sensitivity and specificity of each crite-
rion, as described by Branscum et al (9) and others (10). For
example, the probability of observing (yes/yes/yes) frequency is a
product of the true arthritis prevalence and the sensitivities
of the 3 criteria in the surveillance definition, which is the
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Cross-classified outcomes of arthritis surveillance criteria based on doctor-diagnosed arthritis, chronic

Doctor’s diagnosis,

Chronic joint symptoms

without doctor’s diagnosis, Total, no. (%)

No. (%) no. (%) no. (%) (n =33,672)
Ages 18-64 years
Men 1,740 (15.0) 2,242 (19.3) 11,597 (34.4)
DDx/CJS/S-3M
yes/yes/yes 1,260 (3.7) - - -
yes/no/null 405 (1.2) - - -
yes/yes/no 75 (0.2) - - -
no/yes/yes 1,849 (5.5) - - -
no/no/null 7,615 (22.6) - - -
no/yes/no 393 (1.2) - - -
Women 2,734 (20.0) 2,294 (16.7) 13,697 (40.7)
DDx/CJS/S-3M
yes/yes/yes 2,002 (5.9) - - -
yes/no/null 608 (1.8) - - -
yes/yes/no 124 (0.4) - - -
no/yes/yes 1,856 (5.5) - - -
no/no/null 8,609 (25.7) - - -
no/yes/no 438 (1.3) - - -
Ages >65 years
Men 1,511 (43.5) 545 (15.7) 3,474 (10.3)
DDx/CJS/S-3M
yes/yes/yes 980 (2.9) - - -
yes/no/null 469 (1.4) - - -
yes/yes/no 62 (0.2) - - -
no/yes/yes 477 (1.4) - - -
no/no/null 1,418 (4.2) - - -
no/yes/no 68 (0.2) - - -
Women 2,704 (55.1) 660 (13.5) 4,904 (14.6)
DDx/CJS/S-3M
yes/yes/yes 1,958 (5.8) - - -
yes/no/null 608 (1.8) - - -
yes/yes/no 138 (0.4) - - -
no/yes/yes 581 (1.7) - - -
no/no/null 1,540 (4.6) - - -
no/yes/no 79 (0.2) - - -

* The null value indicates that the criterion symptom duration longer than 3 months (S-3M) was not applicable due to
a negative response to the question regarding recent chronic joint symptoms (CJS). DDx = doctor-diagnosed arthritis.

true-positive fraction plus the product of the prevalence of true
nonarthritis (i.e., 1 — the prevalence of true arthritis) and the
false-positive fraction (1 — the specificity of each criterion). All
multinomial probabilities corresponding to observed frequencies
are enumerated in the Supplementary Materials, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40355/abstract.

As shown in the validation study by Sacks et al (5) and
in other studies (17,22), the sensitivity of a diagnostic test is
often higher when it is applied to a population with higher
prevalence (in this case, this would be true of older versus
younger subjects). This occurs in part because there tends to be
more severe disease in a high-prevalence population (17,23). In
general, the diagnostic specificity, the probability of a negative
outcome in a truly healthy (i.e., non-diseased) population, where
the prevalence remains constant at 0, is less variable across non-
diseased populations. To obtain a more robust estimate for
arthritis prevalence (15,17), we allowed the sensitivity of the
surveillance criteria to differ across the 4 subpopulations of men
ages 18-64 years, women ages 18-64 years, men ages >65 years,
and women ages >65 years. In an alternative parameterization

for the purpose of sensitivity analysis, we assumed the sensitivity
of the surveillance criteria to be the same among men and
women, per estimates by Sacks et al (5), but to be different only
by age (i.e., higher sensitivity for the older population). The
alternative parameterization involves fewer parameters to be
estimated with the same degrees of freedom (i.e., 2 sensitivities
for each criterion instead of 4 sensitivities for each criterion in
the primary model). The number of parameters and degrees of
freedom affect model identifiability, as discussed below.

The diagnostic specificity of criteria can be increased by
serial interpretation of individual criteria results, that is, consider-
ing criteria positive when all individual components are positive.
On the other hand, parallel interpretation of diagnostic criteria,
that is, considering criteria positive when any individual compo-
nent is positive, results in increased diagnostic sensitivity at the
expense of reduced specificity. Similarly, sequential interpretation
of criteria, where an individual criterion result is available only if
another criterion is positive or negative, could result in improved
sensitivity or specificity. Since subjects with symptoms such as pain
are more likely to seek a health professional and receive a diagno-
sis of arthritis, we included conditional covariances, as described
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by Dendukuri and Joseph (24), to account for the potential
dependence between the outcomes for doctor-diagnosed arthritis
and chronic joint symptoms. Conditional dependence affects the
joint-testing sensitivity and specificity because the sensitivity (or
specificity) of a test would not be independent of the outcome of
another test (25). A positive dependence between the sensitivities
of the 2 tests occurs when the sensitivity of one test is lower
among truly diseased subjects who have negative results on the
other test and vice versa. Consequently, a positive or negative
dependence between the sensitivities of 2 diagnostic criteria
increases or decreases, respectively, serial joint-testing sensitivity.
Similarly, a dependence between test specificities affects joint-
testing accuracy (25).

Bayesian inference and priors. We used a Bayesian
approach (26) to estimate the parameters of the multinomial
latent class model for cross-classified outcomes of the arthritis
surveillance criteria. In this approach, probability distributions
are specified for model parameters, which consisted of the
arthritis prevalences for the 4 subpopulations, the sensitivities
and specificities of the surveillance criteria, and the conditional
covariances between the outcomes of the doctor-diagnosed
arthritis and chronic joint symptoms criteria. These probability
distributions are referred to as priors and are elicited from past
knowledge or expert opinion, or specified to be noninformative
when every possible value of the parameter is defined to have
an equal probability of occurring. The prior distributions are
updated with the observed data to obtain posterior distribu-
tions for the parameters of the model using Markov chain
Monte Carlo techniques (26). The Monte Carlo-based poste-
rior distributions are then summarized as the mean, median, or
mode and the 2.5th and 97.5th percentiles of the Monte Carlo
samples as Bayesian 95% probability intervals (95% PIs). For a
description of prior elicitation and all the priors specified for
the parameters of the multinomial model, see the Supplemen-
tary Materials, including Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40355/abstract.

In latent class models, non-identifiability occurs when
the model cannot guarantee a unique set of parameter esti-
mates, often due to insufficient degrees of freedom (27).
Non-identifiability can be mitigated with proper informative
priors or by putting constraints on priors in Bayesian analysis
(15,27,28). Hence, we ordered priors on prevalences and sen-
sitivities in the subpopulations such that the prior distribution
mean was higher in the older population than the younger
population and higher in women than in men.

Bayesian analysis was performed using JAGS software
(29) version 4.2.0 through rjags package (30) version 4-6 in
R software (31) version 3.3.3. Beta priors were elicited using
epiR package (32) version 0.9-79 in R. The program code for
running Bayesian computations was adapted from the study
by Branscum et al (9).

RESULTS

Table 1 presents the cross-classified outcomes of
the arthritis surveillance criteria for 33,672 participants in
the 2015 NHIS. In subjects ages 18-64 years, 19.3% of
men (2,242 of 11,597) and 16.7% of women (2,294 of
13,697) responded “yes” to the question on chronic joint
symptoms, regardless of whether symptom duration
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exceeded 3 months, but responded “no” to the question
of whether they had ever received a diagnosis of arthritis
from a doctor (Table 1). Among those ages >65 years,
15.7% of men (545 of 3,474) and 13.5% of women (660 of
4,904) responded “yes” to the question on chronic joint
symptoms, regardless of symptom duration, without a
concurrent report of doctor-diagnosed arthritis (Table 1).

The proportion who responded “yes” to having
doctor-diagnosed arthritis, with or without a concurrent
report of chronic joint symptoms or symptom duration
longer than 3 months if applicable, was 15.0% of
men ages 18-64 years (1,740 of 11,597), 20.0% of women
ages 18-64 years (2,734 of 13,697), 43.5% of men ages
>65 years (1,511 of 3,474), and 55.1% of women
ages >05 years (2,704 of 4,904) (Table 1).

Posterior probability estimates and the corre-
sponding 95% PIs for the measurement error—adjusted
prevalences in the 4 subpopulations stratified by age and
sex are presented in Table 2. The posterior median for
the adjusted prevalence of arthritis based on the primary
model was 29.9% (95% PI 23.4-42.3) in men ages 18-64
years, 31.2% (95% Pl 25.8-44.1) in women ages
18-64 years, 55.8% (95% PI 49.9-70.4) in men ages
>65 years, and 68.7% (95% PI 62.1-79.9) in women
ages >65 years. The results of the sensitivity analysis that
used identical values for sensitivity of the criteria in men
and women suggested estimates similar to the results of
the primary analysis (i.e., with overlapping 95% PIs)
(Table 2).

The accuracy of the surveillance criteria is pro-
vided in Table 3. The results suggested that the doctor-
diagnosed arthritis criterion had very low sensitivity in
subjects ages 18-64 years, and that the symptom duration
criterion had the highest sensitivity across all age and sex
strata, despite having the lowest specificity. Thus, a sub-
stantial fraction of the population with arthritis, who are
between 18 and 64 years of age, but are misclassified as

Table 2. Posterior probability estimates for the measurement error—
adjusted prevalence of arthritis among US adults in 2015*

Model with identical
sensitivity for men and
women, and distinct
sensitivity by age

Model with distinct
sensitivity for
4 subpopulations
stratified by age and sex

Ages 18-64 years

Men 29.9 (23.4-42.3) 243 (18.3-32.3)

‘Women 31.2 (25.8-44.1) 34.0 (25.8-44.5)
Ages >65 years

Men 55.8 (49.9-70.4) 57.9 (50.6-65.3)

Women 68.7 (62.1-79.9) 75.8 (66.6-84.6)

* Values are the posterior median probability (%) (95% probability
interval). Adjusted prevalence, in contrast to unadjusted prevalence, is
the estimate that is corrected for the measurement errors as a result of
imperfect sensitivity and specificity of the surveillance criteria.
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Table 3. Accuracy measures for the arthritis surveillance criteria*

Model with distinct sensitivity =~ Model with identical sensitivity

for 4 subpopulations

for men and women,

Criterion stratified by age and sex and distinct sensitivity by age

Doctor-diagnosed arthritis

Sensitivity
Ages 18-64 years
Men 22.0 (11.1-48.3)
Women 34.1 (24.3-62.3)
Ages >65 years
Men 67.9 (59.4-76.1)
Women 74.9 (67.4-82.0)
Specificity 87.2 (82.5-96.1)

Chronic joint symptoms
Sensitivity
Ages 18-64 years

Men 62.7 (43.6-72.5)
Women 64.9 (46.1-73.9)
Ages >65 years
Men 69.1 (55.5-75.4)
Women 74.1 (64.9-80.5)
Specificity 83.3 (75.1-91.8)
Symptom duration >3 months
Sensitivity
Ages 18-64 years
Men 87.4 (79.5-94.4)
Women 88.8 (80.4-94.7)
Ages >65 years
Men 93.1 (89.1-94.9)
Women 93.4 (90.8-95.1)
Specificity 15.2 (1.6-51.3)

50.0 (39.0-64.2)
50.0 (39.0-64.2)

71.5 (64.5-80.5)
71.5 (64.5-80.5)
95.8 (94.2-97.2)

46.8 (38.2-60.3)
46.8 (38.2-60.3)

64.2 (59.7-70.2)
64.2 (59.7-70.2)
74.8 (72.1-71.3)

94.1 (93.3-94.9)
94.1 (93.3-94.9)

94.3 (93.6-95.1)
94.3 (93.6-95.1)
18.8 (17.5-20.7)

* Values are the posterior median probability (%) (95% probability interval).

healthy by the doctor-diagnosed arthritis criterion due to
low sensitivity, are captured by the 2 remaining questions
on joint pain, aching, or stiffness.

Finally, the estimated number of adults with
arthritis in the US, based on the 2015 National Popula-
tion Projections provided by the US Census Bureau
(33), was 91.2 million individuals (of the 247.7 million
total projected population; 36.8%), which included 29.8
million men ages 18-64 years, 11.8 million men ages
>65 years, 31.3 million women ages 18-64 years, and
18.3 million women ages >65 years.

DISCUSSION

Using NHIS data, we developed an arthritis surveil-
lance definition by which to estimate the measurement
error—adjusted prevalence of arthritis in the US, based on
3 criteria with imperfect accuracy, i.e., doctor-diagnosed
arthritis, chronic joint symptoms, and symptom duration
longer than 3 months. Our estimate suggested that 91.2
million adults in the US (36.8%) were affected by arthritis
in 2015. Our results suggested that the adjusted prevalence
of arthritis, doctor-diagnosed or otherwise, is substantially
higher than a previously reported uncorrected estimate of
the prevalence of doctor-diagnosed arthritis of 54.4 million

adults in the US (22.7%) (4) and also higher than the esti-
mate of the adjusted prevalence of doctor-diagnosed
arthritis of 52.9 million adults (21.4%) (34). Further, we
estimated that 61.1 million adults between the ages of 18
and 64 years (of 199.9 million total adults ages 18-64
years; 30.6%) in the US had arthritis in 2015.

The higher prevalence that we report is due in
large part to the previous underestimate of arthritis in
adults ages 18-64 years. Recent reports have suggested a
marked increase in total knee replacement utilization,
especially in the population 45-64 years of age, that has
outpaced the increasing rate of obesity in the same age
group (7). Another study demonstrated higher arthritis
prevalence in more recent birth cohorts, compared to pre-
vious generations of the same age, partly due to changing
patterns of obesity in relatively younger populations (35).
Individuals younger than 65 years of age may perceive
arthritis as a condition affecting only the elderly and thus
may visit a health professional less often or may ignore
occasional joint symptoms. Moreover, arthritis may not
be reported on electronic health records or insurance
claims data if arthritis is not the primary reason for a
referral to a health care provider. A previous study noted
that of the total of 13.7% of adults (6,064 of 44,326) in
the 2005 NHIS data who had chronic joint symptoms but
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no indication of doctor-diagnosed arthritis, 89.1% were
younger than 65 years of age (36), compared to 79.0%
(4,536 of 5,741) in our study population in 2015 (Table 1).

Previous studies that either supported (37,38) or
opposed (36) the addition of chronic joint symptoms to an
arthritis surveillance definition, through creating a pseudo—
gold standard based on other criteria such as functional or
activity-limiting factors or any other indication of arthritis,
are subject to the same flaws and limitations of relying on
an imperfect surveillance definition. In contrast, our latent
class analytic approach did not rely on the assumption of
having a perfect reference standard (i.e., a gold standard)
and did not require us to identify the true arthritis status of
each individual in the population in order to estimate the
measurement error—adjusted prevalence (8,39).

The question on doctor-diagnosed arthritis in the
NHIS includes fibromyalgia among the conditions under
the arthritis rubric. While fibromyalgia can cause joint pain
and lead to a diagnosis by a health professional, it is not a
form of arthritis. Consequently, inclusion of fibromyalgia
resulted in an imperfect specificity for the doctor-diag-
nosed arthritis criterion, which affected the uncorrected
estimates for the prevalence reported in previous studies
(2-4); however, this inclusion did not affect our estimates
for the adjusted prevalence because we had already
corrected our estimate for the imperfect specificity of the
doctor-diagnosed arthritis criterion. Conversely, absence
of osteoarthritis, the most prevalent form of arthritis, from
the NHIS question on doctor-diagnosed arthritis results in
an imperfect sensitivity for the doctor-diagnosed arthritis
criterion and subsequently affected uncorrected estimates
for the prevalence in previous reports (2-4).

In addition to problems with measurement errors,
there are shortcomings in the reliance of the previously
published (3,4) national estimates of arthritis prevalence
on a single survey question regarding doctor-diagnosed
arthritis. Implicit in the question on doctor-diagnosed
arthritis, when the response is positive, is that the surveyed
individual sought or had access to medical care from a
health professional. However, a negative response to the
doctor-diagnosed arthritis question could be the result of
either lack of medical attention to joint symptoms or a truly
negative diagnosis with regard to arthritis. Moreover, an
individual who is diagnosed as having arthritis by a health
professional may never be explicitly informed of the
diagnosis.

The chronic joint symptoms question does not
require pain on more than half of days and could repre-
sent mild or moderate joint pain. We note that the valida-
tion study by Sacks et al (5) reported the sensitivity and
specificity of these questions for subjects who were ages
45-64 years. We generalized these estimates to those ages
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18-64 years, and it is conceivable that our arthritis preva-
lence estimates for persons ages 18-44 years are off if
these estimates of sensitivity and specificity are imprecise.
However, our Bayesian approach mitigated this potential
inaccuracy by specifying diffuse prior distributions that
covered a wide range of sensitivity and specificity values,
in contrast to a frequentist approach, in which these val-
ues are assumed to be fixed.

The NHIS has a complex survey sample design,
and our approach did not use a weighting scheme to esti-
mate prevalence. There are conceptually competing and
fundamentally distinct approaches to making “infer-
ences” from complex surveys, which include the classical
design-based (randomization-based) approach that uses
a weighting scheme, as described by Neyman (40), and
our model-based approach that relies on developing sta-
tistical models to infer population parameters. While
weights are useful for “designing” a cost-effective survey
sample, their use in inference after survey data are col-
lected is debated in statistical literature because relying
on weighting alone may fail to sufficiently account for
other factors that influence the accuracy of estimation,
such as misclassification. Weights are not attributes of
the individuals or a particular disease under study, but
are constructed as a product of probability calculations
to correct for the perceived differences between a sam-
ple and a target population based on “design” variables
such as age, sex, or location (41).

There is a large body of statistical literature on the
philosophical and fundamental differences between the
design-based and the model-based approaches (see, for
example, refs. 41-43). Some argue that reliance on a gen-
eral framework to calculate weights, which requires many
arbitrary choices on weighting factor, pooling, or trunca-
tion of weights, does not provide much benefit over using
a model-based approach to directly estimate parameters
of interest, especially when auxiliary data are available
(i.e., accuracy of survey questions) or when faced with
biases unrelated to sampling weights, such as measure-
ment error. While the federal agencies have historically
produced statistical summaries using the design-based
approach (44), the US Census Bureau recently formed a
Research and Methodology Directorate to more effec-
tively utilize model-based approaches for inference in offi-
cial statistics by federal agencies (43). Our approach was
based on a model to adjust for the sensitivities and speci-
ficities of the test’s performance in the 4 subpopulations
identified by sex and age. We acknowledge that the
inability to directly apply weighting in our model-based
approach may have introduced inaccuracy with regard to
the precision of our estimates (i.e., wider PIs for the prob-
ability of true population parameters), but the gain in
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accuracy with regard to misclassification bias is so sub-
stantial that we believe it justifies our choice.

The validity of our Bayesian inference relies on
the correct specification and estimation of the underlying
probability distributions that generated the observed fre-
quencies of the NHIS questions’ outcomes in the 4 sub-
populations shown in Table 1. Our modeling approach
does not specify distinct priors on the diagnostic sensitiv-
ity and specificity of the NHIS questions across states,
because the validation study by Sacks et al (5) did not
provide evidence that the accuracy of NHIS questions
varied by state. Therefore, regardless of the sampling
unit from which an individual was selected, for example,
Massachusetts versus New York, the probability of
observing a specific realization of outcomes for the
NHIS questions for an individual relies only on whether
the individual has arthritis, and the sensitivities and
specificities of the questions.

Our model-based approach provides several ad-
vantages over previous studies that did not correct for
measurement errors (2-4). In addition to directly applying
the sensitivity and specificity of NHIS survey questions to
our estimates, we allowed the correlation (i.e., conditional
dependence) between responses to survey questions to be
formally incorporated to get corrected estimates. Further,
the Bayesian approach provided a coherent framework
for model-based re-validation (i.e., that does not rely on a
gold standard) of the findings of the Sacks et al (5) study,
through updating the sensitivities and specificities of the
survey questions from the validation study with the 2015
NHIS data, to obtain posterior probabilities (i.e., re-vali-
dated estimates), which we presented in Table 3.

The underlying rheumatic diseases resulting in
arthritis are diverse. While our inference was limited to
aggregate-level population surveillance on the burden
of arthritis, further studies are needed to evaluate
potential changes in the specific causes of arthritis,
especially among adults younger than 65 years of age.
Arthritis causes enormous economic and public health
implications. Direct health care costs and long-term
indirect costs resulting from loss of productivity and
disability attributable to arthritis need be revised to
account for the corrected prevalence of arthritis affect-
ing individuals at younger ages than previously per-
ceived (1,45).
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Germinal Center B Cells Are Essential for
Collagen-Induced Arthritis
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Objective. Rheumatoid arthritis (RA) is consid-
ered to be a prototypical autoimmune disorder. Several
mechanisms have been proposed for the known patho-
logic function of B cells in RA, including antigen pre-
sentation, cytokine secretion, and humoral immunity.
The aim of this study was to address the function of B
lymphocytes in experimental arthritis.

Methods. We mapped the adaptive immune re-
sponse following collagen-induced arthritis (CIA). We
subsequently monitored these responses and disease out-
comes in genetically modified mouse strains that lack
mature B cell or germinal center (GC) functionality in a
B cell-intrinsic manner.

Results. Following primary immunization, the
draining lymph nodes broadly reacted against type II col-
lagen (CII) with the formation of GCs and T cell activa-
tion. Mice that lacked mature B cell function were fully
protected against CIA and had a severely attenuated abil-
ity to mount isotype-switched humoral immune responses
against CII. Almost identical results were observed in
mice that were selectively deficient in GC responses.
Importantly, GC-deficient mice were fully susceptible to
collagen antibody—induced arthritis.
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Conclusion. We identified GC formation and
anticollagen antibody production as the key pathogenic
functions of B cells in CIA. The role of B cells in RA
is likely to be more complex. However, targeting the
GC reaction could allow for therapeutic interventions
that are more refined than general B cell depletion.

Rheumatoid arthritis (RA) is a common autoim-
mune disease that leads to chronic destruction of the
joints. Similar to what is observed in other autoimmune
disorders, self-reactivity begins years before the clinical
onset of RA, with the presence of circulating autoanti-
bodies. In otherwise healthy individuals destined to
develop RA, the first antibodies to appear are rheuma-
toid factors (RFs) (1), followed by antibodies to citrulli-
nated proteins (2). Around the time of disease onset, a
complex pattern of different antibodies is detectable,
including antibodies to joint proteins such as type II
collagen (CII) (3). Because these increased autoantibody
levels are genetically associated with major histocompati-
bility complex (MHC) class II genes, it is likely that acti-
vation of autoreactive B cells is T cell dependent. The
mechanisms of activation and the function of different B
cell subsets remain unknown.

The use of animal models has provided important
insight into the pathogenesis of RA, in particular the use
of the collagen-induced arthritis (CIA) model (4). CIA
invokes T cell- and B cell-mediated immune responses
against CII. Antibodies recognizing CII are considered to
be a central pathogenic factor in CIA, because they can
bind and destabilize cartilage, forming local immune com-
plexes that can trigger synovial cell activation and later
neutrophil infiltration of the joints (5,6). Similar antibody
specificities that occur in CIA can also be observed in clin-
ical subsets of RA (7). Notably, mice that are genetically
deficient in B cells and hence lack antibodies are pro-
tected against CIA (8), and B cell-depleting anti-CD20
therapy can also prevent CIA (9). The efficacy of anti-
CD20 therapy in RA patients has made identifying the B
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cell subset(s) that mediate the disease to be of potential
therapeutic interest.

A long-recognized histologic feature of RA is
the presence of germinal centers (GCs) in inflamed
joint tissue (10,11). GCs also form in rodents following
the induction of CIA, in both the limbs and secondary
lymphoid tissue (12,13). GCs are a major source of
somatically mutated and class-switched antibodies, and
the GC reaction generates memory B cells and plasma
cells, thereby increasing the overall titers of antibodies.
It has therefore been proposed that the GC reaction is
an important contributor to RA (14).

Although B cells are clearly important for the
development of experimental arthritis, it is currently
unknown whether the formation of GCs and subsequent
autoantibody production represent crucial pathogenic B
cell functions. It is possible that other B cell functions in
addition to humoral responses, such as antigen presenta-
tion or cytokine secretion, could be critical, as has been
shown in other autoimmune diseases (15). Additionally,
spleens that develop in genetically B cell-deficient mouse
strains display several defects in splenic dendritic cell pop-
ulations (16) that can alter T helper cell responses. Inter-
estingly, isolated pathogenic antibodies recognizing CII
have a germline configuration (17), and anti-CII antibod-
ies with somatic mutations can be reverted to germline
configuration without loss of antigen recognition (18).
Furthermore, Cd4”~ mice, which have attenuated GC
responses, are still susceptible to CIA (19,20) or are
only partially protected (21), whereas Terb '~ (a/B T cell—
deficient) mice are completely protected (22). Hence,
although functional T cells are required for CIA, the
requirement of B cells through GC-derived pathogenic
antibody production is not known.

In this report, we present evidence that the GC
reaction is absolutely required for CIA. We created
novel mice that are genetically susceptible to CIA but
are unable to form GCs or alternatively have largely lost
mature B cell function. These mice were completely pro-
tected against CIA. Furthermore, resistance to arthritis
could be bypassed through injection of pathogenic anti-
CII antibodies. Thus, our findings support the proposal
that B cells have a causal function in CIA via the forma-
tion of GCs, which subsequently leads to the production
of pathogenic antibodies.

MATERIALS AND METHODS

Animals. All animals were housed, bred, and main-
tained under specific pathogen—free conditions at the animal
housing facility at the Karolinska Institutet Medical Inflam-
mation Research Unit. All mice were genetically controlled
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and backcrossed onto the B6NQ mouse strain expressing the
H-29 haplotype.

The Pax5~' (23), Pax5"™ (24), Aicda-Cre, and Cd23-
Cre (25) lines have been previously described and were a kind
gift from Dr. Meinrad Busslinger (Research Institute of
Molecular Pathology, Vienna Biocenter, Vienna, Austria).
The Pax5") Pax5+" Aicda-Cre, and Pax5"~ Cd23-Cre mouse
lines were bred and maintained independently and inter-
crossed together to generate experimental and control litter-
mates. All animal experiments were performed according to
valid ethics permits approved by the Stockholm Board for
Animal Ethics (permit nos. N35 and N16).

CIA. CIA was initiated by injection of 100 pg of rat
CII purified from Swarm rat chondrosarcoma as previously
described (26), emulsified in Freund’s complete adjuvant (cat-
alog no. 263810, lot no. 6005687; Becton Dickinson) intrader-
mally at the base of the tail on day 0. Mice were given a
second injection 35 days later with 50 pg of CII emulsified in
Freund’s incomplete adjuvant. For CIA experiments, 10-12-
week-old male mice were used.

Collagen antibody-induced arthritis (CAIA). CAIA
was induced in 10-12-week-old male mice by intravenous injec-
tion of a 4-mg cocktail consisting of 4 monoclonal antibodies
directed against different epitopes of CII (CIIC1 [an IgG2a
antibody binding the C1 epitope], M1239 [an IgG2b antibody
binding the J1 epitope], C2 [an IgG2b antibody binding the
collagen D3 epitope], and UL1 [an IgG2b antibody binding
the Ul epitope]) together with 100 pg of lipopolysaccharide
(LPS) administered intraperitoneally. On day 2 after the initial
immunization, the mice received a secondary (booster) injec-
tion of LPS (100 pg intraperitoneally).

Clinical evaluation of arthritis. After induction of
arthritis, scoring of CIA was performed in a blinded manner
every day or twice daily. CAIA was scored every day. Arthritis
development was scored using a macroscopic scoring system.
A score of 1 was given for each inflamed toe or knuckle, and
a score of 5 was given for an inflamed wrist or ankle, resulting
in a maximum possible score of 15 per limb and a total possi-
ble score of 60 per mouse.

Confocal microscopy preparation. Inguinal lymph
node (LN) sections (10 mm thick) were fixed in ice-cold ace-
tone and blocked with Fc Block (CD16/CD32) in phosphate
buffered saline (PBS) and 0.1% bovine serum albumin prior
to incubation with Alexa Fluor 488-conjugated antibody,
GL7, and PerCP-conjugated IgD (11-26c.2a), and counter-
staining with DAPI. Confocal images were obtained using a
Leica TCS inverted microscope.

Flow cytometric analysis. Spleens and lymph nodes
were fractionated to a single-cell suspension. Erythrocytes were
lysed for 5 minutes at room temperature followed by an addi-
tional 5 minutes on ice with 1 ml of ACK Lysing Buffer. The
following antibodies were used: CD3e (Pacific Blue—conjugated
500A2 or PerCP-conjugated 145-2C11), CD4 (allophycocyanin
[APC]-H7-conjugated GK1.5), CD8 (fluorescein isothio-
cyanate [FITC]-conjugated 53-6.7), CD44 (phycoerythrin
[PE]-conjugated IM7), CD62L (APC-conjugated MEL-14),
B220 (APC-Cy7-conjugated RA3-6B2), CD19 (APC-
conjugated 1D3), GL7 (APC-conjugated GL7), CD95 (PE-Cy7-
conjugated Jo2), IgD (PerCP-conjugated 11-26c.2a), CD21
(FITC-conjugated 7G6), and CD23 (PE-Cy7-conjugated B3B4).

For intracellular staining, following staining for the
extracellular markers, splenocytes were treated using a FoxP3/



GCs IN CIA

Transcription Factor Staining Buffer Set kit (eBioscience)
according to the manufacturer’s protocol and stained with the
intracellular antibodies FoxP3 (PE-conjugated FJK-16s) and
retinoic acid receptor-related orphan nuclear receptor 7t
(RORyt) (Brilliant Violet 421-conjugated 4B10) for 30 minutes
on ice. Immune cell populations were defined as follows: B-1
cells (CD19+B220'°%), B-2 cells (CD19+B220+), GC B cells
(CD19+B220+1gD —~GL7+CD95+ or B220+Lin[GR1+IgM+IgD+
CD138+]1gG1+CII+CD19+CD38-), follicular B cells (CD19+
B220+CD21'°CD23+), marginal zone cells (CD19+B220+CD21+
CD23""), memory B cells (B220+Lin-IgG1+CII+CD19+CD38+),
CD4 T cells (CD3+CD4+CD8-), CDS T cells (CD3+CD4-CD8+),
naive CD4 T cells (CD3+CD4+CD8-CD44-CD62L+), activated
CD4 T cells (CD3+CD4+CD8-CD44+CD62L-), FoxP3+ T cells
(CD3+CD4+FoxP3+), and RORyt Tcells (CD3+CD4+ RORyt+).
MHC class II-loaded CII peptide GalHyK264 tetramers were syn-
thesized as previously described (27). Samples were acquired with
a Dako CyAn flow cytometer (Beckman Coulter) and analyzed
using FlowJo software.

Serum and immunoglobulin measurements. Plates were
coated overnight with IgG heavy and light chains (2.5 pg/ml) or
CII (10 pg/ml) in PBS at 4°C. The plates were then blocked
with 1% bovine serum albumin (Sigma) in PBS for 1 hour at
room temperature. Total IgG, IgM, and Cll-specific antibody
responses were determined by adding sample sera (diluted
1:1,000 1:5,000, 1:25,000, 1:125,000, and 1:625,000) in PBS to
the various coated plates for 2 hours at room temperature.

Antibody binding was detected with alkaline phos-
phatase—conjugated goat anti-mouse total IgG, IgG1, or IgM
and phosphatase substrate dissolved in 1M diethanolamine.
Absorbance at 405 nm was measured in duplicate samples.
ClI-positive mouse serum (2.0-0.062 pg/ml) was used as a
standard for the ClI-specific autoantibodies. SoftmaxPro soft-
ware was used to determine sample concentrations, using a 4-
parameter logistic regression curve.

Statistical analysis. GraphPad Prism was used for sta-
tistical analysis.

RESULTS

Kinetics of the adaptive immune response to
CIA. To determine the contribution of the GC reaction
to the development of CIA, we first monitored the
kinetics of GC formation following immunization. We
monitored the clinical scores and incidence of CIA in
C57/B6N mice that express MHC class II H-29. The
MHC class II allele AY is required for antigen presen-
tation of the immunodominant CIT***2"" peptide (28).
Mice received primary immunization with heterologous
rat CII in complete Freund’s adjuvant and secondary
immunization with CII in incomplete Freund’s adjuvant
35 days later (see Supplementary Figure 1, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40354/abstract).
Both disease incidence and disease severity were mod-
erate prior to administration of the booster injection,
with a maximum of 7 of 20 mice exhibiting arthritis
symptoms. However, after secondary immunization, di-
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sease severity rapidly increased, and all mice eventually
developed arthritis (Figure 1A).

We next correlated the incidence and severity of
disease progression with lymphocyte activation in draining
inguinal LNs and spleen following primary and secondary
immunizations. We observed large increases in T cell and
B cell populations in the inguinal LNs following the first
(primary) immunization with CII, ranging from 2.3-fold
(for FoxP+ Treg cells) to 8.9-fold for B-2 cells. These
increases were greater than those in the spleen (maximum
2.9-fold), and cell expansion in the inguinal LNs largely
dissipated following secondary immunization, with subse-
quent 1.8-fold to 6.2-fold decreases (Figure 1B). A notable
exception to this pattern was that the spleen maintained
durable expansion of the B-2 cell population (~3-fold)
even after secondary immunization.

To determine whether GCs contribute to the B
cell expansion following CIA, the B220+CD19+IgD-
CD95+GL7+ cell population was quantified in the
spleen and inguinal LNs following primary and second-
ary immunizations (Figure 1C). Notably, using this defi-
nition, the only major site of GC formation was the
inguinal LNs following primary the immunization. As a
second approach, we quantified the number of IgG1l B
cells recognizing a triple-helix epitope at position 358—
369 of CII (C1 epitope) and designated them as
CD19+CD38+ (memory) or CD19+CD38- (GC). Using
this criterion, we confirmed that inguinal LNs are a
prominent site of anti-CII GC production following pri-
mary immunization; however, the spleen also con-
tributed to Cll-reactive GC populations following
immunization (Figure 1D). In summary, CII immuniza-
tion induced GC formation in inguinal LNs and to a
lesser extent in spleen.

Novel mouse models of B cell-intrinsic loss of
GC formation. Because CII immunization promoted
multiple immune responses, we next sought to determine
the contribution of GC formation to disease progression.
To achieve this, we constructed 2 strains in which the B
cell-specific transcription factor PAX-5 is conditionally
deleted. Loss of PAX-5 within the B cell lineage leads to
loss of B cell identity and function (29-31). The first
strain employed Cd23-Cre, which is expressed in transi-
tional B cells (25) and efficiently deletes follicular and
marginal zone B cells (32), as well as memory B cells, fol-
lowing immunization (33). The second strain is Aicda-
Cre, which effectively deletes floxed alleles in the GC
and has previously been utilized to abolish GC function
(25,34). These 2 strains were additionally crossed onto a
B6N.Q background to render them susceptible to CIA,
and we thus generated Pax5"" Cd23-Cre H-29 and Pax5""
Aicda-Cre H-29 strains as well as relevant controls.
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Figure 1. Adaptive immune response to collagen-induced arthritis (CIA). A, Clinical scores and disease incidence in B6NQ mice (n = 20) follow-
ing immunization with rat type II collagen (CII) on day 0 and after secondary immunization on day 35. B, Absolute cell counts in the inguinal
lymph nodes (ILNs) (open bars) and spleens (solid bars) of naive mice (n = 4), mice 35 days after primary immunization (n = 10), and mice
35 days after secondary immunization (n = 10). C, Quantification of germinal center (GC) B cells (defined as CD19+B220+IgD-GL7+CD95+).
Left, Representative flow cytometry plots. Right, Absolute cell counts. Percentages are indicated for the relative gates. D, Quantification of collagen-
binding GCs (defined as B220+Lin-IgG1+CII+CD19+CD38) and memory (Mem.) B cells (defined as B220+Lin-IgG1+CII+CD19+CD38+). Left,
Representative flow cytometry plots of inguinal LNs. Right, Absolute cell counts in inguinal LNs and spleens. In A (left), B, C (right), and D (right),
bars show the mean £ SEM. The numbers above the horizontal lines are the fold change. P values were determined by #-test. **** = <(0.0001. RORyt =
retinoic acid receptor—related orphan nuclear receptor yt; NS = not significant.

We examined inguinal LNs and spleen on day

14 after primary immunization and on day 35 following
secondary immunization with CII. This latter time
point occurred during fulminant arthritis. On day 35

after administration of a booster injection, the numbers
of B-1 cells were similarly increased in the Pax5""
Aicda-Cre and Pax5"~ Cd23-Cre mice compared with
controls. In the inguinal LNs, however, there was an
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Figure 2. Characterization of GC- and B-2 cell-deleted mouse strains. A, Analysis of inguinal LN B cell subsets in Pax5"* Aicda-Cre mice (n=
6), Pax5"" Aicda-Cre mice (n = 6), and Pax5"~ Cd23-Cre mice (n = 4) 35 days after secondary immunization. Left, Representative flow cytometry
plots. Right, Absolute cell counts. B, Flow cytometric analysis of GC B cells (defined as CD19+B220+IgD-GL7+CD95+) from the inguinal LNs of

mice 35 days after secondary immunization. Left, Representative flow

cytometry plots. Right, Absolute cell counts. C, T cell subsets in the inguinal

LNs analyzed on day 35 after secondary immunization. In A-C (right), bars show the mean + SEM. The numbers above the horizontal lines in A
and B are the fold change. P values were determined by #-test. D, Immunohistochemical analysis of inguinal LNs after secondary immunization,
for detection of GCs. GL7- and B220-stained. Original magnification x 10. PC = plasma cell (see Figure 1 for other definitions).

~2-fold decrease in the number of B-2 cells in Pax5""
Aicda-Cre mice and a 13-fold decrease in the Pax5"~
Cd23-Cre strain (Figure 2A). This substantial decrease
in the number of B-2 cells in the Pax5"" Cd23-Cre
mice was due to a loss of follicular B cells in the

inguinal LNs and a combination of follicular and mar-
ginal zone B cells in the spleen (see Supplementary
Figure 2A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40354/abstract).
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Strikingly, both Pax5"~ Aicda-Cre and Pax5™~
CD23-Cre strains completely lacked GC responses (Fig-
ure 2B) and showed reduced numbers of plasma cells
(PCs) in response to CIA. In contrast to these defined
B cell defects, the Pax5"" Aicda-Cre mice had normal
numbers of T cells, whereas the Pax5"" Cd23-Cre mice
had small decreases in the number of CD4 central
effector memory cells in the inguinal LNs relative to
controls (Figure 2C). In both strains, the spleen
showed no T cell defects (see Supplementary Fig-
ure 2B). The selective loss of B cell function was also
observed in the spleen and inguinal LNs on day 14 fol-
lowing primary immunization (see Supplementary Fig-
ure 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40354/abstract).

Finally, we directly confirmed the GC defect
through immunohistochemical analysis of the inguinal
LNs. GL7+IgD— GCs could be detected in control mice
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but were absent in both Pax5"" Aicda-Cre and Pax5""
Cd23-Cre strains (Figure 2D). In summary, the Pax5™"
Aicda-Cre H-2% and Pax5"" Cd23-Cre H-2% strains
showed defective GC or B-2 cell responses, respec-
tively, in response to CIA.

Requirement of the GC reaction for CIA. We next
determined how loss of B-2 or GC subsets would impact
CIA. We first compared Pax5"* Cd23-Cre with Pax5*"
Aicda-Cre mice over an extended time period. Pax5"*
Cd23-Cre mice developed widespread, sustained, and se-
vere arthritis up to 94 days following administration of a
secondary immunization, as previously observed in H-29-
bearing mice (28). In contrast, Pax5"" Cd23-Cre mice
were completely protected against arthritis throughout
this period (Figure 3A). We next sought to determine
whether this protection was attributable to a failure in GC
formation. We therefore repeated the experiment and
included the Pax5"™" Aicda-Cre strain. Similar to the
Pax5"~ Cd23-Cre mice, the Pax5"~ Aicda-Cre mice were
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Figure 3. Absolute requirement for GCs in CIA. A, Left, Disease development in Pax5"* Cd23-Cre mice (n = 3) and Pax5™~ Cd23-Cre mice (n = 3) fol-
lowing induction of CIA. Disease scoring was initiated following subcutaneous administration of 100 pg of rat CII in Freund’s complete adjuvant on day 0.
Right, Extent of disease, as measured by the area under the curve. A second injection (50 pg of rat CII emulsified in Freund’s incomplete adjuvant) was
administered 35 days later. The incidence was determined by the presence of inflammation in any of the paws or ankle. The number above the horizontal
line is the fold change. B, Induction of arthritis in Pax5"* Aicda-Cre mice (n = 5), Pax5"" Aicda-Cre mice (n = 6), and Pax5"~ Cd23-Cre mice (n = 4).
C, Collated results from multiple experiments indicating the maximum arthritis scores in control mice (n = 28), Pax5"" Aicda-Cre mice (n = 15), and
Pax5"" Cd23-Cre mice (n = 13). Pax5"* Aicda-Cre, Pax5"* Cd23-Cre, and BGNQ mice were used as controls. Bars show the mean + SEM. P values
shown in the line graphs were determined by two-way analysis of variance, and P values shown in the bar graphs were determined by ¢-test. See Figure 1
for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40354/abstract.
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also completely protected against CIA (Figure 3B).
Finally, pooling of all control, Pax5"" Aicda-Cre, and
Pax5"" Cd23-Cre mice from multiple experiments again
showed highly significant (P < 0.0001) decreases in arthri-
tis severity in experimental mice (Figure 3C). In sum-
mary, CIA was critically dependent on the formation of
GCs.

Kinetics of humoral immune responses to CIIL.
Because GC B cells are a source of increases in specific
antibody responses, we next quantified the appearance of
PCs in the spleen and inguinal LNs. Similar to the B cell
responses, we observed an 11-fold increase in the number
of PCs (defined as B220'°"CD19'°"CD138+CD28+) in
the inguinal LNs after primary immunization and a
decrease in these numbers 35 days after secondary immu-
nization (Figure 4A). The spleen also showed a 2-fold
increase in PC numbers that, in contrast to the inguinal
LNs, was maintained after administration of the booster
injection. To correlate humoral responses with this PC
expansion, we performed enzyme-linked immunosorbent
assay (ELISA) to measure and quantify total IgG anti-
body levels as well as specific humoral immune responses
against CII. Large increases in both total IgG and IgG
anti-CII antibody titers were observed after the primary
injection, and these titers did not increase significantly
after administration of a booster injection (Figures 4B
and C).

A Naive Primary

B Total IgG & 1gG1
3
2P
103 *® o %

wabe

E »
0.14 L4
®
[ ]

0.01 T T

T — T T T T T
Naive Day5 Dayl4 Day34 Day70

199

We next assessed how loss of B-2 or GC lympho-
cytes in our mouse models would affect specific immuno-
globulin responses. Total IgM levels were similar across
all genotypes, and no specific IgM anti-CII responses
could be detected, as previously reported (35) (Fig-
ure 5A). In contrast, total IgG titers were strongly
reduced (3.2- to 16-fold) in both Pax5"" Aicda-Cre and
Pax5"~ Cd23-Cre mouse strains when measured on day 5
and day 14 following primary immunization and day 35
after secondary immunization (day 70 after primary
immunization). Additionally, anti-CII antibody responses
were almost completely absent in both of the experimen-
tal strains (Figure 5B). On day 14 after primary immu-
nization, we observed a 4.6-fold reduction in anti-CII
responses in Pax5"" Aicda-Cre mice relative to controls,
with the residual anti-CII titers in the Pax5"" Aicda-Cre
strain probably corresponding to extrafollicular responses.
In summary, anti-CII antibody responses were largely
dependent on formation of the GC.

Reintroduction of arthritis through the exogenous
supply of pathogenic antibodies. The requirement of GCs
for arthritis induction indicated that GC-derived antibod-
ies are critical for CIA. However, it remained possible that
antigen presentation by cells within the GC may have a
pathologic function distinct from B cell clonal selection
(e.g., to facilitate T cell activation). We therefore subjected
Pax5"* Aicda-Cre and Pax5"" Aicda-Cre mice to CAIA.
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Figure 4. Humoral immunity following immunization with CII. A, Left, Flow cytometry plots indicating gating of plasma cells (PCs). Right, Abso-
lute numbers of PCs (defined as B220'°"CD19"°¥CD138+CD28+) in the inguinal LNs and spleens of naive mice (n = 4), mice on day 35 following
primary immunization (n = 10), and mice on day 35 following secondary immunization (n = 10). The numbers above the horizontal lines are the
fold change. P values were determined by #-test. **** = <(0.0001. B, Enzyme-linked immunosorbent assay (ELISA)-derived measurements of total
IgG and IgGl in plasma. Plasma was collected from naive mice and on days 5, 14, 34, and 70 following primary immunization. Secondary
immunization was performed on day 35. C, ELISA-derived measurements of collagen-specific IgG and IgG1. Reactivity was measured against rat

collagen. Bars show the mean + SEM. See Figure 1 for other definitions.
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Figure 5. Anti-type II collagen (anti-CII) antibodies are germinal center derived. A, Enzyrne—hnked immunosorbent assay (ELISA)-derived mea-
surements of total IgM and ClI-specific IgM in plasma from Pax5"* Aicda-Cre mice (n = 6), Pax5"~ Aicda-Cre mice (n = 6), and Pax5"~ Cd23-Cre mice
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in plasma from Pax5"™* Aicda-Cre mice (n = 4-5), Pax5"~ Aicda-Cre mice (n = 4-6), and Pax5"~ Cd23-Cre mice (n = 3-6) on day 5, day 14, and day 70
after primary immunization. The numbers above the horizontal lines are the fold change. Bars show the mean + SEM. P values were determined by
t-test. **¥** = <(.0001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40354/abstract.

According to this protocol, 4 separate IgG antibodies rec-
ognizing CII are injected into the mice, and arthritis is
induced (6). Following performance of this procedure,
both Pax5™™* Aicda-Cre and Pax5"" Aicda-Cre mice were
fully susceptible to development of CAIA (Figure 6A),
indicating that the requirement for GC formation in the
pathology of CIA can be bypassed by the exogenous sup-
ply of disease-causing antibodies. There was, however, a
trend toward a significant reduction in the frequency of
CAIA (16% reduction) in Pax5"" Aicda-Cre mice, indicat-
ing that GC B cells may have additional minor functions
other than antibody secretion. Finally, by subsequently
immunizing the mice with CII and quantifying antigen-
specific T cells using specific tetramer staining, we con-
firmed that T cells reactive against CII could be produced
in these GC-deficient mice. The CII peptide GalHyK264
is the galactosylated form of the CII***"! peptide, which
is the major epitope recognized by T cells after CII immu-
nization in MHC class A%expressing. The Pax5""~ Aicda-
Cre GC-deficient strain produced normal numbers of CII-
specific CD4+ T cells recognizing the MHC class 1T A%~
loaded CII peptide GalHyK264 compared with Pax5"*
Aicda-Cre controls (Figure 6B).

DISCUSSION

The B lymphocyte is a well-established mediator
of arthritis, although the relative contribution of differ-
ent B cell subtypes to disease pathogenesis is not cur-
rently known. In the present study, we obtained in vivo
evidence that GC B cells are a major driver of CIA
through the production of anti-CII antibodies.

It has been recognized that CII immunization
induces the formation of GCs (36), but a comprehensive
analysis of the kinetics and localization of this response
has been lacking. We now show that both the draining
inguinal LNs and the spleen responded to CII by forming
GCs. Notably, although the inguinal LNs appeared to
respond more vigorously, equal amounts of ClI-specific
GCs were present in both inguinal LNs and spleen
after secondary immunization, although memory cell
responses appeared to be preferentially located in the
inguinal LNs. There was also an increase in the titers of
IgG and IgG1 against CII following secondary immu-
nization, which correlated with increased disease severity
and incidence. It was previously suggested that IgG2a
anti-CII is the arthritogenic IgG isotype (37), but later


http://onlinelibrary.wiley.com/doi/10.1002/art.40354/abstract

GCs IN CIA

© Paxs"* Aicda-Cre
© paxs"" icda-cre

>

201

400 ~ A
=0.0932
g 2 1 ege
8 [ L [ T]
2 e
w
@ 2 B
8 5
o ©
]
<
- Qy( ?r
o 2 o
o ey
?é@&’ ?v@e@
Days
Spleen ILN
B Paxs/* Aicda-Cre Pax5T- Aicda-Cre g Cll GalHyk?64 4 Cll Galhyk?64
< 1CD3+CD4+ | »TcD3+CD4+ ™
] Aq-Gal+] = ] Aq-Gal+ . -
.1 122w Jio 225%| & & o +
! i i 3 = - %
"1 L) "1 & 2 | ° 2
"1 i “q 8 &
N lrr e e e S | " ]n
T § oy § o
o o
e o ‘?ﬁ@”b
T '] Aq-Gal+ wq Ag-Gals] W W §© s
] oo1% 1 o001%
% w'q w1 -
1 1 4@ =
=g o '
6 - 1 3 3 1 e R R

cb4 —>

Figure 6. Ability of pathogenic antibodies to circumvent the requirement for the germinal center reaction. A, Left, Severity of collagen antibody—
induced arthritis (CAIA) in Pax5"* Aicda-Cre mice and Pax5"" Aicda-Cre mice. Right, Extent of disease, as measured by the area under the
curve. Mice were immunized with 4 mg of 4 monoclonal antibodies recognizing type II collagen (CII) and 100 pg of lipopolysaccharide (LPS).
LPS was administered again on day 2. Disease scoring for CAIA was performed in a manner identical to that for collagen-induced arthritis (CIA).
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Right, Absolute cell counts. CD4+CD3+ cells recognizing the major histocompatibility complex class II-loaded CII peptide GalHyK264 in the
inguinal LNs (ILNs) and spleens of mice with CIA were quantified on day 35. In A and B (right), bars show the mean + SEM. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40354/abstract.

studies showed that IgG1 and IgG2b are also arthrito-
genic (38).

Studies using pMT 7~ mice, which are genetically
deficient in B cells, have indicated that B cells are impor-
tant for the pathologic response to heterologous CII
injection. We also showed that disease can be induced in
UMT " mice through CAIA (39). The interpretation of
these results is complicated by additional defects in the
organization of the spleen observed in this strain due to
the important function of mature B cells in secreting
lymphotoxin o (40). Additionally, because pMT /"~ mice
lack all mature B cells, it has not been possible to iden-
tify the subset or subsets that are pathogenic in CIA.

In addition to secreting antibodies, B cells can
also function as antigen-presenting cells (41). The rela-
tive contribution of B cells versus other professional
antigen-presenting cells is a matter of debate. GC B

cells clearly function as antigen-presenting cells to fol-
licular helper T cells within the GC itself, and clonal
competition for T cell help is a key affinity-based selec-
tion mechanism for affinity maturation (42). Although
we could efficiently induce arthritis in our Pax5""
Aicda-Cre mouse strain by injecting previously cloned
pathogenic antibodies, the extent of disease was mar-
ginally lower in this GC-deficient strain. This could be
interpreted as GC B cells having other functions rele-
vant to disease development. Clearly, however, a criti-
cal function of GC B cells in CIA is the production of
anti-CII antibodies. This is further supported by studies
showing that mice that lack GCs and additionally have
broader immune defects also have reduced responses
to CII (43,44), albeit on an MHC H-2" background.
Importantly, however, the B6 mouse model of CIA
does not involve Cll-reactive T cells, because the
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immune response is more likely to be triggered by
heterologous proteins contaminating the CII prepara-
tions and will therefore be different from classic CIA
in AY-expressing mice (28).

The contribution of GCs to clinical RA is not known.
In RA, anti-citrullinated protein antibodies (ACPAs)
and RFs (autoantibodies recognizing the Fc portion of
immunoglobulins) are used routinely in the clinic for
early classification of patients with RA. A mechanistic
link between the GC and the pathogenesis of RA was
postulated more than 55 years ago, with the observa-
tion that RFs can be located within structures resem-
bling GCs (45). These autoantibodies also appear to
have a germline configuration (46). ACPAs have been
suggested to be somatically mutated (47,48) and are
clearly isotype-switched to IgG. This would imply that
GCs in humans are also relevant for disease. However,
whether ACPAs or RFs are pathogenic or in fact pro-
tect against the disease has not been clarified.

It is not known whether RA patients also develop
systemic GCs in secondary lymphoid tissue. Interestingly,
antibodies reacting to CII (AC2A) also arise in a subset
of RA patients and are in particular produced in affected
joints (49). Although present in a minor subset of
patients, it is important to note that the only antibodies
that have so far been shown to induce arthritis are reac-
tive with joint cartilage, including ACPAs that cross-react
with CII (50). The AC2A antibodies in RA are isotype-
switched, but there is currently no evidence that they are
extensively somatically mutated, similar to the mouse
model of CIA (3). Alternatively, the GC reaction
increases the absolute titers of antibodies and allows for
class-switch recombination, both of which have critical
effects in disease progression in addition to the affinity
maturation process. Additional mechanisms, such as
Th17 cells regulating the glycosylation pattern of anti-
CII antibodies through interactions with plasmablasts
emerging from the GC, could also be important (13).
Consistent with this, anti-CD20 therapy in RA patients
can reduce autoantibody titers and the disease burden
over an extended time period (51), although the function
of B cells in RA is likely to be complex and to involve
functions in addition to antibody production.

In conclusion, we have demonstrated an indis-
pensable role of GCs in CIA. Targeting the formation
of B cell subtypes in clinical arthritis may help to fur-
ther refine B cell-depleting therapies.
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BRIEF REPORT

A Phase IIb Trial of a Novel Extended-Release Microsphere Formulation of
Triamcinolone Acetonide for Intraarticular Injection in Knee Osteoarthritis

Philip G. Conaghan,' Stanley B. Cohen,” Francis Berenbaum,” Joelle Lufkin,* James R. Johnson,* and Neil Bodick*

Objective. FX006 is a novel, microsphere-based,
extended-release formulation of triamcinolone ace-
tonide for intraarticular (IA) injection designed to
maintain treatment concentration in the joint and pro-
vide prolonged analgesic benefits in patients with
osteoarthritis (OA) of the knee. This study was under-
taken to compare the analgesic benefits of 2 FX006
doses with saline placebo injection.

Methods. In this phase IIb study, participants
with knee OA (Kellgren/Lawrence grade 2-3) and aver-
age daily pain (ADP) intensity >5 to <9 (on a 0-10
Numerical Rating Scale) were randomized (1:1:1) to
receive single IA injections of FX006 32 mg (n = 104) or
16 mg (n =102) or saline placebo (n =100). The primary
end point was the least squares mean (LSM) change
from baseline to week 12 in weekly mean ADP intensity
scores for FX006 32 mg versus saline placebo.

Results. The primary end point was not met (LSM
change at week 12 —3.1 with FX006 32 mg versus —2.5
with saline placebo; LSM difference [95% confidence
interval] —0.58 [—1.22, 0.07]) (P = 0.08). However,
improvements in ADP intensity were significantly greater
with FX006 32 mg than saline placebo at weeks 1-11 and
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week 13. Improvements in ADP intensity were signifi-
cantly greater with FX006 16 mg versus saline placebo at
weeks 1-9. A dose-response effect in duration of maximal
analgesic effect was evident (13 weeks with 32 mg versus 9
weeks with 16 mg), with FX006 32 mg providing increased
therapeutic benefit relative to FX006 16 mg. All treat-
ments were well tolerated.

Conclusion. Although the primary end point was
not met, our findings indicate a prolonged reduction in
symptoms with FX006 with an evident dose response
and a safety profile similar to saline placebo.

Osteoarthritis (OA) of the knee is characterized by
pain, progressive cartilage destruction, subchondral bone
changes, and joint inflammation (1). Treatment guidelines
recommend intraarticular (IA) corticosteroids (2). Stan-
dard IA corticosteroids provide moderate improvements in
pain, but the magnitude of benefit rapidly wanes after
injection (3). FX006, an extended-release formulation of
triamcinolone acetonide in 75:25 poly(lactic-co-glycolic
acid) microspheres, was designed to maintain prolonged
concentrations of triamcinolone acetonide in the joint, with
the intent to improve analgesic effect and reduce systemic

Servier, TRB Chemedica, and UCB (less than $10,000 each). Ms
Lufkin owns stock or stock options in Flexion Therapeutics. Dr.
Johnson has received consulting fees from Acura Pharmaceuticals,
Flexion Therapeutics, Iroko Pharmaceuticals, iX Biopharma, and Tol-
mar (more than $10,000 each). Dr. Bodick owns stock or stock
options in Flexion Therapeutics, holds a patent for corticosteroids for
the treatment of joint pain, and has patent applications pending
related to corticosteroid formulations for maintaining corticosteroid
synovial fluid formulations, corticosteroid formulations and methods
for the treatment of joint pain in patients with type 2 diabetes melli-
tus, and corticosteroid formulations and methods for the treatment of
joint pain in patients with diabetes.

Address correspondence to Philip G. Conaghan, MBBS, PhD,
FRACP, FRCP, Leeds Institute of Rheumatic and Musculoskeletal
Medicine, University of Leeds and NIHR Leeds Biomedical Research
Centre, 2nd Floor, Chapel Allerton Hospital, Chapeltown Road, Leeds
LS7 4SA, UK. E-mail: p.conaghan@leeds.ac.uk.

Submitted for publication May 8, 2017; accepted in revised
form October 24, 2017.


http://creativecommons.org/licenses/by-nc-nd/4.0/

MICROSPHERE FORMULATION OF TRIAMCINOLONE ACETONIDE IN KNEE OA

Patients screened

(N = 1101)

Patients randomized

Saline-placebo

(N =310)
I |
FX006 16 mg FX006 32 mg
(N =102) (N =104)

i Early terminated
: priorto week 12 !
i (n=9,8.8%)" :
1 Adverse event

1 Withdrew consent
v 3 Lost to follow-up
! 3 Lack of efficacy
{1 Other :

Early terminated
prior to week 24
(n=19, 18.6%)

4 Adverse event

1 Withdrew consent

1 1 Protocol non-

compliance

(N = 104)

Early terminated
prior to week 12
(n=3, 2.9%)t

2 Adverse event
1 Lack of efficacy

Early terminated
prior to week 24
(n =17, 16.3%)

4 Adverse event

1 Withdrew consent

3 Lost to follow-up

6 Lack of efficacy

(after injection) 3 Other (after injection)
4 Lost to follow-up 1 Lost to follow-up
6 Lack of efficacy 5 Lack of efficacy
3 Other 6 Other
Completed Completed Completed
(n=83) (n=287) (n=85)

No treatment
(n=4"

Early terminated ;
prior to week 12
(n=12, 11.5%)t |
1 Adverse event

4 Withdrew consent
v 1 Lost to follow-up
! 3 Lack of efficacy
{ 3 Other :

Early terminated
prior to week 24
(n=19, 18.3%)

1 Adverse event

5 Withdrew consent

1 1 Protocol non-

compliance

Included in Safety Population

(n=102)

Included in Safety Population

(n =104)

Included in Safety Population

(n = 100)

Included in Full Analysis Set

(n = 102)

Included in Full Analysis Set

(n =104)

Included in Full Analysis Set

(n = 100)

* After randomization but prior to administration of study drug, two patients withdrew consent to participate,
one patient did not return to the study center for administration of study drug, and one patient was unwilling
to discontinue a prohibited medication during study participation and was discontinued.

t Early terminations prior to week 12 are included in the total early terminations through week 24.

Figure 1. Disposition of the patients.
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exposure versus commercially available triamcinolone ace-
tonide crystalline suspension. In a pharmacokinetic study
(ClinicalTrials.gov identifier: NCT02637323), FX006 dem-
onstrated prolonged residency in synovial fluid and reduced
systemic exposure following IA injection versus triamcino-
lone acetonide crystalline suspension in people with knee
OA (4).

In the first clinical study of efficacy following a sin-
gle IA injection of FX006 (target low, mid, and high doses
of 10 mg, 40 mg, and 60 mg, respectively) in patients with
knee OA (ClinicalTrials.gov identifier: NCT01487161)
(5), the mid dose of FX006 yielded pain relief superior to
triamcinolone acetonide crystalline suspension 40 mg with
treatment differences achieving statistical significance at
weeks 5-10 (all P < 0.05) and numerical improvement at
each of weeks 2-12. Pain relief with the high dose of
FX006 compared with triamcinolone acetonide crystalline
suspension was similar to that for the mid dose through
week 6, but diminished from weeks 7 to 12. Pain relief was
numerically improved with the low dose of FX006 com-
pared with triamcinolone acetonide crystalline suspension
at each of weeks 2-12, but the effect did not achieve

CONAGHAN ET AL

statistical significance. Hence, the mid dose of FX006 was
concluded to be the most efficacious tested in that trial
(5) and further evaluation was deemed appropriate.

The present study (ClinicalTrials.gov identifier:
NCT02116972) was conducted to confirm the appropriate
target dose of FX006 and further assess FX006 efficacy
and safety. Two notable differences exist between the pre-
vious dose-ranging study (5) and the present one with
regard to administration and dosing of FX006. First, the
injection volume increased from 3 ml in the previous study
to 5 ml in the present study following adjustment of the
diluent volume to enhance microsphere dispersion and
reduce aggregation. Second, the FX006 doses reported
here (16 mg and 32 mg) reflect the amount of drug
received by patients following an ~20% reduction during
reconstitution, as determined by dose-delivery studies.

PATIENTS AND METHODS

In this phase IIb, double-blind, parallel-group, dose-rang-
ing, single-injection study, participants were randomized (1:1:1,
block of 6; by a centralized interactive web randomization system)
to receive a single 5-ml IA injection of FX006 16 mg, FX006 32

Table 1. Baseline demographic and disease characteristics of the patients with OA (full analysis set)*

FX006 16 mg FX006 32 mg Saline placebo Total
(n=102) (n =104) (n = 100) (n = 306)
Male, no. (%) 40 (39.2) 53 (51.0) 39 (39.0) 132 (43.1)
White, no. (%) 81 (79.4) 85 (81.7) 82 (82.0) 248 (81.0)
Age at consent, mean £ SD years 582 + 8.34 58.7 &+ 8.06 59.7 + 8.23 58.8 £ 8.20
BMI, mean + SD kg/m? 30.6 + 4.86 31.0 £ 4.55 312 +£5.11 30.9 + 4.84
Weight category, no. (%)
Underweight (BMI <18.5) 2 (2.0) 0 (0.0) 0 (0.0) 2 (0.7)
Normal weight (BMI 18.5-24.9) 12 (11.8) 10 (9.6) 10 (10.0) 32 (10.5)
Overweight (BMI 25.0-29.9) 32 (31.4) 35 (33.7) 33 (33.0) 100 (32.7)
Obesity class I (BMI 30.0-34.9) 37 (36.3) 39 (37.5) 29 (29.0) 105 (34.3)
Obesity class 1T (BMI 35.0-39.9) 19 (18.6) 18 (17.3) 27 (27.0) 64 (20.9)
Morbid obesity (BMI >40.0) 0 (0.0) 2 (1.9) 1(1.0) 3 (1.0)
Type of knee OA, no. (%)
Unilateral 45 (44.1) 46 (44.2) 38 (38.0) 129 (42.2)
Bilateral 57 (55.9) 58 (55.8) 62 (62.0) 177 (57.8)
Years since diagnosis, mean + SD 6.7 £+ 6.66 7.2 +7.27 6.4 +5.79 6.8 + 6.60
Kellgren/Lawrence grade, no. (%)
2 33 (324) 28 (26.9) 37 (37.0) 98 (32.0)
3 69 (67.6) 76 (73.1) 63 (63.0) 208 (68.0)
Prior index knee surgeries/interventions, no. (%)
Surgery or procedure 20 (19.6) 17 (16.3) 15 (15.0) 52 (17.0)
IA steroid injection 32 (31.4) 35 (33.7) 24 (24.0) 91 (29.7)
IA hyaluronic acid injection 6 (5.9) 11 (10.6) 19 (19.0) 36 (11.8)
ADP intensity, mean + SD 6.6 + 0.97 6.5+ 1.01 6.7 + 1.08 6.6 + 1.02
(0-10 scale)
WOMAC pain subscale, mean + SD 2.3 +0.62 2.1 +£0.58 2.3 +0.65 2.2 +0.62
(04 scale)
WOMAC stiffness subscale, mean + SD 2.5 +0.74 24 + 0.71 2.4 + 0.68 2.4 +0.71
(04 scale)
WOMAC physical function subscale, mean + SD 2.3 £ 0.68 2.1 £0.57 2.3 £ 0.65 2.2 £0.63

(04 scale)

* The Patient Global Impression of Change (PGIC) is the patient’s report of change since baseline; thus, there is no
PGIC assessment at baseline. OA = osteoarthritis; BMI = body mass index; IA = intraarticular; ADP = average daily pain;
WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index.
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Figure 2. A, Least squares mean (LSM) change from baseline (BL) in weekly mean average daily pain (ADP) intensity scores at the primary end
point at week 12 and key secondary end points at weeks 16, 20, and 24 (observed data; mixed model for repeated measures). B, Sensitivity analysis
of ADP intensity (imputed data; last observation carried forward/baseline observation carried forward). C, Western Ontario and McMaster Univer-
sities Osteoarthritis Index (WOMAC) pain subscale. D, WOMAC physical function subscale (key secondary end point at week 12). E, Patient
Global Impression of Change score (key secondary end point at week 12) through week 24. FAS = full analysis set. Values are the LSM + SEM.
* =P <0.05.
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Table 2. Summary of AEs among all treated patients*

CONAGHAN ET AL

FX006 FX006
16 mg 32 mg Saline placebo
(n=102) (n=104) (n = 100)

Patients with >1 AE 43 (42.2) 46 (44.2) 43 (43.0)
AEs occurring in >2.0% of patients in any treatment groupt

Arthralgia (any joint) 10 (9.8) 8 (7.7) 16 (16.0)

Back pain 3(29) 2 (1.9) 2 (2.0)

Bronchitis 3(2.9) 2 (1.9) 2 (2.0)

Headache 3(2.9) 4(3.8) 2 (2.0)

Joint swelling 4(3.9) 5(4.8) 5(5.0)

Ligament sprain 4(3.9) 4(3.8) 2 (2.0)

Nasopharyngitis 2 (2.0) 2 (1.9) 4 (4.0)

Neck pain 0 (0.0) 3(29) 0 (0.0)

Sinusitis 3(2.9) 2(1.9) 1 (1.0)

Toothache 0 (0.0) 3(2.9) 1 (1.0)
Patients with >1 serious AE 1(1.0) 3(2.9) 0 (0.0)
Patients with >1 AE leading to study discontinuation 4 (391 4 (3.8)§ 1 (1.0)y

Drug-related 1 (1.0)# 0 (0.0) 1 (1.0)#

Due to serious AE 0 (0.0) 1 (1.0)** 0 (0.0)
Patients with >1 index knee-related AE 15 (14.7) 14 (13.5) 17 (17.0)
Index knee-related AEs occurring in >2.0% of patients in

any treatment groupt

Arthralgia 8 (7.8) 7 (6.7) 14 (14.0)

Joint swelling 4(3.9) 4 (3.8) 3 (3.0)

Ligament sprain 3(29) 1(1.0) 0 (0.0)
Patients with >1 index knee-related serious AE 1(1.0) 1(1.0) 0 (0.0)
Patients with >1 index knee-related AE leading to 4 (3.9 3(29)8 1 (1.0)y

study discontinuation
Drug-related 1 (1.0)# 0 (0.0) 1 (1.0)#
Due to serious AE 0 (0.0) 0 (0.0) 0 (0.0)

* Values are the number (%).
1 Listed in alphabetical order.

1 Joint effusion (day 131, grade 1, not related to study drug), arthralgia (day 57, grade 2, definitely related to
study drug), and joint swelling (day 57, grade 3, not related to study drug) in 1 patient each, and arthralgia,
arthritis, joint swelling, and synovial cyst all in 1 patient (day 88, all grade 2 and either not related or unlikely
related to study drug). All adverse events (AEs) were index knee related.

§ Joint swelling (day 84, grade 1, not related to study drug), worsening ankle osteoarthritis (OA) (day 37, grade
2, not related to study drug, serious), positive Klebsiella test (day 21, subsequently considered to be a false-posi-
tive finding by the investigator, grade 3, not related to study drug), and synovitis (day 112, grade 3, unlikely
related to study drug). All AEs were index knee related except ankle OA.

9 Arthralgia (day 41, grade 3, probably related to study drug); index knee related.

# Arthralgia.
** Ankle OA.

mg, or saline placebo. Participants and assessors were blinded with
regard to treatment administered by a nonblinded injector. Details
related to randomization, blinding, and the injection procedure
are provided in the Supplementary text, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40364/abstract. After screening, participants were seen on
day 1 (baseline) and at weeks 4, 8, 12, 16, 20, and 24.

Eligible participants (ages >40 years, body mass index <40
kg/m”) had knee OA according to the American College of
Rheumatology clinical and radiologic criteria (6) for >6 months
before screening, a Kellgren/Lawrence grade of 2 or 3 on a cen-
trally read screening radiograph (7), pain in the index knee (de-
fined as the most painful knee in participants with bilateral
disease) on >15 days of the previous month, and a mean average
daily pain (ADP) intensity score >5 and <9 (on an 11-point
Numerical Rating Scale [NRS]). Patients were excluded if they
had ipsilateral hip OA, other arthritic/immune-mediated inflam-
matory disorders, or unstable knee joints (e.g., torn anterior cruci-
ate ligament) within 12 months of screening or received prior IA

corticosteroids within 3 months of screening, prior IA hyaluronic
acid injections in the index knee within 6 months of screening,
prior FX006 at any time, or intramuscular, oral, inhaled, intrana-
sal, or topical corticosteroids within 2 weeks of screening.

From screening through week 24, participants logged
daily ADP intensity scores via an interactive voice response
system, using a 0-10 NRS (where 0 = “no pain” and 10 =
“pain as bad as you can imagine”). Participants completed the
Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) (8) on day 1 prior to randomization and at
weeks 4, 8, 12, 16, 20, and 24, and the Patient Global Impres-
sion of Change (PGIC) (9) at weeks 4, 8, 12, 16, 20, and 24.

Safety was evaluated via adverse events (AEs) sponta-
neously reported or discovered by the investigator from infor-
mation obtained via patient electronic diaries, routine
physical/laboratory evaluations, and assessments of the index
knee by an investigator who was blinded with regard to treat-
ment group. After informed consent was obtained, and for >7
days pretreatment, analgesic medications for index knee pain


http://onlinelibrary.wiley.com/doi/10.1002/art.40364/abstract
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were not to be taken or used during the study with the excep-
tion of study-issued acetaminophen (<3,000 mg/day in spon-
sor-provided 500-mg tablets) as rescue pain treatment.

The primary efficacy end point, change from baseline to
week 12 in weekly mean ADP intensity scores for FX006 32 mg
versus saline placebo in the full analysis set (all randomized and
treated participants), was analyzed using longitudinal mixed
model for repeated measures (MMRM) methodology on
observed data with no imputation for missing data (see the
Supplementary text, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40364/
abstract). A sample size of ~300 participants (100 per treatment
arm) was estimated to provide 80% power (2-sided alpha level
of 0.05) if the true underlying primary end point treatment effect
was 1.0 on the 0-10 NRS.

All secondary efficacy end points were first compared
between FX006 32 mg and saline placebo, followed by FX006 16
mg versus saline placebo. Predefined key secondary end points
(in order of step-down testing) were change from baseline to
week 12 in WOMAC physical function and PGIC scores, and
changes in weekly mean ADP intensity scores from baseline to
weeks 16, 20, and 24. Additional secondary outcomes included
percent of responders according to Outcome Measures in Rheu-
matology (OMERACT)-Osteoarthritis Research Society Interna-
tional (OARSI) “strict” criteria (defined as >50% improvement
and an absolute improvement of >20 points from baseline in
either ADP intensity or the WOMAC physical function subscale)
(10) at weeks 4, 8, 12, 16, 20, and 24; change from baseline to
each week (except weeks 12, 16, 20, and 24 as outlined above,
which are specified as the primary and secondary end points) in
weekly mean ADP intensity score; change from baseline to each
of weeks 4, 8, 12, 16, 20, and 24 in the WOMAC pain subscale;
change from baseline to each of weeks 4, 8, 16, 20, and 24 in the
WOMAC physical function subscale and PGIC; and time to onset
of pain relief (time to first ADP intensity assessment showing
>30% improvement from baseline).

To quantify the magnitude of difference between
FX006 16 mg and 32 mg and saline placebo, standardized
effect sizes were determined post hoc using methods
described previously (11) (see the Supplementary text, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40364/abstract). Safety sum-
maries included treated patients.

This trial was conducted according to Good Clinical
Practice guidelines. Each site’s governing ethics body approved
the protocol, and participants provided written informed consent.

RESULTS

Patient disposition and baseline characteristics.
The trial was conducted from April 29, 2014 to August
8, 2015. Participants were screened at 48 sites (43 in
the US and 5 in Canada) and enrolled at 44 sites (40
in the US and 4 in Canada). Among 310 randomized
participants, 306 were treated (4 randomized to saline
placebo were not treated). Approximately 8% and 18%
of participants prematurely discontinued participation
through week 12 (primary end point) and week 24
(study completion), respectively (Figure 1). Ultrasound
guidance during IA injection was used in 4 patients.

All baseline characteristics, except sex, were gener-
ally well-balanced across arms. A higher proportion of
men comprised the FX006 32 mg group (51%) compared
with the 16 mg group (39%) or saline placebo group
(39%). Baseline ADP intensity scores (mean 6.6) indicated
substantial daily pain at a moderate level of intensity
(Table 1).

Efficacy. The primary end point was not met. The
least squares mean (LSM) change in ADP intensity at
week 12 was —3.1 with FX006 32 mg versus —2.5 with sal-
ine placebo. The LSM difference in ADP intensity (95%
confidence interval [95% CI]) for FX006 32 mg versus
saline placebo at week 12 was —0.58 (—1.22, 0.07) (P =
0.08). However, FX006 32 mg resulted in significant
improvements in ADP intensity versus saline placebo at
each of weeks 1-11 (P < 0.036) and week 13 (P < 0.039)
and numerical improvements at week 12 and each of
weeks 14-24 (Figure 2A). Patients receiving FX006 16 mg
had significant improvements in ADP at weeks 1-9; there-
after, the difference in pain scores between FX006 16 mg
and saline placebo was small and not statistically signifi-
cant (Figure 2A). As such, a dose-response effect was evi-
dent in the duration of maximal effect. FX006 16 mg and
32 mg had similar median time to onset of analgesic effect
(day 4), which was more rapid than saline placebo (day 8).
The maximum magnitude of analgesic effect was similar
for FX006 16 mg and 32 mg (achieved at weeks 4-5; LSM
difference —1.22 for FX006 16 mg at week 4, —1.23 for
FX006 16 mg at week 5, —1.36 for FX006 32 mg at week
4, and —1.34 for FX006 32 mg at week 5) (Figure 2A).

Sensitivity analyses of the primary end point (last
observation carried forward [LOCF]/baseline observation
carried forward [BLOCEF]) addressing patient discontinu-
ations prior to week 12 showed that ADP intensity was
significantly improved with FX006 32 mg versus saline
placebo at each visit from weeks 1 to 13 (all P < 0.05),
including week 12 (LSM difference [95% CI] —0.67
[—1.32, —0.02]; P =0.042) (Figure 2B). Results of a multi-
ple imputation sensitivity analysis of the primary end
point demonstrated consistent differences between
FX006 32 mg and saline placebo in ADP intensity
changes from baseline to week 12 (LSM difference [95%
CI] —0.65 [-1.30, 0.01]; P = 0.053) (data not shown).
Consistent results were observed from a post hoc explor-
atory primary end point analysis performed with site
added to the MMRM as a covariate (week 12 LSM differ-
ence [95% CI] —0.72 [-1.39, —0.05]; P = 0.034) (data not
shown). Inclusion of the 4 patients who were randomized
and not treated (i.e., the intent-to-treat population)
yielded results identical to those of the analysis based on
the full analysis set population, because none of these 4
patients had efficacy data after their screening visit.


http://onlinelibrary.wiley.com/doi/10.1002/art.40364/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40364/abstract
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Results from secondary analyses also favored
FX006 32 mg compared with saline placebo. FX006 32
mg was associated with significantly improved WOMAC
pain (Figure 2C), WOMAC physical function (Fig-
ure 2D), and PGIC (Figure 2E) scores, and resulted in a
higher proportion of patients who achieved OMERACT-
OARSI “strict” responder criteria versus saline placebo at
week 4 and week 8 (Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40364/abstract). Numerical ad-
vantage was maintained at week 12 for all of these end
points except OMERACT-OARSI “strict” responders.
Secondary end point findings for FX006 16 mg versus sa-
line placebo showed a similar pattern, with a reduced
duration of effect, no trend favoring FX006 16 mg over
saline placebo for improvements in ADP intensity at week
12, and lower OMERACT-OARSI “strict” response rates
at week 8 (Figure 2A and Supplementary Table 1).

Results from post hoc standardized effect size deter-
minations indicated that the effect sizes based on ADP
were consistently lower than those for the WOMAC pain
subscale. The ADP effect sizes for FX006 32 mg at weeks
4, 8, and 12 were 0.27, 0.13, and 0.12, respectively, and the
effect sizes for the WOMAC pain subscale were 0.72, 0.54,
and 0.27, respectively. For each instrument, the effect sizes
for FX006 16 mg were similar to those of FX006 32 mg at
weeks 4 and 8. Consistent with prespecified secondary end
points, effect sizes for both ADP and the WOMAC pain
subscale were markedly lower for FX006 16 mg versus
FX006 32 mg at week 12 (Supplementary Table 2, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40364/abstract).

Safety. Similar proportions of participants reported
AEs through week 24 across treatment arms (Table 2).
Most AEs were grade 1 or 2, nonserious, and considered
unrelated to the study drug by investigators who were
blinded with regard to treatment group. No deaths
occurred. Serious AEs occurred in 4 (1.9%) of the FX006-
treated patients (left distal femur fracture in the 16 mg
group and worsening left ankle OA, myocardial infarction,
and rheumatoid arthritis in the 32 mg group). All were
unrelated to study drug. No AE was consistent with postin-
jection flare. AEs causing study discontinuation occurred
in 8 (3.9%) of the FX006-treated patients and 1 (1.0%) of
the saline placebo-treated patients (Table 2). The onset of
such events was not temporally associated with study drug
administration. All of these events were considered unre-
lated to study drug except for 1 grade 2 AE (in the FX006
16 mg group) and 1 grade 3 AE (in the saline placebo
group). The incidence of index knee-related AEs was rela-
tively low given the study population. AEs related to the
injection procedure were observed in 2.0%, 0%, and 6.0%
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of FX006 16 mg—, FX006 32 mg-, and saline placebo-trea-
ted patients, respectively.

DISCUSSION

The primary end point of this study, significant
improvement in ADP intensity at week 12 with FX006 32
mg versus placebo, was not achieved (P = 0.08); however,
significant improvement with FX006 32 mg was seen at all
time points from week 1 to week 11 (P < 0.036) and at
week 13 (P = 0.039). The placebo response at week 12
(LSM reduction of —2.5) was the largest reported over
the 24-week study. Studies show that placebo effects may
confound the interpretation of clinical data (12) and are
more pronounced with IA versus other routes of adminis-
tration (13). Differences in saline placebo response across
study sites were noted; a post hoc exploratory analysis
with a site covariate included in the MMRM accounted
for the variability in site responses, and the model demon-
strated statistical significance for the primary end point at
week 12 (P = 0.034). Sensitivity analyses (LOCF/BLOCF)
that addressed patient discontinuations prior to week 12
indicated that FX006 32 mg was significantly superior to
saline placebo at weeks 1-13 (P < 0.042). Results of a
multiple imputation analysis demonstrated consistent dif-
ferences between FX006 32 mg and saline placebo in
ADP intensity changes from baseline to week 12.

Although FX006 16 mg and 32 mg had compara-
ble median times to onset of analgesia (day 4) and pro-
vided similar and significant maximal analgesic effects
(beginning at approximately week 5) versus saline pla-
cebo, maximal effect persisted longer with FX006 32 mg
(to approximately week 13) than 16 mg (to approxi-
mately week 9). Numerically larger pain relief, as mea-
sured by ADP intensity, was maintained with FX006 32
mg versus saline placebo at all time points through week
24. Other measures of OA signs/symptoms (WOMAC
physical function subscale, PGIC, WOMAC pain sub-
scale, and OMERACT-OARSI “strict” response) were
significantly improved with FX006 32 mg through week 8
with strong trends remaining at week 12; results for
FX006 16 mg versus saline placebo showed a similar pat-
tern but were not as robust or long lasting. A previous
clinical study of FX006 in patients with OA demon-
strated a dose-dependent increase in synovial fluid con-
centrations of triamcinolone acetonide at week 6
following IA injection (14). It is postulated that there is a
critical synovial fluid concentration required to maintain
an analgesic effect and that the loss of analgesic effect
after week 9 with FX006 16 mg is attributable to synovial
fluid triamcinolone acetonide levels dropping below that
critical concentration.
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The clinical relevance of these findings was assessed
with post hoc analysis of standardized effect size (11), a
measure used to quantify the magnitude of difference
between 2 treatment groups. An effect size >0.3 is consid-
ered an important change for a patient-reported outcome
(15). For FX006 32 mg compared with saline placebo,
effect size for the WOMAC pain instrument exceeded 0.30
at weeks 4 and 8 and approached 0.30 at week 12. Effect
size with the 16-mg dose was comparable to that of the
32-mg dose at week 4 but was notably lower at week 8, and
no active treatment effect was seen at week 12. Effect sizes
assessed with ADP were consistently lower than those for
the WOMAC pain subscale for both FX006 doses at each
of these time points. Across a large number of trials, the
multi-item, knee OA-specific WOMAC pain instrument
has proved to be a more sensitive measure of treatment
effect than the single-item, general purpose ADP intensity
0-10 NRS (11). Overall, both FX006 doses demonstrated
systemic and local safety profiles similar to saline placebo.
No FX006 dose relationship in AEs was apparent.

In conclusion, although the study’s primary end
point was not met, the dose effect on duration of anal-
gesic efficacy observed in this phase IIb study of people
with knee OA confirms that FX006 32 mg confers in-
creased therapeutic benefit relative to FX006 16 mg with
similar safety, and that improvements in pain afforded by
FX006 32 mg were of a magnitude that would be impor-
tant to patients.
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Knee Alignment Is Quantitatively Related to
Periarticular Bone Morphometry and Density,
Especially in Patients With Osteoarthritis

Grace H. Lo,' Mehveen G. Merchant,” Jeffrey B. Driban,’ Jeffrey Duryea,”
Lori Lyn Plrice,5 Charles B. Eaton,’ and Timothy E. McAlindon®

Objective. Static alignment influences knee load-
ing and predicts osteoarthritis (OA) progression. Peri-
articular bone is important in dispersing forces across
the knee, and there is substantial evidence for molecular
crosstalk between cartilage and subchondral bone. The
aim of this study was to evaluate the relationship
between periarticular trabecular bone morphology and
bone mineral density (BMD) and knee alignment in OA.

Methods. This was a cross-sectional analysis of
participants in the Osteoarthritis Initiative Bone Ancil-
lary Study. Dual x-ray absorptiometry (DXA) was per-
formed to measure tibial periarticular bone mineral
density (paBMD). Magnetic resonance imaging of knee
trabecular bone was performed to calculate the apparent
bone volume fraction (aBVF), apparent trabecular num-
ber (aTbN), apparent trabecular spacing (aTbSp), and
apparent trabecular thickness (aTbTh). Static alignment
was assessed by measuring the hip—knee—-ankle (HKA)
angle on long-limb films.

Results. The study group comprised 436 partici-
pants (mean + SD age 65.4 + 9.2 years, 46% female,
mean + SD body mass index 29.6 + 4.6 kg/m?), 71% of

This article was prepared using an Osteoarthritis Initiative
(OAI) public-use data set, and its contents do not necessarily reflect
the opinions or views of the OAI investigators, the NIH, or the pri-
vate funding partners of the OAIL. The OAI is a public—private part-
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NO1-AR-2-2260, NO01-AR-2-2261, and NO1-AR-2-2262) and private
funding partners (Merck Research Laboratories, Novartis Pharmaceu-
ticals, GlaxoSmithKline, and Pfizer, Inc.) and is conducted by the
OAI investigators. Private sector funding for the OAI is managed by
the Foundation for the NIH. The authors of this article are not part
of the OALI investigative team.
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whom had OA. Correlations between the HKA angle and
medial:lateral paBMD, medial paBMD, aBVE aTbN,
aTbTh, and aTbSp were —0.63, —0.34, —0.29, —0.32, —0.22,
and 0.30, respectively. More varus alignment was associ-
ated with higher medial:lateral paBMD, medial paBMD,
aBVE, aTbN, aTbTh, and lower aTbSp. In OA knees, the
results were more pronounced. In non-OA knees, the most
consistent association was with medial:lateral paBMD.

Conclusion. Static alignment was associated with
medial:lateral paBMD in all knees and with medial
paBMD and trabecular morphometry in OA knees only.
Aberrant knee loading may lead to increased relative
subchondral bone density, which is partly related to a
higher aBVF and a greater number of thicker trabeculae
with smaller intertrabecular spacing. Knee DXA may be
a useful early biomarker of knee OA.

Knee osteoarthritis (OA) is a substantial public
health problem, affecting an estimated 30.8 million peo-
ple in the US (1). OA is the most common type of arthri-
tis, is a common chronic symptom in the outpatient
setting (2), and is the source of substantial disability (2).
Currently, there are only a few effective treatments for
this condition, including nonsteroidal antiinflammatory
medications, physical therapy, and ultimately total knee
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replacement in patients with the most severe disease. A
better understanding of the natural history of this disease
may play a critical role in identifying novel effective
therapies.

There is substantial evidence for crosstalk between
cartilage and subchondral bone at a molecular level (3,4).
Although OA is often characterized as a disorder of articu-
lar cartilage, the presence of malalignment and changes in
periarticular bone are prominent among the protean
pathophysiologic manifestations of knee OA. Further-
more, biomechanical studies have shown that much of the
load dispersion across a knee occurs within the periarticu-
lar bone as compared to the hyaline cartilage (up to 50%
compared with only ~3%) (5). Static alignment influences
load distribution in the knee joint and is predictive of dis-
ease progression in the compartment in which the load is
increased (6,7).

Measures of periarticular bone in OA can be
obtained using dual x-ray absorptiometry (DXA) of
periarticular bone mineral density (paBMD) and mag-
netic resonance imaging (MRI)-based trabecular mor-
phometry (8-20). These measures are also strongly
associated with the presence of knee OA. Knee OA
is associated with higher DXA-measured tibial paBMD,
bone volume fraction (BVF), trabecular number (TbN),
and trabecular thickness (TbTh) but lower trabecular
spacing (TbSp) (12-14,17,21).

Because static alignment affects load distribution
and is a potent predictor of knee OA progression and aber-
rations in periarticular bone are prominent in knee OA, we
hypothesized that static alignment is associated with periar-
ticular bone measured by DXA (paBMD) and MRI (tra-
becular BVE TbN, TbTh, and TbSp). Furthermore, we
expected this relationship to be present in persons with
and those without radiographic evidence of knee OA,
because we anticipated that static alignment influences
periarticular bone changes antedating the development of
radiographic OA. To address this question, we performed a
knee-based cross-sectional study of participants in the
Osteoarthritis Initiative (OAI) for whom periarticular bone
and static alignment measures were available.

PATIENTS AND METHODS

Overall study design. This was a knee-based cross-
sectional study nested within 2 studies ancillary to the OAI,
including only members of the progression subcohort who
had static alignment measures in addition to DXA measures
of paBMD and MRI-assessed trabecular morphometry.

Parent study design. The OAI is a multicenter observa-
tional study focused on identifying biomarkers of knee OA (22).
Four clinical centers participated in this study: the University of
Maryland School of Medicine, Ohio State University, University

of Pittsburgh, and Memorial Hospital of Rhode Island. The
coordinating center was the University of California San
Francisco. Both male and female OAI participants were included,;
subjects were ages 45-79 years and were from all ethnic groups.
The progression subcohort included those with at least one knee
with symptomatic tibiofemoral OA in a native knee joint.

Because the OAI was designed to address multiple sci-
entific questions, standard knee radiographs were obtained
annually as part of the parent study. Static alignment and peri-
articular bone measures were not part of the original protocol
and were not obtained for all participants at the same visits.
Long-limb films, funded by one ancillary study, were used to
measure mechanical alignment and were obtained mostly at
the 12-month visit (86%). However, if time did not permit,
these films were obtained at the subsequent 24-month or
36-month visit. In a separate ancillary study, knee DXA scans
and trabecular MRIs were obtained only from participants in
the OAI progression subcohort who were seen from August 8,
2007 to April 3, 2009, attending their 30-month or 36-month
visit and willing to have additional knee DXA and trabecular
MRI sequences. Subjects with contraindications to MRI and/or
bilateral knee replacements at the time of the OAI 30-month
or 36-month visit were excluded. Those who had knee DXA
scans and trabecular knee MRIs at their 30-month or 36-
month visit additionally had 48-month follow-up examinations
with knee DXA scans and MRIs.

To align the time points at which data were evaluated,
only participants with OAI 48-month visit data, including knee
DXA, trabecular morphometry, and standard radiography,
were included in these analyses. Additionally, at least one mea-
sure of mechanical alignment obtained from long-limb films at
any time point was also required.

Standing long-limb films. The gold standard for evaluat-
ing static alignment is measurement of the hip—knee—ankle
(HKA) angle on standing long-limb films. These films included
the hip and tibiotalar joints. Participants were instructed to stand
with the tibial tubercle facing forward. The distance between
the x-ray beam and the participant was 2.4 meters. Settings of
100-300 mA/second and 80-90 kilovolts were used to optimize
the film for limb size and tissue characteristics. These films were
taken of bilateral lower extremities. HKA measurements repre-
sent the angle at the intersection of 2 lines: the line connecting
the femoral head and intercondylar notch centers, and the line
connecting the ankle talar surface center and the tibial inter-
spinous sulcus base. We used publicly released centralized read-
ings, supervised by Dr. Derek Cooke (OAISYS, Inc., Tempe,
Arizona). Interreader reproducibility was high (intraclass corre-
lation coefficient [ICC] 0.99) (23). By convention, negative
values represented varus alignment, and positive values repre-
sented valgus alignment (23).

Knee radiographs. Weight-bearing, bilateral, fixed-
flexion, posteroanterior radiographs of the knees were obtained
at the OAI 48-month visit. These images were measured for ana-
tomic axis alignment, the femorotibial angle (FTA), using pro-
prietary software, supervised by Dr. Jeff Duryea; these measures
were downloaded from a publicly released data set (24). Based
on recommendations by Iranpour-Boroujeni et al, we applied a
sex-specific adjustment to the FTA to more closely reflect the
HKA angle (24). Additionally, these images were centrally
scored for overall radiographic severity using Kellgren/Lawrence
(K/L) grades (range 0-4) (25) and medial joint space narrowing
grades (range 0-3) using the Osteoarthritis Research Society
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International atlas (26), readings that were funded by the parent
OAI study and publicly released. The reliability of these readings
(read-reread) was good (weighted kappa value [intrarater reli-
ability] 0.70-0.78) (27).

MRI acquisition. A Siemens 3T Trio MRI scanner was
used at the OAI 48-month visit to acquire trabecular sequences
in one knee (the right knee), unless there was a contraindi-
cation; this decision was made based on convenience for the
participants in the parent study. For these sequences, the param-
eters were as follows: oblique coronal 3-dimensional fast imag-
ing with steady-state precession, 72 slices, 1-mm slice thickness,
with in-plane spatial resolution of 0.23 mm x 0.23 mm, 12-cm
field of view, a 512 x 512 matrix, an echo time of 4.92 msec (fat/
water in-phase), repetition time of 20 msec, flip angle of 50°
(phase right-left), and no partial Fourier transformation option
(28).

Measurement of trabecular morphometry with MRI
Full details for measuring trabecular morphometry using propri-
etary software have been published previously (28-30). One
reader analyzed all of the images. A standardized signal intensity
threshold was applied to create a bone mask. A signal threshold
was selected after application of 20 0.7-mm-diameter circular
regions of interest (ROIs) in the cortical bone of the medial and
lateral femoral condyles. A rectangular ROI was then placed on
20 consecutive coronal slices, central to the medial tibia. The
standardized rectangular ROI had a height of 3.75 mm and a
width of 14-17 mm, varying with the size of the tibial plateau.
The ROI was placed adjacent to the articular cartilage
(Figure 1A). The 20 ROIs were then analyzed, providing mea-
surements of apparent BVF (aBVF), apparent TbTh (aTbTh),
apparent TbN (aTbN), and apparent TbSp (aTbSp). The aBVF
(apparent bone volume/total volume) was calculated as the per-
centage of pixels comprising the void in the bone signal over the
total number of pixels in the ROI. Apparent TbTh was calcu-
lated by obtaining the mean of the intercept length of all angles
through a given image, in millimeters. The aTbN was calculated
by dividing aBVF by aTbTh. The aTbSp was calculated as (1/
aTbN) — aTbTh. For each trabecular morphometry parameter,
an average of the 20 ROIs for each knee was obtained. The
ICCs for intrarater (measurement-remeasurement) reliability
were 0.97 (95% confidence interval [95% CI] 0.91, 0.99) for
aBVE 0.98 (95% CI 0.92, 0.99) for aTbTh, 0.92 (95% CI 0.73,
0.98) for TbN, and 0.77 (95% CI 0.38, 0.93) for aTbSp (31).

AR

RE 3
o ik ’i‘
g
DAL ]
Figure 1. A, Representative trabecular bone sequence—acquired coronal slide. Arrow indicates a region of interest (ROI). B, Representative dual
x-ray absorptiometry image of the same knee. Medial and lateral ROIs are shown in red.
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DXA acquisition. At the OAI 48-month visit, bilateral
knee imaging was performed unless contraindicated. Each of
the 4 clinical sites had identical DXA scanners (GE Lunar
Prodigy Advance scanner). Details about obtaining the tibial
DXA scans have been published previously (13). Briefly, the
lower extremity was placed with the tibia perpendicular to the
x-ray beam in a neutral position and with the knee slightly
flexed, using knee and foot positioners.

DXA analysis. Full details of the tibial plateau paBMD
measurements have been published previously (13). The tibial
ROIs had a height of 10 mm, and the width of the medial and lat-
eral ROIs each were half the width of the tibial plateau
(Figure 1B). The superior portion of the rectangle was aligned
parallel to the superior aspect of the medial joint surface of the
tibia. We calculated the medial:lateral paBMD by dividing the
medial tibial paBMD by the lateral measure. In a subset of 10 per-
sons, the scan—rescan ICC was 0.997 (95% CI 0.992, 0.999) (31).

Clinical variables collected. Date of birth and date of
the 48-month visit were used to calculate the ages of the par-
ticipants. Body mass index (BMI) was calculated using body
weight at the 48-month visit and height at the 36-month visit,
the closest time point to the 48-month visit that height was
measured. All publicly available data were accessed from the
OAI web site (http://oai.epi-ucsf.org/datarelease/).

Statistical analysis. Because trabecular morphometry
MRIs were obtained for only one knee (usually the right knee),
only one knee per participant was included in all analyses. Fur-
thermore, only knees with concordant standard radiographs and
DXA at the 48-month visit were included. Because measurement
of the HKA angle was funded to be obtained only once during
the OAI, and because that measure was obtained at different
time points for different participants, measurements of the HKA
angle from any time point were included. We used Pearson’s cor-
relations to evaluate associations between the HKA angle and
knee trabecular morphometry measures and knee paBMD. We
also performed correlations of the HKA angle with age and
BMLI, because these are traditional risk factors for OA (32). We
performed stratified analyses based on radiographic OA status
(K/L grade >2). Additionally, we stratified analyses based on sex.

Although the HKA angle, or mechanical alignment, is
the gold standard for assessing static alignment, these measures
were not obtained at the OAI 48-month visit, when all of the
periarticular bone measures were available. Instead, the FTA,
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or anatomic alignment, which is closely associated with the
HKA angle, was available at the OAI 48-month visit. There-
fore, we performed sensitivity analyses using the adjusted FTA
measures instead of the HKA angle.

To evaluate the contribution of variability in the HKA
angle by various combinations of the periarticular bone mea-
sures, we assessed the square of the correlation coefficient
(R?) in linear regression models.

RESULTS

As shown in Figure 2, with an a priori plan to
enroll 600 participants in the study, the Bone Ancillary
Study recruited 629 of the 1,390 participants in the pro-
gression subcohort. Of these 629 participants, 503 had
sufficient-quality knee DXAs and trabecular MRIs that
could be read at the OAI 48-month visit. Of those partic-
ipants, 451 had HKA readings at any of the time points.
Among those participants, 436 had plain radiographs
that were read for FTA at the OAI 48-month visit, which
was our final sample.

OAIl Progression
Cohort (n = 1390)

|

Enrollment into the Bone
Ancillary Study
(First Ancillary Study)
(n=629)

l

Sufficient Quality Trabecular Knee MRI
at the OAI 48 month visit (n=503)

|

Sufficient Quality Knee DXAs
at the OAIl 48 month visit (n=503)

Sufficient Quality HKA readings
(Second Ancillary Study)
Available at any time point (n=451)

FTA readings available at the
OAIl 48 month visit (n=436)

Figure 2. Flow diagram illustrating which participants were included
in the study. OAI = Osteoarthritis Initiative; MRI = magnetic reso-
nance imaging; DXA = dual x-ray absorptiometry; HKA = hip-knee—
ankle; FTA = femorotibial angle. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40325/abstract.

Table 1. Characteristics of the subjects and knees that were
included or not included in analyses at the 48-month visit*

Included Not included
(n = 436)t (n=954)%
Subjects

Female sex, % 46 57
Age, years 654 +£9.2 65.7 + 8.8§
Body mass index, kg/m? 29.6 + 4.6 30.0 £ 5.09
Race, %

White 78 73

Black 20 24

Other 2 3

Knees

K/L score, %

0 14 12

1 15 12

2 33 33

3 27 29

4 11 14
HKA angle, degrees# —1.32 £+ 3.65 -
Medial:lateral paBMD, gm/cm? 1.12 £ 0.15 -
Medial paBMD, gm/cm 1.13 £ 0.22 -
Medial tibial aBVF 0.11 £ 0.07 -
Medial tibial aTbN, 1/mm 0.78 £ 0.38 -
Medial tibial aTbTh, mm 0.13 £+ 0.02 -
Medial tibial aTbSp, mm 1.75 + 1.33 -

* Except where indicated otherwise, values are the mean + SD.
K/L = Kellgren/Lawrence; HKA = hip—knee—ankle; paBMD = periar-
ticular bone mineral density; aBVF = apparent bone volume fraction;
aTbN = apparent trabecular number; aTbTh = apparent trabecular
thickness; aTbSp = apparent trabecular spacing.

1 Right knees, n = 420; left knees, n = 16.

1 All right knees.

§ Obtained in 818 subjects.

9 Obtained in 725 subjects.

# Negative values represent varus alignment.

The demographic features of the participants are
shown in Table 1 (see also Supplementary Table A, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40325/abstract).
The mean + SD age of the 436 included participants (420
right knees and 16 left knees) was 65.4 £+ 9.2 years, 46%
were female, and the mean + SD BMI was 29.6 + 4.6
kg/m®. The characteristics of subjects who were in the pro-
gression subcohort (n = 954) but were not included in this
study were similar, except the percentage of female sub-
jects was higher (57%), and 32% of the subjects (306 of
954) had missing radiographs at the 48-month visit. Nega-
tive HKA values represented varus alignment, and posi-
tive values represented valgus alignment. The correlation
between the OAI 48-month visit adjusted FTA measures
and the OAI 12-36-month visit HKA measures was 0.70
(95% CI 0.65, 0.7). The HKA angle was associated with
sex; men had a lower mean HKA compared with women
(-2.3 versus —0.2; P < 0.0001), which is consistent with
more varus alignment. The HKA angle was not associated
with age or BML
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Table 2.
group*

Correlations between periarticular bone measures and mechanical alignment (hip—knee-ankle angle), stratified by study

1 (95% CI) in
all subjects
(n = 436)

r (95% CI) in
subjects with no radiographic OA
(n=123)

r (95% CI) in
subjects with radiographic OA
(n =313)

~0.68 (~0.74, -0.62)
~0.40 (—0.49, —0.30)
-032 (041, -0.21)
~0.35 (~0.44, -0.25)
-0.25 (~0.35, -0.15)

Medial:lateral paBMD
Medial paBMD
Medial tibial aBVF
Medial tibial aTbN

~0.63 (~0.69, -0.57)
~0.34 (-0.42, -0.26)
-0.29 (—0.37, -0.20)
-0.32 (-0.40, —0.23)
Medial tibial aTbTh ~0.22 (—0.31, -0.13)

~0.33 (~0.48, —0.16)
-0.09 (~0.26, 0.09)
-0.15 (031, 0.03)
~0.18 (—0.34, 0)
-0.08 (~0.25, 0.10)

Medial tibial aTbSp 0.30 (0.21, 0.38)
Age 0.01 (-0.08, 0.10)
Body mass index -0.05 (-0.14, 0.05)

0.19 (0.02, 0.37)
0.06 (-0.12, 0.24)
0.02 (-0.16, 0.20)

032 (0.2, 0.42)
0 (-0.11, 0.11)
-0.06 (~0.17, 0.05)

* Negative values represent varus alignment. OA = osteoarthritis; 95% CI = 95% confidence interval; paBMD = periarticular bone
mineral density; aBVF = apparent bone volume fraction; aTbN = apparent trabecular number; aTbTh = apparent trabecular thick-

ness; aTbSp = apparent trabecular spacing.

The correlation coefficient for the relationship
between HKA and medial:lateral paBMD, the only peri-
articular bone measure that was a ratio, was larger than
that for any other bone measure (Table 2). Subjects with
a more varus alignment had a higher medial: lateral
paBMD, aBVE aTbN, and aTbTh and a lower aTbSp.
Sensitivity analysis using adjusted FTA values from the
OAI 48-month follow-up visit yielded similar findings,
except that the point estimates were slightly greater in
magnitude (see Supplementary Table B, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40325/abstract).

In subjects with and those without radiographic
OA, medial:lateral paBMD was associated with mechan-
ical alignment, but the strength of the association was
greater in those with radiographic OA (Table 2). Simi-
larly, all of the absolute measures of bone had a signifi-
cant association with mechanical alignment in subjects
with radiographic OA, but these correlations were sub-
stantially attenuated in those without radiographic OA
(Table 2). As with the whole group (those with and
those without radiographic OA), male subjects tended
to have a more varus alignment (2.6 versus —0.7 [P <
0.0001] and -1.7 versus 0.4 [P < 0.01], respectively).

In the sex-specific analyses, there were slightly
more men than women, but the correlation coefficients
for the relationship between periarticular bone and
mechanical alignment were similar, and all correlation
coefficients except aTbTh thickness in women were sta-
tistically significant (Table 3). In both men and women,
age and BMI were not significantly associated with
mechanical alignment. Similar to what was seen in the
analysis for the whole group (Table 2), when stratified
by radiographic OA status (Table 3), the medial:lateral
paBMD was associated with HKA angle in those without
radiographic OA, but much more so in those with

radiographic OA. Additionally, the absolute measures of
periarticular bone were associated with HKA only in
those with radiographic OA.

Table 4 shows the contribution of periarticular
bone measures to the variation in the HKA angle. The
medial:lateral paBMD accounted for 40% of the variation
in the HKA angle in the whole cohort. When restricting
the analyses to only those knees with radiographic OA,
medial:lateral paBMD accounted for 47% of variation in
the HKA angle. However, when limiting the analyses to
those knees without radiographic OA, it accounted for
only 11% of variation in the HKA angle. For all of these
analyses, the addition of all the absolute measures of
periarticular bone, including medial paBMD, aBVE, aTbN,
aTbTh, and aTbSp only marginally increased the percent-
age of variation in the HKA angle that could be explained.
The absolute value for medial paBMD accounted for only
12% of variability in the HKA angle in the whole sample,
16% in subjects with radiographic OA, and 0% in those
without radiographic OA. All 4 trabecular morphometry
measures combined performed worse than the medial
paBMD alone. When paBMD was combined with the 4
trabecular morphometry measures, the additional variabil-
ity in the HKA angle was only marginally improved over
that using paBMD alone.

DISCUSSION

This study confirms a relationship between knee
joint alignment and structural measures of the subchon-
dral bone. This relationship was strongest for medial:
lateral paBMD and static alignment. This association
was present in individuals with and those without radio-
graphic OA but was more pronounced in those with
OA. Additionally, we observed that absolute measures
of periarticular bone, including medial paBMD, aBVE,
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Table 4.

LO ET AL

Contribution of periarticular bone measures to variation in the HKA angle*

Independent variables

Whole cohort

Subjects with
radiographic OA

Subjects without
radiographic OA

Medial:lateral paBMD

Medial:lateral paBMD, medial paBMD, aBVE
aTbN, aTbTh, aTbSp

Medial paBMD

aBVE aTbN, aTbTh, aTbSp

Medial paBMD, aBVE, aTbN, aTbTh, aTbSp

0.40 0.47 0.11
0.41 0.49 0.13
0.12 0.16 0f
0.11 0.13 0.05+
0.14 0.19 0.05+

* Values are the square of the correlation coefficients for the association between the hip—knee-ankle (HKA)
angle and the variable(s). OA = osteoarthritis; paBMD = periarticular bone mineral density; aBVF = apparent
bone volume fraction; aTbN = apparent trabecular number; aTbTh = apparent trabecular thickness; aTbSp =

apparent trabecular spacing.

t P value for the model is not statistically significant at a level of < 0.05.

aTbN, aTbTh, and aTbSp, were associated with static
alignment, but this was generally present only in those
with radiographic OA. Finally, little additional variation
in the HKA angle is explained by the addition of abso-
lute measures of periarticular bone after the ratio of
medial:lateral paBMD is included as an independent vari-
able. These observations persisted in analyses restricted
by sex.

The relationship between static alignment and
medial:lateral paBMD has previously been reported in 2
smaller studies of fewer than 100 subjects. In those stu-
dies, participants were preselected to have medial tibio-
femoral knee OA; the observed correlations were 0.44
and 0.53, respectively (15,17), which are similar to the cor-
relation observed in our study (0.63). Important differ-
ences between prior studies and the current study include
the fact that our study sample was larger (>400 partici-
pants were evaluated), the locations of the ROIs we used
on the DXA scanner were more proximal, we included
both knees with and those without OA, and we did not
preselect for those with medial tibiofemoral OA. Addi-
tionally, neither of the prior studies had measures of tra-
becular morphometry or included additional analyses
focusing on the subgroups of those without OA, men only,
or women only.

The observations from our study provide poten-
tially important insights into the natural history of knee
OA. We had anticipated that periarticular bone measures
would be associated with static alignment in individuals
with and those without knee OA. The one bone measure
that performed in this manner was the medial:lateral
paBMD ratio, a relative measure of periarticular bone
that compares the medial compartment with the lateral
compartment. This finding supports the idea that static
alignment is associated with relative loading in the medial
and lateral compartments, even in a pre-OA setting.
Because of the cross-sectional design of our study, we can-
not assign directionality of causation. It is possible that
changes in periarticular bone could predispose to the

development of static alignment. Perhaps trauma to the
bone, which causes an increase in BMD, might lead to
changes in static alignment. However, it is our conjecture
that it is more likely that static alignment dictates periar-
ticular bone measures, where changes in static alignment
then cause damage to periarticular bone.

A finding that was somewhat surprising was that
the absolute measures of periarticular bone were associ-
ated with static alignment primarily in those knees with
OA and not in those without OA. This may indicate that
the absolute measures of periarticular bone are identifying
a construct that is present in the periarticular bone, only
as OA develops or after the development of OA. For
example, in a prior study, we observed that in regions
where bone marrow lesions are visualized on T2-weighted,
fat-suppressed images, there is a higher aBVE aTbN, and
aTbTh, and lower aTbSp (33), similar to the pattern seen
with increased varus alignment. Thus, there may be bone
marrow lesions in the regions of bone indicated by higher
absolute measures of periarticular bone. An alternative
explanation could be that the changes observed in the
periarticular bone are a consequence of bone attempting
to remodel and repair after incurring damage.

A prior study showed that medial:lateral paBMD
is associated with subchondral sclerosis (10), which usu-
ally is a feature of more severe OA, occurring in the
region where tibial paBMD is assessed. We observed that
in knees without OA, only 11% of the variability of static
alignment is explained by the medial:lateral paBMD ratio,
while in knees with OA, 47% of the variability of static
alignment is explained by the medial:lateral paBMD ratio.
The association between static alignment and medial:lat-
eral paBMD is stronger in persons with OA, perhaps
because in the situation in which OA exists, the relative
measure of medial:lateral paBMD is increased for 2 rea-
sons: 1) physiologic relative changes and 2), pathologic
changes. The physiologic relative changes in periarticular
bone may occur because of loading differences in the
medial and lateral tibiofemoral compartments because of
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static alignment. The pathologic changes may occur after
or when OA occurs as identified by those with a higher
aBVE aTbN, and aTbTh, and lower aTbSp. In further
support of this possibility, we expected and observed that
the range of periarticular bone and static alignment mea-
sures was broader in subjects with OA compared with
those without OA (see Supplementary Table A, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40325/abstract).

The medial-to-lateral ratio of paBMD is a relative
measure of periarticular bone that allows for an internal
control within the knee. We were able to create this ratio
only for paBMD because we did not have measurements
for periarticular trabecular morphometry in the lateral
compartment due to financial constraints. If we did have
trabecular morphometry measures in the lateral compart-
ment, we suspect they would perform similarly to paBMD,
as a higher absolute paBMD is associated with greater tib-
ial aBVE aTbN, tibial aTbTh, and lower tibial aTbSp
(32). In future studies of trabecular morphometry, ratios
of the measures that would also allow for internal controls
may also prove to be more powerful than the absolute
measures, as is the case with DXA-assessed paBMD
(Table 4). A greater understanding of the relationship
between static alignment and periarticular bone changes
could have important implications regarding treatment
targets in knee OA.

In the current study, DXA-assessed paBMD per-
formed similarly to the trabecular morphometry measures,
but it is much easier to acquire and measure DXA-assessed
trabecular morphometry compared with MRI-assessed tra-
becular morphometry. Additionally, DXA scanners are
almost ubiquitous in a clinical setting because they are
widely used to assess for osteoporosis. Therefore, there is
an opportunity to consider its use to measure paBMD as
an early biomarker for OA. However, in order to under-
stand paBMD in OA, it is critical to understand that DXA-
assessed paBMD is a measure of apparent density, not
material density.

Apparent density is bone mass/total volume of
bone (includes volume occupied by bone marrow),
whereas material density is bone mass/bone volume (ex-
cludes volume occupied by bone marrow) (33). Based
on histologic finding, OA bone has a lower material
bone density but a higher apparent density compared
with non-OA periarticular bone (34). Although it might
seem intuitive to expect that material density would be
more informative than apparent density in OA, because
it provides a more precise measure of bone mineraliza-
tion, in OA, apparent density is associated with bone
stiffness, whereas material density is not (34). Stiffness
is a measure of resistance offered by a body against

deformation, or a measure of the amount of force
required to cause a displacement in the direction of the
force applied. Bone that is stiffer is less able to absorb
energy in the setting of mechanical impact. In OA, per-
sons with a higher apparent density have greater periar-
ticular bone stiffness, meaning that bone with higher
paBMD requires more force to compress a given amount
than bone with lower paBMD. Perhaps the pathologic
changes detectable with trabecular morphometry con-
tribute to a higher paBMD and confer greater stiffness to
bone.

Existing evidence supports the possibility that modi-
fying static alignment can influence periarticular bone. In a
study by Akamatsu et al, a group of participants with me-
dial knee OA (n = 20) identified for high tibial osteotomy,
an extreme method of modifying static alignment, had
their periarticular bone density assessed prior to the surgi-
cal intervention and subsequent to the procedure (12). The
medial:lateral paBMD ratios were high preoperatively and
decreased postoperatively, suggesting that an effort to alter
static alignment might confer changes in periarticular
bone, although we must point out that there was no com-
parator arm in this study. Additionally, less-extreme inter-
ventions may also modify static alignment, such as knee
bracing. In a study by Katsuragawa et al, all participants (n
= 14) had a knee with varus alignment, upon which a valgus
brace was applied; after 3 months of follow-up, the braced
knees had statistically significant improvement in the tibial
paBMD ratio, which was not seen in the unbraced knees
(35). However, similar to the study by Akamatsu et al, the
current study was small and had no comparator arm. Larger
randomized controlled studies of tibial osteotomy and
knee bracing are needed to confirm whether these inter-
ventions targeting static alignment can modify paBMD.

The current study has several limitations. First,
MRI provides only indirect measurements of the parame-
ters of bone morphology. Only direct histology, which
requires a bone biopsy and is difficult to acquire in sub-
jects with milder disease and those without disease, would
allow direct periarticular bone measurements; however, in
the absence of such information, surrogate measures must
be used to extrapolate measurements such as TbTh and
TbSp. An additional limitation of this study is that the
HKA angle, the gold standard for assessment of static
alignment, and periarticular bone measures were gener-
ally not assessed at the same visit, because inclusion of the
HKA angle and trabecular morphometry measures were
funded by separate ancillary projects to the OAI and were
included when convenient, taking into consideration the
entire study schedule. To address this limitation, we
performed sensitivity analyses using adjusted FTA mea-
sures that were all contemporaneous with the periarticular
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bone measures instead of the HKA angle and observed
results (see Supplementary Table B, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40325/abstract) similar to those in
the main study using the HKA angle (Table 2). An addi-
tional limitation is that a longitudinal study would be
needed to assess causation in the relationship between sta-
tic alignment and periarticular bone abnormalities.
Because the HKA angle was determined at only one time
point in our study, we were unable to test this relationship.

In summary, static knee alignment is associated with
relative paBMD, as measured by DXA, in individuals with
and those without OA. Absolute measures of periarticular
bone are associated with static alignment only in individu-
als with OA. The variation in static alignment explained
by trabecular morphometry is mostly captured with the rel-
ative paBMD measure. Understanding the underlying
pathophysiology driving the aberrations in trabecular mor-
phometry could provide important insights into identifying
new targets for OA therapies, some of which may be
biomechanically based. Longitudinal studies are needed to
elucidate whether biomechanical changes may alter periar-
ticular bone in knee OA and ultimately prevent, slow, and
maybe even reverse the progression of OA. Additionally,
our findings indicate the potential utility of DXA and
MRI-based measures to evaluate the effects of biomechan-
ical or bone-targeted interventions in knee OA.
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BRIEF REPORT

Loss of Muscle Strength Prior to Knee Replacement: A Question of Anatomic
Cross-Sectional Area or Specific Strength?

Adam G. Culvenor,' Felix C. Hamler,” Jana Kemnitz,? Wolfgang Wirth,? and Felix Eckstein®

Objective. To determine whether loss in thigh
muscle strength prior to knee replacement is caused
by reductions of muscle strength in the anatomic cross-
sectional area or by reductions of specific strength.

Methods. Al 100 of the participants in the
Osteoarthritis Initiative who underwent knee replacement
and whose medical records included data on thigh isomet-
ric muscle strength and magnetic resonance imaging
(MRI) (58 women, and 42 men, mean + SD age 65 + 8
years, mean + SD body mass index [BMI] 29 + 5 kg/m?)
were matched with a control (no knee replacement) for
age, sex, height, BMI, and radiographic severity. Thigh
muscle anatomic cross-sectional area was determined by
MRI at the research visit before knee replacement (time
0) and 2 years before time 0 (time —2). Specific strength
(strength/anatomic cross-sectional area) was calculated,
and the measures were compared by conditional logistic
regression (i.e., odds ratio [OR] per standard deviation).
ORs adjusted for pain (OR,q;) and 95% confidence inter-
vals (95% ClIs) were also calculated.

Results. Knee replacement cases had significantly
smaller extensor (but not flexor) anatomic cross-sec-
tional areas than controls at time 0 (women, OR,q4; 1.89
[95% CI 1.05-3.90]; men, OR,q; 2.22 [95% CI 1.04-
4.76]), whereas no significant differences were found at
time —2. Women who had knee replacement showed

This article was prepared using an Osteoarthritis Initiative
(OAI) public-use data set, and its contents do not necessarily reflect
the opinions or views of the OAI Study Investigators, the NIH, or the
private funding partners of the OAI The OAI is a public—private
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private funding partners (Merck Research Laboratories, Novartis
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by the OAI Study Investigators. Private sector funding for the OAI is
managed by the Foundation for the NIH. The authors of this article
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lower levels of extensor specific strength than controls at
time 0 (OR 1.59 [95% CI 1.02-2.50]), although this differ-
ence was not observed in men and did not maintain sig-
nificance after adjustment for pain (OR,q; 1.22 [95% CI
0.71-2.08]). Female cases lost significantly more exten-
sor specific strength between time —2 and time 0 than
controls (OR,q; 3.76 [95% CI 1.04-13.60]), whereas no
significant differences were noted at time —2, or in men.

Conclusion. Prior to knee replacement, a signifi-
cant reduction in knee extensor strength appears to occur
in women through 2 mechanisms: one driven by pain (loss
of specific strength) and one independent of pain (loss of
muscle anatomic cross-sectional area). Men who under-
went knee replacement showed significantly reduced levels
of extensor anatomic cross-sectional area, but not signifi-
cantly lower strength or specific strength.

In an effort to improve pain and function associ-
ated with end-stage knee osteoarthritis (OA), >600,000
total knee replacements are performed annually in the
US (1). This number is expected to increase to 3.5 mil-
lion per year by 2030, resulting in significant increases
in the health and economic burden caused by OA (1).
These increases reinforce the urgency of identifying
strategies for modifying the risk of knee replacement
surgery due to progressive knee OA.
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Thigh muscle weakness has been identified as a
determinant of radiographic and symptomatic knee OA
incidence and progression (2,3). In a recent matched
case—control study of adults with knee OA from the
Osteoarthritis Initiative (OAI), we identified thigh muscle
weakness as a predictor of knee replacement in women,
independent of disease severity and pain (4). However,
this relationship was not observed in men (4).

Given the modifiable nature of muscle strength,
these findings identify a potential therapeutic strategy to
modify the risk of knee replacement in women. However,
the mechanisms driving the sex-specific relationship
between muscle weakness and knee replacement (and
other knee OA outcomes) are unknown, but are impor-
tant in directing individualized treatment strategies to
counteract deficits in muscle strength. For example, defi-
cits in the muscle anatomic cross-sectional area have been
reported in symptomatic knee OA (5) and may be respon-
sible for loss of muscle strength prior to knee replace-
ment. Conversely, loss in muscle specific strength (e.g.,
strength per anatomic cross-sectional area) has recently
been identified to play a role in onset of knee OA in
women (6) and would require different therapeutic
approaches (e.g., interventions targeting muscle activation
impairments, such as muscle biofeedback or neuromuscu-
lar electrical stimulation) as compared with a situation in
which reduction in muscle anatomic cross-sectional area
is the only mechanism that is responsible for muscle
strength deficits. In order to establish the mechanisms
behind thigh muscle weakness and knee replacement risk
observed in women (4), we undertook the present study
to determine how thigh muscle anatomic cross-sectional
area and/or specific strength, or longitudinal changes in
these measures, independently impact risk of subsequent
knee replacement in men and women.

PATIENTS AND METHODS

Participants. All OAI participants who were included in
our recent analysis of muscle strength prior to knee replacement
(4) were eligible for inclusion in the current analysis. Briefly, all
OAI participants who reported having had knee replacement at
any annual OAI visit between 12- and 60-month follow-up, and
who had thigh muscle strength assessed within the 2 years prior
to knee replacement, were eligible as cases (n = 136) (4). Only
cases with T1-weighted axial spin-echo magnetic resonance
imaging (MRI) acquisitions of the thigh at the same time points
could be included in the current analysis (1 knee per person; n =
100). In the OALI, thigh isometric muscle strength measurements
and thigh MRIs were obtained biennially (i.e., baseline,
24-month, and 48-month visits). In some participants, muscle
strength measurements and thigh MRIs were obtained at
12-month and/or 36-month visits instead of baseline and/or
24-month visits. The time point at which muscle strength and
MRI examinations were analyzed as preceding knee replacement

(time 0) was within a window of 2 years prior to knee replace-
ment (e.g., for a knee replacement detected at the 36-month visit,
time 0 was the 12- or 24-month measurement, whichever was
available, and for a 48-month knee replacement, time 0 was the
36- or 24-month measurement). The time point 2 years prior to
time 0 was termed time —2 (4).

Controls (1 knee per person) were selected from OAI
participants who had not received a knee replacement in either
knee between baseline and 60-month follow-up and had muscle
strength and MRI assessments at the same time points as knee
replacement cases. Cases and controls were matched 1:1 by sex,
age (x5 years), height (£5 cm), body mass index (BMI)
(£3 kg/m?), knee replacement limb (dominant [preferred kick-
ing leg] versus nondominant), baseline Kellgren/Lawrence
(K/L) score (7) (grades 0-4) from the central readings, as well
as presence and location (i.e., medial/lateral joint space nar-
rowing [JSN]) of baseline compartmental involvement. Due to
a lack of thigh MRIs at time 0 in 3 controls from our recent
analysis of this cohort (4), we rematched these ineligible con-
trols with new eligible OAI controls with thigh MRIs. The OAI
was approved by local ethics committees and participants gave
informed consent for OAI public database inclusion.

Evaluation of muscle strength and anatomic cross-
sectional areas. Maximal isometric knee extensor and flexor
strength had been measured with the Good Strength Chair
(Metitur), at 60° of knee flexion, as previously described (4).
Muscle anatomic cross-sectional areas of the quadriceps and
hamstrings were measured from axial MRI at anatomically con-
sistent locations (33% femoral length; distal-to-proximal) (6)
using custom semi automated software developed at our institu-
tion (8). This method has been shown to display reliability and
validity in longitudinal studies (8). To account for remaining
differences in body size (despite the matching procedure),
anatomic cross-sectional areas were normalized to femoral size
(femur anatomic cross-sectional area from same MRI slice).
Specific strength was calculated as strength per unit anatomic
cross-sectional area (N/cm?®) (6). We used strength measure-
ments directly (not muscle torque) to estimate muscle strength,
because both the lever arm between the load cell and joint cen-
ter and that between the muscle tendons and joint center
depend on body size and are roughly proportional (9).

Statistical analysis. After confirming normality, paired
t-tests between sex-specific case—control pairs were conducted for
extensor and flexor anatomic cross-sectional area and specific
strength at time 0 and time —2, and for change between time —2
and time 0. Further, sex-specific case—control conditional logistic
regression (case—control odds ratios [ORs] per standard devia-
tion) was performed, for extensor and flexor anatomic cross-
sectional area and specific strength at time 0 and time —2, and
for longitudinal change between time —2 and time 0. The case—
control ORs were additionally adjusted for the effect of pain (4),
using standard categories of no pain, infrequent pain, and fre-
quent pain (based on most days of a month in past 12 months).
Analysis was performed using SPSS version 23.0 software.
P values less than 0.05 were considered significant.

RESULTS

Of the 136 OAI participants who had a confirmed
knee replacement up to the 60-month visit (4), 36 cases
could not be included in the current analysis because
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Table 1. Baseline characteristics of the KR cases and the non-KR controls*
Women
Cases Controls Cases Controls
Characteristic (n =58) (n=58) (n=42) (n=42)
Age, mean £ SD years 64 + 8 65+ 8 66 +9 66 +9
Body mass index, mean + SD kg/m? 28.8 + 4.6 285 + 4.4 29.1 + 3.8 29.0 +£ 3.2
Height, mean + SD meters 1.61 £ 0.05 1.61 £ 0.05 1.77 £ 0.05 1.77 £ 0.05
Weight, mean + SD kg 74.6 + 13.3 742 + 12.5 913 + 133 90.1 + 11.5
KR in dominant legf 34 (59) NA 16 (38) NA
Kellgren/Lawrence grade
509 509 2 (5) 2(5)
1 0 (0) 0 (0) 2(5) 2(5)
2 11 (19) 11 (19) 4 (10) 4 (10)
34 42 (72) 42 (72) 34 (81) 34 (81)
Medial joint space narrowing 41 (71) 41 (71) 37 (88) 37 (88)
Lateral joint space narrowing 9 (15) 9 (15) 4 (10) 4 (10)
Duration from time 0 to KR, mean + SD months} 12+6 NA 11+7 NA
Time 0 knee extensor strength, mean = SD newtons 215 £ 75 260 £+ 80 384 + 130 383 + 94
Time 0 knee flexor strength, mean + SD newtons 87 £35 101 + 42 163 £ 70 147 £ 52

* If a case participant had a knee replacement (KR) at time 0 in both knees, the one that had been replaced earlier was
included. However, if both had been replaced at the same time point, the knee with the lower Kellgren/Lawrence grade at
baseline was analyzed. Except where indicated otherwise, values are the number (%) of participants. NA = not applicable.

+ The dominant leg is the leg participants would use to kick a ball.

1 Time 0 was the examination prior to knee replacement (<2 years).

thigh MRI was not available at time 0. Baseline age, sex,
BMI, K/L grade, or distribution of JSN of the 36 cases
who did not have thigh MRI available at time 0 did not
differ from that of the 100 cases included in the current
analysis (P > 0.05). MRI and strength data were available
for 58 female pairs at time 0, and also for 30 at time —2,
while these data were available for 42 male case/control
pairs at time 0, and for 25 at time —2 (Table 1). Thigh
muscle strength differences between cases and controls
were of similar magnitude in the current 100 matched
pairs to those observed in the larger sample of 136
matched pairs previously reported (4) (Table 1).

Extensor and flexor anatomic cross-sectional area
and specific strength in women. Female cases displayed
less extensor anatomic cross-sectional area at time 0 com-
pared with matched controls (P = 0.041 by paired ¢-test,
unadjusted P [Pynagi] = 0.049, adjusted P [P,qj] = 0.033),
but not at time —2 (Table 2). No differences in flexor ana-
tomic cross-sectional area were observed between cases
and controls at time 0 or time —2. Differences in the
2-year longitudinal change of extensor anatomic cross-sec-
tional area from time —2 to time 0 between cases and
controls did not reach statistical significance.

Knee extensor specific strength was significantly
lower in cases than in controls at time 0 (P = 0.032 by
paired #-test) in unadjusted analyses, although the differ-
ence did not maintain statistical significance after adjust-
ment for pain (P = 0.471). No significant differences in any
of the above measures were observed at time —2. Female
knee replacement cases lost significantly more extensor

specific strength between time —2 and time 0 (mean £+ SD
~1.1 + 1.5 N/em? versus 0.3 & 1.8 N/em? P = 0.002 by
paired -test, Pypaqp = 0.011, P,qj = 0.043) than their
matched non-knee replacement controls. Flexor specific
strength and its longitudinal change, in contrast, were not
significantly associated with knee replacement. Similar
results were observed in sensitivity analyses using muscle
torque (Nm/cm?) (see Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40343/abstract).

Extensor and flexor anatomic cross-sectional area
and specific strength in men. Similar to female cases,
male cases displayed less extensor anatomic cross-
sectional area at time 0 compared with their matched con-
trols (P = 0.011 by paired #-test, Pypagy = 0.020, Pyg =
0.039), but not at time —2 (Table 3). No statistically signif-
icant differences in knee flexor anatomic cross-sectional
area or specific strength were, however, observed at any
time point between male cases and controls, or for the
change in knee extensor or flexor anatomic cross-sectional
area and specific strength. There was a trend toward male
knee replacement cases displaying somewhat greater
(rather than reduced) specific strength compared with
their matched controls at time 0 and time —2.

DISCUSSION

To elucidate mechanisms behind thigh muscle
weakness and clinical progression of knee OA, we explored
whether loss in thigh muscle anatomic cross-sectional areas
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or specific strength increase knee replacement risk. In this
study, we found that significant deficits in knee extensor
anatomic cross-sectional area preceded knee replacement
in both men and women, independent of age, BMI, disease
severity, and pain, when measured at a time point within 2
years prior to surgery (i.e., time 0).

Moreover, female knee replacement cases dis-
played 10% lower knee extensor specific strength than
controls at time 0, but these differences did not remain sta-
tistically significant after adjustment for pain. Male knee
replacement cases, in contrast, displayed slightly higher
muscle specific strength (5%) than matched controls with-
out knee replacement. Interestingly, over a 2-year observa-
tional period prior to knee replacement, female knee
replacement cases displayed a significantly greater longitu-
dinal loss of knee extensor specific strength than female
controls; this loss exceeded that in male knee replacement
cases by a factor of 10. Hence, this study is the first to sug-
gest that muscle weakness preceding clinical progression
of knee OA to knee replacement in women is caused by
both deficits in muscle anatomic cross-sectional area (inde-
pendent of pain) and specific strength (dependent on
pain), whereas no deficits in muscle specific strength were
apparent in men prior to knee replacement.

The results of the current study help to clarify
the sex-specific mechanisms behind the recently
observed relationship between clinical measures of mus-
cle strength and OA incidence and progression (4,6).
Specifically, there appear to be 2 mechanisms contribut-
ing to the strength deficits that increase knee replace-
ment risk in women (4)—one that is driven by pain
(specific strength deficit) and one that is independent of
pain (anatomic cross-sectional area deficit). Specific
strength reflects the availability of contractile tissue per
unit area of muscle and/or the ability to activate existing
muscle fibers, with the latter potentially being affected
by pain through either a reduction in neural activation or
a reluctance of individuals with pain to maximally
contract (10). Muscle anatomic cross-sectional area, in
contrast, is a structural feature that is potentially less
influenced by pain.

In contrast to women, deficits in muscle anatomic
cross-sectional area in male knee replacement cases were
accompanied by a somewhat greater specific strength than
in their matched controls. Although this apparent com-
pensatory mechanism may be a chance finding given the
relatively small number of men in our study, it does
potentially help to explain the lack of significant differ-
ences in muscle strength between male knee replacement
cases and controls that we observed previously (4). Similar
sex-specific responses of muscle specific strength have

also recently been observed in those at risk of incident
knee OA, with thigh muscle specific strength maintained
in men with greater BMI, but not in women (6).

The presence, persistence, and particularly the
worsening of disabling pain are key criteria for patient
decisions to undergo knee replacement. The loss of a sig-
nificant relationship between knee extensor specific
strength in women at risk of knee replacement (at time
0) after adjustment for pain suggests that the mechanism
through which muscle weakness impacts knee replace-
ment risk in women is dependent on pain. Our previ-
ous study showed that muscle weakness in women was
associated with subsequent knee replacement risk inde-
pendent of pain (4), likely through a mechanism involv-
ing greater loss of anatomic cross-sectional area prior to
knee replacement compared with non—knee replacement
controls.

Consistent with these findings, anatomic cross-
sectional area has been shown to be an important driver
of muscle deficits that cause incident knee OA in older
women (11). In the Multicenter Osteoarthritis Study
(MOST), knee extensor specific strength in women was
predictive of worsening JSN whereas muscle mass was
not, while neither was predictive of worsening JSN in men
(12). Importantly, analyses in the MOST study were not
adjusted for pain, which would likely attenuate the predic-
tive capacity of specific strength as we observed in the cur-
rent study. Additionally, muscle mass was assessed as
total thigh lean mass by dual x-ray absorptiometry rather
than in isolated muscle groups (as possible by MRI). Our
finding that male knee replacement cases appear to com-
pensate for a significant loss of muscle anatomic cross-
sectional area by somewhat increased specific strength
explains why we did not previously observe a relationship
between muscle strength and knee replacement risk in
men. The somewhat greater specific strength in male knee
replacement cases may also help to explain why in some
reports of radiographic knee OA progression, male cases
displayed increased knee extensor strength prior to pro-
gression (13).

Interestingly, muscle anatomic cross-sectional
area and specific strength in male knee replacement
cases and controls were relatively stable over the
2-4-year period prior to knee replacement (<3% loss),
whereas female knee replacement cases displayed a sig-
nificantly greater longitudinal loss of knee extensor
specific strength over the same period (up to 18%)
compared with female control knees. This longitudinal
loss of specific strength remained a significant predictor
of knee replacement, even after adjustment for pain.
Importantly, the reports of pain at the start of the
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observational period (i.e., time —2) were used to
adjust case—control ORs, consistent with our previous
analyses, which may have resulted in lower pain levels
being included in the model compared with time 0.

These findings suggest that women have a more
dramatic loss of muscle specific strength prior to knee
replacement than men and highlight the importance of
addressing muscle specific strength deficits (i.e., an inabil-
ity to activate existing muscle tissue or increase noncon-
tractile tissue) in those with or at risk of knee OA. Such
interventions may need to have a greater focus on
addressing fear and confidence, which can influence
muscle activation capacity, or on maintaining contractile
tissue per muscle unit area. While eccentric strength
training may more effectively increase muscle anatomic
cross-sectional area and neural adaptations than concen-
tric approaches (14), any heavy resistance training is likely
to improve neural activation through increasing motor
unit firing frequency and recruitment (15). The utility of
specific muscle activation interventions (such as muscle
biofeedback and neuromuscular electrical stimulation) as
well as interventions addressing confidence, fear, and
motivation should be a focus of future research.

We evaluated only a limited period of time prior
to knee replacement, and it is possible that changes in
thigh muscles prior to this window are also important in
predicting future progression to knee replacement. How-
ever, the lack of significant findings earlier than 2—4 years
prior to knee replacement (4) suggests that muscle char-
acteristics in the immediate years prior to knee replace-
ment are most strongly implicated in progression risk.
The relatively few eligible participants within the total
OALI cohort with a knee replacement limited the number
of included cases to 100. The strict matching approach
used to select the 100 controls ensured that the potential
confounding effects of radiographic severity, BMI, age,
and sex were addressed. Although we analyzed measures
of muscle strength, morphology (anatomic cross-sectional
area), and quality (specific strength), the OAI did not
include measures of voluntary muscle activation (e.g.,
electromyography), which may provide additional infor-
mation on knee replacement risk.

In conclusion, the current study is the first to sug-
gest that muscle strength deficits preceding clinical pro-
gression of knee OA to knee replacement in women
appear to occur through 2 mechanisms: one driven by
pain (loss in specific strength) and one independent of
pain (loss in anatomic cross-sectional area), whereas men
with knee replacement displayed lower extensor anatomic
cross-sectional area, but not strength or specific strength.

CULVENOR ET AL

These findings reveal potential specific targets for treat-
ment of muscle impairments in men, and particularly in
women, with knee OA.
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Loading-Induced Reduction in Sclerostin as a Mechanism of
Subchondral Bone Plate Sclerosis in Mouse Knee Joints
During Late-Stage Osteoarthritis
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Objective. To establish an unbiased, 3-dimensional
(3-D) approach that quantifies subchondral bone plate
(SBP) changes in mouse joints, and to investigate the
mechanism that mediates SBP sclerosis at a late stage of
osteoarthritis (OA).

Methods. A new micro—computed tomography
(micro-CT) protocol was developed to characterize the
entire thickness of the SBP in the distal femur of a nor-
mal mouse knee. Four mouse models of severe joint OA
were generated: cartilage-specific Egfr—knockout (Egfr-
CKO) mice at 2 months after surgical destabilization of
the medial meniscus (DMM), Egfr-CKO mice with aging-
related spontaneous OA, wild-type (WT) mice at 10
months after DMM, and WT mice at 14 weeks after
DMM plus hemisectomy of the meniscus (DMMH) sur-
gery. As an additional model, mice with knockout of the
sclerostin gene (Sost-KO) were subjected to DMMH sur-
gery. Knee joints were examined by micro-CT, histology,
and immunohistochemical analyses.

Results. Examination of the mouse distal femur
by 3-D micro-CT revealed a positive correlation between
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SBP thickness and the loading status in normal knees.
In all 4 mouse models of late-stage OA, SBP sclerosis
was restricted to the areas under severely eroded articu-
lar cartilage. This was accompanied by elevated bone
formation at the bone marrow side of the SBP and a
drastic reduction in the levels of sclerostin in osteocytes
within the SBP. Unlike in WT mice, no further increase
in the thickness of the SBP was observed in response to
DMMH in Sost-KO mice.

Conclusion. Since focal stress on the SBP underly-
ing sites of cartilage damage increases during late stages
of OA, these findings establish mechanical loading—
induced attenuation of sclerostin expression and
elevation of bone formation along the SBP surface as the
major mechanisms characterizing subchondral bone
phenotypes associated with severe late-stage OA in mice.

As the most common type of arthritis in the aging
population, osteoarthritis (OA) is primarily character-
ized by progressive degeneration of knee articular carti-
lage. To date, most of the research seeking treatments
for this disease has focused on prevention or repair of
the degenerated cartilage. However, clinical observations
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and animal studies over the past several decades have
accumulated sufficient evidence to support the concept
that OA is a disease of the whole joint, involving changes
not only in articular cartilage but also in its neighboring
tissue, such as subchondral bone, ligaments, menisci,
periarticular muscles, peripheral nerves, and synovium
(1). Indeed, the first radiographic criteria for the diagno-
sis of OA, developed in the 1950s, included subchondral
sclerosis as a hallmark of this disease (2).

Anatomically, subchondral bone consists of 2
parts: a layer of corticalized subchondral bone plate
(SBP) and the underlying subchondral trabecular bone
(STB). It is important to distinguish these 2 subchondral
bone components in OA research, not only because they
have intrinsic architectural and mechanical differences,
but also because different pathologic changes can occur in
each component during OA development (3). Thickening
of the SBP is considered an indisputable sign of late-stage
OA (4). However, the underlying mechanisms responsible
for such thickening are still largely unknown. In the STB,
the bone remodeling rate is consistently increased during
the progression of OA, leading to undermineralized bone
tissue and reduced mechanical strength of the trabecular
bone (5-7). Several mechanisms to explain this phe-
nomenon have been proposed, such as cellular signaling
for microdamage repair, stimulation of vascular invasion,
and bone—cartilage cross-talk occurring via channels in
the SBP (8). Interestingly, results of recent studies have
shown that modifying osteoblastic gene expression or
inhibiting osteoclastic bone resorption could prevent the
progression of OA in mice (9), suggesting that subchon-
dral bone activity may control articular cartilage degener-
ation. Currently, it is still largely under debate whether
subchondral bone sclerosis is the initiator of cartilage
damage or the consequence of such damage.

Research on subchondral bone has been performed
mostly in human OA joints as well as in non-rodent animal
models with subchondrondral bone sizes larger than that of
rodents. To elucidate the molecular mechanisms regulating
the SBP and STB in OA, genetically modified mice are
powerful tools. Micro—-computed tomography (micro-
CT) is commonly used to characterize subchondral bone
changes in mice. Generally, the proximal tibia is scanned at
a relatively low resolution (10-20 um) and then contoured
for 3-dimensional (3-D) analysis of the STB. Because the
proximal tibia of mice is relatively small in size, the results
might not be accurate. Measuring the thickness of the SBP
is particularly troublesome, because it is usually performed
on longitudinally sectioned, 2-D images of the tibia. The
results could be highly variable, due to the inconsistency of
sectioning angle and location. Furthermore, since it is
based on 2-D images, this approach does not capture
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changes in the entire SBP. Thus, there is an urgent need to
design an unbiased, 3-D approach to accurately quantify
the bone parameters of the SBP and STB in mouse joints.

In this study, we designed a protocol that is ca-
pable of measuring SBP thickness at any location within
the mouse femoral condyle, allowing comparisons among
different anatomic sites (anterior versus posterior, medial
versus lateral). Utilizing this 3-D analytic tool, we exam-
ined SBP changes in several mouse models of severe late-
stage OA, either surgery-induced or spontaneously devel-
oping in aging mice, with the use of genetically modified
and unmodified mice. Biomechanical factors, such as
those seen in obesity, trauma, and joint injury, play central
roles in the development and progression of OA (10).
Sclerostin (gene form Sost), a canonical, anti-osteogenic
Wnt inhibitor whose expression is largely restricted to
osteocytes (11,12), is an important mediator of mechani-
cal loading-induced new bone formation (13). Targeting
this protein with a neutralizing antibody is a novel thera-
peutic strategy that is currently being developed for
patients with osteoporosis (14). In the present study, we
explored potential relationships among mechanical load-
ing, sclerostin levels, and SBP thickness under either nor-
mal or pathologic conditions in several mouse models of
OA. The results of our studies reveal a novel mechanism
to explain how cartilage degeneration can lead to the
development of SBP sclerosis specifically underlying the
sites of cartilage damage.

MATERIALS AND METHODS

Animals. Mice with cartilage-specific knockout of the
endothelial growth factor receptor (EGFR) gene (Egfi-CKO;
Col2-Cre Egfi'"™®") were generated as previously described (15).
Briefly, we first bred Col2al-Cre with ngrW“‘S/ * mice, to obtain
Col2-Cre Egfi"'* mice, which were then crossed with Egfi” to
generate Egfr-CKO mice and their Wa5 (Egfi"*") and wild-type
(WT) (Col2-Cre Egfir"* and Egfr”*) siblings. WaS5 is a dominant-
negative allele of Egfir (16) and is required in order to reduce the
activity of EGFR to a very low level in Egfi-CKO mice (15). We
previously reported that Wa5 mice are morphologically and func-
tionally closer to WT mice than to Egfr-CKO mice, which can be
attributed to the fact that EGFR activity is only modestly
decreased in Wa5 mouse cells but drastically reduced in Egfi-CKO
mouse cells (15,17-19). We made similar observations in the
present study, and therefore all data on Wa5 mice were omitted.

Rosa-Tomato mice were purchased from The Jackson
Laboratory. To construct Egfi-CKO Rosa-Tomato mice, we
first obtained Egfr-”’ Rosa-Tomato-homozygous mice, and then
used these mice to breed with Col2-Cre Egfr”"*’* mice. As an
additional model, Sost-knockout (Sost-KO) mice were used
(kindly provided by Novartis Pharma AG).

To induce OA, destabilization of the medial meniscus
(DMM) or DMM plus hemisectomy of the meniscus (DMMH)
surgery was performed on the right knees of 2-month-old male
mice (for DMMH) (20) or 3-month-old male mice (for DMM)
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(21). Sham surgery was performed on the left knees. In accor-
dance with the standards for animal housing, mice were group-
housed in an atmosphere of 23-25°C with a 12-hour light/dark
cycle, and allowed free access to water and standard laboratory
pellets. All work performed on animals was approved by the
Institutional Animal Care and Use Committee at the Univer-
sity of Pennsylvania.

Micro-CT analysis. After the mice were euthanized,
the knee joints were harvested, fixed in 4% paraformaldehyde
for 2 days, rinsed with running water, and stored in 1x phos-
phate buffered saline. A 3-mm region from the distal femur
and 3-mm region from the proximal tibia were each scanned
with a Scanco Medical MicroCT 35 scanner at a 6-pum isotro-
pic voxel size. All images were smoothened using a Gaussian
filter (sigma 1.2, support 2.0).

For analysis of the STB, sagittal images were thresh-
olded, corresponding to 472.1 mg HA/ecm®, and contoured
between the SBP and growth plate. The bone parameters of bone
volume fraction/total volume (BV/TV), trabecular thickness, tra-
becular separation, trabecular number, and structure model index
were each calculated using 3-D standard microstructural analysis
(22). For analysis of the SBP, sagittal images were contoured for
the SBP, followed by generation of a 3-D color map of thickness
for the entire SBP. This map was converted to a gray-scale thick-
ness map, whose histogram was then used for quantification of
the average SBP thickness at any defined area.

Histology. After the mouse knee joints were scanned
by micro-CT, they were decalcified in 0.5M EDTA (pH 7.4)
for 4 weeks prior to paraffin embedding. A series of 6-pm-—
thick sagittal sections were cut across the entire medial and
lateral compartments of the joint. Mankin scores for the sever-
ity of OA cartilage degeneration (scale of 0-14, where 0 =
normal intact cartilage, 1-5 = mild-to-moderate OA, 6-14 =
moderate-to-severe late-stage OA) were calculated as previ-
ously described (23). Briefly, 2 sections within every 6 consec-
utive sections in the entire section set for each knee were
stained with Safranin O—fast green; the stained sections were
then scored by 2 blinded observers (HJ and XM). Each knee
compartment received a single Mankin score, representing the
maximal score of its section.

Additional paraffin-embedded knee joint sections, derived
from the middle of the medial or lateral parts of the knee joints,
were used for immunohistochemical analyses. After antigen retriev-
al, slides were incubated at 4°C overnight with primary antibodies,
such as rabbit anti-osteocalcin (m173; Takara ClonTech) and goat
anti-sclerostin (AF1589; R&D Systems), followed by binding with
biotinylated secondary antibodies and color development with
diaminobenzidine. The images of each section under the same
conditions were captured using a Nikon Eclipse 90i microscope.

For quantification of osteoblasts, we counted all osteo-
calcein-positive cells along the SBP surface at the bone marrow
side, underneath the articular cartilage within the femoral-tibial
contact region; osteoblast numbers were normalized against the
length of the SBP surface. For quantification of the staining
intensity of sclerostin expression in osteocytes, the entire SBP
region underneath the articular cartilage was contoured, and its
staining intensity was quantified by the mean gray value after
thresholding to remove background staining. Frozen sections
were used for immunofluorescence staining. Frontal sections (90
pum in thickness) at the center of the posterior region were
incubated with endomucin antibody (sc-65495; Santa Cruz
Biotechnology) at 4°C overnight, followed by Alexa Fluor
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488—conjugated donkey anti-rabbit IgG secondary antibody
(A-21206; Thermo Scientific). The samples were scanned using an
LSM710 confocal microscope, and images were processed and
analyzed using Velocity software. The length of the SBP surface
at the bone marrow side that was aligned with blood vessels was
measured and normalized against the total length of the SBP
surface. In all analyses, the SBP regions or surfaces that did not
have overlying articular cartilage were excluded.

Statistical analysis. Data are expressed as the mean +
SD. Two-way analysis of variance was performed when 2 inde-
pendent variables (sham versus DMM surgery, WT versus Egfr-
CKO genotype) were compared. When there was a significant
interaction effect between treatment and genotype, Mann-Whit-
ney U test with Bonferroni adjustment for multiple comparisons
was performed to test the difference between surgery groups
within each genotype, as well as differences between genotypes
within each group. In a scenario in which a single independent
variable was considered for comparisons, Mann-Whitney U test
was performed. Specifically, paired U tests were performed for
comparisons between surgery groups (sham versus DMM) and
between anatomic locations (anterior versus posterior, medial
versus lateral), while unpaired U tests were performed for com-
parisons between mouse genotypes (WT versus either Egfr-CKO
or Sost-KO mice). Two-sided P values less than 0.05 were consid-
ered significant.

RESULTS

Positive correlation of SBP thickness with load-
ing status in a normal mouse knee, as revealed by
micro-CT. Examination of the 3-D-reconstructed micro-
CT images of an adult mouse knee joint, in a series of
evenly divided frontal sections of the joint, indicated
that the distal femoral subchondral region was much lar-
ger and thicker than the proximal tibial subchondral
region (Figures 1A and B). On average, the height of
the tibial STB was 180 pm across the entire plateau.
This limited height prevents precise segregation of the
SBP and STB in most images, even when the bone is
scanned at the highest resolution. In contrast, structural
analysis of subchondral bone is better performed in the
femur (with an average height of ~600 um) despite sec-
tioning of the bone into sagittal, frontal, and transverse
planes.

Unlike human knee joints, mouse knee joints are
unable to fully extend. As shown in Figure 1C, their bend-
ing angle is between ~30° and ~150°. This results in the
posterior part, but not the anterior part, of the distal
femoral condyle being in direct contact with the tibial pla-
teau, and therefore the posterior part is the area that
undergoes load bearing and energy dissipation during joint
motion. Interestingly, in sagittal images of the normal
mouse knee joint, the posterior region appeared to have a
thicker SBP relative to the anterior region (Figure 1D).

To quantify SBP thickness at any given area, we
designed a new protocol to convert the micro-CT images
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Figure 1. Characterization of mouse subchondral bone using a new micro—computed tomography protocol. A, Three-dimensional (3-D)-recon-
structed images of the femur (F) and tibia (T) (medial [M] and lateral [L] sites) of a 4-month-old wild-type (WT) mouse. The images were com-
pletely sectioned along the frontal plane, with sections corresponding to positions 1/6, 2/6, 3/6, 4/6, and 5/6 from the most anterior part (0) to the
most posterior part (1). B, Height of the subchondral trabecular bone (STB) at the middle of the medial and lateral regions of 1/6 to 5/6 positions
in WT mouse femurs and tibiae. Results are the mean + SD (n = 6 mice). * = P < 0.05; *** = P < 0.001, versus the corresponding position in the
femur. C, Bending angle between the tibia and femur of a WT mouse (between 30° and 150°). D, Sagittal image of the epiphyseal region of a WT
mouse femur. The image reveals that only the posterior (P) site of the subchondral bone plate (SBP) is the load-transducing site (outlined in red),
and the SBP is thicker at the posterior site (red arrow) than at the anterior (A) site (yellow arrow). E, Anterior and posterior views of a WT
mouse femur on 3-D color maps of SBP thickness. Yellow and red circles indicate the regions for thickness calculation at the lateral anterior and
lateral posterior sites, respectively. Color ranges from 0 (blue) to 246 pm (red). F, SBP thickness (Th) at 4 distinct sites (medial anterior [Ant],

medial posterior [Pos], lateral anterior, and lateral posterior) in the femoral condyle. Results are the mean £+ SD (n = 5 mice). * = P < 0.05;

=P <0.01.

into a 3-D color map, in which the color at any position
linearly corresponds to its SBP thickness. Using this
method, we can manually define the region of interest
within the SBP and calculate the average thickness within
this region (Figure 1E). Quantification of the SBP thick-
ness in a normal mouse knee joint confirmed that the pos-
terior SBP of the femoral condyle at the medial and
lateral sites was 2.2-fold and 1.6-fold thicker, respectively,
compared to the anterior medial and lateral SBP sites
(Figure 1F). These results provide the first line of evi-
dence that SBP thickness is positively correlated with
loading status. Since tibial SBP is very close to the growth
plate, it is difficult to apply this approach to the tibia.
Therefore, we focused on the distal femur for analyses of
the STB and SBP in our studies.

Development of SBP sclerosis at the medial
posterior site in Egfi-CKO mice after DMM. We previ-
ously reported that the activity of EGFR is critical for
maintaining the number of superficial chondrocytes,
promoting cartilage surface lubrication, and retaining
cartilage mechanical functions (17). Strikingly, Egfi-
CKO (Col2-Cre Egfi"*") mice developed a severe OA
phenotype at 2-3 months after DMM surgery, with a
complete depletion of the articular cartilage layer at
the medial posterior site (see Supplementary Figure 1A,
available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract).
The cartilage remained intact at the medial anterior site in
both WT and Egfi-CKO mice after DMM (see Supplemen-

tary Figure 1B).
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Micro-CT analysis of the femoral STB detected
a modest but significant decrease in the BV/TV, accom-
panied by reduced trabecular thickness, in the knee
sections from Egfr-CKO mice, but not in those from
WT mice, after DMM (see Supplementary Figure 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract).
Interestingly, progression of OA induced a drastic increase in
the structure model index of the STB in Egfi-CKO mice, indi-
cating that a deterioration of the trabecular structure occurs
in late-stage OA.

Examination of the 2-D micro-CT images of fron-
tal knee sections indicated that the SBP at the medial
site of the femurs of Egfr-CKO mice was substantially
thickened after DMM (Figure 2A). By applying our new
protocol, we calculated the SBP thickness at 4 locations
within the femoral condyle (medial posterior, lateral pos-
terior, medial anterior, and lateral anterior). Interest-
ingly, in Egfr-CKO mice after DMM, we observed a
significant increase in SBP thickness (increase of 31%)
only at the medial posterior site, an area where cartilage
degradation was the most severe (see Supplementary
Figure 1). This thickening of the SBP was absent from
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the other 3 sites of the femoral condyles of Egfr-CKO
mice after DMM, and was absent from all 4 sites in WT
mice (Figures 2B and C), implying that this localized
SBP response can likely be attributed to depletion of the
overlying articular cartilage.

SBP thickening in Egfr-CKO mice after DMM
coinciding with increased bone formation at the bone
marrow side of the SBP and reduced sclerostin levels in
the SBP. To elucidate the mechanism of SBP thickening,
we first investigated the sites of new bone formation. In
Egfr-CKO mice after DMM surgery, osteocalcin staining
revealed that the number of osteoblasts lining the SBP
at the bone marrow side was increased 8.6-fold at the
medial side of the femur as compared to the lateral
side. Moreover, the number of osteoblasts lining the
SBP at the bone marrow side was increased 9.7-fold in
DMM-operated femurs compared to sham-operated
femurs (Figures 3A and B). This enhanced bone forma-
tion was accompanied by an increased length of blood
vessels lining the SBP surface (Figures 3C and D), likely
providing more oxygen and nutrients needed for active
bone formation.
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Figure 2. Evidence of local subchondral bone plate (SBP) sclerosis underneath areas of severely damaged cartilage in the femurs of cartilage-
specific Egfr—knockout (Egfr-CKO) mice after destabilization of the medial meniscus (DMM) surgery. A, Representative micro-computed tomogra-
phy frontal images of the femoral epiphyseal region in wild-type (WT) and Egfr-CKO mice at 2 months after DMM or sham surgery. Arrows
indicate thickened SBP at the medial (M) site. B, Representative 3-dimensional color maps of SBP thickness (Th) in the femurs of WT and Egfi-
CKO mice after sham or DMM surgery (posterior [Pos] and anterior [Ant] angles, lateral [L] and medial sites). Color ranges from 0 (blue) to 430
um (red). C, SBP thickness at 4 distinct sites in the femurs. Results are the mean + SD (n = 5 mice per genotype). A significant interaction
between surgery and genotype (P < 0.05 by 2-way analysis of variance) was seen at the medial posterior site in Egfi-CKO mice. ** = P < 0.01.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract.
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Figure 3. Escalated bone formation activity beneath the thickened SBP and reduced sclerostin levels in the SBP in DMM-operated knees of Egfi-
CKO mice. A, Immunohistochemical analyses of osteocalcin were used to identify osteoblasts beneath the SBP (medial or lateral compartments of
the femur [F]) in WT and Egfr-CKO mice at 2 months after sham or DMM surgery. Arrowheads indicate increased numbers of osteoblasts along
the SBP. Boxed area with red arrow on the left (bar = 400 pm) is shown at higher magnification on the right (bar = 100 pm). B, The number
of osteoblasts lining the SBP was quantified. Results are the mean + SD osteoblasts per bone surface area (OB/BS) (n = 4 mice per genotype).
#k = P < (.001. C, Representative confocal images of endomucin staining (green) to label bone marrow (BM) vasculature in WT and Egfr-CKO
mouse joints are shown (images counterstained with DAPI [blue]; bar = 150 um). These mice also had the Rosa-Tomato transgene, and therefore
all bone marrow mesenchymal lineage cells, including bone lining osteoblasts, osteocytes, bone marrow mesenchymal progenitors, and articular
chondrocytes, are Rosa-Tomato—positive cells (red). White arrows indicate vessels aligned along with the SBP surface (yellow arrows). D, The
percentage of SBP bone surface aligned with blood vessels (Ves.L./BS) was determined. Results are the mean + SD (n = 4 mice per genotype).
** = P < 0.01; *** = P < 0.001. E, Immunohistochemical analyses were performed to determine the level of sclerostin staining intensity in the
SBP. Bar = 30 pm. E, Sclerostin staining intensity was quantified. Results are the mean = SD (n = 4 mice per genotype). *** = P < 0.001. T = tibia;
AC = articular cartilage (see Figure 2 for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40351/abstract.

Wnt proteins are potent signals for osteoblastic normal joints, the meniscus plays a key role in reducing the
bone formation. Sclerostin is a Wnt pathway antagonist that contact stresses on articular cartilage (24), and that a loss of
is almost exclusively secreted by osteocytes (12). Interest- cartilage in the later stages of OA results in greatly ampli-
ingly, its expression is mainly regulated by mechanical stim- fied focal stresses on the underlying subchondral bone (25).

ulation on bone (13). It is commonly accepted that in Therefore, we hypothesized that expression of sclerostin is



236

specifically down-regulated in the SBP under the damaged
cartilage of mice after DMM, due to abnormal overloading.
Similar to the findings in the cortical bone, osteocytes in
the SBP expressed high amounts of sclerostin within cell
bodies and throughout dendritic processes (Figure 3E),
indicating that sclerostin may have a possible role in main-
taining the SBP. In WT mice, DMM surgery did not alter
the levels of sclerostin at either the medial or the lateral
sites (Figures 3E and F). Strikingly, in Egfi-CKO mice, the
amount of sclerostin was markedly attenuated within the
SBP at the medial site, but not the lateral site, of the femurs
after DMM surgery (Figures 3E and F). These results sug-
gest that a loss of sclerostin in the SBP underneath the
damaged cartilage during late-stage OA may play a role in
new bone formation at the bone marrow side of the SBP.
Similar mechanisms of SBP thickening in DMM-
operated Egfr-CKO mouse knees and knees of older Egfi-
CKO mice with spontaneous OA. Egfi-CKO mice were
previously observed to develop spontaneous OA with no
SBP phenotype at 6 months of age (17). In the present
study, in mice at age 12 months, while typical OA
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phenotypes in the articular cartilage continued (Figures 4A
and B), the STB displayed significant bone loss accompa-
nied by deterioration in structure (see Supplementary
Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40351/
abstract).

Unlike surgery-induced OA in mice, age-related
spontaneous OA in 12-month-old mice was characterized
by cartilage damage at both the medial and lateral
regions. This was associated with a similar level of SBP
sclerosis at the posterior site, across the entire distal
femur, in Egfi-CKO mice (Figures 4C and D). WT
mouse knees remained healthy at this age. We found that
the number of osteoblasts was elevated by 4.3- and 5.4-
fold at the medial and lateral sites, respectively, in Egfr-
CKO mice compared to WT mice (Figures 4E and F).

Analysis of sections of the mouse knee joints by
dynamic histomorphometry revealed that newly formed
bone surfaces were observed only at the bone marrow
side of the SBP, and not at the cartilage side (see Supple-
mentary Figure 4A, http://onlinelibrary.wiley.com/doi/10.
1002/art.40351/abstract). Moreover, the bone formation
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Figure 4. Increased bone formation along the SBP surface and suppressed sclerostin levels in the SBP upon SBP thickening in the knees of older
Egfr-CKO mice. A, Safranin O staining was used to evaluate cartilage damage in the epiphyseal regions of the femur (F) and tibia (T) (medial and
lateral sites) of 1-year-old WT and Egfr-CKO mice. Bar = 200 pm. B, Severity of osteoarthritis was measured using the Mankin score (scale 0-14).
Results are the mean + SD (n = 5 mice per genotype). * = P < 0.05. C, Representative 3-dimensional color maps show SBP thickness in WT
and Egfr-CKO mouse femurs. Color ranges from 0 (blue) to 300 um (red). D, SBP thickness at 4 distinct femoral sites is shown. Results are the
mean + SD (n = 9-11 mice per genotype). * = P < 0.05. E, Immunohistochemical analyses of osteocalcin were performed to identify osteoblasts
beneath the SBP in WT and Egfr-CKO mice. Arrowheads indicate increased numbers of osteoblasts along the SBP surface. Bar = 100 um. E, The
number of osteoblasts lining the SBP surface was quantified. Results are the mean + SD osteoblasts per bone surface area (OB/BS) (n = 4 mice
per genotype). * = P < (0.05. G, Immunohistochemical analyses were performed to determine the level of sclerostin staining intensity in the SBP of
the femurs in aging WT and Egfr-CKO mice. Bar = 30 um. H, Sclerostin staining intensity was quantified in the medial and lateral sites of the
femurs of aging WT and Egfr-CKO mice. Results are the mean + SD (n = 4 mice per genotype). * = P < 0.05. BM = bone marrow (see Figure 2 for
other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract.
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rate (BFR) was elevated 3.5-fold at both the medial and
lateral sites of the femurs of Egfr-CKO mice compared
to WT mice (see Supplementary Figures 4B and C). Fur-
thermore, the levels of sclerostin expression by osteo-
cytes in the SBP were significantly decreased at both the
medial and lateral sites of the femurs of Egfr-CKO mice
compared to WT mice (Figures 4G and H).

SBP sclerosis in other models of late-stage OA.
To confirm that our findings were not restricted to Egfi-
CKO mice, we tested 2 other late-stage OA models in
WT mice. At 10 months after DMM surgery, WT mice
exhibited severe OA phenotypes, including a complete
depletion of articular cartilage (Figures SA and B) and
a trend toward bone loss in the STB (see Supplemen-
tary Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.40351/abstract). Consistent with the findings in our
Egfr-CKO mouse model of DMM-induced OA, the
DMM-operated femurs of WT mice at 10 months after
surgery displayed thickening of the SBP only at the
medial posterior site, and not at the other 3 sites of
the femoral condyle (Figures 5C and D). Staining
of osteocytes in the SBP confirmed that osteocytic
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sclerostin levels were reduced within the thickened SBP
at 10 months after DMM surgery (Figures SE and F).

Compared to DMM, which produces only moder-
ate OA, DMMH induces more severe OA (20). At 14
weeks post—-DMMH surgery, WT mouse knee joints had
already developed late-stage OA phenotypes, with severe
cartilage degeneration at the medial posterior site
(Figures 6A and B). No significant signs of cartilage degen-
eration were observed in the sham-operated joints. Thus,
SBP thickening was evident only at the medial posterior
site, and not at the lateral posterior site, of the femurs of
WT mice at 14 weeks after DMMH (Figures 6C and D).
Moreover, we observed a significant decrease in the levels
of sclerostin only at the medial site, and not at the lateral
site, of DMMH-operated mouse knees (Figure 6F).

To determine whether inhibition of sclerostin
mediates SBP sclerosis, we performed DMMH surgery
on the knee joints of Sost-KO mice. Consistent with
the findings reported previously (26), the sham-oper-
ated joints of Sost-KO mice had much more subchon-
dral bone compared to the sham-operated joints of WT
mice. Strikingly, although the medial posterior site of
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Figure 5. Severe cartilage degeneration accompanied by substantial SBP thickening and suppression of sclerostin within the SBP in the knees of
WT mice at 10 months after DMM surgery. A, Safranin O staining was used to evaluate cartilage damage in the femur (F) and tibia (T) of WT
mice at 10 months after sham or DMM surgery. Bar = 100 pm. B, Severity of osteoarthritis was measured using the Mankin score (scale 0-14).
Results are the mean = SD (n = 3 mice per group). ** = P < 0.01. C, Representative 3-dimensional color maps show SBP thickness in the sham-
and DMM-operated femurs of WT mice. Color ranges from 0 (blue) to 420 pm (red). D, SBP thickness at 4 distinct femoral sites is shown. Results
are the mean + SD (n = 3 mice per group). * = P < 0.05. E, Immunohistochemical analyses were performed to determine the level of sclerostin
staining intensity at the medial posterior site of the SBP. The broken line indicates the chondral-osseous junction. Bar = 100 pm. F, Sclerostin
staining intensity was quantified. Results are the mean = SD (n = 3 mice per group). ** = P < (0.01. AC = articular cartilage (see Figure 2 for
other definitions). Color figure can be viewed in the online issue, which is available at http:/onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract.
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Figure 6. DMM plus hemisectomy of the meniscus (DMMH) surgery results in a thickened SBP at late stages of osteoarthritis (OA) in WT mice
but not in mice with knockout of the sclerostin gene (Sost-KO). A, Safranin O staining was used to evaluate SBP thickening in the femurs of WT
and Sost-KO mice at 14 weeks after sham or DMMH surgery. Bar = 100 pm. B, Severity of OA at the medial posterior site was measured using
the Mankin score (scale 0-14). Results are the mean + SD (n = 6-7 mice per group). *** = P < 0.001 versus the corresponding mouse group that
underwent sham surgery. C, Representative 3-dimensional color maps show SBP thickness in the femurs of WT and Sost-KO mice after sham or
DMMH surgery. Color ranges from 0 (blue) to 282 pm (red) for WT mice, and from 0 (blue) to 354 um (red) for Sost-KO mice. D, SBP thickness
was determined at the medial posterior and lateral posterior sites of the femurs of WT mice. Results are the mean + SD (n = 8 mice per group).
* =P <0.05. E, SBP thickness was determined at the medial posterior and lateral posterior sites of the femurs of Sost-KO mice. Results are the
mean £+ SD (n = 7 mice per group). F, Osteocytes were stained for sclerostin expression in the SBP (medial and lateral sites) of the femurs of WT
mice. The broken line indicates the chondral-osseous junction. Bar = 100 pm. AC = articular cartilage (see Figure 2 for other definitions). Color

figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40351/abstract.

the DMMH-operated joints developed a level of carti-
lage degeneration that was similar to that in WT mice
(Figures 6A and B), the SBP thickness in the DMMH-
operated joints was the same as that in the sham-oper-
ated joints (Figures 6C and E). Taken together, our
data from these OA models support the notion that
SBP sclerosis is likely the result of reduced osteocyte
expression of sclerostin in the SBP during the progres-
sion of OA.

DISCUSSION

Abnormal mechanical loading plays a pivotal role
in the development of OA (27). The major risk factors for
knee OA that have been identified to date include older
age, female sex, obesity, knee injury, and occupational
overuse of the knee joints (28,29). While the first 2 factors
are indicative of the vulnerability of the knee to injury,
the latter 3 represent the presence of either chronic stress,
excessive loading, or focally increased stress on the knee.
Most previous studies focused on the mechanobiology of

chondrocytes and cartilage tissue in their attempt to
understand the role of overloading in the initiation and
progression of OA (30). In patients with OA, it has been
long observed that subchondral bone becomes abnormal
with increased bone resorption (31). In this study, we took
advantage of 4 models of severe late-stage OA both in
genetically modified mice and in WT mice, and we
demonstrated that abnormal overloading, as a result of
depletion of the overlying cartilage, attenuates osteocytic
sclerostin expression within the SBP, and subsequently
increases bone formation at the bone marrow side of the
SBP, presumably via the activation of Wnt signaling. Thus,
our findings elucidate the intimate relationship among
mechanical loading, osteocytic sclerostin, and SBP sclero-
sis during late-stage OA. This conclusion is further sup-
ported by the results of a recent study in which sclerostin
levels within the SBP in patients with OA were found to
be negatively correlated with OA severity (32).

A prerequisite to reaching our conclusions was
the use of a novel micro-CT protocol in which we cal-
culated SBP thickness in a 3-D manner across the
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entire femoral epiphyseal area. This method eliminates
bias arising from sectioning angle and location. More-
over, this approach allows us to compare the same
region among different bones and different anatomic
sites within the same bone, thus decreasing sample vari-
ations. Because of the small size of mouse joints, we
have found that the distal femur is a better site than
the proximal tibia for analysis of mouse subchondral
bone under normal conditions. After mouse knee joints
are subjected to DMM, SBP thickening in the tibia
often results in fusion of the SBP with the growth
plate, making it impossible to analyze bone structure.

Several lines of evidence support our conclusion.
First, our analysis of the distal femoral epiphyseal bone
revealed that the load-bearing posterior site is thicker
than the non-load-bearing anterior site of the same
bone, regardless of whether this was observed in the
medial location or lateral location. These findings indi-
cate that SBP thickness is positively correlated with the
loading applied to it.

Second, we tested 4 distinct mouse models of
either severe OA or long-term chronic OA symptoms. In
all models, we observed a substantial decrease in scle-
rostin levels expressed by osteocytes within the thickened
SBP underlying damaged articular cartilage. This phe-
nomenon is location specific. In surgery models (Egfi-
CKO mice at 2 months after DMM, WT mice at 10
months after DMM, and WT mice at 14 weeks after
DMMH), the SBP was expanded and the amount of scle-
rostin was attenuated only at the medial posterior site,
an area where cartilage damage was the most concen-
trated. The SBP responses were not detected at the lat-
eral posterior site, where cartilage damage was modest
at best. In contrast, since we observed that OA-induced
cartilage degeneration developed chronically at both the
medial and lateral sites of the femoral condyles of 12-
month-old Egfi-CKO mice with spontaneous, aging-
related OA, alterations in the SBP were correspondingly
observed at both the lateral and medial posterior sites.

Third, despite the occurrence of changes in the
posterior region, the thickness of the anterior SBP,
regardless of whether it was located in the medial site
or the posterior site, remained the same in all of our
OA models.

Finally, our findings in Sost-KO mice after
DMMH surgery support the idea that sclerostin medi-
ates SBP thickening underneath the eroded cartilage at
the late stages of OA. Repetitive mechanical loading
on diaphyseal cortical bone reduces sclerostin expres-
sion to achieve anabolic bone formation (33). Indeed,
the SBP is structurally similar to cortical bone and has
higher sclerostin levels when compared to trabecular
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bone (data not shown). It is very likely that the sup-
pressed expression of sclerostin that was observed in
the SBP underneath the damaged cartilage could be
attributed to the increased focal stress on the SBP.
Therefore, our data provide another piece of evidence
supporting the role of sclerostin in the bone responses
toward mechanical loading. Taken together, our find-
ings demonstrate a critical role of mechanics in shaping
the SBP after the development of OA, and elucidate
the underlying molecular mechanism.

Interestingly, in the Egfi-CKO mouse models of
OA, in addition to thickening of the SBP, the STB became
modestly osteopenic. Our previous study demonstrated
that metaphyseal trabecular bone and serum bone mark-
ers are not affected in Egfr-CKO mice (17), indicating that
overall, bone remodeling is not altered as a consequence
of the genetic modification of Egfr in cartilage. This result
is consistent with a previous finding indicating that OA-
induced bone damage is restricted to the subchondral
bone region (34). We believe that defects in articular car-
tilage are sufficient to induce subchondral bone abnor-
malities under enhanced mechanical loads.

Whether subchondral bone sclerosis is a driving
force for cartilage degeneration or a consequence of carti-
lage degeneration has been disputed for many years.
Since the DMM surgery used in our current model led to
the development of moderately severe OA in WT mice,
we only detected significant changes in the SBP and STB
at 10 months after surgery. At 2 months after surgery,
while DMM had already generated changes in the arti-
cular cartilage, such as partial loss of proteoglycan and
surface fibrillation, it had no detectable effect on sub-
chondral bone structure in these mice. All subchondral
bone responses in our models require either a substantial
period of time after OA initiation or a CKO mouse model
that is predisposed to OA development. Moreover, our
previous findings revealed that the cartilage surface mod-
ulus at future sites of OA is substantially reduced at 1
week after DMM surgery, owing to increased catabolic
activities (35). This time point is much earlier than any
detectable emergence of cartilage morphologic changes,
let alone subchondral bone alterations. Hence, our data
strongly support the idea that subchondral bone sclerosis
is secondary to cartilage degeneration.

We were also interested in exploring whether
changes in the subchondral bone could exaggerate overly-
ing cartilage degeneration. Sost-KO mice have substan-
tially more trabecular and cortical bone than WT mice
(36). In 1-year-old Sost-KO mice, the STB robustly
expands, resulting in a solid bone between articular carti-
lage and the growth plate (data not shown). Consistent
with the results of a previous study (37), we did not detect
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any cartilage degeneration in Sost-KO mice from ages 3
months up to 14 months (data not shown). Four weeks of
sclerostin antibody injections in WT mice also did not alter
the articular cartilage, whereas it drastically increased BV/
TV in the STB and thickened the SBP (data not shown).

In contrast to previous findings showing that OA
was accelerated in Sost-KO mice after DMM surgery
(26), we found that DMMH surgery resulted in symp-
toms of OA that were similarly severe between WT and
Sost-KO mice. Furthermore, a strategy of intermittent
injections of parathyroid hormone (PTH) 1-34 peptide,
a potent anabolic agent for stimulating bone formation
and bone turnover, has been shown to either attenuate
OA progression (38) or have no effect in surgery-induced
OA models (39). In our experiments, PTH injections
quickly enlarged the SBP within 2-3 weeks but did not
accelerate  OA progression after DMM (data not
shown). More importantly, no clinical study has shown
a positive correlation between PTH treatment and
incidence of OA in patients with osteoporosis. From a
mechanical point of view, thickening of the SBP from
the bone marrow side, as we have demonstrated to be
the major site of new bone formation during OA, is
unlikely to affect the load distribution at the surface of
overlying cartilage. We believe that SBP thickening
alone is not sufficient to affect cartilage degeneration, and
therefore it cannot be an initiator of cartilage and joint
damage in OA development. Whether bone alterations
in the STB, predicated by enhanced bone turnover,
contribute to the progression of OA is still not clear
from our studies.

Our studies have several limitations. First, our
sham surgery was performed in the contralateral joint
rather than in a separate group of mice. Though we did
not detect any obvious OA changes in the sham-operated
joints, animals may still have altered loading patterns and
gaits. Second, DMMH was performed on mice with
immature skeletons. We chose this age (8 weeks old)
because the SBP in Sost-KO mice continuously thickens
throughout their life, thereby making it difficult to accu-
rately measure its thickness in older mice. Third, it is pos-
sible that the BFR at the bone marrow side of the SBP of
Sost-KO mice has already reached its maximum, and so
cannot be further enhanced by the increased loading after
cartilage depletion. However, PTH injections have been
shown to increase the high basal levels of periosteal and
endosteal BFR in the femoral midshaft of Sos-KO mice
(40), suggesting that the BFR in the SBP of Sost-KO
mice can be further elevated. Finally, all of our data
were derived from mouse models. While mouse models
have many advantages in cartilage research, particularly
in discovering novel cellular and molecular mechanisms,
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studies of OA in larger animals are required before we
can translate our findings into workable designs for future
clinical applications.

In summary, the results of our study establish
mechanical loading—induced attenuation of sclerostin
expression and elevation of bone formation along the
SBP as the major mechanisms responsible for subchon-
dral bone sclerosis associated with late-stage OA. Thus,
correcting abnormal loading of the knee joint might be
an effective approach for attenuating subchondral bone
damage in patients with OA.
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Objective. Reactive arthritis (ReA) is an inflam-
matory disorder occurring several weeks after gastro-
intestinal or genitourinary tract infections. HLA-B27
positivity is considered a risk factor, although it is not
necessarily predictive of disease incidence. Among non-
genetic factors, the intestinal microbiome may play a role
in disease susceptibility. The objective of this study was
to characterize the gut microbiota and host gene interac-
tions in ReA and postinfectious spondyloarthritis.
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Methods. Adult subjects with peripheral spondylo-
arthritis and control subjects with preceding infections
who did not develop arthritis were prospectively recruited
from a geographic region with a high prevalence of ReA.
Clinical variables, HLA status, and 16S ribosomal RNA
gene sequencing of intestinal microbiota were analyzed.

Results. Subjects with ReA showed no significant
differences from controls in gut bacterial richness or diver-
sity. However, there was a significantly higher abundance
of Erwinia and Pseudomonas and an increased prevalence
of typical enteropathogens associated with ReA. Subjects
with ultrasound evidence of enthesitis were enriched in
Campylobacter, while subjects with uveitis and radiographic
sacroiliitis were enriched in Erwinia and unclassified Rum-
inococcaceae, respectively; both were enriched in Dialister.
Host genetics, particularly HLA-A24, were associated with
differences in gut microbiota diversity irrespective of dis-
ease status. We identified several co-occurring taxa that
were also predictive of HLA-A24 status.

Conclusion. This is the first culture-independent
study characterizing the gut microbial community in
postinfectious arthritis. Although bacterial factors corre-
lated with disease presence and clinical features of ReA,
host genetics also appeared to be a major independent
driver of intestinal community composition. Understand-
ing of these gut microbiota—host genetic relationships
may further clarify the pathogenesis of postinfectious
spondyloarthritides.

Reactive arthritis (ReA) is an inflammatory disorder
that manifests in young adults, usually a few weeks after a
gastrointestinal (GI) or genitourinary (GU) tract infection.
While it is typically self-limited and resolves within months,
a proportion of individuals develop persistent symptoms.
ReA is classified as one of several spondyloarthritides
(SpA). Symptoms include asymmetric oligoarthritis (most
often of the large joints); extraarticular features, including
enthesitis, tendinitis, and uveitis; and a variety of skin rashes
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such as erythema nodosum, keratoderma blennorrhagicum,
and circinate balanitis (1). The classic enteropathogenic
bacteria associated with ReA are Yersinia, Salmonella, Shi-
gella, and Campylobacter, while Chlamydia is the most com-
mon cause of ReA following GU infections (1). However,
Escherichia coli (2) and Clostridium difficile (3) have also
been implicated.

The mechanism of postinfectious peripheral SpA
and ReA development remains elusive. HLA-B27 posi-
tivity has long been studied as a genetic risk factor for
the disease (4). It is highly prevalent in Caucasian North-
ern Europeans, but virtually absent in other populations
that develop ReA (5). In fact, several recent epidemio-
logic studies estimate that no more than half of individu-
als who develop ReA are HLA-B27 positive (6), while
the presence of the allele has poor predictive value for
the development of disease (7). Furthermore, cases of
ReA are seldom diagnosed in the US (8), and the ones
encountered are typically in immigrant populations (9).
However, ReA is much more prevalent in the native pop-
ulation of Central America and particularly in Guate-
mala, where HLA-B27 positivity is low (10).

Unlike septic arthritis, which directly results from
joint infection by pathogenic microorganisms, synovial
fluid cultures in ReA are sterile, implying the possibility
of an autoimmune phenomenon. Several models of ReA
pathogenesis have been proposed. They include the per-
sistence of causative agents that trigger an exaggerated
immune response; intracellular uptake and trafficking of
bacteria (or their components) into the synovium causing
inflammation; biomolecular mimicry, whereby bacterial
antigens have host immunologic homology but are differ-
ent enough to induce an immune response in synovial
fluid; Toll-like receptors (TLRs), particularly TLR-2, rec-
ognizing bacterial ligands and activating an immune cell
response; and intestinal infection resulting in gut perme-
ability, allowing luminal antigens to interact with the host
immune system and cause distal joint inflammation
(11,12). In support of the last model, recent investiga-
tions indicate that synovial fluid from individuals with
ReA contains potentially immunogenic products, such as
bacterial DNA, antigenic proteins, and lipopolysaccha-
rides (13,14).

Another potential risk factor that has not been
explored is the collection of commensals and pathogenic
microorganisms residing in the gut, namely, the intestinal
microbiome. Given the close relationship between gut in-
fection and ReA, the microbiome likely plays a role in sus-
ceptibility to disease. To date, there have not been any
studies looking at the intestinal microbiota as it relates to
ReA or postinfectious peripheral SpA development. The
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objective of this study was to characterize the gut micro-
biota of subjects who had previous GI or GU infections
and evaluate for differences between those who developed
postinfectious peripheral SpA and those who did not in a
region highly prevalent for the disease. We also explored
whether clinical phenotype, host genetics, and treatment
strategies were associated with significant intestinal micro-
biota perturbations.

SUBJECTS AND METHODS

Study participants. Thirty-two subjects with ReA (postin-
fectious peripheral SpA) and 32 control subjects were prospec-
tively enrolled from July to October 2014 in Guatemala City,
Guatemala (an area with a high prevalence of ReA) through the
Guatemala-Penn Partners Initiative (15). Subjects with ReA were
recruited from 2 rheumatology clinics: Asociacion Guatemalteca
Anti Enfermedades Reumaticas and Clinica Medica Especializada
en Reumatologia. Controls were recruited from primary care clin-
ics. Inclusion criteria were ages 18-55 years and preceding GI,
GU, or sexually transmitted infection within 3-6 months prior to
enrollment. All preceding infections and antibiotic use were sub-
ject-reported. Subjects with GI infections had preceding diarrhea,
and those with GU infections had dysuria, frequency, and occa-
sionally, hematuria. Stool or urine culture at the time of infection
was not available. Exclusion criteria were an alternative diagnosis
of inflammatory bowel disease (IBD), psoriasis, another inflamma-
tory arthritis or autoimmune disease, and/or active malignancy.
ReA was diagnosed by a study rheumatologist and in accordance
with the Assessment of SpondyloArthritis international Society cri-
teria for peripheral SpA (16), based on the triad of characteristic
musculoskeletal findings, patient-reported history of GI/GU infec-
tions, and lack of evidence for alternative diagnosis. Although we
use the term ReA throughout, our patient population can be more
accurately defined under the broader category of postinfectious
peripheral SpA, given the absence of confirmatory cultures/serol-
ogy.

Subject evaluation and sample collection. After providing
informed consent, all subjects were evaluated by a rheumatolo-
gist, who took a detailed clinical history and performed a physical
and musculoskeletal examination. History of uveitis was subject-
reported, although 75% of cases were diagnosed by an ophthal-
mologist and subsequently referred to a rheumatology clinic.
Blood was obtained for standard laboratory testing and HLA typ-
ing, while fecal samples were collected for microbiota analysis
around the time of study enrollment. Cultures of specific bacteria
were not performed. All subjects also underwent plain radiogra-
phy of the sacroiliac joints and an ultrasound of the bilateral
Achilles tendons. Further details are described in Supplementary
Materials, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract.

DNA extraction and sequencing. Fecal samples were
stored at —80°C until processing. Bacterial DNA was extracted
using a MoBio Power Soil kit and bead-beater for mechanical
disruption following a previously described protocol (17). To
determine gut microbiota composition, high-throughput DNA
sequencing of the V4 hypervariable region of bacterial 16S ribo-
somal RNA (rRNA) was performed using a MiSeq Illumina
platform (150-bp read length, paired-end protocol) at the New
York University Genome Technology Center. Further details are
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described in Supplementary Materials, http://onlinelibrary.wiley.
com/doi/10.1002/art.40359/abstract.

Sequence analysis. The 16S rRNA sequences were ana-
lyzed using a Quantitative Insights into Microbial Ecology
(QIIME) pipeline, version 1.9.1 (18), and R software, version
3.3.1 (19). Reads were demultiplexed and sequences were clus-
tered into operational taxonomic units (OTUs) using closed-
reference OTU picking based on >97% similarity with the
Greengenes reference database (20). Each OTU count was nor-
malized to the total sum of counts in the sample. The QIIME
pipeline and the vegan library in R were used to construct alpha
diversity plots to measure the diversity within a sample by look-
ing at species richness (number of species present) and evenness
(relative abundance of different species). Weighted UniFrac was
used to construct beta diversity of bacterial communities to mea-
sure the distance or dissimilarity between sample pairs (21).
Beta diversity is represented by principal coordinate analysis.
Further details are described in Supplementary Materials, http://
onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract.

Linear discriminant analysis (LDA) effect size (LEfSe)
method. Bacterial taxa whose relative abundances were signifi-
cantly different between groups were identified using the LEfSe
method (22). A log LDA score of >2 was the threshold for dis-
criminating between phenotypic groups. Given that the LEfSe
method does not use multiple hypothesis testing, false discovery
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rate (FDR) analysis with a threshold value of <0.2 and Bonfer-
roni analysis with a threshold value of <0.05 were subsequently
applied to identify the main differentiating taxa.

Co-occurrence network analysis. OTUs with more than
one count were selected and clustered at the family level. Correla-
tions between families were calculated using SparCC (23) with 20
iterations and 500 bootstraps. Nonsignificant correlations (P <
0.05, 2-sided) were then discarded. The remaining correlations
were loaded into Cytoscape software, version 3.0.2 (24), to be visu-
alized as a co-occurrence network, where each node represents a
bacterial family and edges between nodes represent their correla-
tions, with shorter edges indicating stronger correlations. The net-
work was displayed using the edge-weighted spring-embedded
metrics layout, with positive correlations in blue and negative ones
in gray. We then searched for maximal cliques using the Bron-Ker-
bosch algorithm (25) as implemented in the NetworkX Python
package (26) to identify subsets of bacteria that belong to the same
clique, which may reflect synergistic cooperation among the taxa.

Statistical analysis. Statistical analyses were performed
with R software and GraphPad Prism software, version 7.0b (27).
For baseline characteristics, a chi-square test was used for dichoto-
mous variables and an independent #-test for continuous variables.
A chi-square test was also used to calculate differences in preva-
lence of usual intestinal enteropathogens between subjects with
ReA and control subjects. The Mann-Whitney U test was used to

Table 1.  Clinical and laboratory characteristics of the study population*

Subjects with ReA Controls
(n =32)t (n=32) Pi
Age, mean + SD (range) years 39 £ 11.5 (18-55) 36 £ 9.9 (18-54) 0.268
Sex 0.095
Male 6 (18.8) 12 (37.5)
Female 26 (81.3) 20 (62.5)
Race 0.050
Caucasian (Blanca) 1(3.1) 7 (21.9)
Native (Indigena) 15 (46.9) 9(28.1)
Mixed (Mestiza) 16 (50.0) 16 (50.0)
BMI, mean + SD (range) kg/m? 25.1 + 4.4 (19.0-34.6) 26.0 £ 4.3 (17.6-36.1) 0.423
Disease characteristic
Peripheral arthritis 32 (100.0) 0 (0.0) <0.0001
Ultrasound enthesitis 14 (43.8) 2 (6.3) 0.0005
Radiographic sacroiliitis 18 (56.3) 16 (50.0) 0.616
Uveitis 20 (62.5) 2 (6.3) <0.0001
HLA typing
A2 positive 14 (43.8) 16 (50.0) 0.616
A24 positive 14 (43.8) 11 (34.4) 0.442
B15 positive 2 (6.3) 2 (6.3) §
B27 positive 2 (6.3) 2 (6.3) §
B35 positive 19 (59.4) 15 (46.9) 0.316
C7 positive 17 (53.1) 15 (46.9) 0.617
Infection
Gastrointestinal 23 (71.9) 29 (90.6) 0.055
Genitourinary 10 (31.3) 4 (12.5) 0.070
Treatment
Antibiotics 20 (62.5) 15 (46.9) 0.209
Sulfasalazine 3(9.4) 0 (0) §

* Except where indicated otherwise, values are the number (%) of subjects. BMI = body mass index.
+ The diagnosis of reactive arthritis (ReA) was based on the Assessment of SpondyloArthritis inter-
national Society criteria for postinfectious peripheral spondyloarthritis; no confirmatory cultures or
serology were available to establish a definite diagnosis of ReA.

1 By chi-square test for dichotomous variables and by independent #-test for continuous variables.

§ Insufficient power to detect a statistically significant difference.
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calculate differences in alpha diversity and relative abundance of
specific taxa that were grouped by disease/HLA status when com-
parisons were made between 2 variables. The Kruskal-Wallis test
was used when comparisons were made among 3 variables. The
Adonis (Permanova) test was used to calculate differences in beta
diversity. P values less than 0.05 were considered significant.

Institutional Review Board (IRB) approval. This study
was approved by the IRB of the University of Pennsylvania (ap-
proval no. 819438) and by the Ethics Committee of Universidad
Francisco Marroquin. Further details are described in Supple-
mentary Materials, http://onlinelibrary.wiley.com/doi/10.1002/art.
40359/abstract.

RESULTS

Characteristics of the study population. Demo-
graphic characteristics of the study population are shown
in Table 1. A total of 64 subjects were prospectively
enrolled in the study; 32 had postinfectious peripheral
SpA and 32 served as controls. All subjects reported pre-
ceding GI and/or GU infections 3-6 months prior to
enrollment. None reported sexually transmitted infec-
tions. Treatment of those infections with antibiotics was
reported in 62.5% of subjects with ReA and 46.9% of

—2 —1
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controls. The majority of subjects were female and racially
identified as mixed (Mestiza) or native (Indigena). Very
few participants carried an HLA-B27 allele.

All subjects with ReA and no control subjects had
peripheral arthritis (P < 0.0001); subjects with ReA had
an average of 5 tender joints (predominantly large joints).
Ultrasound-identified Achilles tendon enthesitis was seen
in 14 subjects with ReA (43.8%; compared with 6.3% of
controls [P = 0.0005]). The average number of tender
entheses was 5, with the Achilles tendon being the most
common. Radiographic sacroiliitis was demonstrated in
18 subjects with ReA (56.3%; compared with 50.0% of
controls [P not significant]). This was mostly grades I and
I1, showing sclerosis without presence of erosions. Finally,
20 subjects with ReA reported a prior diagnosis of uveitis
(62.5%; compared with 6.3% of controls [P < 0.0001]).
Additional demographic data have been described else-
where (28).

Gut microbiota diversity in subjects with ReA and
controls. A total of 64 fecal samples were obtained from
subjects with ReA and controls and sequenced. There was
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Figure 1. Linear discriminant analysis (LDA) effect size analysis of subjects with reactive arthritis (ReA) and controls (Ctrl). Top, LDA demon-
strates that enteropathogens were enriched in subjects with ReA, while commensals were enriched in control subjects. Bottom, Cladogram shows
the relationships among differentiating taxa between subject groups. The log LDA score was >2 for all taxa. None passed false discovery rate or
Bonferroni correction thresholds. f = family; g = genus; UC = unclassified.
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Figure 2. Linear discriminant analysis (LDA) effect size analysis for clinical and radiographic data specific to reactive arthritis. Unclassified (UC)
Alphaproteobacteria (genus [g] and order [o]) were enriched in subjects with ultrasound evidence of enthesitis (A), while Clostridia (class [c]),
TM7_3 (class), Firmicutes (phylum [p]), and TM7 (phylum) were enriched in subjects with radiographic sacroiliitis (B), all passing the false discov-
ery rate (FDR) correction threshold. Fusobacteriales (order), Fusobacteria (class), and Fusobacteria (phylum) were enriched in subjects with uve-
itis (C), passing both FDR and Bonferroni correction thresholds. Although not achieving FDR or Bonferroni significance, Campylobacter was
enriched in subjects with enthesitis (A), unclassified Ruminococcaceae was enriched in subjects with sacroiliitis (B), and Erwinia was enriched in
subjects with uveitis (C). Dialister was independently enriched in subjects with sacroiliitis (B) and those with uveitis (C). The log LDA score was
>2 for all taxa. * = passed FDR correction threshold; ** = passed FDR and Bonferroni correction thresholds. f = family.

a mean of 74,382 reads per sample after sequencing
(range 46,483-122,511; median 71,233). Using a distance-
based similarity of >97% to define OTUs, we identified a
total of 5,356 unique OTUs. There were no statistically
significant differences in alpha diversity (within-subject
diversity as estimated by the total number of unique
OTUs, the Shannon diversity index, and Faith’s Phyloge-
netic Diversity index) between subjects with ReA and
controls (see Supplementary Figures 1A-C, http://online
library.wiley.com/doi/10.1002/art.40359/abstract). However,
there was a trend toward overall decreased diversity in the
ReA group using the Shannon index (P = 0.069), a finding
also described in a study of psoriatic arthritis (PsA)
patients (29). Evaluation of microbial similarity between
subjects with ReA and controls using principal coordinate
analysis based on weighted UniFrac distances showed no
distinctive clustering patterns among samples (see Supple-
mentary Figure 1D). Furthermore, there were no statisti-
cally significant differences in alpha or beta diversity when
subjects were grouped by whether they had received antibi-
otics to treat their preceding infections (see Supplementary
Figure 2A, http://onlinelibrary.wiley.com/doi/10.1002/art.
40359/abstract). There was insufficient power to detect a
difference in the case of sulfasalazine (see Supplementary
Figure 2B), a frequently used medication with known antibi-
otic properties.

Specific intestinal taxa differentiate ReA samples
and correlate with phenotypic manifestations. We applied
the LEfSe method to determine whether specific individ-
ual bacterial taxa were differentially enriched in subjects
with ReA compared with controls (Figure 1). Subjects with
ReA had a significantly higher abundance of Emwinia
and Pseudomonas, 2 known intestinal enteropathogens.
This finding contrasted with control individuals, in
whom the relative abundance of several genera, most of
them considered to be commensals, was enriched,
including Blautia, Coprococcus, Roseburia, and Collinsella
(log LDA score >2; none passed FDR or Bonferroni
correction thresholds).

To further characterize the presence of intestinal
enteropathogens typically associated with ReA, we
focused our attention on sequences belonging to Sal-
monella, Shigella, Campylobacter, and Erwinia (a taxon
that has >97% identity with various species of Sal-
monella, Shigella, and Yersinia by BLAST search). Inter-
estingly, while fewer than half of control subjects
carried any of these taxa, 71.9% of subjects with dis-
ease had sequencing evidence of at least 1 such bac-
terium (P = 0.042) (see Supplementary Figure 3, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract).

Clinical and radiographic metadata showed that
alpha diversity was significantly lower in subjects with


http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract

MICROBIOME IN ReA AND POSTINFECTIOUS SpA

>

6

Shannon index

vy

Shannon index

O

Shannon index

p <0.0001

HLA-A24 -
B HLA-A24 +

. Lt !: -~ l e
T (] |
I (8]
o
. . p = 0.002
HLA-A24 - HLA-A24 + PC1 (48.9%)
p=0.010 HLA-B35 -
T.__*_' P ' [l HLA-B35 +
ey =
s B _— 15
S . o " =
. P o
I (8] 3
' o
p=0.041
HLA-B35- HLA-B35 + PC1 (48.9%)
HLA-B27 -
Sy M HLA-B27 +
3 :-..-:' v — -
bt _ 2
i o
e o ]
& O N
o
HLA-B27 - HLA-B27 + PC1 (48.9%)

247

Figure 3. Alpha diversity (left) and beta diversity (right) for subjects grouped by HLA alleles. A and B, Alpha diversity was significantly lower in
subjects carrying the HLA-A24 allele (A) and the HLA-B35 allele (B). Correspondingly, differences in beta diversity were also seen in subjects
with HLA-A24 (A) and subjects with HLA-B35 (B). C, There were too few HLA-B27-positive subjects to calculate a statistical difference. Alpha
diversity was determined by the Shannon diversity index. 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 (whiskers) represent the most extreme data
points that do not exceed the range times the interquartile range from the box. If no points exceed that distance, then the whiskers represent the
minimum and maximum values. Beta diversity, represented by principal coordinate (PC) analysis, was determined by weighted UniFrac distances.
Statistical significance was calculated using the Mann-Whitney U test for alpha diversity and the Adonis (Permanova) test for beta diversity. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract.
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ultrasound evidence of enthesitis (see Supplementary
Figure 4A, http://onlinelibrary.wiley.com/doi/10.1002/art.
40359/abstract), and beta diversity was significantly differ-
ent in subjects with radiographic evidence of sacroiliitis
(see Supplementary Figure 4B). There were no diversity
differences between subjects with and those without uve-
itis (see Supplementary Figure 4C). However, specific taxa
were enriched when these manifestations were present, as
shown using the LEfSe method. In particular, unclassified
Alphaproteobacteria (genus and order) were enriched in
subjects with enthesitis (Figure 2A), while Clostridia
(class), TM7_3 (class), Firmicutes (phylum), and TM7
(phylum) were enriched in subjects with sacroiliitis
(Figure 2B), all passing the FDR correction threshold.
Fusobacteriales (order), Fusobacteria (class), and Fuso-
bacteria (phylum) were enriched in subjects with uveitis,
passing both FDR and Bonferroni correction thresh-
olds (Figure 2C). Although not achieving FDR or Bonfer-
roni significance, Campylobacter was overrepresented in
subjects with enthesitis (Figure 2A), while unclassified
Ruminococcaceae was overrepresented in subjects with
sacroiliitis (Figure 2B) and Erwinia in subjects with uveitis
(Figure 2C). Interestingly, the genus Dialister was inde-
pendently enriched in subjects with sacroiliitis (Figure 2B)
and those with uveitis (Figure 2C).

Host genes determine the intestinal microbial com-
munity composition. To investigate whether other host
metadata associated with the intestinal microbiota compo-
sition, we performed correlative analyses between taxo-
nomic communities at all hierarchical levels, patient
metadata, and HLA alleles. No significant differences
were observed in alpha or beta diversity when subjects
were grouped by sex (see Supplementary Figure 5A, http://
onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract) or
body mass index (see Supplementary Figure 5B). Although
there were statistically significant differences when subjects
were grouped by race (see Supplementary Figure 5C), fur-
ther exploration revealed that this distinction was largely
determined by HLA status.

Alpha diversity was significantly lower in those car-
rying the HLA-A24 allele (P < 0.0001) (Figure 3A), as
well as in those positive for HLA-B35 (P = 0.010) (Fig-
ure 3B), irrespective of race and disease status. However,
the presence of HLA-A2 (see Supplementary Figure 6A,
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract)
and HLA-C7 (see Supplementary Figure 6B) did not cor-
relate with differences in gut microbiota diversity. Corre-
spondingly, differences in beta diversity were also seen in
subjects with HLA-A24 (P = 0.002) (Figure 3A) and
HLA-B35 (P = 0.041) (Figure 3B), an effect not corre-
lated with prior antibiotic use. Given the low prevalence of
HLA-B27- and HLA-B15—positive individuals, there was
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insufficient power to detect statistically significant differ-
ences in diversity for HLA-B27 (Figure 3C) or HLA-B15
(see Supplementary Figure 6C). To exclude the possibility
that these changes were biased by the low number of Cau-
casians or by antecedent GU infections, we repeated the
analysis excluding Caucasians and including only GI infec-
tions, noting similar results in both cases (see Supplemen-
tary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
40359/abstract).

Interrelations of gut microbiota and metadata in
ReA. To gain better insight into specific taxa driving these
host-microbiome interactions, we examined the relation-
ship between the gut community composition and HLA-
A24 allele status. LEfSe analysis demonstrated a number
of taxa that were distinct between the HLA—A24-positive
and HLA-A24-negative groups (Figure 4). Of the genera
that passed the FDR correction threshold, the relative
abundance of Prevotella was significantly higher in subjects
with an HLA-A24 allele (see Supplementary Figure 7A,
http://onlinelibrary.wiley.com/doi/10.1002/art.40359/abstract).
At the family level, Prevotellaceae was more abundant in
the HLA-A24-positive group (see Supplementary Fig-
ure 7B), while Rikenellaceae and Ruminococcaceae were
more abundant in the HLA-A24-negative group (see
Supplementary Figures 7C and D).

To identify groups of bacteria that might be syner-
gistically correlated with HLA-A24, we performed network
analysis to determine bacteria that co-occurred with taxa
identified using the LEfSe method and that were also pre-
dictive of HLA-A24 status. Representative groups (maxi-
mal cliques; see Subjects and Methods) of bacteria at the
family level are shown in Figure 5. Taxa in cliques compris-
ing Ruminococcaceae—Rikenellaceae—Coriobacteriaceae
(Figure 5A) and Lachnospiraceae—Micrococcaceae—Bifido-
bacteriaceae (Figure 5B) were all enriched in the HLA-
A24-negative cohort, and each bacterium had predictive
power for HLA-A24 status. In the clique comprising
Prevotellaceae—Sphingobacteriales (unclassified )-Elusimicro-
biaceae (Figure 5C), only Prevotellaceae was enriched in the
HLA-A24-positive cohort and had predictive power for
HIA-A24 status.

DISCUSSION

In this study, we found that the prevalence of
enteropathogens in subjects with ReA and postinfec-
tious peripheral SpA was significantly increased, while
several gut commensals were decreased. Intriguingly,
host genetics was a major driver of microbiota richness
and diversity, irrespective of disease status.

Along with IBD-related arthritis and Whipple’s
disease, ReA represents one of the clearest examples of
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Figure 4. Linear discriminant analysis (LDA) effect size analysis of HLA-A24-positive and HLA-A24-negative subjects. LDA demonstrates that
HLA-A24-negative subjects had more differentiating taxa overall compared with HLA-A24-positive subjects. A number of genera passed the
false discovery rate (FDR) correction threshold. Most notably, Prevotella was enriched in subjects who had the HLA-A24 allele. The log LDA
score was >2 for all taxa. * = passed FDR correction threshold; ** = passed FDR and Bonferroni correction thresholds. g = genus; f = family; p =

phylum; ¢ = class; o = order.
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Figure 5. Co-occurrence network analysis at the family level. Left, Entire network of relationships among taxa. Right, Specific cliques of taxa in
corresponding networks at left, which co-occur with one another and with at least 1 taxon in each clique having predictive power for HLA-A24
allele status. In the overall network and cliques, edge lengths are inversely proportional to the strength of the correlation or the strength of predic-
tive power that distinguishes between HLA-A24—positive and HLA-A24-negative groups. In the case of taxa that were enriched in the HLA—
A24-negative cohort, each individual taxon also had predictive power for HLA-A24 status (A and B). Only Prevotellaceae was enriched in the
HLA-A24-positive cohort and had predictive power for HLA-A24 status (C).

the “gut—synovial” axis spectrum disorders. The pathogen-
esis of ReA, however, has been studied only in the context
of culture-dependent microbiology methods. The overall
consensus in the field is that intestinal pathogens, most
notably Yersinia, Salmonella, Shigella, and Campylobacter,
are triggers of systemic articular inflammation (1).
Multiple groups have linked the intestinal micro-
biota of animals and humans to host genetics, gut inflam-
matory responses, and the different clinical phenotypes of
SpA (12). Two decades ago, Rath and colleagues and
Taurog and colleagues determined that luminal bacteria
mediated the development of arthritis and colitis in HLA—
B27-transgenic rats (30,31). Since then, many studies have
contributed findings corroborating this observation. Work
investigating genetically susceptible animals has shown
that gut dysbiosis activates a Thl7-mediated immune
response in the host’s intestinal lamina propria, thereby

promoting local and systemic inflammation in the form
of joint disease (32,33). Clinically overt and subclinical his-
tologic and molecular markers of gut inflammation have
also been found in patients with ankylosing spondylitis
(AS) (34) and in those with PsA (35). Furthermore, a
recent study demonstrated that an outer membrane pro-
tein of Salmonella typhimurium can induce synovial fluid
mononuclear cells in patients with ReA to up-regulate
cytokines associated with the interleukin-23 (IL-23)/1L-17
axis (36).

This was followed by several communications
describing a dysbiotic process in patients with new-onset
rheumatoid arthritis (RA) (37), animal models of SpA
(38,39), and cohorts of patients with SpA, including AS
(40,41) and PsA (29). A summary of these findings in
humans and animal models can be found in a recent
review by our group (42). Consistent with these data, our
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research demonstrates that subjects with ReA were char-
acterized as having a decreased abundance of commensals
in their gut microbiota compared with controls, which
were enriched in the family Lachnospiraceae with associ-
ated genera—Blautia, Coprococcus, Roseburia, and Collin-
sella. Interestingly, there was a concomitant increase in
the prevalence of enteropathogens in the ReA group, par-
ticularly Pseudomonas and Erwinia, a taxon that has
>97% identity with the usual ReA-associated gut bacteria.

To our knowledge, this is the first culture-indepen-
dent, high-throughput DNA sequencing study characteriz-
ing the overall gut community composition in postinfectious
peripheral SpA. Prior efforts were directed toward only a
handful of culturable organisms (1), and investigators did
not report on the presence or abundance of intestinal com-
mensals. Our findings suggest that even when the overall
bacterial composition is not significantly different from that
in controls, a decrease in several potentially protective bac-
teria could prime genetically susceptible individuals with GI
or GU infections to develop ReA. This contrasts with sub-
jects who eventually contain the immune response to the
lamina propria due to the prevalence of commensals.
Intriguingly, 2 of the underrepresented commensal taxa in
ReA—Lachnospiraceae and Coprococcus—were also de-
creased in patients with new-onset PsA (29). Similarly, we
found a positive correlation between the presence of the
genus Dialister and the development of both uveitis and
sacroiliitis. This same genus has recently been reported as a
marker of disease activity in AS (41). Since ReA, AS, and
PsA all belong to the SpA spectrum of diseases, it is plausi-
ble that a perturbation in the intestinal microbiota consti-
tutes yet another common environmental risk factor among
patients with these disorders. It remains to be elucidated
whether the perturbations are a cause or a consequence of
SpA-related inflammation.

Although the relative abundance of the usual
enteropathogens associated with postinfectious peripheral
SpA was expectedly low (<1% abundance for each micro-
organism), there was a significantly higher prevalence of
such taxa in subjects with ReA compared with controls, as
seen in other autoimmune conditions such as IBD (43)
and further validating prior culture-dependent observa-
tions. Interestingly, the majority of ReA cases were
reported in the months of April through July (28). This
seasonal effect could be a determinant of disease develop-
ment as it may correlate with differences in the types of
pathogens that are present.

Perhaps even more remarkable is the observation
that certain HLA alleles seemed to determine microbiota
composition in both health and disease. These effects were
independent of either disease status or prior antibiotic use.
A similar finding was reported in an RA-like murine model,
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where HLA-transgenic mice carrying the DRB1*0401 gene
were more susceptible to collagen-induced arthritis. These
mice showed gut microbiome dysbiosis and enrichment
with Clostridium-like bacteria (44). In our study, there were
significant differences in intestinal community diversity and
species composition associated with HLA-A24 and, to a
lesser degree, with HLA-B35. Such differences, however,
were not seen with the HLA-B27 allele, which was present
in only a minority of subjects. This was not surprising since
prior work indicates that only 4% of Guatemalan patients
with SpA are HLA-B27 positive (10). On the other hand,
the frequency of the HLA—A24 allele in American Indian
populations is quite elevated and estimated to be >20%
(45). The presence of this allele has also been associated
with a number of autoimmune diseases in non-Caucasians,
including type 1 diabetes mellitus in Japan (46) and RA in
a Moroccan cohort (47). Most relevant to the present study,
HLA-A*2402 also correlated with AS in a Basque cohort,
independently of HLA-B27 status (48). Multiple lines of
evidence therefore suggest that microbial-host gene inter-
actions conferring susceptibility to autoimmune disease can
vary significantly among ethnic populations, particularly
with respect to HLA alleles.

When we surveyed the microbiota composition,
Prevotella (genus) and Prevotellaceae (family) were more
abundant in subjects who were HLA-A24 positive. Prevo-
tella has been implicated in the pathogenesis of RA. In
particular, Prevotella copri correlated with disease in
patients with new-onset RA, while the relative abundance
of P copri was lower in subjects who had the DRBI1 shared
epitope RA risk alleles (37). This suggests that a certain
threshold for P copri abundance may be necessary to over-
come the lack of genetic predisposition in the case of sub-
jects with RA. In the case of ReA, it is possible that the
co-occurrence of Prevotella with HLA-A24 is necessary
but insufficient as a triggering factor for postinfectious
arthritis unless there is a concomitant reduction in benefi-
cial, gut-protective commensals.

Interestingly, Ruminococcaceae and Rikenellaceae
were more abundant in HLA-A24-negative subjects. Fur-
thermore, Ruminococcaceae and Rikenellaceae occurred
with one another, and each had predictive power for
HLA-A24 status. Studies of HLA-B27-transgenic rats
that exhibit many features of SpA also revealed a higher
abundance of Prevotella and a lower abundance of
Rikenellaceae (38). Moreover, terminal ileum biopsy sam-
ples from subjects with AS had a higher abundance of
Ruminococcaceae and Rikenellaceae and a lower abun-
dance of Prevotellaceae (40). Although these data could
represent a true correlation with disease status, analysis
with co-occurrence and host genetics was not performed
since all participants with AS were HLA-B27 positive.
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Taken together, our findings further support the
possibility that host genetics can prime gut microbiome
features to trigger autoimmunity in susceptible individuals.
We propose that, moving forward, the characterization of
these gene-microbiome interactions should be an integral
part of any correlative human studies to avoid potential
confounders that could implicate taxa in disease processes.

We acknowledge several limitations of our study.
First, there was a relatively small number of participants
and geographic/ethnic homogeneity, rendering the results
less generalizable to other populations. However, this
could also represent a strength, since this is a cohort that
has not been previously evaluated, offering a new outlook
on ReA pathogenesis, especially with respect to host genet-
ics. Second, our study did not incorporate microbiota of
controls without preceding GI or GU infections. Although
we are not aware of any studies that have characterized the
bacterial communities of the healthy native and mixed pop-
ulations in Guatemala, a recent study of uncontacted
American Indians in Venezuela showed a high abundance
of Prevotella and low abundance of Bacteroides (49).

Another limitation relates to the lack of a timely
and culture-proven diagnosis of preceding infections, which
is a widely acknowledged challenge in ReA research and in
most cases of ReA diagnosed in the clinical setting (50). In
fact, stool cultures can occasionally confirm a preceding or
concomitant infection with a classic ReA pathogen, but by
the time subjects develop arthritis, their symptoms have
usually resolved and the pathogens are no longer retriev-
able. Furthermore, serologic tests are nonspecific and are
only able to demonstrate prior immunity rather than
causality. For these reasons, we relied on a subject-reported
history of antecedent infection, but we acknowledge that
some of the infections could have been viral or secondary
to other etiologies (i.e., postinfectious peripheral SpA being
a more precise definition of our patient population). We
also detected enteropathogens in the ReA cohort of our
study, which only implies persistence of an organism’s
DNA, as 16S rRNA gene sequencing studies do not allow
for viability determination. However, this may be of rele-
vance since the pathogenesis of ReA is yet unknown, and
some hypotheses suggest that microbial components may
drive the downstream inflammatory response (12).

Upveitis was another self-reported variable, and it is
possible that some of the cases were actually conjunctivitis
or other related conditions. Nevertheless, 75% of the sub-
jects were seen by an ophthalmologist, deemed to have
uveitis, and subsequently referred to a rheumatology
clinic, so misdiagnosis is less likely. We also note that the
incidence of sacroiliitis was unexpectedly high in both the
arthritis and control groups. Because most of these cases
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were adjudicated as grade I sacroiliitis, it is possible that
this could represent overreporting, which is also quite
common in clinical practice. Unfortunately, we could not
pursue further blinding or centralized readings for confir-
matory purposes, and therefore, these findings should be
interpreted with caution.

The use of antibiotics for the treatment of infec-
tions prior to sample collection may have also had a dysbi-
otic effect on the gut microbiome. However, our results
were independent of antibiotic use. In the future, baseline
and postarthritis characterization of microbial communi-
ties in at-risk populations may help us to discern these
perturbations in a prospective manner. Complementary
studies using metagenomics and metabolomics platforms
will also be needed to better understand the role of gut
bacterial enzymes and their byproducts in ReA pathogen-
esis.

In summary, the findings of this study further
enhance our understanding of ReA and postinfectious
peripheral SpA in a non-HLA-B27-dominated popula-
tion. Using a high-throughput DNA sequencing approach,
we identified several organisms that are differentially pre-
sent in samples from subjects with ReA compared with
those from controls. These taxa and the lack of specific
commensals, as well as the associated changes in immune
response, will require further research and validation in
other cohorts. The effect of host genetics on shaping the
human microbiome in health and disease is also intriguing
and could shed light on our understanding of the symbiotic
relationship between host and community diversity and
composition. Furthermore, it is plausible that the combina-
tion of exposure to known pathogens, host genetics, and
the makeup of commensal microorganisms could confer
susceptibility to the development of ReA, postinfectious
peripheral SpA, and other variants of the SpA spectrum
disorders. Future mechanistic research coupled with well-
designed prospective human cohorts is needed to close
these knowledge gaps in the field.
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Genetic Variants in ERAPI and ERAP2 Associated With
Immune-Mediated Diseases Influence Protein Expression and
the Isoform Profile
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Objective. Endoplasmic reticulum aminopeptidase
1 (ERAP-1) and ERAP-2, encoded on chromosome 5ql15,
trim endogenous peptides for HLA-mediated presentation
to the immune system. Polymorphisms in ERAPI and/or
ERAP2 are strongly associated with several immune-
mediated diseases with specific HLA backgrounds,
implicating altered peptide handling and presentation as
prerequisites for autoreactivity against an arthritogenic
peptide. Given the thorough characterization of disease
risk—associated polymorphisms that alter ERAP activity,
this study aimed instead to interrogate the expression
effect of chromosome 5q15 polymorphisms to determine
their effect on ERAP isoform and protein expression.

Methods. RNA sequencing and genotyping
across chromosome 5q15 were performed to detect
genetic variants in ERAPI and ERAP2 associated with
altered total gene and isoform-specific expression. The
functional implication of a putative messenger RNA
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splice-altering variant on ERAP-1 protein levels was
validated using mass spectrometry.

Results. Polymorphisms associated with ankylos-
ing spondylitis (AS) significantly influenced the transcript
and protein expression of ERAP-1 and ERAP-2. Disease
risk—associated polymorphisms in and around both genes
were also associated with increased gene expression. Fur-
thermore, Kkey risk-associated ERAPI variants were
associated with altered transcript splicing, leading to
allele-dependent alternate expression of 2 distinct iso-
forms and significant differences in the type of ERAP-1
protein produced.

Conclusion. In accordance with studies demon-
strating that polymorphisms that increase aminopepti-
dase activity predispose to immune disease, the increased
risk also attributed to increased expression of ER4P1 and
ERAP2 supports the notion of using aminopeptidase inhi-
bition to treat AS and other ERAP-associated conditions.

HLA-mediated presentation of endogenous pep-
tides to CD&+ T cells educates the immune system to
differentiate between self-derived and foreign antigens.
Consequently, aberrations in peptide presentation path-
ways may evoke misinformed immune cell reactivity
against host tissue, leading to pathology. Aminopeptidases
function in the processing of peptide precursors to gener-
ate molecules of optimal length and composition for HLA
loading. Disease risk—associated polymorphisms in the
endoplasmic reticulum aminopeptidase genes ERAPI and/
or ERAP2 are seen in several immune-mediated diseases,
including ankylosing spondylitis (AS) (1,2), psoriasis (3),
Crohn’s disease (4), and Behcet’s disease (5).

Robust genetic interactions exist between ERAPI
and the HLA class I alleles HLA-B27 and HLA-B40 in
AS (1,6), HLA-Cw6 in psoriasis (3), and HLA-BS51 in
Behget’s disease (5). Synergism between HLA class I loci
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and ERAPI is most pronounced in AS, with risk-asso-
ciated polymorphisms in the gene contributing to strong
disease risk (lead single-nucleotide polymorphism [SNP]
1s30187; P = 4.4 x 10, odds ratio [OR] 1.29) (7) in
HLA-B27 carriers alone (1). Although 80-95% of AS
patients carry the major genetic risk factor HLA-B27, this
allele contributes only ~20% of the genetic risk for the
disease, and >113 additional genetic loci have confirmed
disease associations (1,2,7-10). Evidence points to the
involvement of altered peptide handling in disease patho-
genesis (11-13), potentially driving production of an
immunogenic HLA-B27-specific peptide repertoire that
misinforms the immune response and/or impedes the
folding, stability, and function of HLA-B27.

In AS, the ERAPI locus contains 2 independent
association signals (1). The stronger is tagged by SNP
1530187 (K528R; OR 1.29, P = 4.4 x 10~*) (7), the protec-
tive allele at which a ~40% decrease in enzymatic activity is
conferred (1). Conversely, the rs30187 risk allele alters the
HLA-B27-bound peptidome by causing both elevated pro-
duction and destruction of different HLA-B27 epitopes
(11,14-16). The second association signal is tagged by
1$10050860 (D575N; P = 9.28 x 10~>°). This SNP has pre-
viously been shown not to be functional in both recombi-
nant protein and cellular assays (1,17), and the
functional mechanism driving disease association at this
signal has not been determined. In vitro studies have
demonstrated that protective ERAPI variants, as well as
ERAPI silencing or inhibition, reduce surface expression
of HLA-B27 free heavy chains (18), although this find-
ing has not been universal (19). HLA-B27 free heavy
chain expression on the cell surface has been shown to
induce the expansion of Th17 cells and secretion of the
proinflammatory cytokine interleukin-17A (20).

Homozygous deletion of ERAPI in the HLA-B27-
transgenic rat model of AS does not alter levels of folded
HLA-B27 or HLA-B27 heavy-chain dimers on the sur-
face of peripheral blood mononuclear cells (PBMCs) and
does not prevent the development of spondyloarthritis
(SpA) in these rats (21). The relevance of this in human
SpA is, however, unclear. Rats lack ERAP-2, which in
humans is thought to interact with ERAP-1 to influence
peptide presentation. Because the transgenic rats involved
have at least 20 copies of the HLA-B27 transgene per cell,
as opposed to 1 or 2 copies in human HLA-B27—positive
AS, they may develop SpA as a result of a pathogenic pro-
cess different from that in human disease. Evidence sug-
gests that disease-associated polymorphisms in ERAPI
also exert an expression effect (12), with the risk genotype
being correlated with increased gene expression (22).

At ERAP2, the AS-associated nonsense mutation
152248374 is an expression quantitative trait locus (eQTL)
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at which the protective G allele results in complete loss of
gene expression due to nonsense-mediated decay of an
alternatively spliced transcript (23). The presence of
ERAP-2 influences the HLA-B27 peptide pool, decreasing
the abundance of peptides with N-terminal basic residues
and increasing the percentage of 9-mer peptides pre-
sented (24), lowering the affinity of the HLA-B27 pep-
tidome (16-25). Given the intricate role of both
aminopeptidases in shaping the HLA-B27 peptidome,
it is possible that variants increasing aminopeptidase
expression may act concordantly to increase AS risk in
individuals carrying disease-associated active variants of
ERAPI and ERAP2.

In the current study, we used RNA-Seq to identify
ERAPI and ERAP?2 polymorphisms associated with varied
gene and isoform expression in patients with AS and
healthy controls. RNA-Seq allows interrogation of the
transcriptional landscape of a gene, enabling identifica-
tion of splice-altering variants (splicing QTLs [sQTLs])
that may drive the production of distinct isoforms with
phenotypic consequences. Despite extensive characteriza-
tion of alternate ERAP2 transcripts that radically trans-
form the global expression of this gene (23), alternate
isoforms of ERAPI have been infrequently studied in the
broader literature. We demonstrate that AS risk—associ-
ated single-nucleotide polymorphisms (SNPs) in ERAPI
and ERAP2 are associated with substantial eQTL effects
at both the transcript and protein levels and show that
risk-associated variants in ERAPI are associated with
altered splicing of the encoded gene transcript. This indi-
cates that the disease-associated SNPs in ERAPI and
ERAP? influence disease risk through effects on transcrip-
tion and splice variation in addition to the functional
effects of coding variants in ERAPI.

PATIENTS AND METHODS

Human research ethics. Human ethics approval was
granted by Princess Alexandra Hospital and University of
Queensland Ethics Committees (approval nos. Metro South
HREC/05/QPAH/221 and UQ 2006000102). Written informed
consent was received from all participants prior to inclusion
in the study.

Sample selection. Fifty-four patients with AS diagnosed
according to the modified New York criteria (26) and 70 healthy
controls were included in this study. Peripheral venous blood
was collected from AS patients at the Princess Alexandra Hospi-
tal Ankylosing Spondylitis Clinic, and PBMCs from patients and
controls were collected as described previously (7).

Genotyping, imputation, and disease association analy-
sis. Genotyping was conducted during the 2013 Immunochip
study of 9,049 AS patients and 13,607 healthy control subjects
(7). P values for SNP disease associations upon conditioning
with rs30187 were derived using logistic regression on the com-
plete Immunochip data set in Plink (http:/pngu.mgh.harvard.
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edu/purcell/plink/ (27), with inclusion of the rs30187 genotype as
a covariate. Imputation of SNPs within an R? window value of
0.1 with rs30187 (ERAPI) or 152910686 (ERAP2) was conducted
using the 1000 Genomes phase 1 reference panel for the subset
of 124 individuals included in this study. Phasing was conducted
using SHAPEIT (28), and imputation was conducted using
IMPUTE?2 (29), with the “info” metric used to remove poorly
imputed SNPs (info < 0.5). A total of 1,221 SNPs spanning
ERAPI and ERAP2 were used in the final analysis.

RNA sequencing. RNA was reverse transcribed, pre-
pared for sequencing using an Illumina TruSeq Stranded Total
RNA Library Prep Kit, and sequenced using an Illumina HiSeq
2000 system. Reads were mapped to the human genome
Ensembl Genome Reference Consortium Build 37, release 75
(GRCh37.75) using TopHat version 2.0.6 employing the Bowtie
2 version 2.0.2 aligner (30,31). Aligned reads were supplied to
HTSeq (32) to generate counts per gene. Isoform-specific reads
were generated using the Cufflinks suite (33) and assembled into
a reference transcriptome. RSEM (34) was used to align reads
to generate isoform counts of known and novel transcripts. Gene
and isoform counts were normalized using DESeq?2 (35).

Statistical analysis. Expression QTL detection. All sta-
tistical analyses were performed using R statistical software
(36). A generalized linear mixed-effects model (GLMM) with
a negative binomial distribution and logarithmic link was fit-
ted using the lme4 package (37) to test for the effect of geno-
type on gene or isoform expression, correcting for the fixed
effect of patient sex and random effect of sequencing batch,
according to the following equation:

glmer(expression ~ genotype + sex + (1|batch),
family = neg.bin)

The change in gene or isoform expression attributed
to the addition of a minor allele was quantified as the expo-
nentiated regression coefficient for the genotype term
(referred to here as the incidence rate ratio [IRR]), with
IRR? interpretable as the fold change in expression in those
homozygous for the minor allele relative to those homozygous
for the major allele at a given SNP. P values were adjusted
for multiple testing using Benjamini and Hochberg false dis-
covery rate correction (38).

Significant SNPs were cross-referenced to the set of sig-
nificant disease-associated SNPs previously identified at this
locus (7), and the direction of the effect of the disease risk allele
was inferred. Pairwise conditioning was conducted by adding
each significant eQTL individually as a covariate into the
GLMM and assessing the genotype effect on expression at each
remaining SNP, according to the following equation:

glmer(expression ~ genotype + sex + conditional SNP genotype
+ (1|batch), family = neg.bin)

Wilcoxon’s test was used to test for differences in
gene expression between patients and controls.

Splicing QTL detection. Splicing QTLs were found for
2 highly expressed isoforms of ERAPI, herein termed isoform
19E and isoform 20E. The isoform 19E proportion for each
individual was calculated from isoform counts as follows: iso-
form 19E/(isoform 19E + 20E). A 2-sample #-test was used to
assess the difference in isoform proportion between patients
and controls. A linear model was applied to test for the effect
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of genotype on isoform proportion while correcting for any
disease status effect, according to the following equation:

Im(isoform 19E proportion ~ genotype -+ status)

SNPs that were determined to be significant eQTLs
for both transcripts, and significant sQTLs with an effect on
isoform proportion, were cross-referenced to the set of sig-
nificant disease-associated SNPs previously identified at this
locus (7), and the direction of the effect of the disease risk
allele was inferred. Wilcoxon’s test was used to test for dif-
ferences in isoform expression between patients and con-
trols.

Haplotype data. A chi-square test was performed to assess
the disease association of a haplotype containing the ERAPI
activity-altering SNP 1s30187 and splice-altering SNP rs7063,
using the European cohort of 9,069 AS patients and 13,578
healthy controls genotyped in the Immunochip investigation (7).

Mass spectrometry (MS) for quantification of ERAP-1
isoform and total protein expression. PBMCs from 39 samples
obtained from both patients and controls (15 homozygous for the
risk [major] allele at rs7063; 15 heterozygous and 9 homozygous
for the protective allele) (see Supplementary Table 5, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40369/abstract) were prepared for MS (see
Supplementary Methods, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40369/
abstract). The following peptides were targeted for detection
and quantification in samples using an Agilent 1260 Chip HPLC/
6490 Triple Quadrupole mass spectrometer (for details, see
Supplementary Table 6, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40369/abstract): for ERAP1 isoform 19E, VWLQSEKLER; for
ERAP1 isoform 20E, VWLQSEKLEHDPEADATG,; for ERAP1
common peptide, NPVGYPLAWQFLR.

Samples were spiked with 0.5 fmoles weighted peptide
mix standard for quantification, and 8 pl (~2 npg) was
subjected to MS. A standard curve was generated by injecting
1 upl of peptide mix standards at 0.1 fmoles/ul, 0.2 fmoles/pl,
0.4 fmoles/ul, 0.6 fmoles/pl, and 0.8 fmoles/pl.

Statistical analysis of MS data. Mass chromatograms
were analyzed using Skyline (39) to determine ERAP-1 isoform
19E, isoform 20E, and total protein concentrations in each sam-
ple. A linear model was used to test for the effect of the rs7063
genotype on protein expression for each isoform and total pro-
tein, correcting for the effect of disease status and HLA-B27
status. A t-test was used to test for differences in isoform or total
ERAP-1 expression between patients and controls.

Protein modeling of ERAP-1 isoform 20E. The
sequence of human ERAP-1 isoform 20E was obtained from
UniProt sequence entry QINZ08-2. The sequence was submit-
ted to the online modeling server Phyre2 (40) in intensive
mode. A set of 4 templates was used by the server to generate
the final model, with 92% of the sequence modeled at >90%
confidence. A total of 80 residues (residues 1-45, 487-513,
and 941-948) were built ab initio, including residues in the C-
terminal extension caused by the additional exon 20.

Data access. The RNA sequencing data used for tran-
script expression analysis have been submitted to the NCBI
Sequence Read Archive (project no. SRP100652, experiment
no. SRX2586069), with all sample metadata included within
BioProject (accession no. PRINA376610).
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RESULTS corresponding protective allele. Pairwise conditioning iden-
tified 38 SNPs as variants controlling the expression effect
Disease risk SNPs in ERAP1 and ERAP2 are at this locus (see Supplementary Table 1); conditioning

associated with increased total gene expression. Total gene with any of these 38 SNPs abolished the significance of all
expression information (normalized transcript counts) was 113 original eQTLs. The 38 variants span a region from
tested for an association with genotype at 1,221 genotyped the nineteenth intron of the gene to ~50 kb upstream of
and imputed SNPs across chromosome 5q15. There were the first exon (Figure 1A). All 38 SNPs lost their disease
113 disease risk-associated SNPs identified as eQTLs sig- association but retained their expression association upon
nificantly influencing total ERAPI expression (see Supple- conditioning on rs30187, which itself displayed a modest

mentary Table 1, available on the Arthritis & Rheumatology eQTL effect (IRR? 1.185, P = 2.4 x 10~). Imputed SNP
web site at http://onlinelibrary.wiley.com/doi/10.1002/art. 139840 (linked with genotyped SNPs 1527038 and 1s27041;
40369/abstract). At every SNP, the disease risk allele was AS disease associations P = 5.7 x 107" and P = 4.9 x
associated with an increase in gene expression over the 107", respectively) was the most significant eQTL
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Figure 1. Correlation of genotypes across chromosome (Chr.) 5q15 locus single-nucleotide polymorphisms (SNPs) with endoplasmic reticulum
aminopeptidase 1 (ERAP-1) and ERAP-2 gene expression. A and C, LocusZoom plots of P values for the effect of chromosome 5q15 locus SNPs
on expression of ERAPI (A) and ERAP2 (C) plotted against the genomic region. Expression quantitative trait loci (eQTLs) controlling for the
expression effect are shown within the red brackets. Lead eQTLs are shown in purple. Boxed areas show SNPs colored according to linkage dis-
equilibrium between these variants and according to the color key. B and D, Box plots of the lead ERAPI eQTL rs39840 (risk allele G) genotype
(B) and the lead representative ERAP2 SNP rs2927608 (risk allele A) genotype (D) versus total transcript expression of the corresponding gene. P
values were derived from a generalized linear mixed-effects model testing for an effect of genotype on gene expression taken from normalized
RNA sequencing counts. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes
represent the 10th and 90th percentiles. Circles indicate outliers. In B, n = 79 in the CC genotype group, n = 39 in the CG group, and n = 6 in
the GG group. In D, n = 44 in the GG genotype group, n = 54 in the GA group, and n = 26 in the AA group.
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identified (IRR? 1.343, P = 1.5 x 10~7). Homozygosity for
the risk allele at this SNP conferred a 34.3% increase in
ERAPI expression compared with the protective homozy-
gous genotype (Figure 1B and Supplementary Table 1).
There was no significant difference in mean ERAPI expres-
sion between AS patients and healthy controls.

ERAP2 expression has a bimodal distribution due
to the effects of the rs2248374 nonsense mutation found at
~50% frequency in the population (23). To generate an
expression distribution amenable to modeling, 38 indivi-
duals homozygous for the 152248374 G allele, expressing
very low to no ERAP2 transcript, were removed, and we
corrected for the rs2248374 genotype to ablate the expres-
sion effect of this SNP in heterozygotes. One hundred fifty-
six SNPs exhibited a significant association with ERAP2
expression. Pairwise conditioning identified 94 SNPs that
controlled for the ERAP2 expression association of all
other eQTLs (Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wi
ley.com/doi/10.1002/art.40369/abstract). Tight linkage dise-
quilibrium (LD) between SNPs across the entire ERAP2
locus (Figure 1C) made it difficult to pinpoint a position
for the eQTL signal. As at the ERAPI locus, disease risk
genotypes were consistently associated with increased gene
expression at all expression-controlling SNPs within and
around the ERAP-2 gene, with the risk genotype at the
most significant eQTLs resulting in a 148% elevation in
expression (IRR* 2.476, P = 1.7 x 10~°) (Figure 1D).
There was no significant difference in mean ERAP2 expres-
sion between AS patients and healthy control subjects; this
study had low power to detect such a difference given the
small sample size (38 patients and 48 controls) upon
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removal of 152248374 homozygotes and the need to
control for rs2248374 (which is disease associated) in the
analysis.

Alternate expression of 2 ERAPI isoforms is
governed by genotype and associated with disease. Eleven
unique ERAPI isoforms were assembled from RNA-Seq
data (Supplementary Figure 1A, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40369/abstract). Only 2 transcripts,
differing in the inclusion of the C-terminal exon 20 (RM
[STOP] - HDPEADATGI|STOP]), Ensembl ID ENST
00000443439 (941 amino acids, 19 exons; 19E) and
Ensembl ID ENST00000296754 (948 amino acids, 20
exons; 20E) (Figure 2; see also Supplementary Table 3,
available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40369/abstract),
were highly expressed in all individuals (see Supplemen-
tary Figure 1B). We identified 158 disease-associated SNPs
as significant eQTLs for both isoforms when tested inde-
pendently for an expression effect on each (see Supple-
mentary Table 4, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40369/abstract). At every SNP, the disease risk variant was
associated with a significant increase in expression of iso-
form 19E and a significant decrease in expression of iso-
form 20E. The proportion of isoform 19E transcripts
expressed by an individual was significantly associated with
disease status (P = 0.047 by #-test), with patients expressing
a significantly greater proportion of the 19-exon isoform
(66.1%) compared with controls (61.9%).

Genotyping of the same 158 disease-associated
SNPs (henceforth called sQTLs) had significant effects on

Exon 20

DPEADATG™
F_—

- JUTR
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Figure 2. Schematic representation of the 3’ end of 2 ERAPI transcripts demonstrated to be highly expressed in peripheral blood mononuclear
cells. Isoform ENST00000443439 has 19 exons (19E), and isoform ENST(00000296754 has 20 exons (20E) with an alternate 3’-untranslated region
(3-UTR) sequence. Codons and corresponding amino acids are shown for exon 19 of 19E and exons 19 and 20 of 20E, beginning 2 amino acids
before the first point of variation between the transcripts (RM*—>HDPEADATG*). The codon for amino acid H in isoform 20E spans a splice
junction. Shaded arrows indicate the locations of 2 putative splice-interfering single-nucleotide polymorphisms (rs111774449 [G/A variant; Arg—
His]) at the exon-intron 19 interface and rs7063 [A/T variant]) falling within the transcription termination motif in the 3'-UTR of isoform 19E,
identified as the most significant ERAPI slicing quantitative trait locus from the statistical analyses using RNA-Seq data.
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ERAPI isoform proportions. Pairwise conditioning identi- individuals homozygous for the risk allele expressed pre-
fied 9 SNPs that controlled for the sQTL effect; condition- dominantly isoform 19E (average 71%), and those homozy-
ing with any of these 9 SNPs ablated the effect of all other gous for the protective allele expressed predominantly
SNPs on the expression of isoform 20E and thus their effect isoform 20E (average 59%) (Figure 3D).

on the isoform proportion (see Supplementary Table 4, None of the 58 most significant SQTLs exhibited
available on the Arthritis & Rheumatology web site at significant eQTL effects on total ERAPI expression,
http://onlinelibrary.wiley.com/doi/10.1002/art.40369/abstract). and all retained a significant disease association upon
The SNP rs7063 (disease association OR 1.34, P = 1.3 x correction for rs30187 (Supplementary Table 4) but lost
10*"), situated between exon 19 and exon 20 (Figure 2), this association upon correction for both rs30187 and
exhibited the most significant effect on isoform proportion rs10050860. These SNPs clustered within and around
(OR 1.16, P = 1.2 x 107%), at which individuals homozy- the C-terminus—encoding exons 19 and 20 (Figure 3C).
gous for the risk (major) allele expressed 105% more Upon correction for rs10050860 alone, rs7063 retained
(IRR? = 2.05, P = 8.7 x 10 '?) and 47% less (IRR? 0.53, a genome-wide significant disease association (P = 1.4 x
P = 1.0 x 10" of the 19-exon and 20-exon isoforms, 107'%). Conversely, a far weaker association remained for

respectively, than those homozygous for the protective 1510050860 (P = 2.6 x 107°) following correction for
allele (Figures 3A and B). Individuals heterozygous for 1s7063. LD between rs7063 and rs10050860 (R* = 0.55)
1s7063 expressed similar amounts of both transcripts was considerably stronger than that between rs7063 and
(for isoform 19E, 56%; for isoform 20E, 44%), whereas 1530187 (R?=0.21).
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Figure 3. Correlation of genotypes across chromosome 5q15 locus SNPs with expression of 2 ERAPI isoforms. A, Transcript expression of ERAPI
isoforms 19E and 20E, split according to genotype at splicing QTL (sQTL) rs7063 (risk allele A). B, ERAPI isoform 19E proportion split accord-
ing to 157063 genotype. C, Locus plot showing P values for the effect of chromosome 5q15 locus SNPs on the ERAPI isoform 19E proportion,
plotted against the genomic region. The most significant sQTL rs7063 is shown in purple. Boxed area shows SNPs colored according to linkage
disequilibrium between these variants and according to the color key. D and E, Pie graphs showing the proportional contribution of the 19E and
20E isoforms to total ERAPI transcript expression (D) and protein levels (E), measured using RNASeq and mass spectometry, respectively, in
individuals categorized according to rs7063 genotype. The radius of each graph denotes the mean total ERAPI expression at the transcript or pro-
tein level. K, Protein expression of ERAP-1 isoforms 19E and 20E split according to rs7063 genotype. G, Total ERAP-1 protein expression split by
genotype at 1s7063. Data in A, B, F, and G are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes repre-
sent the median. Lines outside the boxes represent the 10th and 90th percentiles. Circles indicate outliers. In A and B, n = 73 in the AA genotype
group, n = 43 in the AT group, and n = 8 in the TT group. In D and E, n = 124 in the RNA-Seq cohort and n = 39 in the mass spectrometry
cohort. In F and G, n = 15 in the AA genotype group, n = 15 in the AT group, and n = 9 in the TT group. 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.40369/abstract.
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Table 1.  Significant association of ankylosing spondylitis with ERAPI
haplotypes containing rs7063 risk allele A and rs30187 risk allele T*

Frequency Frequency
Haplotype in controls in patients

Haplotype frequency (n=13,578) (n = 9,069) P
1s7063T/rs30187T  0.0458 0.0429 0.0501 32 x 107*
1s7063T/rs30187C  0.2360 0.2630 0.1955 1.1 x 107
rs7063A/rs30187T  0.3194 0.2956 03552 1.7 x 107%
1s7063A/1s30187C  0.3988 0.3985 0.3992 0.89

* Associations were determined by chi-square test.

A strong disease-protective haplotype results from
co-occurrence of the protective alleles at rs30187 and the
sQTL rs7063. The protective haplotype, 1530187C/
1s7063T (low ERAPI enzyme activity/decreased expres-
sion of ERAPI isoform 19E, increased expression of
isoform 20E) showed a disease association of P = 1.1 x
107°! (Table 1) in 9,069 genotyped AS patients and 13,578
healthy controls. This haplotype association exceeded the
individual disease association of both SNPs in isolation
(for rs30187, P = 4.4 x 10°*; for 1s7063, P = 1.3 x 10°*").

Genotype at ER4P1 sQTL rs7063 is strongly asso-
ciated with alternate expression of 2 ERAP-1 isoforms at
the protein level. Protein derived from both isoform 19E
and isoform 20E of the ERAPI transcript was detected
using MS. The SNP genotype at rs7063 was significantly
associated with protein expression of both isoforms
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independently and total ERAP-1 expression (the sum of
the expression of both isoforms) (Figures 3F and G). Indi-
viduals homozygous for the risk allele at rs7063 expressed
3.52 times more isoform 19E (P = 3.1 x 10°) and 0.29
times less isoform 20E (P = 2.1 x 10°), and expressed
2.37 times more total ERAP-1 protein overall (P = 5.6 x
107) than those homozygous for the protective allele. At
the protein level, isoform 19E was the predominantly
expressed form of ERAP-1 in all 3 genotype groups (Fig-
ure 3E), and expression was significantly higher, on aver-
age, than expression of isoform 20E (P = 1.4 x 107').
There was no significant difference in the mean expression
of either isoform at the protein level, or total ERAP-1
protein levels, between AS patients and healthy controls.

In silico analysis of ER4PI isoform 20E predicts
folding nature of the alternate protein. Ab initio protein
structure modeling of the ERAP-1 20E isoform suggested
that the unique additional residues on the C-terminal end
of the protein fold back across the surface of domain 4 of
ERAP-1, potentially forming salt bridge interactions with
residues Arg”” and Arg”® (Figure 4).

DISCUSSION

The genetic association of variants in ER4P] and
ERAP2 with several immune-mediated diseases makes

Figure 4. Modeled structure of endoplasmic reticulum aminopeptidase 1 (ERAP-1) isoform 20E. The protein is shown in blue. Residues of the
20E extension are shown as bonds colored according to atom type, with carbon atoms shown in white. Residues in the body of the protein that
are within contact with the modeled 20E extension are shown as bonds colored according to atom type, with carbon atoms shown in green. The
model suggests that the 20E extension residues sit across the surface of domain 4 of ERAP-1 and are unlikely to interfere with protein function.
Inset, Overview of the model, with the protein shown in a rainbow color gradient from the N-terminus (blue) to the C-terminus (red). Encircled

area, Region that is shown expanded in the main figure.
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these enzymes important targets for functional investiga-
tion. The current study shows that AS risk—associated
variants in these genes consistently demonstrated an
eQTL effect that increases aminopeptidase expression.
Indeed, the protective influence of the nonsense mutation
rs2248374 (23) in ERAP2 implies that some aspect of the
functional role of the enzyme in peptide presentation is
linked to pathology in a way that can be ablated with loss
of expression. It is expected that this is also the case in
ERAPI, at which increased expression may be exacerbating
the pathogenic effect of co-occurring missense mutations
shown to alter enzymatic activity and peptide handling
(11,12). It has been previously shown that ER4P1 messen-
ger RNA (mRNA) and protein expression is increased in
lymphoid cell lines carrying disease susceptibility variants
across ERAPI haplotypes (15,22). Our results validate the
influence of genetic variants across ERAPI and ERAP2 on
transcript and protein expression levels.

Previous fine-mapping and haplotype evolution
studies indicate that the ERAPI association with AS is
driven by 2 independent association signals, the first
tagged by the coding variant rs30187 (K528R), which is
likely the causative SNP, and the second tagged by the
coding variant rs10050860 (D575N) (1,6). Further studies
using recombinant ERAP-1 and cell lines carrying
ERAP-1 variants have shown that rs30187 has a substantial
effect on peptide cleavage and peptides presented by HLA
class I antigens (1,17,41). It has been suggested that
ERAPI variants act in haplotype combinations (42,43).
However, many of the variants and haplotypes observed in
these studies have been found at frequencies that are
markedly different from those reported in the literature
and likely represent an experimental artifact (44,45). In
the current study, we sought to investigate the functional
mechanisms by which ER4API and ERAP2 variants oper-
ate, to explain the known genetic association of these
genes with AS and other diseases.

The major finding of the current study suggests
complex regulation of ERAPI expression by 2 indepen-
dently acting variants, 1 in moderate LD with rs30187,
which influences global ER4PI expression, and the second
in moderate LD with rs10050860, which influences alter-
nate splicing of 2 distinct transcripts. Our results suggest
that the differences between these 2 forms of the ERAPI
transcript, and encoded protein, are critically important
and influence the levels of functional enzymes in cells.
Given the cross-disease—concordant action of ERAPI and
ERAP?2 polymorphisms in conditions such as psoriasis and
Crohn’s disease (46), these finding have relevance far
beyond AS alone.

Harvey et al (12) demonstrated a strong positive
correlation between the strength of AS disease association
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for variants in ERAPI and their effect on ERAPI expres-
sion (r = 0.75) (47). Similarly, we observed that the most
significant ERAPI eQTLs are strongly associated with
AS. Although linked within the haplotype containing the
key functional variant rs30187, these SNPs retained a sig-
nificant expression effect upon correction for rs30187.
This implies that, in addition to the effects of rs30187 on
ERAP-1 activity, there are >1 variants in moderate LD
with rs30187 driving altered enzyme expression. Joint
inheritance of these alleles would mean that any alter-
ations in the HLA-B27 peptidome due to ERAP-1 hyper-
activity would be exacerbated by enzyme overexpression.
This could potentially flood HLA-B27 with an immuno-
genic repertoire stimulating the CD8-mediated immune
response (48) or lead to destruction of peptides that pro-
tect (in some manner) against the immunologic processes
that lead to AS (49). Concordantly, increased transcript
expression in individuals expressing ER4P2 and carrying
ERAP?2 disease risk—associated polymorphisms supports the
significance of increased aminopeptidase expression in dis-
ease pathology. The identification of disease-associated
expression-influencing variants at this locus, independent
of the 152248374-null mutant, implies that the patients who
express ERAP-2 have varied expression phenotypes and
thus disease susceptibility.

Of great interest was the finding that 2
expressed isoforms of ERAPI, the alternate expression
of which correlated with genotype at strong disease
risk—associated SNPs, may play a substantial role in dis-
ease. These 2 transcripts, encoding different versions of
the ERAP-1 protein, have been previously identified
(50,51) and annotated as ENST00000443439 (19 exons,
18 coding; 19E) and ENST00000296754 (20 exons, 19
coding; 20E) in the Ensembl database (52). Isoform quan-
tification at the transcript level revealed that isoforms 19E
and 20E are transcribed forms of ERAPI, expressed in all
124 individuals and at levels high enough to potentially
contribute to the functional output of the enzyme.

We demonstrate here that alternate expression of
these 2 isoforms is likely modulated by a genetic splice-
interfering variant rather than by the common mechanism
of alternate splicing, and that this variant is strongly associ-
ated with AS. The observation that the disease risk—
associated allele at all significant ERAPI sQTLs correlated
with increased expression of the 19E transcript and
decreased expression of the 20E transcript suggests that
there may be some disease-protective feature of the 20E
isoform specifically. SNPs exhibiting the most significant
sQTL effect were localized around the exon/intron 19
boundary, around the first point of sequence variation
between the 2 isoforms, and it has been previously noted
that a number of the strongest disease-associated variants
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in ERAPI fall in this location, with a potential involvement
in splicing (12).

The most significant sQTLs retained a strong dis-
ease association upon correction for rs30187, implying
that they are situated within the rs10050860-tagged haplo-
type; perhaps a splice site variant governing ERAPI iso-
form expression is of greatest functional importance at
this position. Our data suggest that the rs10050860 associ-
ation is driven by the sQTL rs7063, but we cannot for-
mally exclude effects due to other polymorphisms in
strong LD with it, noting that rs10050860 itself has been
shown not to affect ERAP-1 peptide cleavage (1,17).

MS quantification of isoform expression showed
that both the 19E and 20E isoforms of the ERAP-1 pro-
tein were present at detectable levels in all 39 assayed
samples. Similarly, observed differences in the molecular
mass of ERAP-1 isolated from various human cell lines
confirms the co-occurrence of the 2 forms of the full-
length protein (53). One putative mRNA splice-altering
mutation (1s7063) in ERAPI contributed to marked vari-
ability in the type of ERAP-1 protein expressed. This vari-
ant has an association with AS of P = 1.3 x 10™*! and an
association of P = 2.5 x 1077 upon correction for
rs30187. The observation that a far stronger association of
rs7063 with AS remained after correction for rs10050860
(P = 1.4 x 107'%) compared with the rs10050860 associa-
tion upon correction for 157063 (P = 2.6 x 107) supports
the notion that rs7063, or a marker in tight LD with it, is
the more important variant at the second independent
ERAPI disease-associated haplotype.

SNP 157063 falls in the middle of the conserved
transcription termination sequence (AATAAA) in the 3'-
UTR of isoform 19E, a motif recognized by cleavage and
polyadenylation-specific factors involved in 3’-end tran-
scription termination in mammals (54). The risk allele
(majorallele T onthereverse strand in the motif AATAAA,
allele A on the forward strand) would be expected to pro-
mote correct termination of the 19-exon form of the tran-
script, whereas the protective allele may result in loss of
termination sequence recognition, producing the 20-exon
form of the transcript. Variant rs111774449, falling in the
splice donor sequence at the 3-end of exon 19 (55), may
also be a candidate for isoform switching but is rare (minor
allele frequency of <0.01 in the EXAC data set) and was not
genotyped orimputed in this study.

The strong disease-protective haplotype that arises
from co-occurrence of rs30187 and rs7063 protective
alleles is evidence that ERAPI expression dynamics con-
tribute to the pathogenicity afforded by increased enzyme
activity. The enhanced genetic contribution of SNP haplo-
types at 5q15 has been previously noted, with carriage of
both disease-associated haplotypes increasing the risk by
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~4 fold, a far greater risk than the additive effects of
either variant alone (1.2-1.3-fold for either variant in iso-
lation) (1). The current study provides a potential func-
tional mechanism to explain this observation.

Quantification of ERAP-1 protein isoforms in
individuals with different rs7063 genotypes implied dif-
ferences in the dynamics of translation from mRNA to
protein. Despite approximately equal levels of the 19E
and 20E transcripts in individuals heterozygous for
157063, 81% of the ERAP-1 protein detected in these
individuals was of the 19E isoform. This raises the ques-
tion of whether loss of isoform 20E posttranscription
due to sequence or structural variation between the 2
isoforms (gain of a C-terminal exon) perhaps contributes
to less efficient translation of isoform 20E, or misfolding
and degradation of the protein, with subsequent lack of
function. If this is the case, the mechanism of protection
conferred by the disease-protective genotype at splice-
site SNPs may arise due to skewed expression toward
the 20E transcript, subsequent loss of this isoform at the
protein level, and thus a decrease in the overall level of
functional ERAP-1 available to the cell.

Ab initio modeling of the additional amino acid
residues of isoform 20E was required to explore the role of
the exon 20 residues in the structure of ERAP-1. The area
of ERAP-1 domain 4 with which the exon 20—derived resi-
dues are predicted to interact (Figure 4) is effectively
invariant structurally between the open and closed forms
of ERAP-1, implying that the presence of the isoform 20E
C-terminal extension is unlikely to alter the open- to
closed-form dynamics believed to be required for substrate
binding and release (56,57). Tertiary structure modeling,
however, could not predict whether these residues interfere
with folding of the mature protein. The UCSC Genome
Browser 100 vertebrate conservation track (58) shows very
low sequence conservation in exon 20 relative to the other
19 exons of ERAPI and, indeed, other coding exons in gen-
eral. This suggests that 19-exon ERAP-1 is the predominant
functional form of the enzyme, and that the appended 7
amino acids in isoform 20E are irrelevant to the mature
enzyme, which is thus tolerant of substituting mutations, or
that the protein itself is removed from the cell before it can
actively contribute to peptide trimming.

To date, differential gene expression studies in AS
have shown no evidence for significant changes in the
expression of genes encoding disease-associated amino-
peptidases in patients relative to healthy controls (59,60).
Here, we demonstrate the ability of eQTL studies to iden-
tify genotype-driven altered gene expression in disease,
which would go unnoticed by differential expression stud-
ies that pool samples of different genotypes. Importantly,
it must be acknowledged that dynamic changes in the
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isoforms derived from a transcriptional unit can be far
more insightful than measures of total gene expression,
adding layers of complexity to the functional output of a
gene. It appears that increased aminopeptidase expres-
sion governed by altered transcript dynamics at both
ERAPI and ERAP?2 is a key mechanism driving the degree
to which these enzymes contribute to immune-mediated
disease. These findings support ERAP inhibition as a
therapeutic approach to treating diseases including AS
and psoriasis, in which protective genetic variants lead to
loss of both ERAP levels and ERAP function.
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Objective. To evaluate the efficacy and safety of ataci-
cept, an antagonist of B lymphocyte stimulator/APRIL—-
mediated B cell activation, in patients with systemic
lupus erythematosus (SLE).

Methods. ADDRESS 1I is a 24-week, multicenter,
randomized, double-blind, placebo-controlled, parallel-
arm, phase IIb study evaluating the safety and efficacy
of atacicept in patients with SLE (ClinicalTrials.gov
identifier NCT01972568). Patients with active, autoanti-
body-positive SLE receiving standard therapy were ran-
domized (1:1:1) to receive atacicept (75 mg or 150 mg)
or placebo for 24 weeks. The primary end point was the
SLE responder index 4 (SRI-4) at week 24.

Results. The intent-to-treat (ITT) population
included 306 patients. There was a trend toward an
improved SRI-4 response rate with atacicept 75 mg
(57.8%; adjusted odds ratio [OR] 1.78, P = 0.045) and
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150 mg (53.8%; adjusted OR 1.56, P = 0.121) at week 24
as compared with placebo (44.0%) (primary analysis;
using the screening visit as baseline). In a prespecified
sensitivity analysis using study day 1 as baseline, a sig-
nificantly larger proportion of patients receiving ataci-
cept 75 mg and 150 mg achieved an SRI-4 response at
week 24 compared with placebo. In predefined subpopu-
lations with high levels of disease activity (HDA) at
baseline, serologically active disease, or both, statisti-
cally significant improvements in the SRI-4 and SRI-6
response rates were seen with atacicept versus placebo.
A severe risk of disease flare was reduced with atacicept
therapy in both the ITT and the HDA populations. The
risks of serious adverse events and serious or severe
infection were not increased with atacicept as compared
with placebo.

Conclusion. Atacicept treatment showed evidence
of efficacy in SLE, particularly in HDA and serologically
active patients. Reductions in disease activity and severe
flare were observed with atacicept treatment, with an
acceptable safety profile.

Systemic lupus erythematosus (SLE) is a multisys-
tem autoimmune disease with a fluctuating disease course
characterized by sporadic, unpredictable disease flares
(1-3). Standard treatments include antimalarial, cortico-
steroid, and immunosuppressive drugs (4). Despite im-
proved understanding of the disease process, there
remains a significant unmet need for new treatment
because of the continued high risk of death and progres-
sive organ damage (5-7). The long-term burden of disease
symptoms and toxic effects of immunosuppressive thera-
pies also significantly affects quality of life (8-10).

Elevated serum levels of the cytokines B lympho-
cyte stimulator (BLyS) and APRIL in SLE patients
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correlate with both disease activity (11,12) and autoanti-
body production (13-16). These factors are therefore
promising targets for new investigational therapies. The
BLYyS inhibitor belimumab has demonstrated efficacy and
safety in phase III studies in SLE (17,18) and is approved
for treating patients with active disease. Efficacy of ataci-
cept, the dual APRIL/BLyS inhibitor, was suggested by
the APRIL SLE study, which also confirmed its biologic
activity in reducing total B cell, plasma cell, and serum
immunoglobulin levels in SLE patients (19,20).

We report herein the findings of ADDRESS 11,
a randomized, placebo-controlled phase IIb study of
weekly doses of atacicept (75 or 150 mg) versus pla-
cebo in patients with active, autoantibody-positive SLE
receiving standard therapy (ClinicalTrials.gov identifier
NCT01972568).

PATIENTS AND METHODS

Study design. In this 24-week, multicenter, random-
ized, double-blind, placebo-controlled, parallel-arm, phase IIb
study, patients with SLE receiving standard therapy were
assigned to once-weekly subcutaneous injections of placebo or
atacicept, 75 or 150 mg. The study included a screening period
of up to 4 weeks, a treatment period of 24 weeks (reported
herein), and a safety follow-up period of 24 weeks (see Supple-
mentary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40360/
abstract). A long-term extension was offered as part of a
separate protocol (see Supplementary Figure 2, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40360/abstract).
The data reported herein were generated by the ADDRESS II
study investigators in Latin America, Asia, South Africa,
Europe, UK, and the US.

Prednisone-equivalent corticosteroid dosages could be
adjusted during screening (up to 40 mg/day) but had to be <30
mg/day and no more than the dosage at the screening visit by
week 4, except that patients receiving <7.5 mg/day at screening
could be taking as much as 7.5 mg/day at week 4. Dosage taper-
ing was encouraged during weeks 5-16. One corticosteroid res-
cue with <30 mg/day was allowed, but the dosage had to be
reduced to the dosage at week 4 within 7 days. The dosage at
week 16 remained stable during weeks 17-24.

Single immunosuppressive or immunomodulatory drugs
and/or an antimalarial drug were permitted. We excluded
patients who had received treatment with other investigational
agents within the previous 3 months, within a period of 5 half-
lives of that drug from the screening visit, or per the washout
requirement from the previous protocol, whichever was longest.
Patients who had received belimumab (or other anti-BLyS ther-
apy), rituximab, ocrelizumab, or other B cell-directed biologic
drug within 1 year before the screening visit were excluded.
Background therapy had to remain stable during the screening
and treatment periods. Use of nonpermitted medicines or thera-
pies required discontinuation of atacicept and was considered a
treatment failure (for details, see Supplementary Text 1, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40360/abstract.)
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Baseline was defined as the screening visit for assess-
ments of disease activity and as treatment day 1 for all other
assessments. Interim safety and disease activity data were reg-
ularly monitored by an independent Data Safety Monitoring
Board.

Eligibility criteria. Eligible patients were age >18 years
with at least moderately active SLE, as defined by an SLE Dis-
ease Activity Index 2000 (SLEDAI-2K) score of >6, met at least
4 of the American College of Rheumatology revised classifica-
tion criteria for SLE (21,22), had a disease duration of >6
months, and were positive for antinuclear antibody (titer >1:80
on HEp-2 cell substrate) and/or anti-double-stranded DNA
(anti-dsDNA) antibody (>30 IU/ml) at screening. Up-to-date
vaccinations against Streptococcus pneumoniae and influenza
virus were required (could be given during screening). Patients
with severe glomerulonephritis (urine protein-to-creatinine ratio
>2.0 mg/mg and/or estimated glomerular filtration rate <40 ml/
minute/1.73 m2) and those with major central nervous system
manifestations were excluded. (For further eligibility criteria, see
Supplementary Text 2, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40360/abstract.)

All patients provided written informed consent. The
study was performed in accordance with the Declaration of
Helsinki, the International Conference on Harmonisation
Note for Guidance on Good Clinical Practice (ICH Topic E6,
1996), and applicable regulatory requirements. All study sites
received approval for the study from their local ethics board.

Randomization. An interactive web response system
was used to randomize the patients 1:1:1 to either of 3 study
arms. Randomization was stratified according to the SLEDAI-
2K total score (6-9 versus >10), race (black/African American
versus other), and use of mycophenolate mofetil at screening.

Assessment of end points. The primary end point was
the SLE Responder Index 4 (SRI-4) (17,18) without clinically
significant use of nonpermitted medication or treatment at
week 24 compared with the screening visit. The SRI-4 is a
composite end point that includes SLEDAI-2K score >4 point
reduction; <10% increase in physician’s global assessment; no
new organ with British Isles Lupus Assessment Group
(BILAG) [2004] A (severe) disease, and no more than 1 new
BILAG B (moderate) organ score.

Key secondary end points were corticosteroid dosage
reduction and patient’s global assessment of change at 24
weeks. (For complete details, see Supplementary Text 3, avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.40360/
abstract.) Other disease activity end points were severe flares,
as assessed by the Safety of Estrogens in Lupus Erythemato-
sus National Assessment (SELENA) version of the SLEDAI
(the SELENA-SLEDAI flare index [SFI]) or by a new
BILAG A (severe) manifestation (23). An evaluation of the
SRI-6 in the predefined high disease activity (HDA) subpopu-
lation (SLEDAI-2K score >10 at screening) was performed.

Assessment of biomarkers. Biomarker assessments
included serum concentrations of IgG, IgM, and IgA, comple-
ment C3 and C4 (measured using Tina-Quant complement C4
and C3c tests; Roche Diagnostics), and anti-dsDNA antibodies
(measured by enzyme-linked immunosorbent assay; Phadia).

Assessment of safety. Safety was assessed according to
the findings on the physical examination, vital signs measure-
ments, electrocardiograms, and clinical laboratory tests. Reports
of adverse events (AEs) and serious AEs were also evaluated.
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Statistical analysis. Assuming a 30% response rate
with placebo and a 2-sided alpha value of 0.05, a total of 93
patients per arm would provide 80% power to detect a 20%
absolute difference in the proportion of patients achieving an
SRI-4 response for each of the 2 active drug groups versus
placebo. With the 1:1:1 randomization ratio, the planned total
sample size was therefore 279.

Data analysis was planned for the following popula-
tions: intent-to-treat (ITT; all randomized patients), modified
ITT (all randomized patients who received at least 1 dose of
study medication, whether atacicept or placebo), safety (all

MERRILL ET AL

randomized patients who received at least 1 dose of study
medication, whether atacicept or placebo, and were analyzed
according to actual treatment received), and HDA (a sub-
group of the modified ITT population with a SLEDAI-2K
score of >10 at screening). The primary efficacy analysis was
performed using the modified ITT population. Step-down
sequential testing was used to control for multiplicity in test-
ing the 2 atacicept doses. The atacicept 150-mg arm was to
be first compared with placebo (primary analysis; 2-sided o =
0.05) and, if statistically significant, the atacicept 75-mg arm
was compared with placebo. Prespecified sensitivity analyses

Table 1. Demographic features and clinical characteristics at screening (intent-to-treat population)*
Atacicept
Placebo 75 mg 150 mg
(n =100) (n =102) (n=104)
Age, mean + SD years 40 £ 13.0 37+ 11.2 39 £ 11.6
Sex, no. (%)
Female 90 (90) 93 (91.2) 97 (93.3)
Male 10 (10) 9 (8.8) 7 (6.7)
Race, no. (%)
White 78 (78.0) 72 (70.6) 66 (63.5)
Black/African American 5 (5.0) 6 (5.9) 9 (8.7)
Asian 7 (7.0) 15 (14.7) 14 (13.5)
Native American or Alaska Native 4 (4.0) 3(29) 4 (3.8)
Native Hawaiian or other Pacific Islander 1 (1.0) 0 (0.0) 0 (0.0)
Other 5 (5.0) 6 (5.9) 11 (10.6)
Hispanic or Latino ethnicity, no. (%) 57 (57.0) 51 (50.0) 45 (43.3)
Geographic region
Europe 26 (26.0) 23 (22.5) 30 (28.8)
Asia 5(5.0) 12 (11.8) 10 (9.6)
North America 22 (22.0) 21 (20.6) 20 (19.2)
Central and South America 47 (47.0) 46 (45.1) 44 (42.3)
Disease duration, mean + SD years 6.79 + 7.648 6.77 £ 6.854 6.93 + 6.954
SLEDAI-2K
Mean + SD score 10 £ 2.8 10 £33 10 £ 3.0
No. (%) with score of >10 52 (52.0) 54 (52.9) 51 (49.0)
Physician’s global assessment score, mean + SD 1.50 £+ 0.452 1.42 £ 0.532 1.46 £+ 0.460
BILAG 2004 1A or 2B score, no. (%) 60 (60.0) 57 (55.9) 72 (69.2)
Serologically active diseaset 29 (29.0) 29 (28.4) 26 (25.0)
Medications
Corticosteroid (prednisone equivalent)
Mean £ SD dose, mg/day 9.40 £+ 7.503 10.18 + 8.898 9.41 + 7.417
No. (%) taking >7.5 mg/day 54 (54.0) 56 (54.9) 55 (52.9)
Antimalarial drug, no. (%) 78 (78.0) 75 (73.5) 80 (76.9)
Immunosuppressive drug, no. (%)
Azathioprine 20 (20.0) 20 (19.6) 21 (20.2)
Methotrexate 18 (18.0) 12 (11.8) 13 (12.5)
Mycophenolate mofetil 16 (16.0) 16 (15.7) 18 (17.3)
Other} 0 (0.0) 1(1.0) 3(29)
Serum biomarkers
ANA titer >1:80, no. (%) 96 (96.0) 99 (97.1) 98 (94.2)
Anti-dsDNA >15 IU/ml, no. (%) 47 (47.0) 51 (50.0) 49 (47.1)
Complement, no. (%) under LLN
C3 <0.9 gm/liter 32 (32.0) 36 (35.3) 33 (31.7)
C4 <0.1 gm/liter 19 (19.0) 16 (15.7) 21 (20.2)
IgG, mean + SD gm/liter 14.2 £+ 4.64 13.9 £ 4.66 15.0 £5.52

* The intent-to-treat population consisted of all patients randomized into the study who received at least 1 dose
of study medication. SLEDAI-2K = Systemic Lupus Erythematosus Disease Activity Index 2000; BILAG = British
Isles Lupus Assessment Group; ANA = antinuclear antibody; LLN = lower limit of normal.

+ Anti-double-stranded DNA (anti-dsDNA) antibody positivity (>15 IU/ml) and low levels of complement (<0.9

gm/liter of C3 and/or <0.1 gm/liter of C4).

1 Other immunosuppressive drugs were cyclosporine and leflunomide.
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for the primary end point were conducted as follows: 1) using
treatment day 1 as baseline (rather than the screening visit),
2) in the HDA subpopulation, and 3) in patient subgroups
with serologically active disease (anti-dsDNA antibody level
>15 TU/ml and low levels of complement [C3 <0.9 gm/liter
and/or C4 <0.1 gm/liter]).

Analyses of key secondary end points (corticosteroid
dosage reduction and patient’s global assessment of change at
week 24) were performed in a hierarchical manner (first, the
150-mg dose versus placebo, then, the 75-mg dose versus pla-
cebo) to control for overall Type I error (2-sided o = 0.05)
but became exploratory if the primary end point was not met
for either atacicept dose. All other secondary end points were
analyzed descriptively using appropriate summary statistics.

All treatment effect tests were conducted at a 2-sided
alpha level of 0.05. P values and 2-sided 95% confidence inter-
vals (95% ClIs) are presented where applicable. Binary end
points were analyzed using logistic regression, adjusted for ran-
domization stratification factors. Continuous end points were
analyzed using analysis of covariance, adjusted for the baseline
value and randomization stratification factors. Time to severe
SLE flares was defined according to the BILAG and SFI flare
indices separately, and analyzed using a Cox proportional haz-
ard regression model adjusted for baseline stratification factors.
Patients not experiencing severe flare were censored at time of
last treatment.

RESULTS

Study population. A total of 306 patients were
randomized to receive either placebo (n = 100), atacicept
75 mg (n = 102), or atacicept 150 mg (n = 104). Disposi-
tion of the study patients is shown in Supplementary Fig-
ure 3 (available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40360/abstract). All randomized patients (n =
306, the ITT population) received at least 1 dose of ataci-
cept or placebo and were included in the modified ITT
and safety analyses. Forty-four patients (14.4%) discontin-
ued treatment prematurely after randomization (16.0% of
the placebo group, 15.7% of the atacicept 75-mg group,
and 11.5% of the atacicept 150-mg group). The main rea-
sons for discontinuation were AEs (16 patients [36.4%])
or the patient’s decision to withdraw (n = 16 patients
[36.4%]). One patient was lost to follow-up.

The demographic features, disease characteristics
and severity, and background medications at baseline
were similar between groups, except that more patients
in the atacicept 150-mg group than in the 75-mg group
had BILAG 2004 1A or 2B scores at screening (Table 1).
BILAG A and B organ system manifestations were
mainly mucocutaneous and musculoskeletal (Supple-
mentary Table 1, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40360/abstract), and the most com-
mon SLEDAI-2K disease manifestations included arthri-
tis, rash, and low levels of complement (Supplementary
Table 2, available at http://onlinelibrary.wiley.com/doi/
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10.1002/art.40360/abstract). In the ITT population, 84
patients (27.5%) had serologically active disease.

The HDA subpopulation included 158 patients
(51.6%). Baseline BILAG A and B organ system and
SLEDAI-2K manifestations were mainly balanced across
treatment arms, although more patients in the atacicept
150-mg group than the 75-mg group experienced BILAG
B mucocutaneous (76.5% versus 58.2%) and muscu-
loskeletal (66.7% versus 56.4%) manifestations (Supple-
mentary Table 1). Other clinical features of SLE in the
HDA subpopulation were comparable to those in the ITT
population, except for the following SLEDAI-2K manifes-
tations, which were more frequent in HDA patients: low
complement levels (50.0% versus 35.6%), anti-dsDNA
antibody positivity (67.7% versus 48.0%), and proteinuria
(14.6% versus 8.2%) (Supplementary Tables 1 and 2).
Daily doses of corticosteroids at screening were similar in
the ITT and HDA populations (Supplementary Table 3,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40360/abstract).

SRI responses. SRI-4 response. In the primary
efficacy analysis, there was a trend toward an improved
SRI-4 response rate at week 24 with atacicept 75 mg
(57.8%; adjusted odds ratio [OR] 1.78 [95% CI 1.01-3.12],
P =0.045) and atacicept 150 mg (53.8%; adjusted OR 1.56
[95% CI 0.89-2.72], P = 0.121) versus placebo (44.0%)
(Table 2). Differences in treatment response versus pla-
cebo were observed from around week 16 (Figure 1A).

Since the primary end point was not met, all other
analyses are considered exploratory. In a prespecified sen-
sitivity analysis using day 1 as baseline, both atacicept
doses improved SRI-4 response rates at week 24 in the
ITT population (P < 0.05 for each comparison) (Supple-
mentary Figure 4, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40360/abstract). The serologically active
patient subgroup achieved significantly higher SRI-4
response rates with both 75 mg (62.1% [adjusted OR
596 (95% CI 1.85-19.15)], P = 0.003) and 150 mg
(61.5% [adjusted OR 7.49 (95% CI 2.12-26.44)], P =
0.002) of atacicept versus placebo (24.1%) at week 24
(Table 2). Furthermore, dose-dependent improvements
in SRI-4 response rates were seen in the HDA subpopu-
lation, with atacicept 150 mg improvement (62.7%)
being significantly higher than placebo (42.3%) at week
24 (adjusted OR 2.44 [95% CI 1.09-5.44], P = 0.029)
(Table 2). Improvement in treatment response was
observed from week 4, and this increased to the end of
treatment (Figure 1B).

SRI-6 response. In the HDA subpopulation, an
SRI-6 response at week 24 occurred more frequently with
atacicept 150 mg (54.9% [adjusted OR 3.31 (95% CI
1.44-7.61)], P = 0.005) versus placebo (28.8%) (Table 2).
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Table 2. SRI responder rates at week 24*

Atacicept 75 mg versus Atacicept 150 mg versus
Response rate, no. (%) placebo response placebo response
Treatment Treatment
Atacicept  Atacicept effect Adjusted effect Adjusted
Population Placebo 75 mg 150 mg size, % OR (95% CI) P size, % OR (95% CI) P
ITT populationt
No. of patients 100 102 104
SRI-4 score 44 (44.0) 59 (57.8) 56 (53.8) 13.8 1.78 (1.01-3.12) ~ 0.045 9.8 1.56 (0.89-2.72)  0.121
SRI-6 score 30 (30.0) 32(31.4) 38(36.5) 14 1.08 (0.59-1.98)  0.810 6.5 1.44 (0.79-2.62)  0.230
No. serologically active 29 29 26
SRI-4 score 7(24.1) 18 (62.1) 16 (61.5) 37.9 5.96 (1.85-19.15) 0.003 374 7.49 (2.12-26.44)  0.002
SRI-6 score 4(13.8) 13 (44.8) 12 (46.2) 31.0 5.48 (1.49-20.13) 0.010 324 6.45 (1.66-25.06)  0.007
HDA populationi
No. of patients 52 55 51
SRI-4 score 22 (42.3) 33 (60.0) 32 (62.7) 17.7 2.11 (0.97-4.59)  0.060 20.4 2.44 (1.09-5.44)  0.029
SRI-6 score 15 (28.8) 24 (43.6) 28 (54.9) 14.8 1.98 (0.884.46)  0.098 26.1 3.31 (1.44-7.61)  0.005
No. serologically active 24 25 20
SRI-4 score 6(25.0) 16 (64.0) 13 (65.0) 39.0 5.97 (1.70-21.02)  0.005 40.0 7.72 (1.88-31.67)  0.005
SRI-6 score 4 (16.7) 12 (48.0) 11 (55.0) 31.3 4.88 (1.28-18.64)  0.020 38.3 7.31 (1.71-31.28)  0.007

* The Systemic Lupus Erythematosus Responder Index 4 (SRI-4) score represents a >4-point reduction, and the SRI-6 score represents a
>6-point reduction, in the score on the Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA) version of the SLEDAI,
with no new BILAG domain score or no more than 1 new BILAG B domain score, and no deterioration from baseline of >0.3 points in the
physician’s global assessment. Serologically active was defined as the anti-dsDNA antibody positivity (>15 IU/ml) and low levels of comple-
ment (<0.9 gm/liter of C3 and/or <0.1 gm/liter of C4). Adjusted odds ratios (ORs), 95% confidence intervals (95% Cls), and P values were
estimated from a logistic regression model and adjusted for prespecified covariates. See Table 1 for other definitions.

+ The intent-to-treat (ITT) population consisted of all patients randomized into the study who received at least 1 dose of study medication.

1 The high disease activity (HDA) population consisted of all patients with a SLEDAI-2K score of >10 at screening.

A -~ Placebo {1 Atacicept 75 mg —#l— Atacicept 150 mg

ITT population (n = 306)
60

a

o
o

4 }A = 13.8%}A - 9.8%
40 A
30 A

20 o

SRI-4 responders (%)

o
I

Screening 0 4 8 12 16 20 24

[os)

HDA population (n = 158)
70
60 7]

*

}« 17 7%}/\ =20.4%
----------- [mi

SRI-4 responders (%)

Screening (IJ All é 1I2 lIG 2IO 2I4

Week
Figure 1. Effect of atacicept on the disease response of patients with systemic lupus erythematosus (SLE), as determined by the SLE Responder
Index 4 (SRI-4). A, Proportion of SRI-4 responders in the intent-to-treat (ITT) population. B, Proportion of SRI-4 responders in the high disease

activity (HDA) subpopulation. Values at the right are the effect size (A) for the indicated treatment groups. * = P < 0.05 versus placebo. D1=
treatment day 1.



ADDRESS II ATACICEPT IN SLE 271

-<- Placebo —@— Atacicept 75 mg —ll— Atacicept 150 mg

A ITT population (n = 306) B HDA population (n = 158)
40 70
S S 60
S A=6.5% <
o 30 . [4%]
@ g 50
° T A=26.1%
=4 o = %
2 20 8 A=14.8%
7 o 30
o <
© 10 . © 2 .
2 A X 10 -
0 0 I
Screening 0 4 8 12 16 20 24 Screening 0 4 8 12 16 20 24
D1 D1
C ITT, serologically active population (n = 84) D HDA, serologically active population (n = 69)
= 50 * = 60
S
S * IS
o 40 - o
3 2w
- A=32.4% A=38.3%
g w o A=31.0% * g " A=313% "
2 - g
20
o =S 2 20
© s EEE TR O.. Lt --O ©
i - hE . -
% 10 - % 10
0 -, o o
Screening 0 4 8 12 16 20 24 Screening 0 4 8 12 16 20 24
D1 D1
Week Week

Figure 2. Effect of atacicept on the disease response of patients with systemic lupus erythematosus (SLE), as determined by the SLE Responder Index
6 (SRI-6). A, Proportion of SRI-6 responders in the intent-to-treat (ITT) population. B, Proportion of SRI-6 responders in the high disease activity
(HDA) subpopulation. C, Proportion of SRI-6 responders in the serologically active subgroup (anti-double-stranded DNA [anti-dsDNA] antibody posi-
tive [>15 IU/ml] and low levels of complement) of the ITT population. D, Proportion of SRI-6 responders in the serologically active subgroup (anti-
dsDNA antibody positive and low levels of complement) of the HDA subpopulation. * = P < 0.05 versus placebo. D1 = treatment day 1.

Separation of treatment effects was observed as early as Severe disease flares. In the ITT population, the
week 8 and attained a significant difference by week 16 incidence of severe disease flares was reduced with
(Figure 2B). The effect was not significant at week 24 in atacicept 75 mg according to the incidence of new
the ITT population (Figure 2A). The treatment effect BILAG A manifestation (Figure 3A) and with atacicept
size was pronounced in the patients with serologically 150 mg according to the SFI (2.9% versus 14.0% with

active disease, both in the ITT population and in the placebo; hazard ratio (HR) 0.18 [95% CI 0.05-0.62],
HDA population (Table 2 and Figures 2C and D). Simi- P = 0.002). The impact on disease flare was more pro-

larly, a subgroup of patients within the HDA subpopula- nounced in the HDA subpopulation: both atacicept
tion who were positive for anti-dsDNA antibody, had low doses led to reductions in severe flares according to
complement levels, or both at baseline achieved a 30.6% both the incidence of a new BILAG A manifestation
increase in the SRI-6 response rate with atacicept 150 mg (Figure 3B) and the SFI (with 150 mg, HR 0.19 [95%
treatment versus placebo. CI 0.05-0.68], P = 0.004; with 75 mg, HR 0.33 [95% CI
Modified SRI-4 and SRI-6 response rates excluding 0.12-0.94], P = 0.029) versus placebo (25.0%).

anti-dsDNA antibodies and complement levels. Although Findings of key secondary end points. Atacicept
the treatment effect size (A) for atacicept versus placebo 75 mg or 150 mg did not significantly increase the propor-
was lower after these SLEDALI serologic parameters were tion of patients achieving a corticosteroid dosage reduc-
excluded from the calculation of improvement in the tion to <7.5 mg/day at week 24 versus placebo (17.9%,
SLEDAI-2K score, differences between atacicept 150 mg 11.3%, and 18.9%, respectively) in patients whose corti-
and placebo were still apparent in the HDA subpopula- costeroid dosage was >10 mg/day at screening. Similarly,
tion. For the modified SRI-4, the values ranged from with atacicept versus placebo, no difference was observed
A16.5% in HDA patients to A23.2% in HDA patients in the proportion of patients reporting the following 7 cat-
who had anti-dsDNA antibodies or low complement egories of change in the patient’s global assessment: very
levels at screening. For the modified SRI-6, the values much improved, much improved, minimally improved, no
ranged from A18.2% in HDA patients to A21.8% in change, minimally worse, much worse, or very much
HDA patients who had anti-dsDNA antibodies or low worse at week 24 since beginning the treatment (data not
complement levels at screening (Supplementary Table 4, shown).

available at http://onlinelibrary.wiley.com/doi/10.1002/art. Levels of biomarkers. In patients with low levels

40360/abstract). of serum complement C3 (n = 101) or C4 (n = 56) at
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Figure 3. Kaplan-Meier analysis of time to first severe flare according to scores on the British Isles Lupus Assessment Group (BILAG) A grade
manifestations. A, Intent-to-treat (ITT) population. B, High disease activity (HDA) subpopulation. Numbers across the bottom of the x-axes are
the numbers of patients at the indicated time points. HR = hazard ratio; 95% CI = 95% confidence interval.

baseline, atacicept at either dosage led to a steady
increase in serum C3 or C4 levels, respectively, from week
4 until week 24, but in the placebo group, the levels
remained similar to baseline throughout the treatment
period. At week 24, the median percentage increase in
the serum C3 levels compared with baseline (treatment
day 1) was 5.3% with atacicept 75 mg and 22.1% with
atacicept 150 mg versus 1.5% with placebo. The median
percentage increase in the serum C4 level was 64.5% with
atacicept 75 mg and 128.6% with atacicept 150 mg (Fig-
ures 4A and B). In patients with a low C3 and/or C4 level

at baseline (n = 109), a normalized C3 and C4 level at
week 24 was achieved in 52.6% and 30.6% taking ataci-
cept 150 mg and 75 mg, respectively, versus 17.1% taking
placebo.

In patients with anti-dsDNA antibodies at baseline
(n = 147), both atacicept dosages reduced anti-dsDNA
antibody levels over time. At week 24, the median percent-
age change versus baseline was —23.6% with atacicept 75
mg and —28.2% with atacicept 150 mg. Anti-dsDNA anti-
body levels increased by a median of 16.0% with placebo
treatment (Figure 4C). Treatment with atacicept 150 mg
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Figure 4. Changes in serum biomarkers over time. The median percentage change from baseline over 24 weeks is shown for A, serum comple-
ment C3 levels (C3-low patients), B, serum complement C4 levels (C4-low patients), C, anti-double-stranded DNA (anti-dsDNA) antibody levels

(anti-dsDNA antibody—positive patients), and D, serum IgG levels.

and 75 mg increased the likelihood of not having a positive
anti-dsDNA antibody result at week 24 as compared with
placebo (30.6%, 19.6%, and 2.1%, respectively).

At week 24, serum IgG levels were reduced from
baseline by ~30% and 25% with atacicept 150 and 75 mg,
respectively (Figure 4D and Supplementary Figure 5,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40360/abstract). There were no incidents of severe
hypogammaglobulinemia (serum IgG <3 gm/liter). The
median percentage reduction in the serum levels of IgA
(~50% with 150 mg and ~45% with 75 mg) and IgM
(~70% with 150 mg and ~60% with 75 mg) compared with
baseline were of greater magnitude than the median per-
centage reduction in the serum level of IgG (Supplemen-
tary Figure 6, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40360/abstract).

Safety. Rates of treatment-emergent AEs (TEAES)
were higher with atacicept 75 mg and 150 mg versus pla-
cebo (81.4%, 80.8%, and 72.0%, respectively). The most
commonly reported AEs across treatment arms were injec-
tion site reactions, injection site pain, urinary tract infec-
tions, upper respiratory tract infections, and diarrhea
(Supplementary Table 5, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40360/abstract). Incidence rates
of TEAEs were similar with atacicept 75 and 150 mg and
placebo, except for upper respiratory tract infections (9.8%,
12.5%, and 3.0%, respectively) and diarrhea (6.9%, 11.5%,
and 5.0%), which were more common with atacicept, and

urinary tract infections (11.8%, 11.5%, and 17.0%), which
were more common with placebo. Other commonly
reported infections with atacicept 75 and 150 mg included
nasopharyngitis (4.9% and 6.7%), bronchitis (1.0% and
3.8%), and influenza (29% and 2.9%). Pneumonia
occurred in 1 patient (1.0%) in each atacicept group. There
were fewer serious TEAEs with atacicept 75 and 150 mg
than with placebo (5.8%, 8.8%, and 12.0%, respectively).
One patient treated with atacicept 150 mg (1%) reported
a serious infection, compared with 5.9% treated with
atacicept 75 mg and 5.0% treated with placebo.

The incidence of TEAEs leading to treatment dis-
continuation was comparable between study arms. Severe
treatment-emergent injection site reactions were infre-
quent, occurring in 1 patient (1.0%) receiving atacicept
75 mg and 1 patient (1.0%) receiving placebo. There were
no notable differences in clinical laboratory parameters
(i.e., hematology, liver function tests) between either of
the atacicept groups and placebo. No deaths occurred
during the study. Immunogenicity was assessed predose
and postdose: 7 patients in the atacicept 75-mg group and
1 patient in the atacicept 150-mg group had measurable
antibodies to atacicept at week 24.

DISCUSSION

ADDRESS II compared the efficacy and safety of
2 doses of atacicept (75 and 150 mg) with placebo in
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patients with active, autoantibody-positive SLE receiving
standard treatment. The primary end point of an SRI-4
response at week 24 was not met in the ITT population,
although there was a trend toward increased response
rates with atacicept. A more robust increase in the SRI-4
response rates for both atacicept doses was observed in
the sensitivity analysis in which day 1 was used as baseline.
The treatment effect size according to the SRI-4 in the
ITT population observed with atacicept 150 mg versus
placebo (A9.8% [adjusted OR 1.56] and A14.8% [adjusted
OR 1.96] in the primary and sensitivity analyses, respec-
tively) was similar to that observed with the highest dose
of belimumab (10 mg/kg) in the 52-week BLISS-52 and
BLISS-76 studies (A14.0% and A9.7%, respectively)
(17,18). Similar to the much larger BLISS studies, this
trial was conducted on a background of standard care and
included some adjustments in the steroid dosage, which
protects the safety of the sickest subpopulations, but sup-
ports high SRI-4 response rates in the placebo group
among patients with moderate disease, a tradeoff that
may limit the effect size if there is a ceiling of response
rates for targeted treatments in a heterogeneous disease.

We analyzed response in the stratified subpopula-
tion of patients with HDA (SLEDAI-2K of >10 at base-
line). Major treatment effects were observed with atacicept
150 mg versus placebo according to both the SRI-4
(A20.4%), a measure of clinically meaningful response, and
the SRI-6 (A26.1%), an end point that requires a greater
response. Even with the greater threshold for an SRI-6
response in patients with severe disease, the response rate
with atacicept 150 mg remained high (54.9%). These find-
ings are consistent with the findings of subgroup analyses in
blisibimod and belimumab studies that demonstrated an
increased treatment effect in patients with HDA (24,25).
These data suggest that when the target population is
patients with HDA, there is a greater likelihood of discrimi-
nating an effective treatment from placebo, and this may
have implications for future trial designs.

Serologic activity also defined a subpopulation
with increased responsiveness to belimumab (18,24). We
observed increased treatment effect sizes for SRI-4 and
SRI-6 with atacicept in patients with serologically active
disease, both in the ITT and HDA populations, consistent
with the roles played by BLyS in B cell proliferation and
maturation, autoantibody production, and thus, disease
pathogenesis (16,26-28). Since serologic normalization
can lead to a potential 4-point improvement in the
SLEDAI score (potentially accounting for achievement of
an SRI-4 response without clinical improvement), the
extent to which serologic effects contributed to SRI
response rates in these populations was examined by
excluding serologic data from the SRI assessment.
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Despite reductions in treatment effect sizes, response dif-
ferences were still pronounced, confirming that atacicept
treatment led to both clinical and serologic improve-
ments.

Consistent with the post hoc analysis of the
APRIL-SLE study, in which flare rates were reduced with
atacicept 150 mg (29), we observed reductions in the inci-
dence of new, severe BILAG A scores and SFI severe
flares with atacicept versus placebo in both the ITT popu-
lation and the HDA subpopulation. Atacicept has there-
fore demonstrated consistent flare reduction in 2 studies.

The biomarker results were comparable with those
previously observed in studies of atacicept, including the
APRIL-SLE study (29-31). Reduced serum immunoglob-
ulin and anti-dsDNA autoantibody levels and increased
complement levels were apparent soon after administra-
tion of atacicept and continued to the end of treatment.
The magnitude of changes appeared to be greater than those
reported for agents targeting BLyS alone (17,18,25,32).
This is consistent with the role of APRIL in plasma cell
survival (33,34), antibody production, and potentially,
associated complement consumption.

The safety profile of atacicept was acceptable. Com-
pared with placebo, there was no increase in the overall fre-
quency of serious AEs or in the subset of serious infections
associated with active treatment. Reassuringly, there were
no cases of severe hypogammaglobulinemia and no deaths.
The atacicept 150 mg treatment arm of the APRIL-SLE
study was prematurely terminated as a cautionary measure,
as recommended by the Independent Data Monitoring
Committee, following 2 deaths from pulmonary infections
complicated by pulmonary alveolar hemorrhage. Although
most large clinical trials of new therapy in SLE report simi-
lar small numbers of deaths (17,18,24,25,32), several addi-
tional risk-mitigation measures were established for the
ADDRESS 1I study in response to these fatal infection out-
comes. These included requirements for medical monitor
review of the patients’ screening data to confirm eligibility
as well as up-to-date vaccinations against pneumococcus
and seasonal influenza (could be administered during the
screening period up to 2 weeks prior to randomization).
These measures may have minimized the risk of serious
infections in this study population.

Potential limitations of the study include the low
proportion of black/African American patients enrolled
and the 24-week duration. Future studies will be needed
to evaluate responses in patients from populations with
renal and/or central nervous system disease and popula-
tions known to be at high risk of developing lupus and
experiencing poor outcomes. More prolonged atacicept
treatment may have provided more reliable efficacy dis-
crimination, and it will be important to assess the safety of
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longer-term treatment with atacicept. Completers of this
24-week study were offered enrollment in a long-term
extension study, the results of which will be reported as
soon as they are available.

In summary, although this phase IIb study did not
meet its primary end point, there was robust discrimination
between atacicept and placebo treatments in multiple end
points, particularly in subpopulations with serologic activ-
ity and/or high levels of disease activity. There was no
increase in the risk of serious AEs, including serious infec-
tions, in patients treated with atacicept. These results sup-
port further clinical evaluation of atacicept in SLE.
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Do They Share Common Targets?
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Objective. 1gG anti-DWEYS antibodies cross-reac-
tive with DNA and the N-methyl-p-aspartate receptor
subunits GluN2A and GluN2B are known to be associ-
ated with neuropsychiatric systemic lupus erythematosus
(NPSLE). IgG anti-DWEYS have not been investigated in
demyelinating NPSLE or in another demyelinating disor-
der, neuromyelitis optica spectrum disorder (NMOSD),
which is a disease also found mainly in young women and
associated with aquaporin 4 (AQP-4) or myelin oligoden-
drocyte glycoprotein (MOG) antibodies. This study was
undertaken to investigate the frequency of all of these
brain-reactive antibodies in patients with NPSLE, those
with demyelinating NPSLE, and those with NMOSD.
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Methods. Serum samples from patients with
NPSLE (n = 108), patients with SLE without neuropsy-
chiatric manifestations (n = 38), patients with NMOSD
(n = 33), and healthy controls (n = 106) were assessed
for the frequency of IgG anti-brain antibodies as well
as IgG antibodies to AQP-4, MOG, GluN2A/GluN2B,
and double-stranded DNA (dsDNA).

Results. Sera were positive for IgG anti-AQP-4
antibodies in 27 (82%) of 33 patients with NMOSD and 3
(27%) of 11 patients with demyelinating NPSLE, whereas
all sera from patients with non-demyelinating NPSLE,
patients with SLE, and healthy controls were negative for
IgG anti-AQP-4. IgG anti-MOG were detected at high
titers in 3 (50%) of 6 patients with NMOSD who were neg-
ative for IgG anti-AQP-4, and at low titers in 2 (18%) of
11 patients with demyelinating NPSLE and 1 (1%) of 97
patients with non-demyelinating NPSLE. IgG antibodies
to dsDNA were present in 11 (33%) of 33 patients with
NMOSD. Only 4 (12%) of 33 patients with NMOSD were
positive for IgG anti-DWEYS, compared to 11 (29%) of 38
patients with SLE and 59 (55%) of 108 patients with
NPSLE. IgG anti-DWEYS antibodies were present in 56
(58%) of 97 patients with non-demyelinating NPSLE and
3 (27%) of 11 patients with demyelinating NPSLE. Serum
IgG brain-reactive antibodies were present at a similar
frequency in patients with non-demyelinating NPSLE (72
[75%] of 96), those with demyelinating NPSLE (9 [82%)]
of 11), and those with SLE (32 [84%] of 38), but were less
frequent in patients with NMOSD (20 [61%] of 33).

Conclusion. Patients with demyelinating NPSLE
should be tested for IgG antibodies to AQP-4, MOG, and
DWEYS. IgG anti-AQP-4 can be considered diagnostic
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for NMOSD, whereas none of these antibodies appear to
be diagnostic for demyelinating NPSLE. Moreover, IgG
anti-dsDNA are present in patients with NMOSD but are
not cross-reactive with IgG anti-DWEYS, indicating that
the antigenic stimulus and mechanisms of tissue damage
are potentially different between demyelinating NPSLE
and NMOSD.

Systemic lupus erythematosus (SLE) is a chronic
inflammatory disease that is characterized by the presence
of various autoantibodies. Neuropsychiatric manifestations
of SLE (NPSLE) can be very severe, and the diagnosis
remains challenging. There are a variety of clinical presen-
tations that include neurologic and psychiatric symptoms.
Both an increased frequency of mortality and a diminished
quality of life, in comparison to SLE patients without
neuropsychiatric manifestations, are features that are asso-
ciated with NPSLE (1). NPSLE is characterized by 19 neu-
ropsychiatric syndromes, as defined by the American
College of Rheumatology (ACR) 1999 nomenclature (2).
The frequency of these neuropsychiatric symptoms among
SLE patients can be challenging to evaluate, and the fre-
quencies vary widely in different patient studies, ranging
from an incidence of neuropsychiatric symptoms in as few
as 10% of SLE patients to as many as 90% (3).

Attribution of symptoms to SLE is also compli-
cated because specific biomarkers for NPSLE have yet to
be identified. Many of the neuropsychiatric syndromes
classified by the ACR are not unique to NPSLE and are
also present in other autoimmune diseases. For example,
demyelination syndrome in patients with NPSLE can
result in clinical and imaging features similar to those
found in multiple sclerosis (4). Thus, the diagnosis of
NPSLE is based on a combination of psychiatric and
neurologic testing, magnetic resonance imaging (MRI),
electroencephalography, nerve conduction studies, and
cerebrospinal fluid analysis (5). Postmortem brain studies
in patients with NPSLE are rare, and the findings have
suggested that there are a variety of different neuropatho-
logic manifestations that can occur in patients with
NPSLE, such as hemorrhage, cortical and subcortical
atrophy, microinfarcts, and demyelination (6).

Results of previous studies have suggested that
certain antibodies, such as anti-ribosomal P protein or
antiphospholipid antibodies, anti-Sm antibodies, comple-
ment components, and immune complexes, may be
responsible for emergence of some of the focal or diffuse
neuropsychiatric symptoms observed in NPSLE (7-10).
To date, more than 100 different antibodies have been
reported in patients with SLE or NPSLE (11), of which
some might be directly associated with the disease. The
identification of specific antibodies showing a potential
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association with discrete manifestations of NPSLE not
only would facilitate early diagnosis and treatment, but
also could result in increased understanding of disease
pathogenesis and the development of therapeutic ap-
proaches with less severe immunosuppression.

Previously, investigators in our group demon-
strated that antibodies against the amino acid sequence
DWEYS, a consensus sequence in the extracellular
domain of the GIluN2A/GluN2B subunits of the neuronal
N-methyl-p-aspartate (NMDA) receptor, can induce
apoptosis of hippocampal neurons through excitotoxicity
and have been linked to cognitive impairment in a mouse
model (12). IgG anti-DWEYS antibodies in patients with
SLE display cross-reactivity with double-stranded DNA
(dsDNA) (13). Elevated titers of IgG anti-DWEYS are
more frequently detected in patients with NPSLE than
in healthy controls, and their presence is linked to spatial
cognitive impairment (14,15). So far, there are no data
addressing whether IgG anti-DWEYS have a role in
demyelinating NPSLE, and it remains unknown whether
these antibodies are also found in other neurologic dis-
eases, such as neuromyelitis optica spectrum disorder
(NMOSD), which is also a disease that mainly affects
young women and which has characteristics that can
overlap with those of demyelinating NPSLE (16). In
addition, some patients with NMOSD have been shown
to develop SLE, or vice versa.

NMOSD is an autoimmune disease characterized
by damage to the central nervous system (CNS), directed
primarily to astrocytes, and the presence of serum anti-
bodies that bind to the astrocytic water channel protein
aquaporin 4 (AQP-4) (17). Antibodies recognizing confor-
mation-dependent epitopes of myelin oligodendrocyte gly-
coprotein (MOG) are found in a subgroup of patients
with NMOSD who are negative for IgG anti-AQP-4
(18,19). NMOSD most commonly affects areas with high
levels of AQP-4 expression, such as the brain, optic nerve,
and spinal cord, often resulting in long-spanning, demyeli-
nating spinal cord lesions and/or optic neuritis. Demyelin-
ation, particularly optic neuritis and myelitis, are also part
of the spectrum of symptoms in NPSLE (2,20,21).
Although demyelination can be related to SLE activity, it
can sometimes be difficult to distinguish NPSLE from
NMOSD. Case reports suggest that some patients with
NMOSD develop SLE, and vice versa (2,16,22,23), raising
the possibility of an overlap between the 2 diseases and
making it difficult to distinguish whether the demyelin-
ation is part of SLE or NMOSD, or possibly both diseases.

In addition, IgG anti-dsDNA and IgG antinuclear
antibodies (ANAs), both of which are diagnostic hall-
marks of SLE, can also be found in NMOSD (24),
although data on their frequency and role in NMOSD are
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sparse. Unlike in SLE, it is not known whether anti-
dsDNA antibodies in NMOSD are cross-reactive with the
NMDA receptor and whether they are also linked to the
cognitive impairment often observed in patients with
NMOSD (25).

The purpose of this study was to understand the
antibody repertoire in NPSLE, especially in patients with
demyelinating NPSLE and patients with NMOSD, and to
investigate the frequency of all brain-reactive antibodies
that have been associated with both diseases. We also
wanted to establish the frequency of antibodies that have
been shown to be associated with NPSLE, such as dSDNA
antibodies and ANAs as well as IgG anti-DWEYS anti-
bodies, in patients with NMOSD. The frequency and
staining patterns of these brain-reactive antibodies were
assessed in comparison to patients with SLE without neu-
ropsychiatric manifestations and healthy controls.

PATIENTS AND METHODS

Patients. Patients with NMOSD were recruited from the
Clinic of Neurology, Clinical Center of Serbia in Belgrade (n =
31) and the Northwell Health System in New York (n = 2). All
patients with NMOSD met the revised diagnostic criteria for
NMOSD (26), and only patients without any clinical evidence of
other autoimmune diseases were included in this study. Patients
with SLE (n = 38) were recruited from the Feinstein Institute for
Medical Research (FIMR) in New York or the Kitasato Univer-
sity School of Medicine in Japan (n = 1). All patients with SLE
fulfilled the ACR revised classification criteria for SLE (27,28).
Patients with active NPSLE or those with a history of NPSLE or
other CNS events were excluded from the SLE group.

All patients with NPSLE were recruited in Japan, from
the Kitasato University School of Medicine (n = 60) or at the
Hokkaido University Graduate School of Medicine (n = 31), or
were recruited from the Clinic of Neurology, Clinical Center of
Serbia (n = 17). Patients with NPSLE fulfilled the ACR 1999
criteria for NPSLE (2). Demyelination in NPSLE was identi-
fied on the basis of MRI findings. All patients with demyelin-
ating NPSLE met the ACR 1999 criteria for demyelination (2),
and all had either transverse myelitis occurring at 2 different
time points or transverse myelitis with white matter demyelina-
tion or optic neuropathy occurring at 2 different time points.

In addition, 106 healthy control subjects from the FIMR
(n = 7), the Clinic of Neurology, Clinical Center of Serbia (n =
23), or the BioreclamationIVT bank (n = 76) were included in
the analyses. The present study was approved by the Northwell
Health Institutional Review Board. Blood samples were collected
from patients with NMOSD, patients with SLE, and healthy con-
trols according to protocols approved by the appropriate institu-
tional review boards at each of the participating institutions.

All serum samples were stored at —20°C and thawed
only once, to prevent freeze-thawing effects. Individuals pro-
vided informed consent through the appropriate institutional
review boards. The investigators were blinded with regard to
each patient’s clinical information.

Cell-based assay for testing antibodies to AQP-4 and MOG.
Antibodies to AQP-4 and MOG in the serum of all patients
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and controls were assessed using live cell-based assays, as pre-
viously described (18,29). All serum samples were analyzed at
20x and 40x screening dilutions, using human HEK 293T cells
transfected with AQP-4 (M23 AQP-4 isoform) or MOG. Non-
transfected cells were used as negative controls, to exclude non-
specific binding to HEK 293T cells. Antibody-positive samples
were serially diluted, and the titers of each antibody were deter-
mined. High-titer IgG anti-MOG antibodies were defined as
those with a titer of >80 times the mean value in healthy control
serum.

For the detection of IgG anti-AQP-4 antibodies, cells
transfected with the M23 isoform of AQP-4 were stained 72
hours following transfection. Briefly, cells were blocked with
phosphate buffered saline (PBS)-10% fetal bovine serum
(FBS), and then incubated with serum samples diluted in PBS—
10% FBS for 1 hour at 4°C. Following washing steps with PBS—
10% FBS, cells were incubated with Alexa 594—conjugated goat
anti-human IgG (Life Technologies) diluted in PBS-10% FBS
(400x dilution) for 30 minutes at room temperature. Following
washing with PBS-10% FBS, the cells were stained with DAPI
and analyzed using a fluorescence microscope. Nontransfected
cells were used as a negative control, and dead cells were
excluded from the analysis. For the detection of IgG anti-MOG
antibodies, we performed the same protocol as for IgG anti—
AQP-4, but analyzed the samples 24 hours after transfection.

Determination of dsDNA antibodies in serum samples.
Serum IgG anti-dsDNA antibodies in patients and healthy con-
trols were determined as described previously, with some modifi-
cations (13,14). Briefly, half-well plates (Costar) were dry-coated
with calf thymus DNA (400 pg/ml; Sigma). In order to produce
dsDNA, the sonicated calf thymus DNA was filtered through a
0.45 pM nitrocellulose Millex HA syringe filter (Millipore). The
plates were blocked with 3% FBS and subsequently incubated
with serum in 50x and 100x dilutions, followed by incubation
with alkaline phosphatase (AP)-conjugated goat anti-human
IgG (1,000x dilution; Southern Biotechnology). The plates were
then developed with AP substrate (Sigma), and the optical den-
sity at an absorbance of 405 nm was read using an automated
plate reader (Victor3; PerkinElmer). Positive and negative con-
trols were included in each plate. Cutoff values were calculated
as the mean plus 4 times the SD of values in healthy control
serum; the mean plus 2 SD was used to define antibody-positive
serum.

Determination of DWEYS peptide-reactive antibodies
in serum samples. Serum IgG anti-DWEYS antibodies in
patients and healthy controls were determined by enzyme-linked
immunosorbent assay (ELISA), as previously described (13,14).
Briefly, half-well ELISA plates (Costar) were coated with strep-
tavidin (2.5 pg/ml; Southern Biotechnology) in bicarbonate buf-
fer (pH 8.6) overnight at 4°C. The plates were blocked with 2%
bovine serum albumin (BSA) in PBS for 1 hour at room temper-
ature, followed by incubation with biotinylated DWEYS peptide
(5 pg/ml; Anaspec) in 0.2% BSA. The plates were then incu-
bated with the serum samples (100x dilution), followed by incu-
bation with goat anti-human IgG conjugated to AP, diluted in
0.2% BSA (1,000x dilution), for 1 hour. Subsequently, the
plates were developed with AP substrate (Sigma), and the opti-
cal density at an absorbance of 405 nm was read using an auto-
mated plate reader (Victor 3; PerkinElmer). As a quality
control, the same serum samples, either positive or negative for
IgG anti-DWEYS, were assayed in each plate. All samples were
assayed in triplicate. Cutoff values were calculated as the mean
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plus 4 times the SD of values in healthy control serum; the mean
plus 2 SD was used to define antibody-positive serum.

Determination of ANAs in serum samples. ANAs in
the serum from patients and healthy controls were determined
using a QuantaLite ANA ELISA (Inova Diagnostics) following
the manufacturer’s instructions, with use of relevant positive
and negative controls supplied by the kit. Briefly, the plates
were blocked with 3% FBS-PBS and incubated with serum at
41x dilution, followed by incubation with AP-labeled IgG and
subsequently with horseradish peroxidase substrate (included
in the kit). The optical density, measured as the absorbance at
405 nm (expressed in arbitrary units, following the conversion
specified by the manufacturer), was determined using an auto-
mated plate reader (Victor3; PerkinElmer). Cutoff values were
calculated as the mean plus 4 times the SD of values in healthy
control serum; the mean plus 2 SD was the cutoff used to
define antibody-positive serum.

Determination of IgG anti-brain antibodies in serum
samples. IgG anti-brain antibodies were analyzed in the same
manner as previously described (30). Briefly, 12-week-old,
unmanipulated C57BL/6 mice (Jackson Laboratories) were
anesthetized with isoflurane. The mouse brains were isolated
after perfusion with 4% paraformaldehyde (PFA), using car-
diac perfusion. Each extracted brain was postfixed overnight in
4% PFA and then incubated with 30% sucrose for 48 hours at
4°C. The brains were transferred to OCT embedding medium
on dry ice and frozen at —80°C. Sagittal sections (12 um) of
mouse brain were cut on a cryostat and frozen at —80°C. IgG
anti-brain antibodies were analyzed in the serum of patients
using a 100x dilution. Sections of the brain were washed 2
times with PBS and blocked with 3% BSA-4% goat serum
diluted in PBS-0.1% Triton for 1 hour at room temperature.
Subsequently, the sections were incubated with serum samples

lgG antl—AQP-4 Positive samples

GFP-AQP-4 Anti-human 1gG
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using a 100x dilution for 1 hour at room temperature. Follow-
ing 3 washing steps with PBS-Tween (10 minutes each), the
slides were incubated with anti-human secondary antibodies,
labeled with Alexa 488, for 1 hour at room temperature. Fol-
lowing washing, the slides were mounted with Dako mounting
solution. As a quality control, we used the same positive and
negative serum in each round of staining. In addition, a sec-
ondary antibody staining omitting the serum was included. All
procedures in animals were approved by the FIMR Institu-
tional Animal Care and Use Committee.

Statistical analysis. Statistical analyses of mean and SD
values, median (range) values, and significance of group differ-
ences, as well as linear regression analyses were performed
using GraphPad Prism version 5. Between-group comparisons
were performed with the Kruskal-Wallis test, using Dunn’s post
hoc test for multiple comparisons, the Mann-Whitney U test,
and the chi-square test. Statistical significance was defined as a
2-sided P value of less than or equal to 0.05, and Bonferroni
corrections for multiple comparisons were applied when appro-
priate.

RESULTS

Specificity of IgG anti-AQP-4 antibodies for
NMOSD, and detection in only a few patients with demyelin-
ating NPSLE. IgG anti-AQP-4 antibodies were analyzed in
patients with SLE, patients with NPSLE, patients with
NMOSD, and a large set of healthy controls, using a live
cell-based assay (29) (results in patients with demyelinating
NPSLE are shown in Figure 1). All patients and healthy
controls analyzed in this study were matched for sex

lgG antl—AQP 4 Negatlve samples

GFP-AQP-4 Anti-human IgG

Figure 1. Cell-based assay for the detection of IgG anti-aquaporin 4 (anti-AQP-4) antibodies in patients with demyelinating neuropsychiatric sys-
temic lupus erythematosus (NPSLE). Representative images of live cell-based assays show the detection of IgG anti-AQP-4 antibodies in the
serum of 3 patients with demyelinating NPSLE (patients 1, 2, and 3), whereas no IgG anti-AQP-4 reactivity was seen in the serum of 3 other
patients with demyelinating NPSLE (patients 4, 5, and 6). HEK 293T cells were transfected to express AQP-4 fused to green fluorescent protein
(GFP) on the cell surface (GFP-AQP-4; green). Serum from patients with demyelinating NPSLE was added to the HEK 293T cells overexpressing
GFP-AQP-4. Antibody testing was performed at serum dilutions of 1:20 and 1:40. Anti-human IgG was detected using an anti-human IgG sec-
ondary antibody (Alexa Fluor 594; red). IgG anti-AQP-4-negative serum samples show no costaining of anti-human IgG to the GFP-AQP-4-
transfected cells. Dead cells were excluded by DAPI staining, and positive samples were also added to nontransfected cells, in which no antibody
binding was observed (results not shown). IgG anti-AQP-4 antibody titers were determined by serial dilution of antibody-positive samples. Original
magnification x 40.
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Table 1. IgG anti-AQP-4 antibody serum status and titers in patients with NPSLE, patients with NMOSD, patients with SLE, and healthy
controls*
NPSLE
Without With Healthy
All demyelination ~ demyelination NMOSD SLE controls
(n = 108) (n=97) (n=11) (n=33) (n=38) (n=106) Pt
IgG anti-AQP-4 positive, no. (%) 3(3) 0 (0) 3(27) 27 (82) 0 (0) 0(0) 0.0056
IgG anti-AQP-4 titer, median 320 (160-10,240) - 320 (160-10,240) 1,280 (40-20,480) - - -
(min-max)

* A live cell-based assay was used to detect antibodies recognizing conformation-dependent epitopes of the astrocyte water channel protein
aquaporin 4 (AQP-4). IgG anti-AQP-4 serum status is presented as the number (%) of subjects with serum positivity for IgG anti-AQP-4 within
each patient group (patients with neuropsychiatric systemic lupus erythematosus [NPSLE], in total and stratified by demyelination status,
patients with neuromyelitis optica spectrum disorder [NMOSD], and patients with SLE without neuropsychiatric manifestations) and healthy
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controls. Titers of IgG anti-AQP-4 are presented as the median (minimum [min}-maximum [max]) in all IgG anti-AQP-4-positive groups.

+ By chi-square test.

and age (details on the demographic characteristics of all
subjects are available upon request from the corresponding
author).

IgG anti-AQP-4 were found in the serum of 27
(82%) of 33 patients with NMOSD. In contrast, IgG anti—
AQP-4 were detected in only 3 (3%) of 108 patients with
NPSLE (Table 1). When we divided patients with NPSLE
into those with and those without demyelination, IgG
anti-AQP-4 were found in 3 (27%) of the 11 patients with
demyelinating NPSLE (Table 1 and Figure 1), whereas
none of the 97 patients with non-demyelinating NPSLE
were positive for IgG anti-AQP-4. In addition, no IgG
anti-AQP-4 antibodies were found in the 38 patients with
SLE without neuropsychiatric manifestations or in the
106 healthy controls.

Serum anti-MOG antibodies detected in IgG
anti-AQP-4-negative patients with NMOSD but rarely
found in patients with NPSLE. A live cell-based assay (18)
was used to detect antibodies recognizing conformation-
dependent epitopes of MOG (Table 2) (further details
available upon request from the corresponding author).

High-titer IgG anti-MOG antibodies (titer range
80-20,480) were detected only in patients with NMOSD
who were negative for IgG anti-AQP-4 (3 [50%] of 6
patients). IgG anti-MOG antibodies expressed at lower
titers (titer levels <80) were found in 2 (18%) of 11 patients
with demyelinating NPLSE and in 1 (1%) of 97 patients
with non-demyelinating NPSLE. In addition, 5 (5%) of
106 healthy controls exhibited low titers of IgG anti-MOG
antibodies (median titer level 20).

Specificity of anti-NMDAR (GluN2A/GluN2B)
antibodies for SLE and NPSLE, with none detected in
patients with NMOSD or healthy controls. We investi-
gated the presence of IgG anti-DWEYS antibodies by
ELISA in the serum of patients and healthy controls
(Figures 2A and B). There were no significant differ-
ences in the expression of IgG anti-DWEYS between
healthy controls and patients with NMOSD. However,
both in patients with SLE and in patients with NPSLE,
significantly higher titers of IgG anti-DWEYS were
observed (Figure 2A). There was no significant differ-
ence in the titers of IgG anti-DWEYS antibodies

Table 2. IgG anti-MOG antibody serum status and titers in patients with NPSLE, patients with NMOSD, patients with SLE, and healthy controls*
NPSLE NMOSD
Without With IgG anti-AQP-4  IgG anti-AQP-4 Healthy
All demyelination demyelination negative positive SLE controls
(n = 108) (n=97) (n=11) (n=06) (n=27) (n=38) (n=100) Py
IgG anti-MOG positive, 3(3) 1(1) 2 (18) 3 (50) 0 (0) 0(0) 5(5) <0.0001
no. (%)
IgG anti-MOG titer, median 20 (20-40) 40 (40) 20 (20) 1,280 (80-20,480) - - 20 (20) -
(min—max)

* A live cell-based assay was used to detect antibodies recognizing conformation-dependent epitopes of myelin oligodendrocyte glycoprotein (MOG).
IgG anti-MOG serum status is presented as the number (%) of subjects with serum positivity for IgG anti-MOG antibodies in patients with NPSLE (in
total and stratified by demyelination status), patients with NMOSD (stratified by IgG anti-AQP-4 status), patients with SLE, and healthy controls. Titers
of IgG anti-MOG are presented as the median (minimum-maximum) in all IgG anti-MOG-positive groups. See Table 1 for other definitions.

+ By chi-square test.
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Figure 2. Expression of antibodies to GIuN2A/GluN2B (IgG anti-DWEYS) and IgG double-stranded DNA (anti-dsDNA) in the serum of
patients with neuropsychiatric systemic lupus erythematosus (NPSLE), patients with SLE without neuropsychiatric manifestations, patients with
neuromyelitis optica spectrum disorder (NMOSD), and healthy controls (HC) (A and C). Patients with NPSLE were also analyzed for serum IgG
anti-DWEYS and anti-dsDNA antibodies according to their demyelination status (those without and those with demyelination) (B and D). Data in
all patient groups and healthy controls are presented as the absorbance at an optical density of 405 nm. Symbols represent individual subjects; hor-
izontal lines with bars indicate the mean + SEM. Groups were compared by Mann-Whitney U test or Kruskal-Wallis test with Dunn’s correction
for multiple comparisons where appropriate. ** = P = 0.001 to 0.01; *** = P < 0.001. NS = not significant.

between patients with demyelinating NPSLE and
patients with non-demyelinating NPSLE (Figure 2B).
IgG anti-DWEYS antibodies were present in
59 (55%) of 108 patients with NPSLE and 11 (29%) of 38
patients with SLE (Table 3). In contrast, only 4 (4%) of
106 healthy controls and 4 (12%) of 33 patients with
NMOSD had IgG anti-DWEYS reactivity. When we
divided patients with NPSLE according to their demyelina-
tion status, 56 (58%) of 97 patients with non-demyelinating

NPSLE exhibited IgG DWEYS antibodies, compared to 3
(27%) of 11 patients with demyelinating NPSLE, suggest-
ing that these antibodies are not associated with demyeli-
nating symptoms in NPSLE.

Differences in frequencies and staining patterns of
IgG anti-brain antibodies in patients with SLE and
patients with NPSLE compared to patients with NMOSD.
Serum samples from patients and healthy controls were
analyzed for IgG anti-brain antibodies in experiments using
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Table 3. Frequency of DWEYS, dsDNA, and IgG anti-brain antibodies in the serum of patients with NPSLE, patients with
SLE, patients with NMOSD, and healthy controls*

NPSLE
All Without demyelination ~ With demyelination SLE NMOSD  Healthy controls
(n = 108) (n=97) (n=11) m=38) (n=33) (n = 106) Py
IgG anti-DWEYS 59 (55) 56 (58) 3(27) 11 (29) 4 (12) 4 (4) <0.0001
IgG anti-dsDNA 83 (77) 77 (79) 6 (55) 20 (53) 11 (33) 6 (6) <0.0001
IgG anti-brain 81 (75) 72 (75)% 9 (82) 32 (84) 20 (61) 13 (13)§ <0.0001

* Values are the number (%) of patients and healthy controls with serum positivity for IgG anti-DWEYS, IgG anti-double-

stranded DNA (anti-dsDNA), and IgG anti-brain antibodies. See Table 1 for other definitions.
1 P values for a significant trend between groups were determined using the chi-square test.

1 Data were available from 96 patients.
§ Data were available from 104 control subjects.

PFA-fixed rodent brain sections, which allowed us to
observe whether there was a difference in the frequency
(Table 3) and staining patterns (Figure 3) of these antibod-
ies between the groups. Overall, 72 (75%) of 96 patients
with non-demyelinating NPSLE had IgG anti-brain anti-
bodies. The frequency was strikingly similar between

Figure 3. Staining patterns of serum IgG anti-brain antibodies. Rep-
resentative results show immunostaining for serum IgG anti-brain
antibodies in mouse brain tissue from the hippocampus region incu-
bated with serum from a patient with neuromyelitis optica spectrum
disorder (NMOSD) and serum from a patient with systemic lupus
erythematosus (SLE). Original magnification x 40.

patients with demyelinating NPSLE (9 [82%] of 11) and
patients with SLE (32 [84%] of 38). In contrast, the per-
centage of patients with NMOSD who were positive for
IgG anti-brain antibodies was lower (20 [61%] of 33), likely
attributable to the fact that the propensity of IgG anti-
AQP-4 antibodies to bind to a conformational epitope of
the AQP-4 protein may be disrupted by PFA fixation. In
addition, usage of mouse brain tissue, rather than human
tissue, in these experiments may have contributed to the
lower sensitivity and specificity of the IgG anti-brain anti-
body frequencies in the serum of patients with NMOSD,
as has been demonstrated previously (17). Only 13 (13%)
of 104 healthy controls had IgG anti-brain antibodies.
Staining of the serum from patients with SLE as
well as patients with NPSLE revealed a neuronal staining
pattern (Figure 3). In contrast, IgG anti-brain antibodies
in the serum of patients with NMOSD mostly showed a
pattern of vasculature staining, sometimes accompanied
by neuronal staining. Only 1 NPSLE serum sample, which
harbored IgG anti-AQP-4 antibodies, showed staining of
the vasculature. Two NPSLE serum samples, which were
positive for low titers of IgG anti-AQP-4, did not show
vasculature staining, but did exhibit neuronal staining.
Elevated levels of IgG anti-dsDNA in patients with
SLE, patients with NPSLE, and patients with NMOSD
compared to healthy controls. We next assessed the fre-
quency of IgG anti-dsDNA antibodies in all patients and
healthy controls (Table 3). We used an ELISA that is
designed to detect IgG anti-dsDNA, and not single-
stranded DNA (ssDNA) antibodies, since ssDNA anti-
bodies are removed by binding to a nitrocellulose filter.
IgG anti-dsDNA were present in 20 (53%) of 38 patients
with SLE and 83 (77%) of 108 patients with NPSLE, com-
pared to 11 (33%) of 33 patients with NMOSD and 6
(6%) of 106 healthy controls. When stratified by demyelin-
ation status, 6 (55%) of 11 patients with demyelinating
NPSLE and 77 (79%) of 97 patients with non-demyelin-
ating NPSLE exhibited elevated titers of IgG anti-dsDNA.
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Patients with NMOSD had significantly higher
levels of IgG anti-dsDNA compared to healthy controls
(Figure 2C). However, the levels were significantly lower
in patients with NMOSD than in patients with NPSLE.
Since most patients with NMOSD are negative for IgG
anti-DWEYS, dsDNA antibodies in patients with
NMOSD are not cross-reactive with GluN2A/GIuN2B,
unlike that observed in patients with SLE and patients
with NPSLE.

Patients with non-demyelinating NPSLE had IgG
anti-dsDNA titers that were comparable to those in
patients with demyelinating NPSLE (Figure 2D). There
was no significant difference in IgG anti-dsDNA reactiv-
ity between patients with demyelinating NPSLE and
patients with NMOSD (Figures 2C and D).

Elevated levels of IgG ANAs in patients with SLE,
patients with NPSLE, and patients with NMOSD com-
pared to healthy controls. [gG ANAs were analyzed using
a commercially available ANA ELISA plate. A substan-
tial percentage of patients with NPSLE (96 [89%] of 108)
and patients with SLE (34 [89%)] of 38) had raised levels
of IgG ANAs as compared to healthy controls (5 [5%] of
106) and patients with NMOSD (11 [33%] of 33). How-
ever, levels of ANAs were also significantly elevated in
patients with NMOSD when compared to healthy con-
trols. The frequency of positivity for IgG ANAs was lower
in patients with demyelinating NPSLE (8 [73%] of 11)
compared to patients with non-demyelinating NPSLE (88
[91%] of 97). There was no difference in the frequency of
IgG ANA-positive serum between patients with demyelin-
ating NPSLE and patients with non-demyelinating
NPSLE (results available in Supplementary Figures 1A
and B, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40356/abstract).

DISCUSSION

In this study, we analyzed the frequency of brain-
reactive antibodies in a large number of patients with
NPSLE as compared to patients with SLE without neu-
ropsychiatric manifestations. Our results showed no dif-
ference in the frequency of serum IgG anti-brain
antibodies or in the neuronal staining pattern of these
antibodies between patients with SLE and patients with
NPSLE. This confirms the observations made in previous
studies in animal models, showing that circulating autoan-
tibodies directed against brain components are not suffi-
cient to cause neuropathologic symptoms, and that a
second insult is required to breach the blood-brain barrier
and allow IgG anti-brain antibodies to access the CNS
and thereby initiate disease pathogenesis. The route of
entry of antibodies may contribute to differences in the
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clinical presentation of patients. In our study, we observed
that the majority of patients with SLE and patients with
NPSLE (~80% in each group) exhibited a neuronal stain-
ing pattern upon incubation of their serum with mouse
brain tissue. Thus, serum antibodies both from patients
with SLE and from patients with NPSLE appeared to be
binding to neuronal antigens expressed particularly in the
hippocampal and cortical areas of the rodent brain tissue.
This region-specific binding could contribute to cognitive
impairment, which is one of the most common symptoms
in NPSLE (31).

Identification of specific target antigens, such as
the NMDA receptor, which is highly expressed within
these areas, and associations with clinical symptoms are
of central importance in future studies. Investigators in
our group have previously recognized that anti-dsSDNA
antibodies, a hallmark finding in SLE, that cross-react
with the GIuN2A/GluN2B subunits of the neuronal
NMDA receptor can cause neuronal damage upon breach
of the blood-brain barrier, as assessed in a mouse model
(13). Presence of these antibodies is correlated with
impairment of spatial cognition in rodents and humans
(14,32) and psychiatric manifestations in patients with
NPSLE (33). The frequency of GluN2A/GluN2B antibod-
ies (IgG anti-DWEYS) was elevated both in patients with
SLE and in patients with NPSLE compared to healthy
controls, as has been previously shown (33). Our results
confirm these findings, showing a higher frequency of IgG
anti-DWEYS in patients with NPSLE compared to
patients with SLE. It remains questionable whether anti-
dsDNA-anti-GluN2A/GIuN2B cross-reactive antibodies
are able to breach the blood-brain barrier by themselves.
It has been suggested that they can bind to and activate
endothelial cells to cause blood-brain barrier impairment
alternately (34); however, they might require a secondary
insult to breach the blood-brain barrier, such as activation
of cytokines or chemokines, complement activation, or
anti-endothelial antibodies (35).

The frequency of IgG anti-dsDNA and IgG anti-
DWEYS antibodies has not been tested in patients with
demyelinating NPSLE, nor have they been tested in
patients with NMOSD, which is another demyelinating
disorder in young women that has been reported to over-
lap with SLE or share neurologic features with NPSLE.
Since autoantibodies directed against the NMDA recep-
tor possess pathogenic potential, it is important to know
whether IgG anti-dsDNA antibodies in another CNS
autoimmune disease cross-react with the NMDA recep-
tor, or whether this specificity is specific to SLE.

We therefore investigated the frequency of IgG
anti-dsDNA and IgG anti-DWEYS in the serum of
patients with NMOSD, an inflammatory and demyelinating
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disease in which patients have recently been reported to
harbor IgG anti-dsDNA antibodies (36). The signifi-
cance and pathogenicity of dsDNA antibodies in the
course of NMOSD remains unknown. NMOSD is a dis-
ease of great interest for researchers, due to the discov-
ery in 2005 of highly specific IgG anti-AQP-4 antibodies
in the serum of patients (17), which resulted in the classi-
fication of NMOSD as its own disease rather than being
defined as a severe variant of multiple sclerosis (37). IgG
anti-AQP-4 are predictive of NMOSD (26). Antibodies
recognizing conformation-dependent epitopes of MOG
(a protein expressed on the outer surface of the myelin
sheath), which are found in a subgroup of IgG anti-
AQP-4-negative patients with NMOSD (18,38), may also
contribute to demyelination. The processes of demyeli-
nation, particularly myelitis and optic neuritis, are also
observed in some patients with NPSLE and are one of
the least understood symptoms in NPSLE.

Recently reported findings indicate that patients
with NMOSD develop other autoimmune diseases at a
high frequency (36). An increasing number of case studies
have described patients with SLE who develop NMOSD,
or vice versa (16,23). Precise data on the frequency of
NMOSD as a comorbidity of SLE is still mainly based on
small studies and case reports, and needs further investiga-
tion (16). Due to similar patterns of demyelination in some
of the patients with NPSLE and patients with NMOSD, it
can be difficult to distinguish whether the demyelination,
particularly myelitis and/or optic neuritis, is part of the
activity of SLE or part of the activity of NMOSD, or both
(39). NMOSD shares many typical features with NPSLE,
such as a strikingly high preponderance in women and a
beneficial response to immunosuppressive therapeutic
approaches. In addition, serum IgG anti-dsDNA and IgG
ANA:s can be found in both patient groups.

In our study, we analyzed brain-reactive antibod-
ies, including antibodies to DWEYS, MOG, and AQP-4.
In addition, we analyzed dsDNA antibodies in a large
cohort of patients with NPSLE, patients with SLE, and
patients with NMOSD without any other autoimmune
diseases. A large set of healthy controls was also included.
Our results confirm that IgG anti-AQP-4 are present in
the vast majority of patients with NMOSD, and we also
show that these antibodies can also be found in a small
number of patients with demyelinating NPSLE. The
presence of IgG anti-AQP-4 in 3 of 11 patients with
demyelinating NPSLE suggests that NPSLE patients with
demyelination should be routinely tested for IgG anti-
AQP-4. In that case, the diagnostic criteria for comorbid
NMOSD would be met. In contrast, we did not find IgG
anti-AQP-4 antibodies in patients with non-demyelinating
NPSLE. Since IgG anti-AQP-4-negative patients with
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demyelinating NPSLE showed serum positivity for brain-
reactive antibodies, it is likely that additional antibodies
play a role in the disease pathogenesis. Although ~80% of
patients with SLE or NPSLE had antibodies reactive to
mouse brain tissue, with a neuronal staining pattern, par-
ticularly of the cortex and hippocampus, serum from only
61% of patients with NMOSD showed staining on rodent
brain tissue. This finding may reflect the fact that PFA fix-
ation can alter the conformational epitope dependency of
IgG anti-AQP-4 antibodies. In addition, some studies
have shown that IgG anti-AQP-4 antibodies preferentially
bind to human brain tissue, rather than rodent brain.
Another explanation could be that IgG anti-AQP-4 anti-
bodies have to reach a certain titer to produce clear stain-
ing on rodent brain tissue.

Our finding that IgG anti-DWEYS were present in
the serum of 58% of patients with non-demyelinating
NPSLE and in 27% of patients with demyelinating NPSLE
suggests that other antibodies or non—antibody-mediated
mechanisms may be associated with demyelination. Despite
the presence of dsDNA antibodies in 33% of patients with
NMOSD, IgG anti-DWEYS were found in only 12% of
these patients. IgG anti-dsDNA antibodies in NMOSD are
not cross-reactive with DWEYS, indicating that there is a
different trigger for their production, and potentially differ-
ent mechanisms of tissue damage in this disease. It remains
to be investigated whether IgG anti-dsDNA antibodies in
patients with NMOSD cross-react with an antigen other
than the NMDA receptor subunits GluN2A and GluN2B.
Moreover, since predictive biomarkers are currently lack-
ing, it would be important to investigate whether IgG anti-
DWEYS positivity might be predictive of the development
of NPSLE in patients with NMOSD.

ACKNOWLEDGMENT

The plasmids for AQP-4 and MOG were a kind gift
from Prof. Markus Reindl (Medical University of Innsbruck,
Austria).

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. Diamond 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. Mader, Jeganathan, Arinuma, Fujieda,
Dujmovic, Drulovic, Shimizu, Sakuma, Stern, Aranow, Mackay,
Yasuda, Atsumi, Hirohata, Diamond.

Acquisition of data. Mader, Jeganathan, Arinuma, Fujieda, Dujmovic,
Drulovic, Shimizu, Sakuma, Stern, Aranow, Mackay, Yasuda, Atsumi,
Hirohata, Diamond.

Analysis and interpretation of data. Mader, Jeganathan, Arinuma,
Fujieda, Dujmovic, Drulovic, Shimizu, Sakuma, Stern, Aranow,
Mackay, Yasuda, Atsumi, Hirohata, Diamond.



286

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

. Hanly JG, Urowitz MB, Su L, Bae SC, Gordon C, Wallace DJ,

et al. Prospective analysis of neuropsychiatric events in an inter-
national disease inception cohort of patients with systemic lupus
erythematosus. Ann Rheum Dis 2010;69:529-35.

. ACR Ad Hoc Committee on Neuropsychiatric Lupus Nomencla-

ture. The American College of Rheumatology nomenclature and
case definitions for neuropsychiatric lupus syndromes. Arthritis
Rheum 1999;42:599-608.

. Hanly JG. Diagnosis and management of neuropsychiatric SLE.

Nat Rev Rheumatol 2014;10:338-47.

. Jeltsch-David H, Muller S. Neuropsychiatric systemic lupus ery-

thematosus: pathogenesis and biomarkers. Nat Rev Neurol
2014;10:579-96.

. Hanly JG. New insights into central nervous system lupus: a clini-

cal perspective. Curr Rheumatol Rep 2007;9:116-24.

. Hanly JG, Walsh NM, Sangalang V. Brain pathology in systemic

lupus erythematosus. J Rheumatol 1992;19:732-41.

. Arnett FC, Reveille JD, Moutsopoulos HM, Georgescu L, Elkon

KB. Ribosomal P autoantibodies in systemic lupus erythematosus:
frequencies in different ethnic groups and clinical and immuno-
genetic associations. Arthritis Rheum 1996;39:1833-9.

. Isshi K, Hirohata S. Differential roles of the anti-ribosomal P

antibody and antineuronal antibody in the pathogenesis of central
nervous system involvement in systemic lupus erythematosus.
Arthritis Rheum 1998;41:1819-27.

. Hirohata S, Sakuma Y, Yanagida T, Yoshio T. Association of cere-

brospinal fluid anti-Sm antibodies with acute confusional state in
systemic lupus erythematosus. Arthritis Res Ther 2014;16:450.
Sanna G, Bertolaccini ML, Cuadrado MJ, Laing H, Khamashta
MA, Mathieu A, et al. Neuropsychiatric manifestations in sys-
temic lupus erythematosus: prevalence and association with
antiphospholipid antibodies. J Rheumatol 2003;30:985-92.

Sherer Y, Gorstein A, Fritzler MJ, Shoenfeld Y. Autoantibody
explosion in systemic lupus erythematosus: more than 100 differ-
ent antibodies found in SLE patients. Semin Arthritis Rheum
2004;34:501-37.

Faust TW, Chang EH, Kowal C, Berlin R, Gazaryan IG, Bertini E,
et al. Neurotoxic lupus autoantibodies alter brain function through
two distinct mechanisms. Proc Natl Acad Sci U S A 2010;107:
18569-74.

DeGiorgio LA, Konstantinov KN, Lee SC, Hardin JA, Volpe BT,
Diamond B. A subset of lupus anti-DNA antibodies cross-reacts
with the NR2 glutamate receptor in systemic lupus erythemato-
sus. Nat Med 2001;7:1189-93.

Kowal C, Degiorgio LA, Lee JY, Edgar MA, Huerta PT, Volpe
BT, et al. Human lupus autoantibodies against NMDA receptors
mediate cognitive impairment. Proc Natl Acad Sci U S A 2006;
103:19854-9.

Diamond B, Volpe BT. A model for lupus brain disease. Immunol
Rev 2012;248:56-67.

Pittock SJ, Lennon VA, de Seze J, Vermersch P, Homburger HA,
Wingerchuk DM, et al. Neuromyelitis optica and non organ-spe-
cific autoimmunity. Arch Neurol 2008;65:78-83.

Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG
marker of optic-spinal multiple sclerosis binds to the aquaporin-4
water channel. J Exp Med 2005;202:473-7.

Mader S, Gredler V, Schanda K, Rostasy K, Dujmovic I, Pfaller
K, et al. Complement activating antibodies to myelin oligoden-
drocyte glycoprotein in neuromyelitis optica and related disor-
ders. J Neuroinflammation 2011;8:184.

Probstel AK, Rudolf G, Dornmair K, Collongues N, Chanson JB,
Sanderson NS, et al. Anti-MOG antibodies are present in a sub-
group of patients with a neuromyelitis optica phenotype. J Neu-
roinflammation 2015;12:46.

Theodoridou A, Settas L. Demyelination in rheumatic diseases.
J Neurol Neurosurg Psychiatry 2006;77:290-5.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

MADER ET AL

Bertsias GK, Ioannidis JP, Aringer M, Bollen E, Bombardieri S,
Bruce IN, et al. EULAR recommendations for the management
of systemic lupus erythematosus with neuropsychiatric manifesta-
tions: report of a task force of the EULAR standing committee
for clinical affairs. Ann Rheum Dis 2010;69:2074-82.

Jacobi C, Stingele K, Kretz R, Hartmann M, Storch-Hagenlocher
B, Breitbart A, et al. Neuromyelitis optica (Devic’s syndrome) as
first manifestation of systemic lupus erythematosus. Lupus 2006;
15:107-9.

Adawi M, Bisharat B, Bowirrat A. Systemic Lupus Erythematosus
(SLE) complicated by neuromyelitis optica (NMO — Devic’s dis-
ease): clinic-pathological report and review of the literature. Clin
Med Insights Case Rep 2014;7:41-7.

Monson N. Antinuclear antibodies in neuromyelitis optica: guard-
ians of the brain? Eur J Neurol 2016;23:223-4.

Saji E, Arakawa M, Yanagawa K, Toyoshima Y, Yokoseki A,
Okamoto K, et al. Cognitive impairment and cortical degenera-
tion in neuromyelitis optica. Ann Neurol 2013;73:65-76.
Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W,
Chitnis T, et al. International consensus diagnostic criteria for
neuromyelitis optica spectrum disorders. Neurology 2015;85:177—
89.

Hochberg MC. Updating the American College of Rheumatology
revised criteria for the classification of systemic lupus erythemato-
sus. Arthritis Rheum 1997;40:1725.

Tan EM, Cohen AS, Fries JE Masi AT, McShane DJ, Roth-
field NE, et al. The 1982 revised criteria for the classification
of systemic lupus erythematosus. Arthritis Rheum 1982;25:
1271-7.

Mader S, Lutterotti A, Di Pauli E Kuenz B, Schanda K, Aboul-
Enein F et al. Patterns of antibody binding to aquaporin-4 iso-
forms in neuromyelitis optica. PLoS One 2010;5:e10455.
Brimberg L, Sadiq A, Gregersen PK, Diamond B. Brain-reactive
IgG correlates with autoimmunity in mothers of a child with an
autism spectrum disorder. Mol Psychiatry 2013;18:1171-7.

Hanly JG, Robichaud J, Fisk JD. Anti-NR2 glutamate receptor
antibodies and cognitive function in systemic lupus erythemato-
sus. J Rheumatol 2006;33:1553-8.

Chang EH, Volpe BT, Mackay M, Aranow C, Watson P, Kowal C,
et al. Selective impairment of spatial cognition caused by autoan-
tibodies to the N-methyl-D-aspartate receptor. EBioMedicine
2015;2:755-64.

Arinuma Y, Yanagida T, Hirohata S. Association of cerebrospinal
fluid anti-NR2 glutamate receptor antibodies with diffuse neu-
ropsychiatric systemic lupus erythematosus. Arthritis Rheum
2008;58:1130-5.

Yoshio T, Okamoto H, Hirohata S, Minota S. IgG anti-NR2 glu-
tamate receptor autoantibodies from patients with systemic lupus
erythematosus activate endothelial cells. Arthritis Rheum 2013;
65:457-63.

Stock AD, Wen J, Putterman C. Neuropsychiatric lupus, the blood
brain barrier, and the TWEAK/Fnl4 pathway. Front Immunol
2013;4:484.

Pereira WL, Reiche EM, Kallaur AP, Oliveira SR, Simao AN,
Lozovoy MA, et al. Frequency of autoimmune disorders and
autoantibodies in patients with neuromyelitis optica. Acta Neu-
ropsychiatr 2017;29:170-8.

Weinshenker BG. Neuromyelitis optica is distinct from multiple
sclerosis. Arch Neurol 2007;64:899-901.

Jarius S, Ruprecht K, Kleiter I, Borisow N, Asgari N, Pitarokoili
K, et al. MOG-IgG in NMO and related disorders: a multicenter
study of 50 patients. Part 1. Frequency, syndrome specificity,
influence of disease activity, long-term course, association with
AQP4-IgG, and origin. J Neuroinflammation 2016;13:279.
Birnbaum J, Petri M, Thompson R, Izbudak I, Kerr D. Distinct
subtypes of myelitis in systemic lupus erythematosus. Arthritis
Rheum 2009;60:3378-87.



ARTHRITIS & RHEUMATOLOGY

Vol. 70, No. 2, February 2018, pp 287-297
DOI 10.1002/art.40353

© 2017, American College of Rheumatology

A Rare Variant (rs933717) at FBXO31-MAPILC3B in Chinese
Is Associated With Systemic Lupus Erythematosus
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Objective. Recent evidence from genetic, cell
biology, and animal model studies has suggested a piv-
otal role of autophagy in mediating systemic lupus ery-
thematosus (SLE). However, the genetic basis has not
yet been thoroughly examined. Therefore, the aim of
the present study was to identify additional susceptibil-
ity variants in autophagy-related genes along with their
functional significance.

Methods. First, we performed a gene family—based
genetic association analysis in SLE patients with the use
of ImmunoChip arrays, and then we selected the most
strongly associated polymorphisms for replication in
additional cohorts. To identify regulatory clues, we ana-
lyzed publicly available blood expression quantitative
trait locus data and Encyclopedia of DNA Elements
data on transcription factor binding sites and cell type-
specific differential expression. Functional effects were
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tested by luciferase reporter assays, electrophoretic
mobility shift assays, and differential gene expression
assays.

Results. In 14,474 samples, we observed that the
rare Chinese variant rs933717T was associated with sus-
ceptibility to SLE (0.11% in cases versus 0.87% in con-
trols; P = 2.36 x 107, odds ratio 0.13). The rs933717 risk
allele C correlated with increased MAPILC3B expression;
increased MAPILC3B messenger RNA was observed in
SLE patients and in lupus-prone mice. In reporter gene
constructs, the risk allele increased luciferase activity up
to 2.7-3.8-fold in both HEK 293T and Jurkat cell lines,
and the binding of HEK 293T and Jurkat cell nuclear
extracts to the risk allele was also increased.

Conclusion. We observed a likely genetic associ-
ation between light chain 3B, a widely used marker for
autophagy, and susceptibility to SLE.

Systemic lupus erythematosus (SLE) is a complex
autoimmune disease with diverse clinical phenotypes and
outcomes (1). Although the exact pathogenesis of SLE
remains unclear, genetic factors are known to play key
roles. To date, hypothesis-free genome-wide association
studies (GWAS) have identified >80 susceptibility loci (2).
However, all of these variants account for no more than
30% of the total genetic risk in SLE, and our knowledge
of the genetic background is still limited (2). Further path-
way testing analysis might help to improve our under-
standing of the pathogenic processes implicated in SLE.

Autophagy is an evolutionarily conserved homeo-
static process by which cytoplasmic materials are delivered
to lysosomes for degradation (3). The autophagic process is
implemented by autophagy-related proteins that also play a
part in regulating immune responses, including the direct
elimination of microorganisms, inflammation, antigen pre-
sentation, lymphocyte homeostasis, and secretion of
immune mediators (4). Recent studies suggest that autop-
hagy is deregulated in peripheral T and B cells in lupus-
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prone mice and SLE patients (5-7). Strikingly, the number
of autophagosomes in CD19+ B cells from NZB/NZW mice
increased significantly before the disease had developed (7).
In addition, more recent data indicated that a related
process, light chain 3 (LC3)-associated phagocytosis, con-
trolled immune responses to dying cells; its inhibition led to
development of an SLE-like disease (8-10). Inhibition of
autophagy is likely to ameliorate murine lupus via reduction
of proinflammatory cytokines. All of these studies suggest
that autophagy plays a highly important role in SLE (11).
Thus, it would be useful to discover the extent to which
disease-associated genetic variants in LC3-associated
phagocytosis-related genes affect autophagy in humans.

Genetic data derived from GWAS and follow-up
studies indicated variants in genes related to autophagy,
including ATG5, ATG7, IRGM, DRAMI, CDKNIB,
APOLI, MTMR3, CLEC16A, LRRK2, and ATGI6L2,
especially in Asian populations (12-20). Most of these
genetic associations (ATGS5, ATG7, IRGM, MTMR3,
LRRK2, and ATG16L2) could be replicated in our previ-
ous studies (2,13,14,20). However, only a few of these
genetic associations were reported in Caucasians (47GS,
IRGM, and CLEC16A) or Africans (APOL1I). This could
suggest a genetic heterogeneity, and that the autophagy
gene has a major genetic impact in Asian populations
(18,21). Thus, there is a need for a systematic evaluation
of genetic associations in SLE patients from a pathway
perspective, especially in Asians. In addition, the question
remains as to whether the associated variant might have
functional significance.

To find additional autophagy gene variants in Chi-
nese SLE patients, in the present study we included
genes involved in the autophagic process according to
the HGNC. We then conducted a genetic association
study in >10,000 Han Chinese using a 4-stage strategy
(Figure 1), including genetic discovery, genetic replica-
tion, bioinformatic analysis, and experimental validation.

PATIENTS AND METHODS

Sample description. The discovery cohort consisted of
500 healthy donors (mean £+ SD age 32.0 + 8.6 years; female:
male ratio 3:1) and 500 SLE patients (Northern Han Chinese)
(mean + SD age 31.9 £+ 11.2 years; female:male ratio 6:1).
Replication cohort 1 consisted of 7,180 healthy donors (mean
=+ SD age 37.6 £ 15.3 years; female:male ratio 4:1) and 2,666
SLE patients (mean + SD age 34.6 + 13.4 years; female:male
ratio 9:1) (all Northern Han Chinese). To further replicate our
genetic finding, 1,366 SLE patients and 2,279 controls (replica-
tion cohort 2) were enrolled (all Southern Han Chinese). In all
patients, SLE was diagnosed by local rheumatologists, and the
diagnosis met the American College of Rheumatology revised
criteria (22) as updated in 1997 (23). The study was approved
by the Medical Ethics Committee of Peking University, and all
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participants provided informed consent (Institutional Review
Board approval no. 2016[1139]).

Genes and single-nucleotide polymorphism (SNP) selec-
tion. A total of 46 autophagy-related genes were found by
searching the HGNC database (www.genenames.org). As shown
in Figure 1, 5 genes were excluded because they were pseudoge-
nes (BECNIPI, ATG3P1, ATG12P1, ATG12P2, and ATG4API),
and 9 genes were not covered by ImmunoChip (MAPILC3C,
ATG4B, SNX4, WIPI2, RBICC1, ATG2A, DRAM1, ATG2B, and
GABARAPL?2). This left a total of 32 genes for further analysis:
ATG4C, DRAM2, ATG9A, ATGI6L1, ATG7, ATG3, ATGI0,
ATGI12, ATGS5, ATG9B, SNX30, AMBRAI, ATG13, ATG16L2,
E24, GABARAPLI, ATG101, MAPILC3B2, ULKI, ATGI14,
MAPILC3B, GABARAP, ULK2, BECN1, VMPI, WIPI1, EPGS,
ATG4D, MAPILC3A, SOGAI, ATG4A, and VMA21. SNPs in
autophagy-related genes were included, along with a 20-kb seg-
ment upstream and a 20-kb segment downstream. The results
for 6 genes (ATG9A, ATG3, ATG13, GABARAP, BECN1, and
SOGAT) should be interpreted with caution due to single variant
involvement in ImmunoChip (24) (Figure 1). We analyzed a
total of 342 SNPs, mapped to 26 loci associated with autophagy-
related genes (>2 SNPs per gene).

Genotyping and quality control. During the discovery
stage, 1,000 participants (500 SLE patients and 500 healthy con-
trols) were genotyped using ImmunoChip, and quality control
was undertaken as previously reported (24). Of these, 10 SLE
patients and 7 healthy controls were excluded due to a low call
rate, relatedness, or the presence of outliers (Figure 1). During
the replication stage, genotyping was performed by TagMan
allele discrimination assays (replication cohort 1) using a TagMan
Universal PCR Master Mix and a predesigned SNP genotyping
assay mix. These mixes contained polymerase chain reaction
(PCR) primers and probes purchased from Applied Biosystems.
Genotyping was performed using a 7500 Sequence Detection Sys-
tem (Applied Biosystems), or genotype data were directly
extracted from a HumanOmniZhongHua-8 BeadChip (replica-
tion cohort 2) (Huoru Zhang, et al: unpublished observations).

Bioinformatic analysis. Variants were annotated using
Encyclopedia of DNA Elements (ENCODE) data and blood
expression quantitative trait locus (eQTL) data. Regulatory
features were annotated using the following databases:
rVarBase (http://rv.psych.ac.cn), Ensemble (http://asia.ensembl.
org/index.html), rSNPBase (http:/rsnp.psych.ac.cn), SNiPA
(http://snipa.helmholtz-muenchen.de/snipa/index.php), Regulome
DB (http://regulome.stanford.edu), and HaploReg v4.1 (http:/
archive.broadinstitute.org/mammals/haploreg). Genetic signatures
of natural selection in the human genome were analyzed using the
Human Genome Diversity Project Selection Browser (http://hgdp.
uchicago.edu).

Allele-dependent gene expression regulations/eQTLs
were queried using the Gene Expression Variation (GENE-
VAR) database (http://www.sanger.ac.uk/humgen/genevar) and
the Genome-Wide Repository of Associations between SNPs
and Phenotypes database (https://grasp.nhlbi.nih.gov/overview.
aspx). Differential messenger RNA (mRNA) expression data
were obtained from ArrayExpress (http://www.ebi.ac.uk/arrayex
press).

Luciferase reporter assay. Sequences of 101 bp flanking
1s933717 were synthesized and subcloned into pGLA.23 (engi-
neered firefly luciferase gene luc2/minimal promoter [luc2/minP];
Promega) using the Kpn I and Bgl 11 restriction sites (sequences
are shown in Supplementary Table 1, available on the Arthritis &
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Figure 1. Flow chart of the study design. In stage 1, autophagy-related genes were systematically selected and a tentative genetic discovery study
was conducted using ImmunoChip arrays. Stage 2 was performed to replicate in independent populations novel loci discovered in stage 1. After
combined analysis with the discovery and replication 1 cohorts, single-nucleotide polymorphisms (SNPs) with significance at P < 2.6 x 1077 were
further replicated using the replication 2 cohort. After the 2-stage genetic association analysis, bioinformatic analysis was performed to annotate
the susceptibility loci in stage 3. Given the possible functional annotations for the novel loci from stage 3, in-house experimental validations were
performed in vitro in stage 4. SLE = systemic lupus erythematosus; eQTL = expression quantitative trait locus; HGDP = Human Genome Diver-
sity Project; EMSA = electrophoretic mobility shift assay; PBMC = peripheral blood mononuclear cell.

Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40353/abstract). HEK 293T cells (1.5 x 10°/well) and
Jurkat cells (2 x 10°/well) were transfected with 0.8 ug pGL4.23

DNA containing rs933717 and 0.

08 pg pRL-TK vector (as

transfection control) using Lipofectamine 2000 (Thermo Fisher
Scientific). After 48 hours, cells were lysed and analyzed for luci-
ferase activity using a Dual-Luciferase Assay System (Promega).
Each experiment was repeated 3 times.
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Electrophoretic mobility shift assay (EMSA). Nuclear
proteins from HEK 293T and Jurkat cells were extracted
using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific). EMSA was performed according
to instructions for a DIG Gel Shift Kit (catalog no. 335
3591910; Roche). The single-stranded oligonucleotides used to
synthesize the double-stranded ones are shown in Supplemen-
tary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.
40353/abstract. For supershift assays, 10 pl of anti-EBF-1 (cata-
log no. H00001879-D01P; Novus Biologicals), anti-ROAZ (cat-
alog no. ab169096; Abcam), or anti-ZIC4 (catalog no. sc-
101202; Santa Cruz Biotechnology) antibody was incubated
with nuclear proteins from HEK 293T or Jurkat cells for 1 hour
before adding the relevant labeled probe. Electrophoresis took
place in 5% polyacrylamide gels (in 0.5x Tris-borate-EDTA
[TBE] buffer), and the dye was run two-thirds of the way to the
bottom of the plate in 0.5x TBE buffer at 50V. The gel was
then transferred to nylon membranes (catalog no. LC2003;
Thermo Fisher Scientific) at 200 mA for 30 minutes and cross-
linked at 120 x 100 pJ/cm?. After incubation for 30 minutes in
blocking solution, the membrane was incubated with antibody
solution for 1 hour and washed twice in washing buffer for 15
minutes. The membrane was then exposed and scanned using
an LAS-3000 Imaging System (GE Healthcare Bioscience).
The experiments were carried out in triplicate.

LC3B-II Western blotting in MRL-lpr/lpr and C57BL
mice. Lymph nodes from 10 MRL-lpr/lpr mice (mean £+ SD
weight 23.1 £ 0.8 gm) and 10 C57BL mice (mean £+ SD weight
22.4 4+ 0.9 gm) were obtained for Western blotting. The antibod-
ies used were specific for B-actin (catalog no. 8457; Cell Signal-
ing Technology) and LC3 (catalog no. L7543; Sigma-Aldrich).
Tissue proteins from the inguinal lymph nodes were extracted
and lysed in radioimmunoprecipitation assay buffer (100 mM
Tris HCI [pH 8], 150 mM NaCl, 1% Triton X-100, 1 mM MgCl,,
and 25 mM Na3;VO,) in the presence of complete protease inhibi-
tor mixture (catalog no. P8340; Sigma-Aldrich). The proteins
were separated by 15% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and then transferred to a PVDF membrane
(Millipore). The antibody dilutions were 1:1,000 for both anti-
LC3 and anti-B-actin. The signal was detected using enhanced
chemiluminescence detection reagents, and images were visual-
ized using an LAS-3000 Imaging System. LC3B-II levels were
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normalized by densitometry to B-actin levels using ImagelJ soft-
ware (National Institutes of Health).

All mice were purchased from the Model Animal Re-
search Center of Nanjing University and maintained in pathogen-
free housing conditions. Assay procedures were performed
according to the criteria outlined in the Guide for the Care
and Use of Laboratory Animals (Ministry of Health, People’s
Republic of China, 1998). The study was approved by the
Ethics Committee of Peking University.

Statistical analysis. Allelic and genotypic associations
were assessed using Plink (https://www.cog-genomics.org/plink)
to give the odds ratio with a 95% confidence interval. Quantita-
tive variables with a normal distribution were expressed as the
mean + SD, and Student’s #-test was performed. In eQTL anal-
ysis, Spearman’s coefficient was calculated. Statistical analysis
was performed with SPSS 13.0 software.

RESULTS

Novel genetic associations of MAPILC3B rs933717
in SLE. The discovery stage of the genetic analysis found
13 SNPs in 7 autophagy-related genes (ATG7, ATGI6LI,
ATG5, AMBRAI, EI24, WIPI1, and MAPILC3B) with P <
0.05. Of these genes, ATGS5 showed the most associations,
consistent with previous reports on GWAS and candidate
genes (12,13) (see Supplementary Table 3, http://online
library.wiley.com/doi/10.1002/art.40353/abstract).

Since the aim was to identify novel gene associa-
tions, we excluded ATG7, ATG5, and ATG16L1 from fur-
ther study because they had been associated in our
previous study (13). We therefore studied 4 other SNPs in
promising loci in an additional replication cohort (replica-
tion cohort 1). From these, we identified 2 novel loci that
were significantly associated with SLE (P < 0.05); the stron-
gest signal was from 1s933717 of MAPILC3B (Pgiscovery =
7.57 x 107, Prepicationt = 1.42 x 10°®), which approached
genome-wide significance (P < 5 x 10°®%) (Table 1).

Table 1. Association of MAPILC3B rs933717 with susceptibility to systemic lupus erythematosus in a Chinese population®

MAF,

SNP Chr. Minor allele Stage (no. of cases/no. of controls) case/control Py OR (95% CI)
1933717 16 T Discovery (490/493) 0.20/1.22 7.57 x 107 0.17 (0.04-0.74)
Replication 1 (2,666/7,180) 0.13/0.88 1.42 x 1078 0.15 (0.07-0.32)

Replication 2 (1,366/2,279) 0.02/0.75 222 x 107 0.05 (0.01-0.36)

Combined (4,522/9,952) 0.11/0.87 2.36 x 10717 0.13 (0.07-0.24)

rs12574250 11 A Discovery (490/493) 5.20/7.711 2.39 x 102 0.66 (0.46-0.95)
Replication 1 (2,666/7,180) 5.95/7.49 1.94 x 1074 0.78 (0.69-0.89)

Combined (3,156/7,673) 5.83/7.51 224 x 10° 0.77 (0.68-0.87)

rs11658979 17 G Discovery (490/493) 10.82/14.20 234 x 1072 0.73 (0.56-0.96)
Replication 1 (2,666/7,180) 11.74/12.22 0.36 0.96 (0.87-1.05)

Combined (3,156/7,673) 11.60/12.35 0.10 0.93 (0.85-1.02)

rs2155388 11 A Discovery (490/493) 7.55/10.75 1.39 x 1072 0.68 (0.50-0.93)
Replication 1 (2,666/7,180) 8.08/8.67 0.19 0.93 (0.83-1.04)

Combined (3,156/7,673) 8.00/8.80 0.04 0.89 (0.80-0.99)

* SNP = single-nucleotide polymorphism; Chr. = chromosome; MAF = minor allele frequency; OR = odds ratio; 95% CI = 95% confidence interval.
+ Combined from Cochran-Mantel-Haenszel statistics. A test for Hardy-Weinberg equilibrium was performed in the controls at all 3 stages. For
ImmunoChip analysis, the P value threshold with Bonferroni correction was less than 2.6 x 1077 when considering 192,194 variants.
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Figure 2. Series of bioinformatics analyses supporting the functional role of MAPILC3B rs933717. A, Expression quantitative trait locus (QTL)
analysis in the Gene Expression Variation database. The expression data in transformed B cell lines were a pool of 4 populations from healthy
HapMap samples including Utah residents with ancestry from northern and western Europe (CEU), Han Chinese in Beijing, China (CHB),
Yoruba in Ibadan, Nigeria (YRI), and Japanese in Tokyo, Japan (JPT). B, Expression QTL analysis in HapMap3 individuals. The lymphoblast
expression data consisted of a pool of 618 individuals from 7 HapMap3 populations including 80 CHB, 82 JPT, 108 YRI, 82 Gujarati Indians in
Houston, Texas (GIH), 83 Luhya in Webuye, Kenya (LWK), 45 Mexican ancestry in Los Angeles, California (MXL), and 138 Masai in Kinyawa,
Kenya (MKK). A total of 47 individuals were not successfully genotyped at rs933717, leaving 571 individuals for further analysis. In A and B, data
are shown as box plots. Y-axes denote MAPILC3B expression in gene expression chips. ILMN_ 1703244 denotes the probe in the gene expression
chip (Illumina). Numbers in parentheses in x-axis labels denote the sample size of persons with the genotype. B = partial regression coefficient.
Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and
90th percentiles. Circles indicate outliers. * = P < 0.01; ** = P < 0.001. C, Prediction of transcription factors. Altering the rs933717 allele from T
to C increased the binding affinity for transcription factors EBF_knownl, Roaz_1, Roaz_2, and Zic_4. LOD = logarithm of odds. D, Genetic signa-
tures of natural selection in the human genome. Shown is the detailed global allele frequency distribution of the single-nucleotide polymorphism
(SNP) 15933717 in 53 world populations.
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Figure 3. Experimental validation of bioinformatic analysis findings. A, Luciferase reporter assay. Shown are luciferase reporter assays of the tran-
scriptional activity of rs933717 in HEK 293T and Jurkat cell lines. Values are the mean + SEM. The luciferase activity of 1s933717C was signifi-
cantly greater than that of the rs933717T protective allele in both cell lines. B, Electrophoretic mobility shift assay (EMSA). Alleles of rs933717
showed different binding affinities for HEK 293T (left) and Jurkat (right) cell lines. EMSA showed complex formation after addition of HEK
293T and Jurkat cell nuclear extract (lanes 5 and 6). After competition with a 200-fold excess of unlabeled probes, the complex was eliminated
(lanes 3 and 4). ROAZ-, EBF-1-, and ZIC4-specific antibodies were not observed to supershift the complex formation using either the C or T
probe (lanes 7-12). The digoxigenin-labeled C probe showed a higher affinity for nuclear protein-DNA complex (lanes 6, 8, 10, and 12). Lanes 1

and 2 were negative controls. SNP = single-nucleotide polymorphism.

Therefore, 1933717 was replicated in a second indepen-
dent cohort (Prepiicationz = 222 X 10*5) and reached
genome-wide significance when the cohorts were combined
(P=2.36 x 10 (Table 1).

Bioinformatic functional annotations of MAPILC3B
rs933717 eQTL analysis. MAPILC3B 15933717 was anno-
tated to be expression SNPs in ENCODE data, as it showed
that rs933717CC (risk) correlated with increased
MAPILC3B expression (P = 6 x 107) in Epstein-Barr
virus-transformed lymphoblastoid cell lines from 270 Hap-
Map samples in the GENEVAR database (Figure 2A).

With a larger sample size, this association may be even
stronger, as shown by array quantification of 618 individuals
from 7 HapMap3 populations (P = 847 x 10'%) (Fig-
ure 2B), the Genotype-Tissue Expression pilot analysis (P =
1.55 x 1077) (25), and a genome-wide eQTL analysis in
whole peripheral blood from 1,469 unrelated individuals (P
=9.7 x 10™%) (26). In addition, risk genotypes of 15933717
correlated significantly with higher expression of several
autophagy-related genes, suggesting rans-eQTL effects (see
Supplementary Table 4, http:/onlinelibrary.wiley.com/doi/
10.1002/art.40353/abstract).
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Prediction of regulatory function. The in silico
bioinformatic analysis with ENCODE data demonstrated
that 15933717 resided in a transcription factor (TF) binding
region. Four binding site motifs span the rs933717 region
for binding by the following TFs: EBF_knownl, Roaz 1,
Roaz_2, and Zic_4. The differences between the logarithm
of odds scores for the alleles T and C (risk) were 8.8, 11.9,
0.2, and 3.7 for EBF_knownl, Roaz_1, Roaz_2, and Zic 4,
respectively (Figure 2C). The data showed that rs933717
could affect transcriptional enhancer activity, suggesting
that rs933717 might reside in an important region for
gene transcriptional regulation (see Supplementary Tables
5-7, http://onlinelibrary.wiley.com/doi/10.1002/art.40353/
abstract).

Genetic signatures of natural selection in the
human genome. We further investigated the detailed glo-
bal allele frequency distribution of rs933717 in 53 popula-
tions. Intriguingly, the risk allele 1s933717C showed
regional enrichment; the highest frequencies (~100%)
were found in East Asia, South Asia, and Southeast
Asia, followed by the Middle East and Europe, and the
lowest were found in Africa (Figure 2D). Population selec-
tion analysis indicated that standardized integrated haplo-
type scores were 1.781 in Utah residents with ancestry
from northern and western Europe (CEU) and 1.477 in
Yoruba in Ibadan, Nigeria (YRI), and Fay and Wu’s H+
was —13.663 in CEU and -3.449 in YRI. Neither the stan-
dardized integrated haplotype scores nor Fay and Wu’s
H+ were available in an East Asian population (27,28).

Increased reporter gene activity in risk allele C of
rs933717. The effects of the variant-containing sequences
on gene expression were assessed by luciferase reporter
assay, in which sequences of 101 bp flanking rs933717 were
synthesized and subcloned into minimal promoter-driven
firefly luciferase vector pGLA.23 (luc2/minP) reporter vec-
tors and transfected into HEK 293T and Jurkat cells. We
observed that the presence of the risk allele C of 1s933717
significantly increased luciferase activity from 1.7-fold to
3.8-fold (P = 0.014) in HEK 293T cells and from 1.6-fold to
2.7-fold (P=0.022) in Jurkat cells (Figure 3A).

Differential binding of nuclear extract at rs933717.
Evidence of enhancer activity was provided by EMSA;
oligonucleotides containing risk allele C of rs933717
showed a greater affinity for nuclear protein-DNA com-
plex with HEK 293T and Jurkat cell nuclear extract than
did oligonucleotides containing protective allele T of
1s933717 (Figure 3B). The nuclear protein-DNA complex
was abolished by addition of excessive unlabeled competi-
tor probes (Figure 3B). In silico analysis using the JAS-
PAR, TransFac, and MAPPER databases predicted binding
at the transcription factor binding sites for ROAZ, EBF-1,
and ZIC4. However, in the supershift assay, ROAZ-, EBF-
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1-, and ZIC4-specific antibodies were not observed to
supershift the complex formation with either an 1s933717 C
probe or an 1s933717 T probe (Figure 3B). In contrast,
in the same 2 EMSA experiments performed with HEK
293T cell- and Jurkat cell-derived nuclear samples, the
digoxigenin-labeled C probe showed a higher affinity for
the nuclear protein-DNA complex (Figure 3B). This also
indicated that rs933717C differed from 1rs933717T in
formation of the nuclear protein—-DNA complex.

Increased autophagy in SLE patients and in lymph
nodes of lupus-prone mice. Consistent with the observation
that risk alleles are associated with higher levels of gene
expression, increased MAPILC3B expression was also
observed in patients with SLE. We used mRNA expression
data from a comparatively large project focusing on the
gene expression profiling of peripheral blood mononuclear
cells (project E-GEOD-20864; ArrayExpress) from 21 SLE
patients compared with 45 healthy individuals in a GEO
database. That study found significantly elevated levels of
MAPILC3B expression in SLE patients compared to nor-
mal controls (P = 1.28 x 10°”) (Figure 4A). The result was
successfully replicated (in an independent cohort enrolled
in our own center) by expression microarray conducted
using an Illumina HT-12 v4 Expression BeadChip. Com-
pared with 12 healthy controls, the level of MAPILC3B
expression was significantly higher in 13 SLE patients (P =
2.00 x 107%) (Figure 4B).

Using LC3 immunoblotting, autophagy was quan-
tified in lymph nodes obtained from MRL-lpr/lpr lupus-
prone mice and C57BL healthy control mice. The cellular
autophagy response was assessed using LC3B-II normal-
ized to B-actin, the most widely used index. The level of
autophagy was significantly higher in lymph nodes from
MRL-/pr/lpr mice than in those from healthy control mice
(P=0.013) (Figure 4C).

DISCUSSION

In the current study, we conducted various analy-
ses. First, we carried out a gene family-based genetic
association analysis involving 26 autophagy-related genes.
Although ImmunoChip was designed for dense mapping
of immune-related genes instead of autophagy pathway
analysis, an increasing number of studies highlighted its
power for detecting previously overlooked susceptibility
loci (24). Also, the ImmunoChip design included several
rare variants considered to have significant functional
effects that might have been previously overlooked.

We observed that 1s933717 (MAPI1LC3B) was asso-
ciated, with genome-wide significance, with susceptibility
to SLE in >10,000 Chinese individuals. Of special note,
1s933717 was found to be associated with susceptibility to
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Figure 4. Autophagy was increased in patients with systemic lupus erythematosus (SLE) and in lymph nodes from MRL-lpr/lpr mice. A,
MAPILC3B expression was significantly greater in SLE patients according to the GEO data. MAPILC3B mRNA expression in peripheral blood
mononuclear cells (PBMCs) from SLE patients and healthy individuals was analyzed based on project E-GEOD-20864 obtained from ArrayEx-
press. E-GEOD-20864 is a comparatively large project focusing on gene expression profiling of PBMCs from SLE patients and healthy individuals.
B, MAP1LC3B expression was significantly greater in SLE patients in our own cohort. Expression microarray analysis was conducted using an Illu-
mina HT-12 v4 Expression BeadChip in healthy controls and SLE patients. C, Autophagy was significantly greater in lymph nodes from MRL-lpr/
Ipr mice. Bottom, Blots shown are representative of independent experiments performed in 10 C57BL mice and 10 MRL-lpr/lpr mice. Top, Scatter-
plot shows results of densitometry of light chain 3B-II (LC3B-II) levels relative to ACTB/B-actin. Symbols represent individual subjects (A and B)
or mice (C); bars show the mean + SEM (A and B) or the median and interquartile range (C). Levels of LC3B-II were significantly greater in
lymph nodes from MRL-/pr/lpr mice than in those from C57BL control mice.

age-related cataracts in a GWAS using 530,101 SNPs from
the Illumina Human660W-Quad BeadChip array in a total
of 7,397 individuals in an Electronic Medical Records and
Genomics Network study. However, the P value was
0.000041, suggesting that a large sample size may be criti-
cally necessary. We found data to suggest that the T allele
has a protective function, consistent with that previous
report (29). In contrast, expression analysis suggested a
likely pathogenic role of increased MAPILC3B expression
in SLE patients, which might be because of an allele-
dependent effect of risk allele rs933717C. To identify

possible molecular mechanisms, functional annotations
were performed using ENCODE data, which supported a
likely regulatory feature of these variants. To confirm these
bioinformatic clues, an in-house functional luciferase
reporter assay and an EMSA were carried out. Both sup-
ported an enhancer role of the rs933717 region, and
LC3B-II levels were higher in lupus-prone mice than in
control mice. Taken together, the results from genetic asso-
ciation, expression association, and functional validation
tests strongly suggest that MAPILC3B 1s933717 is involved
in SLE etiology.
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Microtubule-associated protein LC3B is encoded
by the MAPILC3B gene. LC3B is a central protein in
autophagy since it is involved in cargo recruitment into
autophagosomes and in biogenesis and maturation of
autophagosomes. More importantly, LC3B is the most
widely used autophagosome marker (30). In the present
study, expression analysis suggested a likely pathogenic
role of increased LC3B in SLE patients. Further experi-
ments also showed that LC3B levels were higher in lupus-
prone mice than in healthy control mice, corroborating the
current observation that higher levels of LC3B were con-
sistently observed in lupus-prone mouse models and SLE
patients (5-7). Following these observations, it was further
suggested that autophagy is genetically associated with
SLE. Our data suggested that rs933717 of MAPILC3B
could increase the expression of LC3B in immune cells by
both cis- and trans-eQTL effects. Genetic association,
expression association, and functional validation highlight
the likely important role of rs933717 in Chinese SLE
patients. However, the associations were not able to deter-
mine whether rs933717 was the single causal variant or
whether it was just in linkage disequilibrium with a nearby
variant. Thus, further fine-mapping analysis is needed.

SLE is an autoimmune disease and is character-
ized as an abnormality of the immune system that
includes antigen presentation by antigen-presenting cells
as well as the survival of autoreactive T and B cells that
leads to the production of large amounts of autoantibod-
ies. Recent studies indicated that autophagy was involved
in the presentation of intracellular antigens to major
histocompatibility complex (MHC) class II molecules
(31,32). Higher rates of autophagy led to a more active
MHC presentation process, which might lead to the
breakdown of immune tolerance and an increase of the
immune response. In addition, increased autophagy
would promote the survival of autoimmune Tand B cells,
which in turn would lead to high levels of autoantibody
and cytokine production and multiple organ/system
involvement (33-40). Thus, high levels of autophagy
might promote the initiation of autoimmunity in SLE by
influencing multiple aspects of the immune system. More
importantly, it was recently reported that LC3-associated
phagocytosis controls immune responses to dying cells
and that its inhibition leads to the development of SLE-
like disease (9). Our data reinforced the notion that LC3
might be genetically involved in SLE (9).

We included SNP mapping to autophagy-related
genes along with regions 20 kb upstream and downstream.
Although rs933717 was annotated to be an intronic variant
of FBXO31, its associated regulatory SNP-related genes
included MAPI1LC3B (proximal transcriptional regulation)
and FBXO31 (distal transcriptional regulation and RNA

295

binding protein-mediated regulation) (Ensembl [http://
asia.ensembl.org/index.html] and rSNPBase [http://rsnp.
psych.ac.cn/]). It is difficult to determine the exact causal
variant and gene in this type of strategy of forward
genetic association. In most cases, GWAS implicated dis-
ease susceptibility loci rather than directly identifying dis-
ease-associated genes. This is because many of the
disease-associated SNPs were located in an intergenic
region with the susceptibility gene, or the functional locus
was located within a region near the SNP, which often
contained multiple genes. We thus also analyzed the dif-
ferential expression of FBXO31 between SLE patients
and healthy controls using data from GEO and from our
own cohort. We found no significant difference in expres-
sion of FBXO31 (P = 0.092 for data from GEO accession
no. GSE20864; P = 0.343 for data from our center).
Thus, rs933717 was more likely to be involved in the
pathogenesis of SLE by influencing MAPILC3B. F-box
proteins, in conjunction with Skp1, Cull, and Rbx1, gen-
erate F-box containing complex (or SCF complex) that is
responsible for the ubiquitination of proteins, leading to
their activation or degradation. The F-box protein
FBXO31 is required for normal mitotic progression and
genome stability due to its role in regulating FOXM1
levels during the Gy/M transition. Therefore, future study
targeting FBXO31 is also of interest.

Genetic associations between autophagy gene vari-
ants were pronounced in Asian populations, as most
autophagy genetic associations could be replicated in our
previous studies (2,13,14,20). However, few of these
genetic associations were reported in Caucasians or Afri-
cans, suggesting genetic heterogeneity and that the au-
tophagy gene has a major impact in Asian populations
(18,21). The rs933717 variant is seen in Asians but is more
common in Caucasians, which might be because of natu-
ral selection. However, the mechanisms by which this kind
of natural selection affects autophagy and SLE epidemiol-
ogy need to be further investigated, including indepen-
dent replications observed in other populations (24).

In the current study, differential effects of nuclear
protein binding with the rs933717 C/T allele were
observed, which may support the notion that rs933717
influences the expression of MAPILC3B. However, the
exact transcription factor was not clearly determined, as it
was not validated by anti-ROAZ or anti-EBF-1 antibody—
specific supershift assay. Further exploration to seek the
binding factor, such as chromatin immunoprecipitation
and promoter microarray analysis or ChIP-Seq, or in
other cell lines, is still warranted.

In summary, we systemically evaluated genes in-
volved in autophagy in a large sample using a 4-stage strat-
egy, including genetic discovery, genetic replication,
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bioinformatic analysis, and experimental validation. We
observed likely novel genetic associations between LC3B
(encoded by MAPILC3B), an excellent marker for auto-
phagic structures, and susceptibility to SLE. Our work was
committed to providing a more complete understanding of
SLE pathogenesis, especially focusing on autophagy. A
deeper knowledge of the relationship between autophagy
and SLE is likely to lead to the discovery of new therapeu-
tic targets.
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Clinical Images: Unilateral plantar erythema nodosum in sarcoidosis

The patient, a 32-year-old man, presented with mild exertional dyspnea, pain and swelling of both ankles, and general malaise.
Physical examination revealed symmetric arthritis in both ankles and a vivid nodular erythema on the sole of the right foot (A),
accompanied by slight pain with pressure. Treatment with ibuprofen had not improved the symptoms. The erythrocyte sedimentation
rate and C-reactive protein level were elevated (73 mm/hour and 30 mg/liter, respectively), but all other parameters, including levels
of angiotensin-converting enzyme and soluble interleukin-2 receptor, were within normal range. Computed tomography of the chest
showed enlarged mediastinal lymph nodes (C) (arrows) compatible with a diagnosis of Lofgren’s syndrome. Based on this hypothesis,
glucocorticosteroid treatment (starting dosage 40 mg/day) was initiated, after which the arthritis, dyspnea, and malaise resolved, and
the levels of inflammation markers normalized within 2 weeks. The erythema nodosum improved and resolved after 2 months (B). A
literature search revealed that unilateral plantar erythema nodosum is rare but is seen occasionally in children with infections
(dermatophytes, Streptococcus, Yersinia enterocolitica, or Mycoplasma). In adults, only 3 cases have been reported. Plantar erythema
nodosum was associated with Crohn’s disease in 1 case (1) and with granulomatous mastitis in another (2); in the third, it appeared to
be idiopathic (3). The patient described here represents the first reported case of unilateral plantar erythema nodosum with sarcoidosis.
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Clinical Images: Unilateral plantar erythema nodosum in sarcoidosis

The patient, a 32-year-old man, presented with mild exertional dyspnea, pain and swelling of both ankles, and general malaise.
Physical examination revealed symmetric arthritis in both ankles and a vivid nodular erythema on the sole of the right foot (A),
accompanied by slight pain with pressure. Treatment with ibuprofen had not improved the symptoms. The erythrocyte sedimenta-
tion rate and C-reactive protein level were elevated (73 mm/hour and 30 mg/liter, respectively), but all other parameters, includ-
ing levels of angiotensin-converting enzyme and soluble interleukin-2 receptor, were within normal range. Computed tomography
of the chest showed enlarged mediastinal lymph nodes (C) (arrows) compatible with a diagnosis of Lofgren’s syndrome. Based on
this hypothesis, glucocorticosteroid treatment (starting dosage 40 mg/day) was initiated, after which the arthritis, dyspnea, and
malaise resolved, and the levels of inflammation markers normalized within 2 weeks. The erythema nodosum improved and
resolved after 2 months (B). A literature search revealed that unilateral plantar erythema nodosum is rare but is seen occasionally
in children with infections (dermatophytes, Streptococcus, Yersinia enterocolitica, or Mycoplasma). In adults, only 3 cases have been
reported. Plantar erythema nodosum was associated with Crohn’s disease in 1 case (1) and with granulomatous mastitis in another
(2); in the third, it appeared to be idiopathic (3). The patient described here represents the first reported case of unilateral plan-
tar erythema nodosum with sarcoidosis.
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Accumulation of Antigen-Driven Lymphoproliferations in
Complement Receptor 2/CD21 "% B Cells From
Patients With Sjogren’s Syndrome

Salomé Glauzy,' Marco Boccitto,' Jason M. Bannock,' Fabien R. Delmotte,’
David Saadoun,® Patrice Cacoub,” John A. Ice,’ Kathy L. Sivils,* Judith A. James,*
Sandra L. Wolin,! and Eric Meffre'

Objective. Patients with Sjogren’s syndrome (SS)
are prone to develop malignant lymphomas, and a
correlation has been established between the lympho-
proliferations occurring in these disorders and the pres-
ence in patients’ blood of an unusual B cell population
that down-regulates complement receptor 2/CD21. This
study was undertaken to identify the B cell compartment
from which these lymphoproliferations emerge and
determine the mechanisms that promote clonal B cell
expansion in patients with SS.

Methods. The reactivity of antibodies expressed
by CD19+CD10—CD27—IgM+CD21 """ cells isolated
from the blood of patients with SS was tested using
a polymerase chain reaction-based approach that allows
us to clone and express, in vitro, recombinant antibodies
produced by single B cells.
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Results. Clonal expansions were identified in
CD21 " B cells isolated from the peripheral blood of 3
patients with SS. These lymphoproliferations expressed
B cell receptors (BCRs) that displayed somatic hypermu-
tation lineage trees characteristic of a strong selection by
antigens; one of these antigens was identified as a riboso-
mal self antigen. When the mutated BCR sequences
expressed by the expanded CD21 " B cell clones from
patients with SS were reverted in vitro to their germline
counterparts, one clone remained autoreactive.

Conclusion. Clonal lymphoproliferations in pa-
tients with SS preferentially accumulate in the autoreac-
tive CD21"°" B cell compartment often expanded in
these subjects, and recognition of self antigens may drive
the clonal B cell expansion while further refining BCR
self-reactivity.

Sjogren’s syndrome (SS) is an autoimmune dis-
ease characterized by lymphocytic infiltration of the
exocrine glands. The frequency of non-Hodgkin’s B
cell lymphoma is 15-20-fold higher in patients with SS
than in the general population (1). The appearance of
lymphoma correlates with an increased proportion of
circulating CD19+CD10—CD27—IgM+CD21 "% cells,
referred to hereinafter as CD217""°" B cells, suggesting
that these B cells may represent the initial reservoir for
transformed clones (2). Consistent with this hypothesis,
increased numbers of circulating CD21 /1% B cells have
been observed in patients with other autoimmune dis-
eases, including rheumatoid arthritis (RA), and such
patients are also prone to develop lymphomas, although
at a lower frequency than in patients with SS, further
supporting a correlation between CD21 /% B cells and
the emergence of transformed clones (3). However,
monoclonal expansions in the CD217""°% B cell compart-
ment in patients with SS have not yet been reported.
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In the present study, we identified 3 patients with
SS whose peripheral blood exhibited a monoclonal expan-
sion in their CD21"°% B cells. In 2 of the SS samples, the
lymphoproliferations expressed autoreactive antibodies.

PATIENTS AND METHODS

Patients. We recruited 8 patients with primary SS diag-
nosed according to the American-European Consensus Group
criteria (4) (Table 1). Patients provided their signed informed
consent prior to the collection of blood samples, in accordance
with study protocols approved by the institutional review board.

Single-cell sorting. Mononuclear cells from the blood of
healthy donors and patients with SS were enriched for B cells
by magnetic separation with CD20 microbeads (Miltenyi Biotech).
Prior to purification, the cells were stained with Pacific Blue—con-
jugated anti-human CD19, PerCP-CyS.5—conjugated anti-human
CD27, phycoerythrin—-Cy7—conjugated anti-human CD10, allophy-
cocyanin-conjugated anti-human CD21, and fluorescein isothio-
cyanate—conjugated anti-human IgM (all from BioLegend). Single
cells were sorted on a FACSAria (BD Biosciences) in 96-well
polymerase chain reaction (PCR) plates, into CD19+CD21""
CD10+IgM"#"CD27— new emigrant/transitional B cells,
CD19+CD21+CD10—-IgM+CD27— mature naive B cells, and
CD19"e"CD21*"CD10—CD27— B cells (the subset hereinafter
referred to as CD21 "™ B cells). The sorted cells were immedi-
ately frozen on dry ice.

Synthesis of complementary DNA, amplification of Ig
genes, and production and purification of antibodies. RNA
from single cells was reverse-transcribed in the original 96-well
plates in 12.5-pl reactions containing 100 units of Superscript 11
reverse trancriptase (RT) (Gibco BRL) for 45 minutes at 42°C.
The RT-PCRs, primer sequences, cloning strategy, expression
vectors, and methods used for in vitro antibody production and
purification have been described previously (5).

Enzyme-linked immunosorbent assays (ELISAs) and
indirect immunofluorescence assays. Analyses of antibody reac-
tivity were performed as described previously, using a highly
polyreactive antibody, ED38, as the positive control for assays of
HEp-2 cell reactivity and polyreactivity, whereas mnUNGdef05
150 and mnUNGdef05 k69, which were previously cloned from
single mature naive B cells from a patient with uracil N-glycosy-
lase (UNG) deficiency, were used as weak HEp-2-reactive and
polyreactive control antibodies (5,6). Antibodies were consid-
ered polyreactive when they recognized all 3 distinct antigens:
double-stranded DNA (dsDNA), insulin, and lipopolysaccharide
(LPS). In addition, reactivity to Ro 52 and reactivity to rheuma-
toid factor were each assessed by a specific ELISA, in which
the plates were coated with 1 pg/ml Ro 52 (Sigma-Aldrich) or
1 pg/ml rabbit IgG revealed by peroxidase-conjugated rabbit
anti-human IgG (Jackson ImmunoResearch)

For indirect immunofluorescence assays, HEp-2 cell-
coated slides (Bion Enterprises) were incubated in a moist
chamber at room temperature with purified recombinant anti-
bodies at 50-100 pg/ml, in accordance with the manufacturer’s
instructions.

Strategy for reverting mutated antibodies to their
unmutated counterpart. Using a multitemplate PCR strategy,
germline Vy and Jy templates were first amplified with
overlapping, reverted third complementarity-determining region
(CDR3) primers combined with primers annealing with either

GLAUZY ET AL

upstream germline Vy genes or downstream Jy segments. A sec-
ond PCR fused the 2 overlapping Vy and Jy PCR fragments,
thus generating germline revertant antibody sequences (7).

Immunoprecipitation and end-labeling of associated
RNAs. Five micrograms of each monoclonal antibody was coupled
to SureBeads protein G magnetic beads (Bio-Rad) for 30 minutes
in phosphate buffered saline (PBS) at room temperature, with
rotation. Beads were washed once in PBS, pH 7.4, and then equil-
ibrated in NET-2 lysis buffer (50 mM Tris HCI [pH 7.4], 150 mM
NaCl, 1 mM MgCl,, 0.5% Nonidet P40). Cell lysates, prepared in
NET-2 containing 1x complete protease inhibitors (Roche), 100
M phenylmethylsulfonyl fluoride, and 200 units/ml RNase OUT
(Invitrogen), were added to the beads and incubated for 30 min-
utes. The beads were then washed 3 times in 750 pl of NET-2,
transferred to new microcentrifuge tubes, and washed an addi-
tional 3 times. Beads were then resuspended in 350 ul NET-2, 2 ul
glycogen, 5 pl 20% sodium dodecyl sulfate, and 40 pl NaOAc.
The resuspended beads were then extracted twice with acid phe-
nol:chloroform:isoamyl alcohol (25:24:1, volume/volume), and the
nucleic acids were precipitated from the aqueous phase with a 2.5
volume of ethanol. T4 RNA ligase was used to end-label the pre-
cipitated RNA with [*?P]-cytidine-3',5'-bisphosphate, overnight at
4°C. Labeled RNAs were then resolved on a 5% polyacrylamide—
7M urea gel. Gels were dried, exposed on Fujifilm imaging plates,
and visualized with a Typhoon imager system (GE Healthcare).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software (version 5.0). Differences be-
tween groups were analyzed for statistical significance using a
nonparametric Mann-Whitney test. P values less than or equal
to 0.05 were considered significant.

RESULTS

Accumulation of monoclonal expansions in CD21 "

B cells from patients with SS. To determine the B cell
compartment from which clonal lymphoproliferations
either originated or colonized in the peripheral blood of
patients with SS, we analyzed samples from 4 patients with
SS in addition to 4 samples from a previously reported
cohort of patients with SS (2,5) to amplify the expression
of Ig genes in CD217"°" B cells and CD19+CD10—
CD27—I1gM+CD21+ mature naive B cells (Table 1). Sam-
ples from 5 of the patients with SS (identified as patients
SS01, SS201, SS03, SS204, and SS59 in Table 1) showed
enhanced frequencies of peripheral CD21 % B cells,
whereas only a few peripheral CD217"°% B cells were
found in the blood of healthy donors (3) (Figure 1A).
Analyses of Ig sequences revealed the presence of
monoclonal expansions in CD21°% B cells from 3 of
the 5 patients. In patients SS204 and SS59, clonal
sequences accounted for 98% and 85% of the isolated
CD21 % B cells, respectively, whereas in patient SS03,
all of the CD217"°% B cells corresponded to an
expanded clone (Figure 1B; see also Supplementary
Tables 1-3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40352/abstract). In patients SS03 and SS204, the
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Figure 1. Accumulation of monoclonal expansions in CD21~° B cells from patients with Sjogren’s syndrome (SS). A, Dot plots represent the
expression of CD19 and CD21 on CD19+CD27— gated B cells from a representative healthy donor (HD) and 8 patients with SS. Values beside
the boxes indicate the percentage of positive cells. B, Frequencies of monoclonal expansions (indicated as percentages and black-shaded portions
of the pie charts) are summarized for the subsets of mature naive B cells and CD19+CD27—CD21~"°" B cells. Values in the center circles are the

number of sequences analyzed. ND = not done.

frequencies of clonal expansions were lower in mature
naive B cells than in CD21 " B cells (Figure 1B and
Supplementary Tables 4 and 5 [http:/onlinelibrary.
wiley.com/do0i/10.1002/art.40352/abstract]). Moreover, in
patient SS03, clonal expansions were not detected in
CD19+CD10+CD27—IgM™e"CD21 """ new emigrant/
transitional B cells (Supplementary Table 6 [http:/
onlinelibrary.wiley.com/doi/10.1002/art.40352/abstract]).
These findings indicate that the origin of lymphoprolif-
erations in SS could not be attributed to bone marrow.
In sample SS59, from a patient with SS who did not
develop lymphoma, monoclonal expansions were not
identified in mature naive B cells (Figure 1B and Sup-
plementary Table 7 [http://onlinelibrary.wiley.com/doi/
10.1002/art.40352/abstract]), suggesting that the clonal
expansions may have originated from CD21~/°" B cells.

Strong antigen-specific selection revealed by the
monoclonal expansion Ig sequences. We then analyzed
the characteristics of the antibodies expressed by the mono-
clonal expansions of B cells from the blood of patients
with SS. The expanded clones from all 3 SS samples
expressed antibodies with mutated heavy-chain and light-
chain genes, revealing that they originated from antigen-
stimulated B cells (Figures 2 and 3). The preferential
accumulation of replacement mutations in heavy-chain
CDR regions of the expanded clonal B cells (CDR2 in
sample SS03 and CDR1 in sample SS204) further supports
the notion that antigenic selection pressure is occurring
during these expansions (Figures 2A and B). In addition,
the identification of related heavy-chain gene sequences
with different numbers of mutations in the 3 clonal expan-
sions also suggests that antigenic selection is ongoing

(Figures 2A and B). This was especially evident in the clo-
nal expansion of B cells from patient SS03, in which clone
H16 from the mature naive B cell compartment displayed
only 8 mutations in its heavy chain, all of which were
shared by the related clones that contained 12 additional
mutations (Figures 2A and B). Of note, the expanded
clone from patient SS59 contained the lowest numbers of
mutations in both heavy-chain and light-chain genes, and
this correlated with a modestly expanded CD21"°" B cell
population (Figures 2A and B), suggesting that the lym-
phoproliferation and expansion began more recently in
this patient than in the other 2 patients with SS.

Lineage tree analysis of the heavy chains expressed
during SS clonal expansions revealed linear and poorly
branched mutation acquisition patterns, suggesting that
strong antigen-specific selection occurs (8) (Figure 2B).
The x-chains in the expanded clones from patients SS03
and SS204 also displayed intraclonal diversification with
poorly branched lineage trees (Figures 3A and B). Strong
antigenic selection was further evidenced by elevations in
the replacement-to-silence mutation ratios in the CDRs,
and sometimes in the framework regions, of the heavy
chains and k-chains expressed by these lymphoprolifera-
tions (Figures 2C and 3C). These findings support the
conclusion that clonal expansions in patients with SS
appear to be driven by strong antigenic stimulation.

Expression of potentially autoreactive antibodies by
the monoclonal expansion of B cells in patients with SS. To
determine the nature of the antigens that may drive lym-
phoproliferation, we tested the reactivity of the antibodies
expressed by the monoclonal expansions of B cells in
patients with SS. Since CD21"°" B cells are enriched in
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Figure 2. Clonal expansions in B cells from patients with Sjogren’s syndrome (SS) are driven by antigenic stimulation. A, Alignments of Ig heavy-
chain gene sequences (Sq.) of the monoclonal expansions from 3 patients with SS. Replacement amino acids are indicated in upper case, and
silent mutations are shown in lower case. Codon positions within framework regions (FWRs) 1-3 and complementarity-determining regions
(CDRs) 1-3 are indicated. B, Clonal trees of the monoclonal expansions from 3 patients with SS. Mutations and their codon position are indicated
on the sides of the branches, with affected regions in parentheses and amino acid changes also shown. C, Frequencies of mutations in the Vi
genes from combined lymphoproliferations, in total and for each FWR and CDR. Frequencies are calculated from the number of replacement
(R) and silent (S) nucleotide exchanges per basepair. The R/S mutation ratio for each region is indicated when the number of silent mutations is
not zero. MN = mature naive (B cells); MUT = mutations; CD21— = CD217"° (B cells).
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Figure 3. Intraclonal diversification, with poorly branched lineage trees, displayed by x-chains in expanded B cell clones from patients with SS. A,
Alignments of Ig k-chain gene sequences of the monoclonal expansions from 3 patients with SS. Replacement amino acids are indicated in upper
case, and silent mutations are shown in lower case. Codon positions within the FWRs and CDRs are indicated. B, Clonal trees of the monoclonal
expansions from 3 patients with SS. Mutations and their codon position are indicated on the sides of the branches, with affected regions in paren-
theses and amino acid changes also shown. C, Frequencies of mutations in V, genes from combined lymphoproliferations, in total and for each
FWR and CDR. Frequencies are calculated from the number of replacement and silent nucleotide exchanges per basepair. The R/S mutation ratio
for each region is indicated when the number of silent mutations is not zero. See Figure 2 for definitions.
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autoreactive clones (2), we performed ELISAs to assess
their reactivity toward human HEp-2 cells and their poten-
tial multispecificity/polyreactivity (5). We found that in 2 of
the 3 SS blood samples in which lymphoproliferations were
evident, mutated recombinant antibodies cloned from sam-
ples SS59 and SS03 were autoreactive (Figure 4A). SS59
clones were highly HEp-2-reactive and polyreactive and
recognized nuclear antigens (Figures 4A-C). Mutated anti-
bodies arising from the SS03 clonal expansion were weakly
HEp-2-reactive and polyreactive, as validated by compar-
isons with mnUNGdef05 150, a low HEp-2—positive con-
trol antibody, and mnUNGdef05 k69, a low polyreactive—
positive control antibody, respectively (6) (Figures 4A and
C). Antibodies from the SS204 sample were not HEp-2—-
reactive or polyreactive, although some weak reactivity
below the values for the low-positive control was detected
for dsDNA and LPS antigens (Figures 4A and C).

Since Ro 52 is a major self antigen in SS, and anti—
IgG rheumatoid factor reactivity has been suggested to be
associated with lymphomas (9), we tested the SS lympho-
proliferations for reactivity to these antigens (Figure 4D).
Consistent with their aforementioned polyreactivity, SS59
clones and, to a lesser extent, SS03 clones displayed reactiv-
ity to Ro 52 and rheumatoid factor, while SS204 clones did
not bind these self antigens (Figure 4D).

A SS59 $S03 ss204 C

$S59

i i
/

$503
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Because some prominent autoantigens in patients
with SS, such as Ro 60, La, Sm, and RNP, consist of proteins
complexed with small noncoding RNAs (10), we explored
whether the self antigens recognized by SS lymphoprolifera-
tions included these RNAs. To determine this, we per-
formed immunoprecipitations on human keratinocytes with
these recombinant antibodies and examined the RNAs pre-
sent in the immunoprecipitates. Although we did not detect
the characteristic noncoding RNAs associated with these
autoantigens, antinuclear antibodies from SS59 mutated
clones recognized an antigen associated with 5S and 5.8S
ribosomal RNAs (rRNAs), revealing that these antibodies
may harbor antiribosomal reactivity (Figure 5). Antibodies
from the SS03 and SS204 clones did not immunoprecipitate
small RNAs (Figure 5). Taken together, these findings indi-
cate that in 2 of the 3 SS samples displaying lymphoprolifer-
ations, autoreactive antibodies that cross-react with Ro 52
were expressed and rheumatoid factor reactivity was a
shared feature. Furthermore, in 1 of the SS samples, a ribo-
somal antigen associated with 5S and 5.8S rRNAs was rec-
ognized.

Autoreactive B cell origin of the lymphoprolifera-
tions in patients with SS. To determine whether the auto-
reactive monoclonal B cell expansions in patients with SS
were derived from unmutated self-reactive clones that
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Figure 4. Expression of autoreactive antibodies by monoclonal B cell expansions in patients with Sjogren’s syndrome (SS). A, Antibodies from
mutated and revertant clones of B cells from patients with SS were tested by enzyme-linked immunosorbent assay (ELISA) for reactivity against
HEp-2 cell lysates. The reactivity of the ED38-positive control (black solid diamonds with dotted lines) and that of the mnUNGdef05 150 low—
positive control (green solid diamonds with solid lines) are also shown. B, Immunofluorescence assays show that the recombinant mutated anti-
body from sample SS59 displays antinuclear reactivity, whereas no antibody reactivity is evident in samples SS03 and SS204. C, Antibodies from
mutated and revertant clones of B cells from patients with SS were tested by ELISA for polyreactivity against double-stranded DNA (dsDNA),
insulin, and lipopolysaccharide (LPS) antigens. The polyreactivity of the ED38-positive control (black solid diamonds with dotted lines) and that
of the mnUNGdef05 k69 low—positive control (red solid diamonds with solid lines) are also shown. D, The reactivity of mutated and revertant
antibodies from patients with SS to Ro 52 and rheumatoid factor (RF) was assessed by ELISA. Solid diamonds with dotted lines in D show the
positive control. The horizontal lines in A, C, and D show the cutoff for positive reactivity at an optical density (OD) of 405 nm.
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Figure 5. Binding of ribosomal components from the B cell lympho-
proliferations in a patient with Sjogren's syndrome (SS). Antibodies
from mutated clones (K) and revertant clones (R) of B cells from 3
patients with SS were used to carry out immunoprecipitations from
human keratinocyte lysates. RNAs within the immunoprecipitates
were end-labeled with [*?P]-cytidine-3',5'-bisphosphate. The boxed
region denotes the 5S and 5.8S ribosomal RNAs (rRNAs) enriched
after immunoprecipitation with recombinant mutated B cell clones
from patient SS59.

acquired somatic hypermutation (SHM), we reverted
in vitro-mutated antibody heavy-chain and light-chain
genes to their original unmutated sequences (see Supple-
mentary Figure 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40352/abstract) (7). Because Ig heavy-chain CDR3
regions play an essential role in conferring antibody
polyreactivity and, potentially, autoreactivity (11), we
designed primers to revert CDR3 sequences, referred to
hereinafter as revertants, thereby allowing for conserva-
tive, and sometimes more extended, reversion scenarios
for these antibodies (see Supplementary Figure 1).
We then tested the revertant reactivities by ELISA
and immunofluorescence assays, and compared their
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reactivities to those of their mutated counterparts (Fig-
ure 4). The reverted antibody from SS59 monoclonal
expansions retained HEp-2 reactivity (Figure 4A), sug-
gesting that this lymphoproliferation may originate from
an intrinsically self-reactive B cell.

Consistent with this hypothesis, the SS59 revertant
also remained polyreactive and retained Ro 52 and
rheumatoid factor reactivity, although this unmutated anti-
body bound dsDNA, insulin, and LPS with decreased affin-
ity (Figures 4C and D). However, we found that SHM was
responsible for the antinuclear reactivity of sample SS59,
because the SS59 revertant did not stain nuclear structures
and did not enrich for 5S and 5.8S rRNAs in immunopre-
cipitations (Figures 4B and 5). Revertants from samples
SS03 and SS204 showed weak reactivity against some of
the tested antigens. SSO3 revertants were borderline
HEp-2-reactive but were not polyreactive and did not bind
Ro 52 or IgG (Figure 4). Although SS204 revertants were
not HEp-2-reactive, some of them displayed weak reactiv-
ity for insulin, Ro 52, and rheumatoid factor (Figure 4).
We conclude that lymphoproliferations in CD21"°% B
cells from patients with SS often express autoreactive anti-
bodies, and these may originate from B cell clones acti-
vated by self antigens. This process may promote the
proliferation of B cells and the acquisition of SHM, thereby
enhancing the B cell receptor (BCR) affinity for self.

DISCUSSION

We showed that the lymphoproliferations occur-
ring in the peripheral blood of patients with SS accumu-
late in the CD21 /% B cell compartment and are often
characterized by the expression of autoreactive antibod-
ies. Non-Hodgkin’s B cell lymphoma occurs frequently
in patients with SS, and its occurrence is reportedly cor-
related with the proportion of CD217"°% B cells in the
patient’s blood (2,12,13). In addition, patients with other
autoimmune diseases, including RA and systemic lupus
erythematosus, or those with chronic infections are also
prone to develop lymphomas, although at a lower fre-
quency than in SS, and display increased numbers of
CD21 "% B cells in their blood, further supporting the
notion of a correlation between CD21 ¥ B cells and
the emergence of transformed clones (3,9,14).

By studying samples from patients with SS in which
the frequency of CD21~"°" B cells was at least 30% in the
CD19+CD27— peripheral B cell compartment, we identi-
fied 3 patients who displayed monoclonal expansions in
their blood. All 3 patients with SS showed the highest fre-
quency of expanded clones in their CD21~°% B cells, sug-
gesting that the monoclonal expansions may originate
from this compartment. Consistent with this hypothesis,
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the lymphoproliferation occurring in 1 of the SS samples
was restricted to CD21"°% B cells and was not detected
in other B cell compartments, including new emigrant/
transitional and mature naive B cells. Of note, samples
SS1003 and SS201, both of which were from patients with
mucosa-associated lymphoid tissue lymphoma, displayed
only a modest increase in the frequency of CD21 % B
cells. However, both of these patients had been treated
with rituximab, a medication that depletes B cells;
therefore, their treatment likely led to alterations in the
frequency of CD21 "% B cells in their blood. Since
CD21"°% B cells from patients with SS and patients with
RA often express autoreactive antibodies, it is likely that
these cells may contain self-reactive precursors of lympho-
proliferation (2,3).

However, the detection of monoclonal expansions
in mature naive B cells from 2 of the patients with SS may
challenge this scenario. Our findings suggest that lympho-
proliferations could emerge from this peripheral B cell
compartment, which is also enriched in autoreactive clones
(15). Consistent with this hypothesis, a precursor clone
(H16) was identified in mature naive B cells that displayed
a heavy chain with only 8 mutations, whereas all other
related clones from mature naive and CD21 "™ B cells
harbored 12 additional mutations. Therefore, lymphopro-
liferative clones may originate from activated mature naive
B cells and then preferentially develop and accumulate in
the CD21°% B cell compartment. However, we cannot
exclude the possibility that the detection of expanded
clones in mature naive B cells might be attributed to the
suboptimal gating strategies that were utilized to distin-
guish CD21°% B cells from CD21+ mature naive B cells,
since all other cell surface markers used to identify these 2
B cell subpopulations are the same. Indeed, the over-
whelming expansion of transformed clones expressing low
levels of surface CD21 may contribute to their detection in
CD21-expressing mature naive B cells. Additional studies
are therefore warranted to determine whether B cell lym-
phomas in patients with SS originate either from mature
naive B cells or from CD21 "% B cells, both of which are
enriched in autoreactive clones.

An interesting line of inquiry is to determine what
mechanisms preside over the emergence of B cell lym-
phomas accumulating in the CD217°% B cell compart-
ment. Intrinsic and extrinsic B cell mechanisms likely
contribute to the development of lymphomas in patients
with SS. Long-term stimulation of BCRs by self antigens
may favor the malignant transformation of CD21~"°" B
cells (5,8). Consistent with this hypothesis, we found that
expanded B cell clones from 2 of the 3 patients with SS
expressed mutated autoreactive BCRs, whereas antibod-
ies expressed by expanded B cells from patient SS204 did
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not appear to be autoreactive. The poorly branched trees,
reflecting the linear SHM acquisition history of the lym-
phoproliferations identified in all 3 patients with SS, sug-
gest a strong antigen-specific selection in which rare SHM
events that increase BCR self-reactivity are highly
selected (8). The putative unmutated germline clones
from which the 3 mutated SS B cell expansions originated
displayed either decreased or no self-reactivity in compar-
ison to their mutated counterparts, suggesting that SHM
did increase self-reactivity in both lymphoproliferations in
which autoreactive BCRs were expressed.

BCR self-reactivity seems to be a common feature
shared by many B cell lymphomas, including chronic lym-
phocytic lymphomas and diffuse large B cell lymphomas
(7,16). In diffuse large B cell lymphomas, BCRs have been
reported to recognize dying cells or DNA (16-18). BCR
self-reactivity is critical for the survival and maintenance
of transformed B cell clones, because replacement by
nonautoreactive BCRs induced clonal death (16). BCR
self-reactivity is also associated with the emergence of
chronic lymphocytic lymphomas, being characterized by
the emergence of clones that retain strong self-reactive
BCR features and that are associated with worse prognoses
in patients (7). The recognition of nuclear antigens, such as
ribosomal structures, as observed herein in the B cell
expansions in patient SS59, may facilitate the activation
and proliferation of B cells, because these self antigens
contain RNAs that provide BCR costimulatory signals
through binding of Toll-like receptor 7 (TLR-7) (19).

Similarly, rheumatoid factor reactivity, which has
been identified in salivary gland lymphomas or inferred
on the basis of CDR3 homology, may also be a factor con-
tributing to the TLR-7-driven activation of clonally
expanded B cells in patients with SS, since a common fea-
ture in the serum of patients with SS is the binding of the
clonally expanded BCRs to IgG immune complexes that
contain small noncoding RNAs (20,21). TLR-7/BCR
coligation induces the expression of Axl in B cells, which
may favor the formation or recruitment of these activated
B cells in tertiary lymphoid structures (22). Lymphomas
in patients with SS, usually found in the mucosal tissue,
may initially develop in a salivary gland from a cluster of
proliferating B cells that seed tertiary lymphoid structures,
thereby offering a favorable environment for B cell expan-
sion by providing T cell help and BAFF (9,23,24).

Indeed, BAFF is important for B cell survival, and
its concentration is elevated in the serum and salivary
glands of patients with SS (25). Since CD21 "% B cells
are dependent on BAFF for their survival, anti-BAFF
therapy may be beneficial in patients with SS, by affecting
the survival of proliferating B cells (26). Alternatively, and
despite the heterogeneous efficacy of anti-B cell therapy
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in patients with SS, anti-CD20 therapy may be considered,
since it has the capacity to eliminate CD21"°Y B cells,
including potentially premalignant clonal B cell expan-
sions that display high expression of CD20. Additional
analyses could clarify which regimen may be more benefi-
cial to thwart autoimmune features and eliminate clonal
B cell lymphoproliferations in patients with SS.
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Systemic Sclerosis
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Objective. To assess the safety and efficacy of
treatment with belimumab in patients with early dif-
fuse cutaneous systemic sclerosis (dcSSc) treated with
background mycophenolate mofetil (MMF).

Methods. In this 52-week, investigator-initiated,
single-center, double-blind, placebo-controlled, pilot
study, 20 patients with dcSSc recently started on MMF
were randomized 1:1 to additionally receive belimumab
at 10 mg/kg intravenously or placebo. We assessed
safety, efficacy, and differential gene expression.

Results. In the belimumab group, the median
modified Rodnan skin thickness score (MRSS) decreased
from 27 (interquartile range [IQR] 26.5, 31) to 18 (IQR
11, 23) (P = 0.039). In the placebo group, the median
MRSS decreased from 28 (IQR 22, 28) to 21 (IQR 14, 25)
(P =0.023). The median change in MRSS was —-10 (IQR
-13, -9) in the belimumab group and -3.0 (IQR -15, -1)
in the placebo group (P = 0.411). There were no signifi-
cant differences between the groups in the number of
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adverse events (AEs). A significant decrease in expres-
sion of B cell signaling and profibrotic genes and path-
ways was observed in patients with improved MRSS in
the belimumab group but not in the placebo group.

Conclusion. Patients in both treatment groups
experienced significant improvements in MRSS. The me-
dian difference was greater in the belimumab group but did
not achieve statistical significance in this small pilot study.
AEs were similar between the groups. Changes in gene
expression were consistent with mechanism of action and
showed that clinical response to treatment with belimumab
is associated with a significant decrease in profibrotic genes
and pathways. Additional studies are needed to determine
the role of belimumab in the treatment of dcSSc.

Systemic sclerosis (SSc) is a multisystem connective
tissue disease characterized by autoimmunity, fibrosis, and
vasculopathy (1). Immune dysregulation in SSc is mani-
fested by the presence of autoantibodies and alterations in
phenotype and activation levels of B cells, T cells, cyto-
kines, and other components of the immune system (2).
Current treatment paradigms for SSc depend on the organ
system involved and include immunosuppressive regimens
such as methotrexate, mycophenolate mofetil (MMF),
cyclophosphamide, and autologous stem cell transplanta-
tion for severe and rapidly progressive disease with poor
prognostic features (3). Although these treatments are
effective, improved therapies for SSc are needed (4).

Abnormalities in B cell function and homeostasis
have been observed in SSc. Skin and lung samples from
SSc patients show B cell infiltrates (5,6). Gene expres-
sion studies performed on SSc skin show high expression
of immunoglobulin genes in patients from an inflamma-
tory intrinsic molecular gene expression subset (7). B cell
homeostasis is disrupted in SSc, with greater numbers of
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transitional and naive B cells and fewer memory B cells
as well as altered expression of molecules involved in B
cell regulation compared with healthy controls (8).
Although reduced in number, memory B cells in SSc are
hyperreactive, leading to increased antibody formation
(9). BAFE also known as B lymphocyte stimulator
(BLyS), is increased in the serum of patients with SSc
and correlates with the extent of skin fibrosis (10). Serum
levels of APRIL, a homolog of BAFE are also elevated
in SSc patients and have been associated with an
increased incidence of pulmonary fibrosis (11).

Anti-B cell strategies using rituximab, a mono-
clonal antibody directed against the CD20 antigen, have
been studied for use in SSc in observational studies and
small trials. In a retrospective study from the European
League Against Rheumatism (EULAR) Scleroderma
Trial and Research group, patients with diffuse cutaneous
SSc (deSSc) who were treated with rituximab had a
greater decrease in modified Rodnan skin thickness score
(MRSS) (12) and a smaller decline in forced vital capacity
(FVC) compared with matched controls (13). Prospective
studies have shown mixed results—some with benefit (14)
and others without significant change (5).

Belimumab (Benlysta; GlaxoSmithKline) is a
recombinant, fully human monoclonal antibody which
is approved by the US Food and Drug Administration
for the treatment of systemic lupus erythematosus (15).
Belimumab binds to soluble human BLyS and inhibits
its biologic activity, leading to apoptosis of B lympho-
cytes and decreased autoantibody production (16). We
report the first investigation of the use of belimumab
in SSc.

PATIENTS AND METHODS

Study design and participants. This was an investigator-
initiated, industry-supported, single-center, randomized, double-
blind, placebo-controlled, pilot study. Patients fulfilled both the
American College of Rheumatology (ACR) preliminary criteria
for SSc (17) and the ACR/EULAR 2013 criteria for SSc (18) and
had dcSSc (19). Patients were included if they were age >18 years,
had disease duration of <3 years since the first SSc-related symp-
tom other than Raynaud’s phenomenon (RP), and had a baseline
MRSS of >16. Patients were excluded if their diffusing capacity
for carbon monoxide (DLco) was <30% predicted, if their ejec-
tion fraction was <50%, if they had been receiving MMF for >3
months, if they had previously received rituximab or belimumab,
or if they required prednisone at >10 mg/day (full inclusion crite-
ria are available in Supplementary File 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40358/abstract). The protocol was approved by the
Institutional Review Board at Hospital for Special Surgery.
Patients provided written informed consent before enrollment,
and the study was performed in accordance with the Declaration
of Helsinki and Good Clinical Practice Guidelines. An
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independent data and safety monitoring board regularly reviewed
safety data.

The primary objective was to assess the safety and toler-
ability of belimumab in patients with dcSSc receiving back-
ground MMF therapy, as assessed by the number of adverse
events (AEs) and serious AEs (SAEs). The primary efficacy end
point was the difference in the median change in MRSS after 52
weeks of treatment. Secondary efficacy end points included
change in MRSS at 6 months as well as change at 52 weeks in
FVC and DLco on pulmonary function testing (PFT) and
change at 52 weeks in the Short Form 36 (SF-36) health survey
mental component summary (MCS) score and physical compo-
nent summary (PCS) score (20), the Scleroderma Health Assess-
ment Questionnaire disability index (SHAQ DI) score (21), and,
post hoc, the ACR composite response index in dcSSc (CRISS)
score (22). Skin biopsy samples were assessed using histopathol-
ogy, immunohistochemistry, and differential gene expression
analysis to evaluate change with treatment and to explore the
biologic basis of the clinical changes observed. Serum BLyS
levels were assessed at baseline using a custom enzyme-linked
immunosorbent assay (ELISA) (see Supplementary File 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40358/abstract).

Patients were assessed at monthly visits for AE ascer-
tainment, interval history, physical examination, and clinical lab-
oratory testing. AEs were listed according to the National
Cancer Institute’s common terminology (23). The MRSS was
measured at screening, baseline, and every 3 months by the same
physician (JKG or RES). PFTs with measurement of FVC and
DLco were performed at baseline and after 6 and 12 months.

Dosing and visits. At baseline, 14 patients were naive to
MMF and the other 6 had been receiving MMF at <2,000 mg/day
for <3 months. The MMF-naive group was started on MMF at
their first baseline visit, and this dose was up-titrated over the
course of 2 weeks to 1,000 mg twice daily by mouth with weekly
complete blood counts. All patients continued to receive MMF
monotherapy for 3 months to ensure individual tolerability of
MME MMEF was chosen so that background therapy would be
uniform and not a further source of variability in this small study.
Our preference is to use MMF over methotrexate in patients with
interstitial lung disease (ILD), and such patients were included.
Two patients withdrew during the wash-in period due to disease
progression. After this wash-in period, patients were randomized
to receive belimumab or identical placebo at the second baseline
visit. Belimumab at 10 mg/kg or identical placebo (normal saline)
was given intravenously at 2-week intervals for the first 3 doses
and then at 4-week intervals until week 48 as patients maintained
background MMF at 1,000 mg twice daily. The final assessment
occurred 4 weeks following the final belimumab infusion at
week 52. Adherence to MMF was assessed by pill count.

Randomization and blinding. Patients were randomly
assigned (1:1) using block randomization performed by per-
sonnel in biostatistics and pharmacy. Investigators, patients,
and study personnel were masked to treatment assignment.

Dermatopathology. Two 3-mm punch biopsies of lesional
forearm skin were performed at the first baseline visit and at 52
weeks. The posttreatment biopsy samples were obtained 1-cm
adjacent to baseline biopsy samples. At each time point, one speci-
men was formalin-fixed and paraffin-embedded, and the other was
stored in RNAlater. Sections for histopathology were stained with
hematoxylin and eosin (H&E), anti-o-smooth muscle actin (anti—
a-SMA), CD34, procollagen, CD3, and CD79 using standard tech-
niques. A dermatopathologist (CM) who was blinded with regard
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to treatment status compared each case. Slides were scored semi-
quantitatively based on collagen density and degree of infiltrate on
H&E staining as well as intensity of staining. Skin thickness was
measured from the epidermis to the subcutis by a micrometer.
Eccrine coils and hair follicles were counted per section.

Statistical analysis. This pilot trial was conducted to
obtain initial safety and efficacy data in order to perform a
power calculation for a larger study, so formal power calcula-
tion was not done to determine sample size. The efficacy
analyses were performed using a modified intent-to-treat pop-
ulation, including all randomly assigned patients who received
at least 1 dose of study drug and had at least 1 follow-up
MRSS. This included 9 patients in each group. Comparative
safety analyses included all patients who were randomized
and received at least 1 infusion (n = 20). For subanalyses, we
classified patients as clinical improvers if they individually
demonstrated a 20% decrease in the MRSS, as in previous
studies (24).

Comparisons were performed using Mann-Whitney U
tests and Wilcoxon signed rank tests, as appropriate. All ana-
lyses were performed using SAS software version 9.3 for Win-
dows (SAS Institute) with a significance level of 0.05. Since
this was a pilot trial, adjustment for multiple comparisons was
not performed for the clinical outcomes.

Gene expression analyses by DNA microarray. Tissue
samples stored in RNAlater were homogenized, and RNA was
purified as previously described (25). Baseline and posttreat-
ment biopsy samples from 18 patients were used for analyses.
Expression data were imputed for missing values and collapsed
to unique genes using GenePattern (26), median-centered in
Cluster 3.0 (27), and visualized in Java TreeView (28). Data
from this study are available from the NCBI GEO (accession
no. GSE97248).

Differentially expressed genes (DEGs) were identified
via Significance Analysis of Microarrays (29). DEGs with a
false discovery rate (FDR) of <10% were treated as significant
and were evaluated for significant functional enrichment via
g:Profiler (30) (P < 0.05 corrected for multiple testing via
default Gene Set Counts and Sizes method). We performed
gene set enrichment analysis (GSEA) (31,32) in GenePattern.
GSEA was run against Canonical Pathways database version
5.2. Pathways with a GSEA FDR of <5% were treated as signif-
icant.

Intrinsic subset assignment. Expression data and sub-
set labels collected from GEO accession nos. GSE9285,
GSE32413, and GSE45485 were used to train and test a multi-
nomial elastic net (25,33,34). The glmnet (35) and caret (36)
packages implemented in R (www.r-project.org) were used with
repeated cross-validation (10x, 3-fold) to train the classifier
and assess robustness (37). The inflammatory subset score was
quantified as the probability of being assigned to the inflamma-
tory molecular subset from the multinomial elastic net.

RESULTS

Primary and secondary efficacy analyses. Patients
were recruited from August 17, 2012 until September 12,
2014. Of 25 patients screened, 22 patients enrolled in the
MMF wash-in period (see Supplementary File 3, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40358/abstract). Two
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patients withdrew prior to randomization—1 due to sclero-
derma renal crisis and 1 due to progressive myopathy.
Twenty patients were randomized 1:1, and 9 patients in
each group completed 52 weeks of treatment. One patient
in the placebo group withdrew due to progressive car-
diomyopathy, and 1 in the belimumab group withdrew due
to progressive ILD after receiving 2 infusions. Both patients
withdrew prior to the 12-week MRSS assessment. Baseline
characteristics of randomized patients were balanced
between groups with 2 exceptions. The baseline SHAQ DI
score and RP score on a visual analog scale (VAS) were sig-
nificantly worse in the belimumab group (Table 1).

Patients in both groups experienced significant
improvements in the MRSS. In the belimumab group, the
median MRSS decreased from 27 (interquartile range
[IQR] 26.5, 31) to 18 (IQR 11, 23) (P = 0.039), while in the
placebo group, the median MRSS decreased from 28 (IQR
22, 28) to 21 (IQR 14, 25) (P = 0.023) (Figure 1A). The
MRSS changed by a median of —10 (IQR 13, -9) in the

Table 1. Characteristics of the patients at baseline*

Belimumab Placebo
Age, mean £ SD years 56.7 £ 10.26 53 £ 121
Disease duration, mean + SD 11.7 + 7.82 9+ 4.03
months
Female, % 80 70
Caucasian, % 90 70
Hispanic, % 30 10
ILD, % 10 20
Anti-Scl-70 positive, % 20 30
Anti-RNA polymerase 111 70 30
positive, %
MRSS, 0-51 27 (26.5, 31) 28 (22, 28)

SHAQ DI score, 0-3
VAS pain score, 0—-150 mm

1.38 (113, 1.75)t  0.38 (0.13, 0.63)
45.0 (42.0, 55.0)  30.0 (4.0, 49.0)

VAS RP score, 0-150 mm 63.0 (43.0, 74.0) 8.0 (0.0, 12.0)
VAS ulcers score, 0-150 mm 0.0 (0.0, 66.0) 0.0 (0.0, 3.0)
VAS breathing score, 0-150 mm 1.0 (0.0, 11.0) 0.0 (0.0, 19.0)
VAS overall score, 0-150 mm 48.0 (33.0, 72.0)  47.0 (28.0, 53.0)
SF-36 MCS score, 0-100 66 (44, 77) 62 (34, 68)
SF-36 PCS score, 0-100 38 (31, 44) 45 (38, 66)
PGA, 0-10 6.3 (4.9, 7.3) 4.8 (4.2,5.7)
FVC, % predicted 88 (81, 100) 95 (88, 101)
DLco, % predicted§ 85 (67, 94) 81 (81, 87)

* Values for age, disease duration, percent female, percent Caucasian,
percent Hispanic, presence of interstitial lung disease (ILD), and
autoantibody status are given for all patients randomized (n = 10 per
group). All other values are given for treated patients (n = 9 per
group). Except where indicated otherwise, values are the median (in-
terquartile range). MRSS = modified Rodnan skin thickness score;
SHAQ DI = Scleroderma Health Assessment Questionnaire disability
index; VAS = visual analog scale; RP = Raynaud’s phenomenon; SF-36
= Short Form 36 health survey; MCS = mental component summary;
PCS = physical component summary; PGA = physician’s global assess-
ment; FVC = forced vital capacity; DLco = diffusing capacity for car-
bon monoxide.

F P = 0.021 versus placebo.

1 P = 0.004 versus placebo.

§ Adjusted for hemoglobin level.
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Figure 1. Changes in modified Rodnan skin thickness score (MRSS) and composite response index in diffuse cutaneous systemic sclerosis
(CRISS) score. A, MRSS at baseline and at week 52 in patients treated with belimumab and those treated with placebo. The median MRSS
decreased from 27 (interquartile range [IQR] 26.5, 31) to 18 (IQR 11, 23) in the belimumab group (P = 0.039) and from 28 (IQR 22, 28) to 21
(IQR 14, 25) in the placebo group (P = 0.023). B, Median change in MRSS. The MRSS changed by a median of —10 (IQR —13, -9) in the beli-
mumab group and by a median of -3.0 (IQR 15, —1) in the placebo group (P = 0.411). C, Proportion of patients achieving MRSS improvement
of at least 20%. D, CRISS score at 52 weeks. The median CRISS score was 0.61 (IQR 0.34, 0.88) in the belimumab group and 0.03 (IQR 0, 0.80)
in the placebo group (P = 0.345). Although CRISS scores in the belimumab group tended to be higher, statistical significance was not reached due
to small sample size and distribution of placebo values. In B and D, data are presented as box plots, where the boxes represent the 25th to 75th
percentiles, the lines within the boxes represent the median, and the lines outside the boxes represent minimum and maximum values. Circles

represent individual patients.

belimumab group and by a median of -3.0 (IQR -15, 1)
in the placebo group (P = 0.411) (Figure 1B). Because
there was no statistically significant difference between the
groups in the median change in MRSS, the primary efficacy
end point was not met. In the belimumab group, 7 of 9
patients were clinical improvers compared to 3 of 9 patients
in the placebo group (P = 0.153) (Figure 1C). FVC and
DLco remained stable during treatment (Table 2).
Multiple secondary outcome measures were as-
sessed (Table 2). Significantly greater improvements were
observed in the belimumab group for the SHAQ DI score
and the VAS RP score. There were no significant differ-
ences seen in VAS pain score, VAS ulcers score, VAS
breathing score, VAS overall score, physician’s global
assessment, SF-36 MCS score, or SF-36 PCS score. In a

post hoc analysis, we assessed the CRISS score at baseline
compared to 52 weeks. The median CRISS score at 52
weeks was 0.61 (IQR 0.34, 0.88) in the belimumab group
and 0.03 (IQR 0, 0.80) in the placebo group (P = 0.345)
(Figure 1D).

AEs. There was no difference between the groups
in the total number of AEs (53 in the belimumab group
and 56 in the placebo group; P = 0.868). There was no dif-
ference between the groups in the total number of infec-
tious AEs (18 in the belimumab group and 16 in the
placebo group; P = 0.818). There were 3 SAEs postran-
domization, all of which occurred in the placebo group
(Table 3). One patient was hospitalized with an anxiety
attack. The 2 other SAEs were hospitalizations due to chest
pain and dyspnea related to progression of SSc-related
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Table 2. Change in primary and secondary end points at 52 weeks*

Belimumab + MMF Placebo + MMF

(n=9) (n=9)

MRSS, 0-51 -10 (-13, -9) -3.0 (-15, 1)

SHAQ DI score, 0-3 —-0.25 (-0.38, -0.25)F  0.00 (-0.13, 0.13)

VAS pain score, —-10.5 (-40.5, 6.5) -1.0 (-32.0, 0.0)
0-150 mm

VAS RP score, -30.0 (-40.0, -14.0)t 0.0 (-7.0, 22.0)
0-150 mm

VAS ulcers score, -12.0 (-38.0, 1.0) 0.0 (-7.5, 4.0)
0-150 mm

VAS breathing score, 2.0 (0.0, 7.0) 0.0 (-7.0, 3.0)
0-150 mm

VAS overall score, -14.0 (-29.0, -9.00)  —10.0 (-40.0, —-6.0)
0-150 mm

SF-36 MCS score, 0-100
SF-36 PCS score, 0-100
PGA, 0-10

FVC, % predicted
DLco, % predicted§
CRISS score

7.50 (2.50, 18.50)
8.00 (-3.50, 19.00)
-4.43 (-8.05, -0.90)
5.00 (0.00, 8.00)
2.00 (~7.00, 7.00)
0.61 (0.34, 0.88)

3.00 (0.00, 10.00)
-3.00 (-3.00, 27.00)
~1.67 (-2.87, -0.90)
~2.00 (~6.00, 4.00)

0.00 (~6.00, 7.00)

0.03 (<0.001, 0.80)

* Values are the median (interquartile range). MMF = mycopheno-
late mofetil; CRISS = composite response index in diffuse cutaneous
systemic sclerosis (see Table 1 for other definitions).

t P = 0.042 versus placebo + MMFE.

1 P = 0.029 versus placebo + MMFE.

§ Adjusted for hemoglobin level.

cardiomyopathy, both of which occurred in 1 patient. This
patient was withdrawn from the study to receive treatment
off protocol. Two SAEs occurred during the wash-in phase
prior to randomization in 1 patient who experienced sclero-
derma hypertensive crisis resulting in 2 hospitalizations. No
deaths occurred during the study period. All AEs occurring
more than once are shown in Supplementary File 4 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40358/abstract).
Dermatopathology findings. The majority of biopsy
samples from both groups demonstrated an overall
improvement in microscopic morphology with a qualita-
tive decrease in degree of sclerosis, hyalinization of colla-
gen, thickness of collagen fiber bundles, and dermal
thickness. There were no significant differences between
the groups in skin thickness, collagen density, degree of
infiltrate on H&E staining, number of follicles and eccrine
structures, and staining intensity of a-SMA, trichrome,
CD34, procollagen, CD3, or CD79. This complete

Table 3. Adverse events (AEs) in each treatment group*

Belimumab + MMF Placebo + MMF

(n=10) (n=10)
Total AEs 53 56
Total infectious AEs 18 16
Serious AEs 0 3

* There were no significant differences between the groups. MMF =
mycophenolate mofetil.

GORDON ET AL

analysis is included as Supplementary File 5 (http://online
library.wiley.com/doi/10.1002/art.40358/abstract).

BLyS levels. Baseline BLyS levels in our patients
were higher than those in healthy controls, consistent with
previous findings (10). The median BLyS level was 1.46
ng/ml (IQR 1.25, 2.05) in 15 patients versus 0.67 ng/ml
(IOR 0.59, 0.87) in 50 healthy controls (P < 0.001). There
was no difference between improvers and nonimprovers in
baseline BLyS levels (median 1.48 ng/ml [IQR 1.23, 1.95]
versus 1.74 ng/ml [IQR 1.27, 2.08], respectively; P = 0.66).

Differential gene expression and intrinsic subset
assignment. Differential expression analysis demonstrated
that there were 43 significant DEGs that decreased post-
treatment in the belimumab arm (Figure 2A; also see
Supplementary File 6, http://onlinelibrary.wiley.com/doi/
10.1002/art.40358/abstract). These genes were significantly
enriched in immune system signaling including defense
response, inflammatory response, and complement activa-
tion (see Supplementary File 7, http://onlinelibrary.wiley.
com/doi/10.1002/art.40358/abstract). Significantly down-
regulated pathways included B cell receptor activation and
Toll-like receptor signaling as well as integrin signaling
pathways (Figure 2B; also see Supplementary File 8,
http://onlinelibrary.wiley.com/doi/10.1002/art.40358/abstract).
In contrast, there were no significant DEGs in the placebo
group; therefore, presentation of differential expression is
limited to the belimumab arm.

We then examined DEGs specifically in belimumab
improvers. There were 76 significant DEGs whose levels
were decreased posttreatment (Figure 2C; also see Supple-
mentary File 9, http:/onlinelibrary.wiley.com/doi/10.1002/
art.40358/abstract). These genes were enriched in immune
and fibrotic signaling (e.g., extracellular matrix [ECM]
organization, vasculature development, and collagen meta-
bolic process) (see Supplementary File 10, http://online
library.wiley.com/doi/10.1002/art.40358/abstract). Down-
regulated pathways included both fibrotic signaling
(transforming growth factor B [TGFB]J/TGFB receptor
[TGFBR] signaling and ECM regulators) and B cell sig-
naling (B cell antigen receptor and B cell receptor signal-
ing) (Figure 2D; also see Supplementary File 11, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40358/abstract).

Finally, we examined the baseline differences be-
tween belimumab improvers and nonimprovers. There were
19 genes with higher expression in improvers (see Supple-
mentary File 12 and Supplementary Figure 1A, http://online
library.wiley.com/doi/10.1002/art.40358/abstract) enriched in
collagen metabolic process and ECM organization. Path-
ways enriched in improvers included ECM-receptor inter-
action and other ECM-related gene sets as well as TGFBR
signaling (see Supplementary File 13 and Supplementary
Figure 1B, http:/onlinelibrary.wiley.com/doi/10.1002/art.
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Figure 2. Gene expression changes in the belimumab arm and in belimumab improvers (patients who individually demonstrated a 20% decrease
in the modified Rodnan skin thickness score). A, Sample genes that were significantly down-regulated (false discovery rate [FDR] <10%) posttreat-
ment in the belimumab arm. B, Sample pathways that were significantly down-regulated (FDR <5%) posttreatment in the belimumab arm. C,
Sample genes that were significantly down-regulated posttreatment in belimumab improvers. D, Sample pathways that were significantly down-
regulated posttreatment in belimumab improvers. Base = baseline; IL-27 = interleukin-27; NK = natural killer; TGF = transforming growth factor;

ECM = extracellular matrix; TGFBR = TGFp receptor.

40358/abstract). There were no significant DEGs in
placebo improvers, although this could be attributed to
sample size.

There was no difference between treatment
groups in baseline frequency of intrinsic gene expression
subsets. Molecular subset at baseline was not associated
with clinical improvement in the belimumab arm (Fig-
ure 3A), the placebo arm (Figure 3B), or the pooled
treatment arms (P > 0.05 by Fisher’s exact test; data not
shown). Fifteen patients were assigned to either an
inflammatory or a proliferative molecular subset at base-
line. In a pooled analysis, 9 of these patients (60%)
changed their subset to normal-like, and this was accom-
panied by a decrease in MRSS for all 9 patients. Further-
more, 8 of 10 improvers were assigned to a normal-like
molecular subset posttreatment.

We quantified an inflammatory subset score and
tracked this change over the course of treatment. The
change in inflammatory subset score correlated with the
change in MRSS (Pearson’s r = 0.51, P = 0.03), particu-
larly for patients assigned to the inflammatory molecular
subset at baseline (Pearson’s r = 0.81, P = 0.008)
(Figure 3C). These findings suggest that an overall
reduction in inflammatory gene expression and

movement toward the normal-like subset was associated
with improvement in MRSS.

DISCUSSION

This is the first double-blind, randomized con-
trolled trial of belimumab for the treatment of early dcSSc.
We observed clinically and statistically significant improve-
ment in MRSS in both treatment groups. Although the
median difference in MRSS was greater in the belimumab
group, the difference was not statistically significant in this
small pilot study. A larger proportion of patients in the
belimumab group were clinical improvers, although this
did not reach statistical significance. The CRISS score,
evaluated post hoc, favored the belimumab group, but the
difference was not statistically significant. The SHAQ DI
score and VAS RP score showed significantly greater
improvements in the belimumab group. However, given
that the baseline values for these measures were worse in
the belimumab group, this may represent regression to the
mean. There were no significant differences for the other
secondary outcome measures.

Using differential gene expression analysis, we
were able to detect differences between the groups. We
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Figure 3. Patients were assigned to one of the intrinsic molecular subsets based on gene expression signatures at baseline: inflammatory (purple),
normal-like (green), or proliferative (red). A, In the belimumab/mycophenolate mofetil (MMF) treatment arm, improvers (patients who individu-
ally demonstrated a 20% decrease in the modified Rodnan skin thickness score [MRSS]) spanned all 3 subsets, while nonimprovers were assigned
to an inflammatory or normal-like molecular subset. B, In the MMF treatment arm, improvers were assigned to either an inflammatory or a prolif-
erative molecular subset, while nonimprovers spanned all 3 subsets. C, We used the inflammatory gene expression signature to quantify an inflam-
matory subset score for each patient at baseline and at 12 months, and we correlated changes in this score with changes in MRSS. Symbols
represent individual patients. Regression lines are shown for all patients (solid) and for only those patients assigned to the inflammatory molecular

subset (dashed).

observed significant changes in gene expression only in
the belimumab arm, driven largely by the improvers.
There were no significant DEGs in nonimprovers or in
the placebo arm, despite the fact that the placebo patients
were treated with MME. The clinical improvers treated
with belimumab and background MMF showed signifi-
cant decrease of B cell signaling consistent with the mech-
anism of action of belimumab. This group also displayed
high baseline levels and posttreatment down-regulation of
fibrotic genes and pathways including collagens, ECM,
and TGFB/TGFpR signaling. The role of B cells in stimu-
lating collagen synthesis and contributing to fibrosis in
SSc via multiple mechanisms (including generation of
interleukin-6 and CCL2, which were down-regulated in
belimumab improvers in this trial) has been described
(38-41). A recent study (42) demonstrated induction of

collagen secretion and profibrotic cytokines in skin fibro-
blasts by B cells and particularly by BAFE Our findings
suggest that clinical response to belimumab is associated
with a decrease in profibrotic genes and pathways. How-
ever, the use of MMF can also impact gene expression as
well as intrinsic subset assignment (43). We found no
association between baseline intrinsic subsets and clinical
response. However, improvers were more likely to be
assigned to a normal-like molecular subset following
treatment, and decrease in inflammatory gene expression
signatures accompanied decrease in MRSS.

Although our investigation has several strengths
which will enable planning for future studies, there are limi-
tations to the conclusions that can be drawn from this pilot
study. As a pilot trial the sample size was small, and the
study was underpowered to detect modest differences
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between treatment groups. Our use of MMF as an active
comparator likely blunted our ability to detect a difference
between the groups with regard to impact of belimumab on
clinical outcomes. However, most patients with early pro-
gressive dcSSc are treated with immunosuppressive thera-
pies, and data suggest that such patients have improved
survival (4). The use of an active comparator therefore not
only provides an answer to a more clinically relevant ques-
tion, but also improves recruitment and ability to carry out
a trial. Future studies should include patients treated only
with belimumab to assess direct effects of belimumab.
Larger clinical trials will be needed to determine the role
of belimumab in the treatment of early dcSSc, and this
report suggests that such studies are warranted.
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Implications of elevated C-reactive protein and serum
amyloid A levels in IgG4-related disease: comment on
the article by Perugino et al

To the Editor:

We read with great interest the article by Perugino
et al (1), which provides an excellent overview of IgG4-related
disease (IgG4-RD). However, the authors did not discuss the
prognostic/diagnostic implications of increased C-reactive pro-
tein (CRP) levels in IgG4-RD or the potential secondary com-
plications of such increased levels. Therefore, we want to
highlight the clinical relevance of elevated CRP in IgG4-RD.

In patients with IgG4-RD, levels of CRP may be ele-
vated (2). Serum amyloid A (SAA) is an acute-phase protein
that is also often elevated during inflammation. Sustained high
levels of SAA can lead to deposition of AA amyloid fibrils in the
tissues, leading to AA amyloidosis (3). Several infectious autoin-
flammatory and rheumatic diseases have been associated with
secondary AA amyloidosis (4). This association has also recently
been demonstrated by our group in a patient with [gG4-RD (5).

In our cohort of IgG4-RD patients, we have now prospec-
tively established simultaneous levels of erythrocyte sedimentation

rate (ESR), CRP, SAA, and serum IgG4. In 9 of 28 patients
(32%), SAA was elevated (ranging from 5 to 350 mg/liter; normal
<4 mg/liter) and was significantly correlated with levels of CRP (r
= 0.816, P = 0.001) (Figure 1C). No significant correlation
between SAA and serum IgG4 levels was found (P = 0.642) (Fig-
ure 1A), and a weak correlation between SAA levels and the
ESR was observed (r = 0.382, P = 0.0145) (Figure 1B). Further-
more, no correlation was seen between SAA levels and disease
activity (IgG4-RD Responder Index) (6) at the time these inflam-
mation parameters were measured (P = 0.881) (Figure 1D).

AA amyloidosis is a very serious clinical complication
with an increased risk of mortality, that predominantly affects
the kidneys (3). AA amyloidosis may be an overlooked, rare
complication of IgG4-RD because the majority of patients with
IgG4-RD have normal levels of CRP (2) and because 1gG4-RD
is often treated after the diagnosis has been established, leading
to normalization of CRP and SAA levels. In the current study,
the elevated levels of SAA correlated with elevated levels of
CREP, but not with levels of serum IgG4. Furthermore, no corre-
lation was found between the SAA levels and scores on the
IgG4-RD Responder Index. Thus, patients with IgG4-RD may
have an increased risk of developing unnoticed secondary amy-
loidosis. We therefore recommend that both CRP and SAA be
routinely measured in patients with IgG4-RD, with prompt
treatment if levels are elevated.
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Figure 1. Correlation between serum amyloid A (SAA) levels and serum IgG4 levels (A), the erythrocyte sedimentation rate (ESR) (B), C-reac-
tive protein (CRP) levels (C), and the IgG4-related disease (IgG4-RD) Responder Index (RI) (D) in 28 patients with IgG4-RD.
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To the Editor:

We thank Dr. Karim and colleagues for their thoughtful
comments on our article, including their mention of a patient
with longstanding IgG4-RD who developed secondary (AA)
amyloidosis, presumably as a consequence of well-established,
untreated inflammation (Karim F Clahsen-van Groningen M,
van Laar JA. AA amyloidosis and IgG4-related disease. N Engl
J Med 2017;376:599-600). We completely agree with Karim
et al regarding the destructive nature of IgG4-RD that goes
undiagnosed, particularly its ability to cause both endocrine and
exocrine failure of the pancreas, end-stage liver disease from the
effects of biliary tract disease, chronic renal failure from the
effects of tubulointerstitial nephritis, vision loss and deleterious
cosmetic issues from orbital disease, chronic pain from retro-
peritoneal fibrosis, and so on.

Indeed, because IgG4-RD has been recognized as a
unique disease entity for less than 15 years, the full toll from
this condition in terms of damage from both the disease itself
and its therapy is still being described. We note that IgG4-RD
patients with elevated levels of serum CRP are the exception
rather than the rule (Wallace ZS, Deshpande V, Mattoo H,
Mahajan VS, Kulikova M, Pillai S, et al. IgG4-related disease:
clinical and laboratory features in one hundred twenty-five
patients. Arthritis Rheumatol 2015;67:2466-75). The more
common scenario is the finding of an extremely high ESR—the
effect of hypergammaglobulinemia of both IgG4 and IgGl
(and sometimes all 4 IgG subclasses)—in the setting of normal
CRP levels.

Because any indolent and chronic inflammatory state
can result in secondary amyloidosis, we agree that IgG4-RD in
the case reported by Karim and colleagues was likely related to
the subsequent development of amyloidosis. The current rarity
of secondary amyloidosis and the growing, but still inadequate,

LETTERS

awareness of IgG4-RD may partially explain why this was the
first published connection between these entities. To our knowl-
edge, serum amyloid A concentrations have not been measured
systematically in other cohorts, including in our own. The case
reported by Karim and colleagues underscores the importance
of early recognition of IgG4-RD and control of the associated
inflammation as early and as effectively as possible. The utility
of serum amyloid A as a biomarker of interest in IgG4-RD
requires further investigation.

Cory A. Perugino, DO

John H. Stone, MD, MPH
Massachusetts General Hospital
Boston, MA

DOI 10.1002/art.40363

Varicella zoster virus—specific T cell responses in
untreated giant cell arteritis: comment on the article
by England et al

To the Editor:

Giant cell arteritis (GCA) is a large vessel vasculitis of
unknown cause. Although infections have long been suspected
to be potential disease triggers, a disease-causing pathogen has
not been identified to date (1). Recently, investigators in sev-
eral studies reported varicella zoster virus (VZV) particles in
artery biopsy specimens (2). Similar to other herpesviruses,
VZV has a very high prevalence and remains dormant in a
latent stage controlled by the immune system. Loss of T cell-
mediated virus control results in herpes zoster (shingles).

The study by England et al (3) now provides epidemio-
logic evidence for a potential association between VZV and
GCA. The authors used 2 independent health care provider data
sets (Medicare and MarketScan). In these databases, prior her-
pes zoster events were associated with a diagnosis of GCA (haz-
ard ratios 2.16 and 1.99 in the 2 data sets, respectively) (3). Use
of antiviral drugs or vaccination did not alter the risk of GCA.

T cells are important in the pathogenesis of GCA (4).
Genetic association studies and strict tissue tropism suggest that it
is an antigen-driven disease (4,5). The antigen could be either a
self antigen or a pathogen-derived antigen that is expressed only
in the large arteries. The immunopathology and epidemiologic
data implicate VZV as a potential immune target. We hypothe-
sized that cross-reactive VZV-specific T cell immunity may con-
tribute to the pathogenesis of GCA. If our hypothesis were shown
to be true, we expected the number of VZV-reactive T cells to be
increased in patients with GCA compared to control patients.

We compared the frequency of VZV-specific peripheral
blood T cells in 32 patients, all of whom provided informed con-
sent to participate in our prospective GCA cohort study. These
patients included the following: 15 patients with newly diagnosed
GCA (all of whom had received prednisone treatment for < 5
days at the time of sample collection [median 0 days, mean 1
day]), 60% with biopsy-proven GCA, mean age 74.4 years), 10
control patients with inflammatory disease (5 with polymyalgia
rheumatica, 2 with autoinflammatory disease, 1 with aortitis, 1 with
myelodysplastic syndrome, and 1 with antineutrophil cytoplasmic
antibody—associated vasculitis (mean age 66.5 years), and 7 control
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Reply

To the Editor:

We thank Dr. Karim and colleagues for their thoughtful
comments on our article, including their mention of a patient
with longstanding IgG4-RD who developed secondary (AA)
amyloidosis, presumably as a consequence of well-established,
untreated inflammation (Karim F Clahsen-van Groningen M,
van Laar JA. AA amyloidosis and IgG4-related disease. N Engl
J Med 2017;376:599-600). We completely agree with Karim
et al regarding the destructive nature of IgG4-RD that goes
undiagnosed, particularly its ability to cause both endocrine and
exocrine failure of the pancreas, end-stage liver disease from the
effects of biliary tract disease, chronic renal failure from the
effects of tubulointerstitial nephritis, vision loss and deleterious
cosmetic issues from orbital disease, chronic pain from retro-
peritoneal fibrosis, and so on.

Indeed, because IgG4-RD has been recognized as a
unique disease entity for less than 15 years, the full toll from
this condition in terms of damage from both the disease itself
and its therapy is still being described. We note that IgG4-RD
patients with elevated levels of serum CRP are the exception
rather than the rule (Wallace ZS, Deshpande V, Mattoo H,
Mahajan VS, Kulikova M, Pillai S, et al. IgG4-related disease:
clinical and laboratory features in one hundred twenty-five
patients. Arthritis Rheumatol 2015;67:2466-75). The more
common scenario is the finding of an extremely high ESR—the
effect of hypergammaglobulinemia of both IgG4 and IgGl
(and sometimes all 4 IgG subclasses)—in the setting of normal
CRP levels.

Because any indolent and chronic inflammatory state
can result in secondary amyloidosis, we agree that IgG4-RD in
the case reported by Karim and colleagues was likely related to
the subsequent development of amyloidosis. The current rarity
of secondary amyloidosis and the growing, but still inadequate,
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awareness of IgG4-RD may partially explain why this was the
first published connection between these entities. To our knowl-
edge, serum amyloid A concentrations have not been measured
systematically in other cohorts, including in our own. The case
reported by Karim and colleagues underscores the importance
of early recognition of IgG4-RD and control of the associated
inflammation as early and as effectively as possible. The utility
of serum amyloid A as a biomarker of interest in IgG4-RD
requires further investigation.

Cory A. Perugino, DO

John H. Stone, MD, MPH
Massachusetts General Hospital
Boston, MA

DOI 10.1002/art.40363

Varicella zoster virus—specific T cell responses in
untreated giant cell arteritis: comment on the article
by England et al

To the Editor:

Giant cell arteritis (GCA) is a large vessel vasculitis of
unknown cause. Although infections have long been suspected
to be potential disease triggers, a disease-causing pathogen has
not been identified to date (1). Recently, investigators in sev-
eral studies reported varicella zoster virus (VZV) particles in
artery biopsy specimens (2). Similar to other herpesviruses,
VZV has a very high prevalence and remains dormant in a
latent stage controlled by the immune system. Loss of T cell-
mediated virus control results in herpes zoster (shingles).

The study by England et al (3) now provides epidemio-
logic evidence for a potential association between VZV and
GCA. The authors used 2 independent health care provider data
sets (Medicare and MarketScan). In these databases, prior her-
pes zoster events were associated with a diagnosis of GCA (haz-
ard ratios 2.16 and 1.99 in the 2 data sets, respectively) (3). Use
of antiviral drugs or vaccination did not alter the risk of GCA.

T cells are important in the pathogenesis of GCA (4).
Genetic association studies and strict tissue tropism suggest that it
is an antigen-driven disease (4,5). The antigen could be either a
self antigen or a pathogen-derived antigen that is expressed only
in the large arteries. The immunopathology and epidemiologic
data implicate VZV as a potential immune target. We hypothe-
sized that cross-reactive VZV-specific T cell immunity may con-
tribute to the pathogenesis of GCA. If our hypothesis were shown
to be true, we expected the number of VZV-reactive T cells to be
increased in patients with GCA compared to control patients.

We compared the frequency of VZV-specific peripheral
blood T cells in 32 patients, all of whom provided informed con-
sent to participate in our prospective GCA cohort study. These
patients included the following: 15 patients with newly diagnosed
GCA (all of whom had received prednisone treatment for < 5
days at the time of sample collection [median 0 days, mean 1
day]), 60% with biopsy-proven GCA, mean age 74.4 years), 10
control patients with inflammatory disease (5 with polymyalgia
rheumatica, 2 with autoinflammatory disease, 1 with aortitis, 1 with
myelodysplastic syndrome, and 1 with antineutrophil cytoplasmic
antibody—associated vasculitis (mean age 66.5 years), and 7 control
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patients with noninflammatory disease (mean age 72.0 years). We
quantified antigen-specific T cells using an interferon-y (IFNy)
enzyme-linked immunospot (ELISpot) assay. Live attenuated vari-
cella vaccine (200 plaque-forming units/ml) and the immunodomi-
nant glycoprotein E (1 pg/ml) were used as VZV antigens (6).

Additionally, we stimulated T cells with an aortic
explant—derived protein extract from a patient with GCA. This
represented a source for potential self and/or VZV antigens.
Aortic wall proteins were fractionated in phosphate buffered sa-
line by size-exclusion chromatography (Superdex 200 column;
GE Healthcare) into 5 pools (P1-P5), each of which was sepa-
rately added to the cells (range >500 kd [P1] to <10 kd [P5]; 10
pg/ml). Influenza vaccine antigen (0.4 pg/ml) was used as an
unrelated comparator. Staphylococcal enterotoxin B (0.5 pg/
ml)-treated wells served as a positive control. Preliminary exper-
iments indicated high reactivity with the aortic wall protein
extracts. To exclude nonspecific stimulation, we adapted the
standard IFNy ELISpot protocol (7) as follows: peripheral blood
mononuclear cells (PBMCs) (75,000/well) were preincubated
with the antigen overnight. On day 2, we added autologous
PBMCs (50,000/well), followed by incubation for 36 hours on
the ELISpot plates. This procedure reduced nonspecific IFNy
production. The response against viral antigens was not affected
(data not shown).
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Figure 1. Varicella zoster virus (VZV) T cell reactivity in patients with
giant cell arteritis (solid circles), control patients with inflammatory dis-
ease (shaded circles), and control patients with noninflammatory dis-
ease (open circles). A, T cell reactivity against VZV and influenza
vaccine, assessed by interferon-y enzyme-linked immunospot assay. B,
T cell responses to aortic wall proteins. Aortic wall proteins were frac-
tionated into 5 pools, and each pool was added separately to the cells.
Cells treated with medium alone were used for background correction.
Each data point represents a single patient. Horizontal lines show
the median. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. SFC =
spot-forming cell; PBMC = peripheral blood mononuclear cell;
GIyE = glycoprotein E; Flu = influenza vaccine (vac) antigen.

319

The median VZV (glycoprotein E, vaccine) and Flu-
(TIV) T cell reactivity was higher in patients with noninflamma-
tory disease compared to those with GCA, with no statistically
significant differences (Figure 1A). Control patients with nonin-
flammatory disease had stronger T cell responses to aortic extract
(P = 0.0006 and 0.0036 for pools 4 and 5, respectively) (Fig-
ure 1B). Such reduced peripheral T cell reactivity could reflect
immunosenescence or exhaustion, which may result in loss of
VZV control. The responses in control patients with inflammatory
disease were, however, comparable to those in GCA patients. This
suggested that systemic inflammation might blunt the reactivity.
However, strong antigen-independent T cell stimulation with
phorbol myristate acetate resulted in comparable IFNy and inter-
leukin-17 effector functions in all 3 study groups (data not shown).

In conclusion, we observed no GCA-specific alterations
in VZV- or aortic protein—specific T cell reactivity. Our results
provide evidence against involvement of VZV-specific (or cross-
reactive) effector T cells in the pathogenesis of GCA. We
focused only on IFNy-producing T cells; other effector cells
might be present at different frequencies. It is further possible
that VZV- or aortic tissue—specific T cells concentrate at the site
of inflammation. Thus, assessment of the peripheral blood com-
partment may miss these cells. This would, however, not explain
the comparable VZV- and aortic protein-reactive T cell frequen-
cies in GCA and other inflammatory conditions.

In the study by England et al, only a minority (<6%) of
the GCA patients had a herpes zoster event in the year prior to
GCA diagnosis. Such patients may show T cell reactivity profiles
distinct from those observed in our study population but the dif-
ferences might have been missed due to our small sample size.
However, based on the studies showing the presence of VZV in
almost all GCA biopsy specimens, we expected to observe a sig-
nal even when studying a small patient population. Notably, sev-
eral other groups of investigators observed no VZV, antigen, or
genome in temporal arteries (8-10). The truth probably lies
somewhere in between, and as stated in the England article,
VZV (and other viruses) may be a trigger for GCA but is not
the only one.

Supported by the Swiss National Science Foundation (SNSF)
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grant PZOOP3_154733.

Marc B. Bigler, MSc
Julia R. Hirsiger, BSc
Mike Recher, MD
Matthias Mehling, MD
Thomas Daikeler, MD
University Hospital Basel
Christoph T. Berger, MD
University of Basel

and University Hospital Basel
Basel, Switzerland

1. Van Timmeren MM, Heeringa P, Kallenberg CG. Infectious trig-
gers for vasculitis. Curr Opin Rheumatol 2014;26:416-23.

2. Gilden D, Nagel MA. Varicella zoster virus triggers the immuno-
pathology of giant cell arteritis. Curr Opin Rheumatol 2016;28:
376-82.

3. England BR, Mikuls TR, Xie E Yang S, Chen L, Curtis JR. Her-
pes zoster as a risk factor for incident giant cell arteritis. Arthritis
Rheumatol 2017;69:2351-8.


http://orcid.org/0000-0002-1730-8824
http://orcid.org/0000-0002-1730-8824
http://orcid.org/0000-0002-1730-8824

320

4. Weyand CM, Goronzy JJ. Immune mechanisms in medium and
large-vessel vasculitis. Nat Rev Rheumatol 2013;9:731-40.

5. Carmona FD, Vaglio A, Mackie SL, Hernandez-Rodriguez J,
Monach PA, Castaneda S, et al. A genome-wide association study
identifies risk alleles in plasminogen and P4HA?2 associated with
giant cell arteritis. Am J Hum Genet 2017;100:64-74.

6. Malavige GN, Jones L, Black AP, Ogg GS. Rapid effector
function of varicella-zoster virus glycoprotein I-specific CD4+ T
cells many decades after primary infection. J Infect Dis 2007;
195:660-4.

7. Berger CT, Carlson JM, Brumme CJ, Hartman KL, Brumme ZL,
Henry LM, et al. Viral adaptation to immune selection pressure
by HLA class I-restricted CTL responses targeting epitopes in
HIV frameshift sequences. J Exp Med 2010;207:61-75.

8. Alvarez-Lafuente R, Fernandez-Gutierrez B, Jover JA, Judez E,
Loza E, Clemente D, et al. Human parvovirus B19, varicella zoster
virus, and human herpes virus 6 in temporal artery biopsy speci-
mens of patients with giant cell arteritis: analysis with quantitative
real time polymerase chain reaction. Ann Rheum Dis 2005;
64:780-2.

9. Procop GW, Eng C, Clifford A, Villa-Forte A, Calabrese LH,
Roselli E, et al. Varicella zoster virus and large vessel vasculi-
tis, the absence of an association. Pathog Immun 2017;2:228-
38.

10. Muratore F, Croci S, Tamagnini I, Zerbini A, Bellafiore S, Belloni
L, et al. No detection of varicella-zoster virus in temporal arteries
of patients with giant cell arteritis. Semin Arthritis Rheum 2017.
E-pub ahead of print.
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Reply

To the Editor:

We thank Dr. Bigler and his colleagues for their interest
in our study and for sharing the results from their laboratory.
The authors proposed evaluating a biologic mechanism linking
VZV to GCA through assessment of cross-reactive VZV-specific
T cell immunity, hypothesizing that the number of VZV-reactive
T cells would be increased in GCA patients relative to controls.
Using a small sample of GCA and control patients (with inflam-
matory or noninflammatory disease), the authors tested this
hypothesis through the quantification of VZV-specific T cells
and T cell reactivity (in response to stimulation with a protein
extract from an aortic tissue specimen obtained from a single
GCA patient) in vitro, finding no significant differences between
GCA and control patients.

In our study, prior herpes zoster reactivation was
observed in only a minority of GCA patients, which led to our
interpretation that despite our finding of a significant association
between GCA and herpes zoster, there was a low population-
attributable risk. Thus, one possible explanation for the null
findings by Bigler et al is that the protein extract from the single
GCA patient did not contain VZV or VZV cross-reactive
antigens.

As Bigler and colleagues point out (and we acknowl-
edged in our article), there have been conflicting reports on
the presence of VZV in the temporal arteries of GCA
patients. Given the epidemiologic associations observed in our
study, we look forward to additional translational research
studies investigating potential mechanistic links between VZV
and GCA.
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Single-strain versus multistrain probiotic
supplementation treatment strategy for rheumatoid
arthritis: comment on the article by Marietta et al

To the Editor:

We read with interest the recent article by Marietta
et al on gut microbial dysbiosis as a key factor in the pathogen-
esis of inflammatory diseases such as rheumatoid arthritis (RA)
(1). Altered microbiota, well described in RA patients, seem
associated with perturbation of certain metabolic pathways, and
the therapies addressed to correct gut microbiome dysbiosis
could help in the maintenance of immune homeostasis of the
host (1).

In particular, the authors discussed the ability of Prevo-
tella histicola to modulate the systemic and mucosal immune
response (by suppression of antigen-specific Th17 responses
and increased transcription of interleukin-10) in an animal
model. On this basis, they suggested a possible role of this
human gut commensal in treatment strategies for RA (1).

According to the authors, a “single bacterium” is what
seems to make the “difference” in the balance of microbiota; in
our opinion, however, this should be a subject of discussion. In
fact, what they observed could just be the “readjustment of
the microbiota,” and the concept of Prevotella “monotherapy” is
potentially misleading, since the administration of this microor-
ganism as well as others could be just a way to induce a shift in
the balance of flora from proinflammatory to antiinflammatory.
In fact, even in the different setting of HIV disease, but notably
in human subjects, it has been shown that supplementing
antiretroviral therapy with Prevotella-free multistrain probiotics
(Streptococcus faecium and Streptococcus salivarius subspecies
thermophilus; bifidobacteria—represented by Bifidobacterium
breve, Bifidobacterium infantis, and Bifidobacterium longum; Lac-
tobacillus acidophilus, Lactobacillus plantarum, Lactobacillus
casei, and Lactobacillus delbrueckii subspecies bulgaricus [Alfa-
sigma]) reduces the levels of immune activation on CD4+ T lym-
phocytes for both of the markers CD38 and HLA-DR and their
simultaneous expression, with plasma levels of lipopolysaccha-
ride binding protein and high-sensitivity C-reactive protein nor-
malizing to values comparable to those in controls (2).
Multistrain probiotic supplementation (L plantarum [De Simone
Formulation {DSM} 24730], S salivarius subspecies thermophilus
[DSM 24731], B breve [DSM 24732], Lactobacillus paracasei
[DSM 24733], L delbrueckii subspecies bulgaricus [DSM 24734],
L acidophilus [DSM 24735], B longum [DSM 24736], B infantis
[DSM 24737] [DuPont]) is also associated with a reduction of
enterocyte apoptosis and density of intraepithelial lymphocytes,
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an improvement of mitochondrial morphology, and a recovery
of the integrity of the gut epithelial barrier (3-6). The analogy
between RA and HIV (2 different and seemingly unrelated dis-
eases) is that both pathologies have a common state of general-
ized inflammation and dysbiosis.

In conclusion, the recent article by Marietta et al suc-
ceeds in drawing attention to the relationships between the
microbiota and inflammatory diseases but at the same time
opens the debate on how to correct intestinal dysbiosis. We
believe that the microbiome should be considered a complex
anatomic system in which interactions between all of its compo-
nents allow proper functioning. In this sense, based on our expe-
rience, the therapeutic approach with multistrain probiotics
seems to be potentially more suitable to reduce systemic inflam-
mation and immune activation in RA, as in the setting of HIV.
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Reply

To the Editor:

We thank Dr. Ceccarelli and colleagues for their com-
ments on our recent article on the use of gut-derived com-
mensals as a treatment option for autoimmune diseases like
RA. Dysbiosis in RA patients has been well established (1,2).
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We believe that reduced abundance of certain taxa might lead
to an expansion of opportunist pathogens or perhaps loss of the
homeostatic effects of those microbes. Decreased levels of Pre-
votella in RA patients compared to healthy individuals have
been demonstrated previously in another study (3). In our recent
article in Arthritis & Rheumatology, we report that treatment with
Prevotella histicola can protect against arthritis in mice via differ-
entiation of Tcells and dendritic cells to regulatory cells. More-
over, we have clearly shown that immune response locally in the
gut is modulated in the small intestine. Thus, our approach has a
direct effect via the small intestine rather than via an indirect
modification of the microbiome of the colon.

In our study, we did not correlate the protection pro-
vided by P histicola with a shift in the composition of the
microbiome. It is likely that P histicola treatment does shift
the microbiome toward a composition similar to that found in
a healthy phenotype, as supported by our recent data in the
experimental autoimmune encephalomyelitis model (4). How-
ever, the ability of P histicola to suppress disease in mice
depleted of gut flora by antibiotics suggests that P histicola
itself has immunomodulating properties. It should be noted
that other groups have shown similar results with a single bac-
terial strain. For example, arthritis phenotype could be driven
by treating germ-free mice with gut-resident segmented fila-
mentous bacteria (5).

As noted by Ceccarelli et al, supplementation with
multistrain probiotics down-regulates immune activation,
which supports the hypothesis that commensals can be used
for treating diseases. However, HIV is a disease of immunod-
eficiency, while RA and other autoimmune diseases are
immune “competent”; therefore, requirements for treating
the 2 different types of diseases will more than likely be dif-
ferent. One can speculate that an immunodeficiency disease
like HIV may have many more abnormalities in the immune
system and may require a multiprobiotic approach. In fact, we
believe that monotherapy is advantageous if the correct bacte-
rial strain is used, as a mixture of probiotics can lead to an
expansion of microbes at different rates in individuals and
may have unintended consequences. Mixtures may also be
more difficult to maintain and administer. The P histicola
strain described in our report was isolated from the human
upper gut and may therefore have a much more significant
impact on the intestinal immune system, as well as on extrain-
testinal diseases that are influenced by the immune responses
occurring in the gut.
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Clinical Images: Aneurysm formation after stent grafting in vascular Behget’s disease

The patient, a 40-year-old man with a history of oral and ileocecal ulcers, acneiform lesions, erythema nodosum, and deep vein
thrombosis, presented with fever, abdominal pain, and a pulsatile mass in the right groin. Two months previously, he had under-
gone stent grafting via the right femoral artery for an abdominal aortic aneurysm. Enhanced computed tomography showed
aneurysms at both ends of the stent (A and B) (arrows) and at the right femoral puncture site (arrowhead). Vascular Behcet’s dis-
ease was diagnosed based on the history of mucocutaneous, skin, and vascular lesions. A second stent grafting and vein-graft
replacement were performed to treat the aneurysms. High-dose methylprednisolone treatment was started immediately after the
second surgery. Subsequently, treatment with methotrexate and infliximab was initiated, along with oral corticosteroids in a taper-
ing dosage. With continuation of this treatment regimen, the patient has had no recurrence of aneurysms to date (8 months after
the second stent grafting). It is impossible to know whether the aneurysms formed due to preexisting inflammation or to the
induction of inflammation in a previously normal artery in a pathergy-like reaction. Either way, it seems likely that treatment with
antiinflammatory and immunosuppressive agents prevented aneurysm formation after the second procedure.
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ACR State-of-the-Art Clinical Symposium

The 2018 State-of-the-Art Clinical Symposium (SOTA),
to be held April 13-15 in Chicago, Illinois, offers high-impact
rheumatology education over the course of a single weekend.
The symposium will provide up to 12 hours of nonconcurrent
sessions with an emphasis on clinical application to rheumatol-
ogy practice. Attendees will hear key opinion leaders speak on
a range of content in areas such as therapeutic developments,
recent research findings, and scientific advances. The program
will include breakfast and lunch roundtable discussions to allow
for personal interactions with experts. The Fellows-in-Training
(FIT) Educational Session at SOTA will be offered as a presym-
posium session encouraging FITs to explore career opportuni-
ties and participate in hands-on workshops designed to further
their understanding of essential rheumatologic areas. (FIT travel
scholarship recipients are required to attend this session.) In ad-
dition, the presymposium program E/M Documentation Trends
and Best Practices Training will provide guidance from expert
coders on the changes to the 2018 payment policies and insight
into difficult E&M coding situations. Be sure to register by the

early-bird deadline of February 14 and book your hotel room
by March 23. For additional information and to register, visit
www.rheumatology.org/Learning-Center/Educational-Activities.

Education Programs

Fourteenth International Sjogren’s Symposium. April
18-21, 2018, Capital Hilton Hotel, Washington, DC. The Inter-
national Sjogren’s Symposium is designed to facilitate preci-
sion medicine practices in all aspects of clinical care, including
patient diagnosis, prognosis, therapeutic responses, and pre-
vention. Specifically, the symposium is meant to bring together
leaders from the Sjogren’s syndrome/autoimmunity research
community to enhance translation of novel discoveries into
clinical practice. Presented by the Johns Hopkins University
School of Medicine and the NIH. To register or for additional
information, visit the web site http://tinyurl.com/ISSS2018DC.

Eleventh International Congress on Autoimmunity.
May 16-20, 2018, Lisbon, Portugal. The International Congress
on Autoimmunity encompasses the most up-to-date clinical
and basic research findings on more than 80 autoimmune
diseases, with courses and lectures by some of the world’s most
distinguished experts. The official language will be English.
Registration fees are €620 (early; until March 6), €720 (March 7-
May 8), and €820 (May 9-onsite) for full participants, and
€380 (early; until March 6), €430 (March 7-May 8), and
€480 (May 9-onsite) for trainees (students/fellows/residents)
and nurses. Optional courses and functions are available
for additional fees. For additional information, e-mail
reg_autoimmunityl8@kenes.com, phone +41 22 908 0488, or
visit the web site http://autoimmunity.kenes.com/2018.
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