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Cover image: The figure on the cover is a confocal microscopy image of chikungunya virus—
infected BHK-21 cells. The image (original magnification x 600) was taken at 16 hours post-
infection. Host cell nuclei were stained with DAPI (red), and localization of chikungunya virus
capsid protein (green) was determined by indirect immunofluorescence using capsid-specific
antibodies. This issue of Arthritis & Rheumatology features reports on synovial fluid analysis
in patients with chikungunya virus—associated arthritis (Chang et al, pages 585-593) and on
the frequency of chronic joint pain after infection with chikungunya virus (Chang et al, pages
578-584), a review of chikungunya virus—associated arthritis (Zaid et al, pages 484—495), and
an editorial on the potential scientific and epidemiologic implications of the appearance of
the chikungunya virus in the Americas (Miner and Lenschow, pages 477-479). Image courtesy
of Adam Taylor, PhD, Institute for Glycomics, Griffith University, Southport, Queensland,
Australia.
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ACR Meetings

Annual Meetings
October 19-24, 2018, Chicago
November 8-13, 2019, Atlanta

State-of-the-Art Clinical Symposium
April 13-15, 2018, Chicago

For additional information, contact the ACR office.

Nominations for ACR Awards of Distinction and Masters Due
May 15

The ACR has many Awards of Distinction, including the
Presidential Gold Medal. Members who wish to nominate a col-
league or mentor for an Award of Distinction must complete the
online form at www.rheumatology.org. The nomination process
includes a letter of nomination, 2 additional letters of recommen-
dation, and a copy of the nominee’s curriculum vitae. Recogni-
tion as a Master of the American College of Rheumatology is
one of the highest honors the ACR bestows. The designation of
Master is conferred on ACR members age 65 or older who have
made outstanding contributions to the field of rheumatology
through scholarly achievements and/or service to their patients,
students, and the profession. To nominate someone for a Mas-
ter designation, members must complete the online nomination
form at www.rheumatology.org and include a letter of nomina-
tion, 2 supporting letters from voting members of the ACR, and
the nominee’s curriculum vitae. Nominees for ACR Master must
have reached the age of 65 before October 1, 2018.

ACR Invites Nominations for Volunteer Positions

The ACR encourages all members to participate in
forming policy and conducting activities by assuming positions of

leadership in the organization. Positions are available in all areas
of the work of the American College of Rheumatology and the
Rheumatology Research Foundation. Please visit www.rheuma-
tology.org for information about nominating yourself or a col-
league for a volunteer position with the College. The deadline for
volunteer nominations is June 1, 2018. Letters of recommenda-
tion are not required but are preferred.

Education Programs

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 €720 (through May 8) and €820
(May 9-onsite) for full participants, and €430 (through 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_autoimmunity18@kenes.com, phone +41 22 908 0488, or
visit the web site http://autoimmunity.kenes.com/2018.

4th Annual Conference of the Emirates Society for
Rheumatology. October 10-12, 2018, Dubai, UAE. Conference
sessions will cover recent updates in the management of specific
rheumatic diseases. An accredited musculoskeletal ultrasound
course will be offered, and there will be meet-the-expert sessions
and workshops, as well as educational activities for nurses and
patients in addition to the numerous sessions geared toward
physicians. The deadline for submission of abstracts is July 31,
2018. The official language will be English. The registration fee
is $200 through July 3, 2018, and $300 thereafter. For additional
information, e-mail infomed@infomedweb.com or Nathalie@
infomedweb.com.
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Effects of HLA—B27 on Gut Microbiota in
Experimental Spondyloarthritis Implicate an
Ecological Model of Dysbiosis

Gill et al, Arthritis Rheumatol 2018;70:555-565.

CORRESPONDENCE
Robert A. Colbert, MD, PhD: colbertr@mail.nih.gov

KEY POINTS

»

* HLA-B27-associated dysbiosis
differs with genetic background and
environment in experimental
murine SpA.

* In susceptible genetic backgrounds,
HLA-B27-induced immune
dysregulation is strikingly similar
and involves tumor necrosis factor,
interferon-y,and Th17 cytokines.

Gut inflammation

* Although dysbiotic microbes in HLA-
B27—transgenic Lewis and Fischer
rats are different, they are associated
with similar metabolic functions.

Microbial dysbiosis

Healthy i+ The impact of HLA-B27 on gut
0 » oo oo oo oo o o o =0 = = = == > 6 microbes in rats implicates an
Age (months) ecological model of dysbiosis in SpA.

SUMMARY

Gut microbes play an important role in nutrient production,immune regulation,and protection against certain disease-
causing bacteria. However, gut microbes are also implicated in the development of spondyloarthritis (SpA). HLA-B27,a
major genetic risk factor for SpA, causes gut microbial dysbiosis and inflammation when expressed in some rat strains,
such as Lewis and Fischer, but has a minimal effect in dark agouti (DA) rats. Lewis and Fischer rats also differ in the
temporal development and severity of inflammation, which may also be affected by environment. Gill and colleagues
found that in Lewis and Fischer rats expressing HLA-B27/, dramatically different patterns of microbial dysbiosis are
seen, despite remarkably similar immune and inflammatory changes in the gastrointestinal tract. While the microbes
differ taxonomically, there are important overlaps in their predicted metabolic effects. Since different rat strains may
be considered to be comparable to different individuals in a human population, the findings of this study emphasize
the importance of evaluating microbial communities and their functions to better understand how gut microbiota
influence the pathogenesis of SpA.
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Increased Expression and Modulated Regulatory
Activity of Coinhibitory Receptors PD-|, TIGIT,
and TIM-3 in Lymphocytes From Patients With

Systemic Sclerosis
Fleury et al, Arthritis Rheumatol 2018;70:566-577.

CORRESPONDENCE
Hans Dooms, PhD: hdooms@bu.edu
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Increased TIM-3-regulated factors
T cell exhaustion control profibrotic genes
KEY POINTS

* The immune coinhibitory receptors PD-1,TIGIT,and TIM-3 are up-regulated in

circulating lymphocyte subsets from SSc patients.

SUMMARY

Coinhibitory receptors (co-IRs) are important
regulators of immune responses that are up-
regulated during chronic immune activation
and inflammation. The co-IRs programmed cell
death | (PD-1), T cell immunoglobulin and ITIM
domain (TIGIT), and T cell immunoglobulin and
mucin domain 3 (TIM-3) suppress immune
responses by decreasing lymphocyte proliferation
and cytokine production. Long-term engagement
of these receptors leads to functional exhaustion of
lymphocytes,and reversal of this process by antibody
blockade is being used for immunotherapy of cancer.
Fleury and colleagues found that circulating T and
natural killer (NK) cells from systemic sclerosis (SSc)
patients express higher levels of co-IRs. PD-1 and

i TIGIT were increased on various T cell subsets, while

NK cells expressed more TIM-3. Blocking co-IRs
during in vitro stimulation of lymphocytes from SSc
patients resulted in modulated cytokine production.
PD-1 was more effective in controlling cytokines

than TIGIT or TIM-3 in cells from SSc patients, while

TIGIT and TIM-3 activity could not be
differentiated from PD-| in healthy
controls. Overall, these data indicate
that lymphocytes in the blood of SSc

* The increased presence of PD-1+TIGIT+ double-positive T cells and the weaker
activity of TIGIT and TIM-3 in SSc patients versus healthy controls indicate that

lymphocytes from patients are more functionally exhausted.

patients are in a state of exacerbated
exhaustion. Moreover, the investigators
demonstrated that TIM-3 controls

* TIM-3 controls the production of soluble factors in immune cells that affect gene

expression of SSc fibroblasts.

soluble factors produced by immune
cells that modulate profibrotic gene
expression in fibroblasts.
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Highlights from this issue of A&R iByLarac.pullen, PhD

Large Study of ChikungunyaArthritis Suggests Possible

Pathophysiology

Inthisissue, 2 articlesby Chang et a describe
observations from one of the largest studies
of patients infected with chikungunya

578 virus. The research in the
p' first article by Chang et
g (p. 578) is the first to
show the frequency of chikungunya virus—
related arthritisin theAmericas (Colombia) at
a20-month follow-up. Themajority (485) of
the 500 patientsin the study had serologically
confirmed chikungunya virus. The patients
were predominantly women with an
education level of high school or lower, and
themajority were of Mestizo ethnicity. Their
arthritistended to affect the small jointssuch
as the wrists, ankles, and fingers.

Theinitia virus symptomsin the cohort
lasted approximately 4 days and were sig-
nificant enough that 16% of the participants
reported missing amedian of 4 daysof school
or work. Moreover, one-quarter of the indi-
viduals experienced chronic joint pain at 20

months post-infection. When the investiga-
torsperformed amultivariableanalysis, they
found the following predictors of persistent
joint pain: college graduate status, initial
symptoms of headache or knee pain, missed
work, normal activities affected, =4 days of
initial symptoms, and >4 weeks of initial
joint pain. These results suggest that thereis
ahigh frequency of chronic disease and thus
reinforce the need to devel op prevention and
treatment methods.

Tothat end, in the second study Chang and
colleagues (p. 585) hypothesized that persis-
tent, active chikungunya virus was responsi-

ble for the chronic arthritis
p- 585 andjoint pain. Toinvestigate
IS this hypothesis, they more
closely examined 38 participants who had
serologically confirmed chikungunya arthri-
tis a median of 22 months after infection.

The patients were predominantly female and
African Colombian or white Colombian, with

Marginal Jawbone Loss May
Predict Onset of Rheumatoid

Arthritis

Multiple studies have examined the relation-
ship between rheumatoid arthritis (RA) and
periodontitis, but results have been contradic-

tory. In this issue, Kindstedt
p- 508 et al (p. 508) report the find-
I ings from their investigation
into whether periodontitis, as characterized
by jawbone loss, precedes the onset of RA
symptoms. The researchers also analyzed
the plasma levels of a cytokine that is crucial
for bone resorption (RANKL) as well as the
presence of anti—citrullinated peptide anti-
bodies (ACPAs). The investigators compared
these measures in presymptomatic individ-
uals with those in matched referent controls.

These are the first find-
ings to indicate that a more
severe loss of tooth-supporting
bone precedes the onset of
RA symptoms. Specifically, they
report that in nonsmokers, and
only nonsmokers, marginal jaw-
bone loss preceded the clinical
onset of RA symptoms. In these

moderate disease activity. Initial symptoms
included joint pain, swelling, stiffness, and
fever. Their most commonly affected joints
were the knees, elbows, wrists, fingers, and toes.

The researchers tested synovial fluid
using quantitative reverse transcription—poly-
merase chain reaction but were unable to find
viral RNA in the synovial fluid. They were
also unable to detect viral proteins on mass
spectrometry and unableto culturethevirus.
When the investigators compared patients
with controls, they found that both groups
had similar plasma concentrations of cyto-
kines and chemokines. The findings allow
for the possibility that low levels of thevirus
persistinthesynovial tissueeventhoughitis
undetectable in the synovial fluid. The results
are also consistent with the possibility that
chikungunya may induce arthritis via host
autoimmunity. If this proves to be the case,
then immunomodul ating agents may be an
effectivetreatment for chikungunyaarthritis.

Figure 1. Bonelossin RANK L-positive presymptomatic subjects (cases) and
controls and RANKL-negative cases and controls. Bars show the mean + SD.
NS = not significant. * = P <0.05; ** =P <0.01.

patients, increasing levels of bone loss were
associated with a higher risk of subsequent
development of RA. Although the association
was statistically significant, it was modest.

In addition, the investigators found that

marginal jawbone loss was significantly

greater in RANKL-positive presymp-
tomatic subjects when compared with
RANKL-negative presymptomatic patients.
However, the marginal jawbone loss was
highest in presymptomatic patients who
were positive for both ACPAs and RANKL.
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Relationship Between Antibody Responses and
Rheumatoid Arthritis

Researchers agree that the generation of
autoantibodies to citrullinated and non-
citrullinated proteins/peptides is a key
feature in the pathophys-
p- 5 16 iology of rheumatoid
I arthritis (RA). However,
the location and mechanism of generation
of these antibodiesremain amystery. Inthis
issue, Demoruelle et al (p. 516) report on
their investigation of individual antibody
responses to citrullinated and noncitrulli-
nated peptides/proteinsin the sputum, and
the association of these responses with
neutrophil extracellular traps (NETS) in
subjects at risk of developing RA.

Autoantibodies
Associated With

The researchers first examined at-risk
subjects and measured antibody responses
to the multiple citrullinated proteins/
peptides. They found that antibodies citrul -
linated fibrinogen, apolipoprotein E, and
fibronectin were highly prevalent in at-risk
individuals. In addition, the most citrul line-
specific antibodies in the sputum of at-risk
subjects were directed against fibrinogen,
vimentin, and peptides of fibrinogen A and
apolipoprotein A1. Moreover, sputum anti-
body reactivity to particular citrullinated
and noncitrullinated proteins/peptides
appears to be specific for RA. The authors
suggest that these proteins may represent

Polyarticular Juvenile
Idiopathic Arthritis

DEK was originally identified as a nuclear protein,and it is
important in the modulation of global chromatin structure.
However, DEK has proinflammatory characteristics, as it

p.594

realization that DEK

is a secreted chemotactic factor that is
also essential to neutrophil extracellular
trap formation. There is also a growing
is an autoantigen associated

with juvenile idiopathic arthritis (JIA), specifically the
oligoarticular subtype. This is because DEK and DEK
autoantibodies are found in abundance in the inflamed
synovium of patients with JIA. In this issue, Mor-Vaknin
et al (p. 594) sought to characterize the nature of DEK
autoantibodies in the sera of patients with JIA.

The investigators report that DEK autoantibody levels
were significantly higher in patients with polyarticular JIA
than in those with oligoarticular JIA. Specifically, patients
with polyarticular JIA who had more disease flares after
cessation of anti—-tumor necrosis factor therapy were more
likely to exhibit elevated levels of DEK autoantibodies.
When the researchers performed immunoblotting, they
found that the C-terminal 25-amino acid fragment of

DEK was the most immunogenic domain of the DEK
molecule in these patients. The authors concluded that
DEK autoantibodies may contribute to JIA pathogenesis
and thus may be important in the management of JIA.

the earliest antigen targets of antibodies
generated in the lungs of these subjects.

Whentheresearcherslooked moreclosely
a the patterns of autoantibody positivity in
at-risk subjectsand those with RA, they found
that the patterns differed. In addition, at-risk
subjects had sputum NET levels that signif-
icantly correlated with several citrullinated
and some noncitrullinated antibody reactiv-
ities. The authors concluded that the asso-
ciation between these proteing/peptides and
NETsmay beakey festureof early RA-related
autoimmunity in the lung. Their results also
support the hypothesisthat thelung playsarole
inearly RA-related autoimmunity.

Figure 1. High levels of DEK autoantibodies in patients with JJA. Serum samples from patients
with JIA (n = 33), patients with other rheumatic diseases (n = 13), or healthy controls (n = 11)
were serialy diluted as indicated and tested for anti-DEK antibody levels by enzyme-linked
immunosorbent assay (ELISA). Lines represent individual samples. Samples were compared to
those from 5 normal healthy controls. Results shown are the average of 2—-8 independent ELISAS.
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EDITORIAL

Lessons Learned From Chikungunya in the Americas

Jonathan J. Miner and Deborah J. Lenschow

In 2013, chikungunya virus arrived in the Western
Hemisphere, spreading like wildfire across the islands of
the Caribbean, Mexico, Central America, and South
America, resulting in ~3 million infections (1). Similar to
historical outbreaks in the Eastern Hemisphere, chikun-
gunya virus spread quickly in a population without pre-
existing immunity. The chikungunya virus outbreak also
created new challenges for rheumatologists, who were sud-
denly encountering a disease entity with which there was
little familiarity. Included among these challenges was
identifying the factors that predispose patients to the devel-
opment of chronic arthritis, understanding the pathogene-
sis driving persistent arthritis, and determining treatments
that would be efficacious and safe in patients with chikun-
gunya arthritis. In this issue of Arthritis & Rheumatology,
two new studies and a review address some new discoveries
from the chikungunya virus epidemic in the Americas
and discuss lessons learned from prior outbreaks of
chikungunya arthritis in the Eastern Hemisphere (2-4).

Upon infection with chikungunya virus, ~90% of
patients develop acute symptoms, which can include
fever, inflammatory arthritis with morning stiffness, and
severe pain throughout the first week after infection (5).
Some patients also develop a rash and conjunctivitis
during the acute phase of the illness. Severe cases can
even cause viral encephalitis and occasionally death in neo-
nates (6). Also of concern, especially to the rheumatologist,
is the fact that many patients infected with chikungunya
virus develop arthralgias and arthritis, which can persist for
up to 3 years (7). The mechanisms underlying persistent
chikungunya arthritis remain a mystery and are an area of
active scientific investigation.
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Alphaviruses are enveloped, single-stranded posi-
tive sense RNA viruses belonging to the Togaviridae family
(5). Alphaviruses can be divided into New World alpha-
viruses that typically cause encephalitis (e.g., Western
equine encephalitis virus) and Old World alphaviruses
that cause viral arthritis (e.g., chikungunya virus and Ross
River virus). Like some other arthritogenic alphaviruses,
chikungunya virus is spread by Aedes mosquitos, and in
particular A aegypti, which is found primarily in tropical
and subtropical climates.

Numerous epidemiologic studies were published in
the wake of the 2006 chikungunya virus epidemic on
Réunion Island, where approximately one-third of the
island’s population was infected (6,8-11). Those studies
defined the frequency of acute and chronic manifestations
of disease in the Eastern Hemisphere. However, less was
known about epidemiologic outcomes of the chikungunya
virus outbreak in the Americas. In one of their studies
published in this issue of Arthritis & Rheumatology, Chang
et al (2) set out to determine the frequency of chronic
joint pain after chikungunya virus infection in a Colombian
cohort. The authors enrolled 485 serologically confirmed
cases and clinically reevaluated the patients 20 months
after infection. As noted in our study of a small cohort of
chikungunya virus-infected American travelers to Haiti
(12), the most commonly affected joints in the patients
included the small joints of the distal extremities. At the
20-month follow-up the authors found that arthralgias
were persistent in ~25% of the patients. They also identi-
fied some interesting correlates of persistent joint pain,
including college graduate status, headache at onset of
infection, and >4 weeks of initial pain, among others.

There are several major implications of this study
by Chang et al (2). First, the presence of persistent joint
inflammation strongly suggests that the chikungunya virus
strain that spread to the Americas caused a chronic
arthritis disease phenotype similar to what was described
in prior outbreaks in the Eastern Hemisphere. The
authors also raised important limitations of the study.
For example, Mayaro virus is an arthritogenic Old World
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alphavirus that is found in the Amazon and causes inflam-
matory arthritis with morning stiffness, similar to chikun-
gunya arthritis. Anti-Mayaro virus and anti-chikungunya
virus antibodies may cross-react (13), thereby confound-
ing diagnostic testing. Thus, although Mayaro virus was
not known to be spreading in this region of Colombia at
the time of the study, the presence of confounding
Mayaro virus infections could not be completely excluded.
Another intriguing question, which was not addressed in
this epidemiologic study, is why chikungunya virus tends
to preferentially infect distal joints. Notably, a recent
study by Prow et al showed that mice infected with
chikungunya virus have more severe disease, more robust
viral replication, and impaired antiviral type I interferon
(IFN) response when the mice are housed at lower tem-
peratures (14). Since distal joints are slightly cooler than
proximal joints, temperature-dependent antiviral immunity
could be a possible explanation of why chikungunya virus
preferentially affects small joints in the distal extremities (3).

Mechanisms of persistent chikungunya arthritis
are not well understood, although it is known that there
are some intriguing similarities in the immunologic phe-
notypes of peripheral blood mononuclear cells from
patients with rheumatoid arthritis and those with chikun-
gunya arthritis (12). Several hypotheses have been pro-
posed, including the persistence of a low level of
replicating virus in the joints, the induction of autoimmu-
nity, and the persistence of viral RNA in the synovium
that can act as a pathogen-associated molecular pattern
(PAMP) to activate pattern-recognition receptors and
trigger chronic inflammation. In a second study by Chang
et al (3), the authors looked for evidence of viral persis-
tence in patient synovial fluid 22 months after infection.
The results were negative; the authors were unable to
culture replicating virus from the synovial fluid and
found no evidence of chikungunya viral RNA or proteins
in the synovial fluid by several different techniques,
including quantitative reverse transcriptase—polymerase
chain reaction and mass spectrometry.

A major implication of that study by Chang et al
(3) was that persistent chikungunya arthritis may result
from induction of autoimmunity rather than low-level viral
persistence. Similar to prior studies (5,12), the authors
found no association between the presence of anti—cyclic
citrullinated peptide autoantibodies or rheumatoid factor
antibodies and persistent disease. However, one prior
study had identified chikungunya virus RNA and protein
in perivascular synovial macrophages in a patient 18
months after infection (15). Viral antigen also persisted in
macrophages of nonhuman primates several months after
infection (16). Thus, although chikungunya virus RNA was
not detected in synovial fluid from patients, the persistence
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of viral RNA and/or viral antigen in affected joints cannot
be excluded without synovial biopsies. Indeed, the absence
of viral antigen in synovial fluid does not exclude the possi-
bility that viral RNA in synovial macrophages or other cell
types within the joint may be contributing to chronic dis-
ease. As a hypothetical example, defective viral genomes,
which may have the capacity to replicate and produce
PAMPs without generating viral antigen, may be able to
activate the type I IFN response locally and cause chronic
joint pain. Chang et al did not evaluate IFN-stimulated
genes, which would be expected to be up-regulated in the
presence of PAMPs. Finally, it is important to underscore
that viral RNA testing, as with any testing, has a limit of
detection, making very low levels of PAMP difficult to
detect.

Nevertheless, the negative findings in this second
study by Chang et al (3) are consistent with the authors’
hypothesis that persistent immunologic activation, rather
than persistent virus, may explain the persistence of
chronic joint pain in patients with chikungunya arthritis.
The absence of infectious virus is likely to minimize the
risk associated with immunomodulatory therapies (e.g.,
abatacept, tofacitinib, and fingolimod), which remain to
be tested in humans but have shown some efficacy in
mouse models of chikungunya arthritis (12,17).

Despite promising therapeutic studies in mouse
models of chikungunya virus pathogenesis, it is impor-
tant to underscore that the efficacy and risks of immu-
nosuppressive therapies during the acute phase of
infection remain unknown. Since some patients have
died of encephalitis during chikungunya virus outbreaks
(10), and immunosuppression might confer added risk
of severe infection, the use of immunosuppressive ther-
apies for chikungunya arthritis should be considered
with caution. This point is also underscored in the third
article on chikungunya arthritis, by Zaid et al (4),
published in this issue of Arthritis & Rheumatology. The
authors review the clinical manifestations and epidemi-
ology of chikungunya arthritis as well as the current
body of evidence for therapies for chikungunya arthritis
(4). Whereas nonsteroidal antiinflammatory drugs have
shown some efficacy in treating pain associated with
acute and chronic chikungunya arthritis, the authors
correctly emphasize the fact that efficacy of disease-
modifying antirheumatic drug (DMARD) therapies in
chikungunya arthritis has not been clearly established.
Small studies have suggested that there may be a role
for certain DMARDs in the treatment of chronic
chikungunya arthritis (18); however, carefully blinded,
randomized controlled trials are necessary to draw
firm conclusions about therapeutic interventions. Since
chronic joint pain eventually resolves spontaneously,
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therapeutic interventions should be stopped periodically
to assess for resolution of symptoms.

Patients infected with chikungunya virus develop
long-lived immunity. Therefore, many of the people affected
by the recent chikungunya virus epidemic in the Americas
have developed protective immunity against chikungunya
virus. Nevertheless, other chikungunya virus strains that are
spread by Aedes albopictus might still have the potential to
cause outbreaks in previously unaffected parts of the conti-
nental US. For example, a very large outbreak on Réunion
Island in the Indian Ocean in 2006 was associated with a
mutation in the chikungunya virus genome, which led to
enhanced replication and transmission in A albopictus mos-
quitos (19), a species that is found in more temperate cli-
mates, including parts of Europe and the continental US.
Understanding the relationship between viral genetics and
the capacity of chikungunya virus to spread in specific mos-
quito vectors is important, since this has implications for the
potential of specific chikungunya virus strains to spread to
particular geographic locations. Indeed, the distribution of
these specific mosquito vectors correlates with prior
chikungunya virus epidemics and has also predicted future
outbreaks. The particular strain of chikungunya virus that
spread to the Americas in 2013 lacked the A4 albopictus—
adapted mutation, which may have limited the spread of
chikungunya virus to regions where A aegyptii mosquitoes
are prevalent, including the islands of the Caribbean, the
US Gulf Coast, Mexico, Central America, and South
America.

This implies that potential remains for other
chikungunya virus strains to eventually spread in the
continental US in a population without preexisting
immunity against arthritogenic alphaviruses. Furthermore,
chikungunya virus-related alphaviruses, including Mayaro
virus, which is endemic in South America, also have the
potential to emerge and cause outbreaks. A combined
effort of basic, translational, and clinical research will pre-
pare future generations for new epidemics, whether it be a
re-emergence of chikungunya virus, or the emergence of
other arthritogenic alphaviruses.
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EDITORIAL

Marginal Jawbone Loss Is Associated With the Onset of Rheumatoid Arthritis
and Is Related to the Plasma Level of RANKL

Paola de Pablo

Periodontitis is arguably the most prevalent
chronic inflammatory disease in humans and affects >45%
of US adults ages 30 years and older (1,2). The defining
feature of periodontitis is chronic inflammation of the
tooth-supporting tissue, leading to the progressive, irre-
versible destruction of periodontal ligament and alveolar
bone that results in the formation of periodontal pockets
and eventually tooth loss if it is not treated. Host suscepti-
bility is clearly of primary importance, and tobacco smok-
ing is a strong environmental risk factor (2). Periodontitis
results from an inappropriate inflammatory response to
oral microbiota, possibly exacerbated by the presence of
some specific disease—associated bacterial species (3).
Some of the bacterial species harbored in periodontal
pockets, including Porphyromonas gingivalis and Aggregati-
bacter actinomycetemcomitans, have been implicated in
the pathogenesis of rheumatoid arthritis (RA).

An increasing number of clinical studies have
investigated the association between periodontitis/tooth
loss and RA (4). Published studies vary widely with respect
to the design, setting, and methods used to ascertain asso-
ciations between periodontitis and RA. The majority of
studies are relatively small case—control studies. Control
subjects often were recruited from among the study center
staff (e.g., university/hospital staff) or patients attending
dental clinics, which raises concerns regarding the validity
of the study. Some studies have used self-reported mark-
ers of periodontitis, which frequently lack validity. In
cohort studies in particular, the assessment of periodonti-
tis typically has not been performed robustly, and there is
a lack of consistent criteria used to define a “case” of peri-
odontitis. Periodontitis can be assessed clinically by
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measuring the periodontal probing depth and attachment
levels at various sites of the dentition or by measuring
radiographic alveolar bone loss. Definitions of periodonti-
tis in clinical research are based on either of these mea-
sures or combinations thereof and vary widely between
studies.

Overall results from clinical and epidemiologic
studies have suggested that periodontitis and tooth loss
are more prevalent in patients with RA (4,5). However,
the strength and temporality of the association are uncer-
tain. A recent larger and more robust case—control study
demonstrated that periodontitis, as defined based on peri-
odontal examination, was significantly more frequent in
anti-citrullinated protein antibody (ACPA)-positive
patients with RA compared with control patients with
osteoarthritis (odds ratio [OR] 1.59, 95% confidence
interval [95% CI] 1.01-2.49). Periodontitis was also asso-
ciated with significantly higher RA-related antibody
levels, disease activity, and radiographic damage (6).

The association between periodontitis and RA
may be very important from both a clinical and a public
health perspective, because there are several processes
through which chronic periodontitis may be part of a
causal pathway in the pathogenesis of RA (4). Given
the high prevalence of periodontitis, a large proportion
of RA incidence and/or morbidity could be attributable
to periodontitis if causality was confirmed. Importantly,
chronic periodontitis would represent a modifiable risk
factor for RA (4), because effective treatments for
chronic periodontitis are available (7,8).

Although previous studies have shown an associa-
tion between the prevalence of both periodontitis and
RA, there are no robust data for the association between
periodontitis and the incidence of RA. The results of 2
large cohort studies have been published; however, these
are marred by the lack of valid clinical assessments of
periodontal status in these cohorts. Arkema et al did not
observe an association between a self-reported history of
periodontal surgery and RA incidence among women in
the Nurses’ Health Study (9). However, a history of peri-
odontal surgery is a poor proxy for chronic periodontitis,
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likely leading to substantial attenuation of any association.
In particular, a history of periodontal surgery is a proxy
for a history of periodontitis, not a proxy for current expo-
sure to periodontal inflaimmation and/or pathogens
thought to underpin any causal association between peri-
odontitis and RA. If periodontitis was indeed a causal risk
factor for RA, successful periodontal surgery would be
expected to reduce RA risk to a level comparable to that
in healthy individuals. In addition, the validity of self-
reported periodontal surgery itself may also be a concern.

Another large population-based study including
nearly 10,000 individuals and 433 incident RA cases
followed up for more than 20 years did not show an
association between periodontitis and RA incidence
(10). However, the dental examination in the First
National Health and Nutrition Examination Survey
cohort did not include periodontal probing, and the
case definition of RA was based on self-report (which
is notoriously inaccurate) in 90% of cases.

In contrast, 2 recent very large case—control studies
in Taiwan showed an association between periodontitis and
the incidence of RA (4,11,12). However, information on
smoking, a major confounder in this association, was lack-
ing, and the case definitions of periodontitis and RA were
based on administrative data, which raises concerns with
regard to the validity. Interestingly, a recent study of 72
treatment-naive patients with arthralgia demonstrated that
having periodontitis was associated with disease progression
to RA (92% versus 55% of those without periodontitis; P =
0.04) and a greater risk for future methotrexate treatment
upon the diagnosis of RA (hazard ratio 2.68, 95% CI 1.11—
6.50) (13).

In this issue of Arthritis & Rheumatology, Kindstedt
et al present data suggesting that periodontitis precedes
the onset of RA (14). In this case—control study nested in a
population-based survey of cohorts in the Medical Biobank
of Northern Sweden, radiographs were retrieved from den-
tal offices before the occurrence of symptoms of RA in 45
presymptomatic subjects and 45 controls matched for age,
sex, and smoking status who were selected at random. In
31 of the 45 case—control pairs, both the case and control
had undergone radiographic examination before the onset
of symptoms as well as repeated radiographic examina-
tions after the diagnosis of RA, allowing longitudinal eval-
uation of bone loss. The case definition of the exposure
was based on marginal jawbone loss, which is the hallmark
of periodontitis. Compared with matched controls, individ-
uals with presymptomatic RA had a significantly lower
number of teeth and increased bone loss, which was more
pronounced in those who were positive for both ACPA
and RANKL. After stratification for smoking, an age-
adjusted model confirmed a modest positive association
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in 13 matched pairs of never smokers (hazard ratio 1.03,
95% CI 1.01-1.05). Interestingly, bone loss continued after
RA was diagnosed, was higher in cases compared with
matched controls, and was more marked in ACPA-positive
presymptomatic subjects, suggesting that periodontitis was
not treated.

The results of the study by Kindstedt et al are con-
sistent with previous data showing higher titers of antibod-
ies to both citrullinated and uncitrullinated peptides in
subjects without RA who had periodontitis, particularly
those who were never smokers (15). Tolerance breakdown
in nonsmokers with periodontitis may be initiated with
uncitrullinated peptides, with spreading to citrullinated epi-
topes as the autoimmune response evolves into presymp-
tomatic RA. Indeed, antibodies against arginine-containing
peptides from RA autoantigens were present in a popula-
tion-based sample of 386 individuals with presymptomatic
RA. The presence of these antibodies pre-dated the pres-
ence of corresponding antibodies against citrullinated pep-
tides, which appeared closer to onset of symptoms (16).
Other studies have also shown the presence of antibodies
to native and citrullinated autoantigens in RA, with anti-
bodies against native RA33 being associated with early dis-
ease and low structural damage, whereas antibodies
targeting citrullinated RA33 were associated with disease
duration and erosive disease (17).

Taken together, these results challenge the notion
of citrullination being the inciting event underlying loss of
tolerance in RA and suggest that there are 2 stages in the
development of ACPAs: a first stage in which antibodies
against arginine peptides appear, followed by a second
stage in which antibodies against citrullinated peptides
develop. Although we can only speculate, it is possible
that periodontitis contributed to the increased autoanti-
body seropositivity observed in previous studies (15-18).
However, periodontitis is a very common disease, and evi-
dence of citrullination of proteins occurring in periodon-
tal tissue in individuals with periodontitis (19-22) suggests
that RA-related inflammation may indeed occur initially
in the periodontal pocket.

In support of the notion that a periodontal
lesion is a site for the initiation of RA-related autoim-
munity, several periodontal pathogens have now been
implicated in RA, with citrullination of proteins being
the possible link between periodontitis, the generation
of RA-related antibodies, and RA development.

At least one periodontal pathogen, Porphyromonas
gingivalis, possesses a bacterial peptidylarginine deiminase
(PAD; hereinafter referred to as PPAD) (23-26) that is
responsible for citrullination of bacterial or host proteins,
generating neoantigens that could break tolerance, lead-
ing to the generation of ACPAs in RA (27). Antibodies to
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P gingivalis (as a measure of exposure to P gingivalis)
have been associated with the presence of RA-related
autoantibodies (rheumatoid factor and/or ACPA) in indi-
viduals at increased risk of disease but who have not yet
developed RA symptoms (28), and higher levels of IgG
anti-arginine gingipain type B (anti-RgpB) were also
observed in presymptomatic subjects compared with con-
trols without RA and decreased following the diagnosis of
RA in a Northern European cohort (29). In contrast, no
association was observed between anti-RgpB and
presymptomatic RA in a Southern European sample (30).
However, these studies did not assess periodontal status.

Overall, reports correlating P gingivalis anti-
bodies with the pathogenesis of RA have been equiv-
ocal, mostly due to the heterogeneity of the assays
used to quantify antibody responses to P gingivalis
(e.g., antibodies against purified P gingivalis—specific
RgpB protein versus antibodies against P gingivalis
cell lysates).

PPAD is also autocitrullinated, and there is an
increased antibody response to PPAD in RA, due to
reactions with autocitrullinated epitopes on the PPAD
molecule (31). Therefore, PPAD is a candidate for
inducing an antibody response to citrullinated proteins
in RA via autocitrullination, citrullination by human
PAD enzymes, or citrullination of other bacterial and/
or human proteins (32).

Recent data suggest that another periodontal
pathogen, A actinomycetemcomitans, is also capable of
protein citrullination, including citrullinated autoantigens
targeted by autoantibodies in RA. A actinomycetemcomi-
tans triggers citrullination through a pore-forming toxin,
leukotoxin A (LtxA), that allows extracellular calcium to
flow into the cells, where there is amplified citrullination
or hypercitrullination of intracellular proteins in neu-
trophils (22), which is dependent on both bacterial and
host components. This phenomenon (LtxA-mediated
hypercitrullination) was not observed in other cell types
(peripheral blood mononuclear cells or macrophages)
treated with LtxA, suggesting a major role for neutrophils
as the primary source of citrullinated proteins induced by
LtxA, which is intracellular and independent of NETosis.

Antibodies against A actinomycetemcomitans were
detected in 21% of RA patients compared with 3% of con-
trols, and antibodies against LtxA were also more common
in RA patients compared with controls (43% versus 11%)
and were associated with citrullinated intracellular pro-
teins (but not citrullinated extracellular proteins) and RA
autoantibodies. Interestingly, the association between RA
autoantibodies and the shared epitope was restricted to
those who had evidence of exposure to LtxA (22), suggest-
ing that A actinomycetemcomitans may play a role in the
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development of autoantibodies in individuals with a
genetic predisposition to develop RA. Other pathogens in
the oral/periodontal microbiome have been implicated in
ACPA seropositivity and RA (33) and their role merits fur-
ther research.

Further epidemiologic and mechanistic studies on
the emergence of autoantibodies that are conducted in
large samples of individuals with periodontitis who are at
risk of RA are warranted, as well as studies to explore the
causal involvement of periodontitis and periodontal
pathogens, including interventions to control periodonti-
tis, in the earliest phases before the development of RA.

If periodontitis is indeed a risk factor for RA,
intervention trials would be critical to explore this rela-
tionship. A few small studies have suggested that anti-
infective periodontal treatment might reduce disease
activity in patients with established RA (34); however,
these studies are very challenging, and no pivotal studies
have been conducted to investigate this. Another question
is whether treatment of periodontitis in persons at risk for
RA (i.e., during the preclinical phases) can delay or pre-
vent the onset of RA. Although this is an intriguing con-
cept, such trials may not be feasible at this time given the
relatively low incidence of RA and the need for very long
follow-up periods. Nevertheless, the recommendation to
seek and maintain good oral and periodontal health, just
as the recommendation to seek good general health and
avoid smoking, should not await the results of such trials.
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REVIEW

Chikungunya Arthritis

Implications of Acute and Chronic Inflammation
Mechanisms on Disease Management

Ali Zaid ®,' Patrick Gérardin

In the past decade, arboviruses—arthropod-borne
viruses—have been the focus of public health institutions
worldwide following a spate of devastating outbreaks.
Chikungunya virus, an arbovirus that belongs to the
alphavirus genus, is a reemerging arthritogenic virus
that has caused explosive outbreaks since 2006, notably
on Réunion Island, and more recently in the Caribbean,
South America, India, and Southeast Asia. The severity
of arthritic disease caused by chikungunya virus has
prompted public health authorities in affected countries
to develop specific guidelines to tackle this pathogen.
Chikungunya virus disease manifests first as an acute
stage of severe joint inflammation and febrile illness,
which later progresses to a chronic stage, during which
patients may experience debilitating and persisting
articular pain for extended periods. This review aims to
provide a broad perspective on current knowledge of
chikungunya virus pathogenesis by identifying key clinical
and experimental studies that have contributed to our
understanding of chikungunya virus to date. In addition,
the review explores the practical aspects of treatment and
management of both acute and chronic chikungunya virus
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based on clinical experience during chikungunya virus
outbreaks. Finally, recent findings on potential therapeu-
tic solutions—from antiviral agents to immunomodula-
tors—are reviewed to provide both viral immunologists
and clinical rheumatologists with a balanced perspective
on the nature of a reemerging arboviral disease of signifi-
cant public health concern, and insight into future thera-
peutic approaches to better address the treatment and
management of chikungunya virus.

Introduction

Arthropod-borne viral infections have recently dom-
inated the headlines following a spate of significant out-
breaks around the world. Mosquito-borne viruses such as
chikungunya virus have sparked the attention of global
health organizations and led to robust public health inter-
ventions. Outbreaks of chikungunya virus had been
reported in Africa, Asia, and the Indian and Pacific Oceans
since the mid-2000s; a small number of cases have also
been reported within Europe (1,2). In 2013 the chikun-
gunya virus epidemic reached the Americas and it is now
spreading through South America, with >1 million cases
reported (3-5). In the US, travel-associated cases have
been reported in 37 states (1) within the mainland US (as
of January 2017), with cases of local transmission also
reported in Florida (2). Of more pressing concern, India
(3) and most Southeast Asian countries have been sub-
jected to unabated epidemics that have proven difficult to
control. Propitious climate, facilitated by seasonal mon-
soons and urban areas where mosquito vector control is
lacking, along with a reservoir of naive populations, are
major contributing factors to the risk posed by locally
acquired chikungunya virus infections in developing coun-
tries (4). While developed economies that have experienced
significant numbers of traveler-imported cases are
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somewhat equipped to manage the chikungunya virus dis-
ease burden, less economically developed regions of the
world—in particular densely populated urban areas—
where epidemics have become most resilient have seen
their public health systems overwhelmed by the disease
(3.9).

Chikungunya virus symptoms include a range of
acute manifestations, among which fever, severe joint and
muscle pain, headache, and rashes are prominent. How-
ever, there is mounting concern over the persistence of
long-lasting manifestations associated with debilitating
effects of the disease and the deterioration of overall health
and quality of life (6-9). Among these, chronic arthralgia/
arthritis (joint pain/joint stiffness plus joint swelling, respec-
tively), musculoskeletal injury, and fatigue—and, to a lesser
extent, neurocognitive and sensorineural manifestations—
have been shown to contribute significantly to the eco-
nomic burden of the disease (10,11). Although vaccines
have reached human trials (12,13) and a range of poten-
tial antiviral compounds have undergone preclinical
evaluation (14,15), no licensed vaccines or antiviral ther-
apies are available. Both acute and chronic disease mani-
festations are of significant concern, and there are
currently no specific, approved drugs to treat either form
of the disease. Chronic chikungunya virus poses impor-
tant questions with regard to public health policy and
interventions. Should efforts be directed at managing the
early stages of the disease, to limit the consequences
on population productivity and lessen the burden of a
“patient rush” on often-under equipped hospitals, or
should more attention be focused on limiting the devel-
opment of chronic disease, associated with persistent
rheumatic disease and a risk of long-term impact on pop-
ulation health?

In this review, we address the key pathophysiologic
mechanisms that drive acute and chronic chikungunya
arthritis, arguably the most incapacitating phenotype
among long-lasting chikungunya virus disease manifesta-
tions, based on recent animal experimental disease models
and epidemiologic studies. We explore the latest findings
in therapeutic development aimed at both limiting viral
spread and at immune and inflammatory mechanisms,
and address the implications of such findings in current
and future clinical care of chikungunya virus patients.

Chikungunya virus is recognized as an emerging
biphasic disease, described as an acute infection followed
by persistent symptoms. Hence, experts have defined 3
successive clinical stages, taking into account known
difficulties in practical management. In symptomatic,
infected individuals, the first stage encompasses an acute
incapacitating febrile viremic phase together with residual
symptoms. The 2 final stages are characterized by
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persistent manifestations: a post-acute stage (from 21 days
after the onset of infection to the end of the third month)
and a chronic stage (beyond 3 months). Schematically, the
disease progresses to resolution without sequelae either
spontaneously or after treatment, or to a persistence of
articular and general symptoms, or to aggravation due to
an inflammatory or degenerative process.

Acute and post-acute stages of chikungunya virus
(<3 months after the onset of infection)

After a silent incubation of 4-7 days, the acute stage
of chikungunya virus disease can be divided into 2 distinct
phases, the viremic phase (5-10 days) and the post-viremic
phase (6-21 days) (16-18). In the most common manifesta-
tions, the viremic phase is marked by unusually high-grade
fever (>39°C) with abrupt onset, accompanied by severe
incapacitating oligo- or polyarthralgia/arthritis (<4 or >4
joints, respectively, with debilitating and sudden injury),
myalgia, headache, backache, and cutaneous rash, whereas
the post-viremic phase is characterized by apyrexia (no
fever), polyarthralgia/arthritis, and to a lesser extent,
myalgia, pruritus, fatigue, and lymphadenopathies and
anorexia, though the latter are less common (18). Joint
pain is most often symmetric and additive and affects the
large and smaller articulations of both the arms (most
commonly the wrists, followed by the phalanges, shoul-
ders, and elbows) and the legs (most commonly the
ankles, followed by the knees, feet, and hips). Atypical
locations include vertebral, temporomandibular, or ster-
noclavicular articulations (17). Stiffness and swelling,
indicative of synovitis, are observed in the ankles, pha-
langes, wrists, and toes, but very exceptionally in larger
joints (17). After infection, IgM antibody isotype appears
within days of the onset of symptoms, and neutralizing
anti—chikungunya virus IgG typically appears by the sec-
ond week (19).

Acute chikungunya virus infection (<21 days after
the onset of infection) is consistently associated with a
strong host antiviral type I interferon (IFN) response.
RNA sequencing (RNASeq) analysis of acute chikun-
gunya virus infection in a mouse model revealed that
approximately half of all genes up-regulated after infec-
tion are IFN-stimulated genes (ISGs) (20,21). IFNa is
detected early in infection, reaching levels of 700 pg/ml in
the plasma of chikungunya virus—infected patients, coin-
ciding with the onset of disease symptoms (16,22). During
the acute stage, patient viremia has been shown to directly
correlate with production of cytokines such as IFNo and
interleukin-6 (IL-6) (20,22). Although this correlation is
lacking in other studies, it is broadly accepted that all
patients experiencing acute chikungunya virus infection
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produce high levels of IFNa (20). This is also observed in
animal models of acute chikungunya virus disease (21,23
25). Indeed, chikungunya virus infection is generally fatal
in mice deficient in type I IFN responses, while arthrito-
genic manifestations are exacerbated in I[FNo/p-deficient
mice infected with chikungunya virus (24-26). Further-
more, downstream effectors of IFN induction such as
ISGs play key roles in inhibiting chikungunya virus infec-
tion (21), and a strong IFN response is associated with a
milder course of disease in mice infected with alpha-
viruses (24,25,27). The ability of alphaviruses to develop
mechanisms to inhibit host IFN induction and signaling
(28) also highlights the importance of this early innate
immune response in controlling infection (29).

In addition to a potent type I IFN response, the
acute stage of chikungunya virus infection (<21 days after
the onset of infection) is associated with elevated patient
plasma levels of multiple soluble factors, including proin-
flammatory cytokines and chemokines (CCL2, macrophage
migration inhibitory factor, CCL4, CXCL10, IL-6, IL-8,
and IL-16), antiinflammatory cytokines (IL-1 receptor A,
IL-10, and IL-13), growth factors (granulocyte colony-
stimulating factor [G-CSF], granulocyte-macrophage colony-
stimulating factor [GM-CSF], vascular endothelial growth
factor, and stem cell growth factor ) and other mediators
(IFNy, IL-4, IL-7, and CXCL9) (20-22,30-33). This results
in intense monocyte trafficking to the infected tissues (33),
along with strong activation of both CD8+ T and natural
killer (NK) cells to assist in clearing the virus (20,34). The
post-acute stage of chikungunya virus (from the fourth
week to the third month after the onset of infection) is
characterized by very polymorphous manifestations pro-
longing the initial inflammatory symptoms (acute arthritis)
by diverse rheumatic disorders, including periarticular
involvement, slowly regressive enthesitis, tenosynovitis, and
bursitis, together with nonrheumatic and systemic symp-
toms (18). This stage is marked by persistence of IL-6 and
GM-CSF secretions and production of IL-17 in the most
affected patients, or by eotaxin and hepatocyte growth fac-
tor in those who have fully recovered (20).

Chronic stage of chikungunya virus (>3 months after
the onset of infection)

While 50-60% of patients with acute chikungunya
virus recover fully or with mild-to-moderate sequelae, in
some the disease evolves to a chronic stage that can last
up to several years (18,35). Beyond the post-acute stage,
chronic chikungunya virus is thus characterized by the per-
sistence of arthritic conditions associated with long-term
sequelae, such as fatigue and depression, stemming from
prior rheumatic conditions, although not a prerequisite, or
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in the wake of an authentic arthritogenic alphaviral infec-
tion. Chronic chikungunya virus is associated with high
levels of circulating IL-6 and IL-12 (22,31,36). IL-6 is
specifically expressed in the affected joints and could stim-
ulate the release of RANKL while inhibiting the action of
its decoy receptor osteoprotegerin released by osteoblasts,
resulting in osteoclastogenesis and severe bone loss, as has
been shown in mice (37-40). Indeed, while bone loss is
not a defining feature in patients with chronic chikun-
gunya arthritis, recent studies appear to implicate IL-6 as
a possible biomarker of chronic chikungunya virus (41,42).

In addition to soluble host factors responsible for
regulating antiviral responses, CD4+ T cells have been
shown to be a major driver of arthritic disease during
chikungunya virus infection in mouse models (43,44) and
in the follow-up of patients with chronic chikungunya
arthritis (45). Moreover, impaired NK cell function was
shown to be associated with chronic arthritis in infected
patients (46). Importantly, Treg cells, a subset of CD4+ T
cells, may play a role in moderating excessive chikungunya
virus-induced immune responses. Treg cells compete with
naive T cells to interact with antigen-presenting dendritic
cells. Treg cells interacting with dendritic cells were shown
to cause mature dendritic cells to down-regulate costimu-
latory signaling, curtailing the expansion of chikungunya
virus-specific CD4+ T cells, thus effectively reducing
chikungunya virus-induced joint swelling in mice (47). B
cells and neutralizing antibodies, especially the 1gG3 sub-
class, are also critical for chikungunya virus clearance
(19,48). The immaturity of cellular and humoral immunity
may, if only partly, explain the rarity of chronic arthralgia
in children younger than 3 years of age.

The role of myeloid cells is less clear in the chronic
stage of human chikungunya virus infection, where they
may be involved in the clearance of infected cell debris
which, when acting as a source of pathogen-associated
molecular patterns, may trigger or drive chronic chikun-
gunya virus (49). Monocytes and macrophages recruited
to the sites of inflammation during chikungunya virus
infection dominate the cellular infiltrates (23,33). How-
ever, in studies using mice deficient in the chemokine
receptor CCR2, the monocyte/macrophage infiltrate was
replaced by a severe neutrophil infiltrate, exacerbating
chikungunya virus-induced inflammation and cartilage
damage (50). Thus, although recruited CCR2+ monocyte/
macrophages contribute to inflammation, they may also
be needed to prevent excessive pathology or promote res-
olution of disease following chikungunya virus infection.

Interestingly, a recent RNA Seq analysis of chikun-
gunya virus-infected mouse tissues demonstrated good
concordance with the expression of genes reported to be
up-regulated in chikungunya virus patients (21). Most
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genes were associated with inflammation, indicating con-
sistent proinflammatory gene expression in both mouse
and non-human primate models and chikungunya virus—
infected patients. This suggests that chronic chikungunya
virus may represent an extension of acute disease rather
than an activation of, or progression to, new inflamma-
tory immunopathologies. Antiinflammatory treatments that
effectively target acute chikungunya virus may thus also
have utility in treating chronic chikungunya virus (21).
Prominent in the RNA Seq analysis of chikungunya virus
infection in mice was the serine protease granzyme A (21).
Granzyme A was found to play a proinflammatory role
in chikungunya virus in mice and was also found in the sera
of chikungunya virus-infected non-human primates and
in symptomatic chikungunya virus—infected patients. The
mouse granzyme A inhibitor, Serpinb6b, significantly re-
duced foot swelling in chikungunya virus-infected mice,
indicating that granzyme A may be a potential therapeutic
candidate (21). Granzyme A was also recently shown to be
important in a mouse model of rheumatoid arthritis (RA)
(51), an example of the significant overlap between chi-
kungunya arthritis and RA (43,45).

Chronic chikungunya arthritis and implications for
therapy

Risk factors for the development of chronic
chikungunya arthralgia/arthritis. Although most patients
recover from acute chikungunya virus infection within
days or weeks, instances of persistent post—chikungunya
virus rheumatic disease—chronic and incapacitating joint
morbidities—have been reported in a recent systematic
review (35), and in up to 40% of patients on average in a
recent meta-analysis (52). This often painful, incapacitat-
ing chronic chikungunya virus disease—of a primarily
rheumatic nature, though as noted above, prior rheumatic
conditions are not a prerequisite—can persist for years in
some patients and is highly detrimental to their health
and quality of life (6-10,36,52-63). Although there have
been numerous studies focusing on acute chikungunya
virus infection and potential treatments, the mechanisms
that cause chikungunya virus to progress to a chronic
stage are still poorly understood.

One hypothesis is that comorbidities such as pre-
existing joint disease (e.g., osteoarthritis or RA), metabolic
syndrome features (e.g., hypertension, obesity, or diabetes
mellitus), or both prior to chikungunya virus infection may
exacerbate chikungunya virus-induced arthritis or increase
patient susceptibility to developing chronic chikungunya
virus polyarthritis (54,58,59). In the population-based
TELECHIK study, preexisting rheumatic disorders and
metabolic syndrome were both associated with long-lasting
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rheumatic pain in an unadjusted analysis (10,58). How-
ever, a separate study from Réunion Island showed that
only 2.8% of the hospital-based patients who had chronic
chikungunya virus had preexisting joint disease (59). Given
such discrepancies across studies, any link between preex-
isting joint disease and an increased risk of developing
chikungunya arthritis remains unproven (35,53,57,62,63).
Risk factors for the development of chronic chikungunya
arthralgia include an age of >45 years (54,58), severe
(9,54,58) or long-lasting (9,60) acute chikungunya virus, a
high viral load (>10°/ml) during the viremic phase (36),
and an intense chikungunya virus immune response in the
post-viremic phase (58).

The case for viral persistence. In most viral arthrit-
ides, arthritic disease is associated with the presence or
persistence of replicating virus and/or viral debris in joint
tissues (64). A substantial body of evidence supports the
view that the same underlying mechanism is responsible
for alphaviral arthritides, including chikungunya arthritis.
Poo et al reported detection of significant levels of chikun-
gunya virus RNA in the feet of wild-type C57BL/6 mice up
to 100 days after infection (65), which is consistent with
studies in non-human primate models (23,66), and to date,
a single clinical observation (36). Chikungunya virus pro-
teins and continued virus-specific T cell responses were
also detected throughout the chronic stage of disease in
CS57BL/6 mice (65) and in rhesus macaques (66). Impor-
tantly, the latter model showed that the intensity of the
T cell response was age dependent, as evidenced by dimin-
ished T cell infiltrates and a more pronounced persistence
of chikungunya virus in the tissues of aged monkeys (66),
consistent with human pathology (54,58). Interestingly, the
hierarchy of the T cell response in humans follows a shift
from CD4 to CDS, which may be indicative of a role of
aging in chikungunya virus immunopathology (67).

Although persistent chikungunya virus RNA has
been detected in chronic disease (with double-stranded
RNA by itself known to be arthritogenic [68]), investiga-
tors have been unable to isolate infectious virus from tis-
sue or sera in mouse models and human studies (36,65).
Human studies have shown high levels of chikungunya
virus—specific IgM up to 180 days in patients with no pre-
existing musculoskeletal disease prior to infection (36,53),
and even a case of severe destructive arthritis that exhib-
ited chikungunya virus—specific IgM over 24 months (55).
These findings suggest that the persistence of viral anti-
gens could be a contributing factor to the development of
chronic chikungunya arthritis, but the underlying molecu-
lar mechanisms are still unknown, and a statistical associa-
tion between persistent chikungunya virus-specific IgM
and chronic arthralgia has not yet been established (53).
Immunohistochemical analysis revealed the presence of
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chikungunya virus antigen in muscle satellite cells and
perivascular macrophages in muscle and synovial tissue in
patients with chronic chikungunya virus (36,69). This sug-
gests that infection of muscle satellite cells—myogenic
precursor cells responsible for postnatal muscle growth
and repair—could be an underlying cause of the persis-
tence of chikungunya virus in muscle tissues (69,70).

Clinical care of chikungunya virus patients: lessons
learned from a decade of outbreaks

Current treatment of patients with acute and post-
acute chikungunya virus (<3 months after the onset of
infection). The management of acute chikungunya virus
involves both supportive care and physical measures, and
the physician’s role is important. Given the potential for
corticosteroids to exacerbate viral arthritides (71), treat-
ment with nonsteroidal antiinflammatory drugs (NSAIDs)
remains a key disease management approach (72). How-
ever, to date there is no effective antiviral treatment
licensed for clearing the virus. In the acute stage of chikun-
gunya virus (<3 weeks after the onset of infection), the
therapeutic aims are first to alleviate fever and pain and
then to prevent short-term (i.e., organ dysfunction due to
chikungunya virus or of iatrogenic origin), post-acute, and
chronic complications. In the post-acute stage (>4 weeks
after the onset of infection), the therapeutic strategy is
based on a patient-centered approach, with the objectives
of relieving pain and inflammation, preventing stiffness,
loss of muscle tone, and loss of physical fitness, and limiting
the consequences of the inflammatory process (18). At this
stage, treatment primarily consists of analgesics and
NSAIDs, though it must be noted that NSAID treatment
depends on the clinical presentation, since no NSAID class
has demonstrated a clear benefit or effectiveness for post—
chikungunya virus symptoms. NSAIDs are prescribed at
full dose (within critical tolerance), and their effectiveness
is reassessed (with regard to dose and schedule) during the
first week or within the first 10 days. If well tolerated,
NSAID treatment can be extended up to several weeks
before gradual weaning.

For fever and pain alleviation, acetaminophen is
relied on as a first-line medication (level 1). The risk of
acute hepatitis is increased in the case of severe pain (which
often requires supratherapeutic doses), underlying comor-
bidities (alcohol use, liver diseases, or malnutrition), or drug
interactions (unwanted self-medication). When acetamino-
phen fails, second-line treatment consists of adding weak
opioids (level 2), for instance, codeine combined with acet-
aminophen (adult regimen contraindicated during breast-
feeding), adding codeine to acetaminophen (restricted to

ZAID ET AL

patients age >12 years), or adding tramadol to acetamino-
phen (adult formulation, or pediatric formulation for chil-
dren >3 years) (18). When second-line treatment fails,
morphine (level 3) (extended or immediate action) can be
used on a case-by-case basis, usually in the hospital, under
strict monitoring and after assessment of the risk/benefit
ratio due to possible side effects (respiratory, neurologic,
digestive, and urinary) (18).

Corticosteroids are generally strongly discouraged,
given the lack of a clear benefit in the course of severe
arthritis, since it has been suggested that they may cause a
rebound of arthritis or tenosynovitis (18). Notwithstanding
their inherent risk, the use of corticosteroids may, in our
experience, be warranted when strictly limited to highly
inflammatory polyarticular injury associated with tenosyn-
ovitis or severe synovitis or when NSAID treatment has
failed. Generally, a 10 mg/day course of prednisone for
5 days (with immediate de-escalation within 10 days) was
found to be sufficient in moderate NSAID-refractory cases
(18). As a general rule, the total duration of corticosteroid
treatment must be <4 weeks, and must be followed by a
switch to an NSAID to avoid deleterious clinical rebound
and/or drug-induced dependence. Of note, other agents
such as chloroquine have been shown to be ineffective in
relieving acute pain (73) with inconclusive results regard-
ing efficacy in relieving post-acute pain as a suboptimal
cotreatment with acetaminophen (74). In the case of dis-
ease-modifying antirheumatic drugs (DMARDs), which
are further discussed below, current consensus suggests no
formal indication to initiate DMARD therapy before the
last phase of the post-acute stage (8 weeks after the onset of
infection), even with a specific antirheumatic agent such as
methotrexate (MTX). Other DMARD:s, such as hydroxy-
chloroquine (HCQ), have not been shown to be effective in
the treatment of post-acute chikungunya virus (75).

Systemic, cardiac, hepatic, renal, and metabolic
comorbidities should be monitored closely, since some may
be exacerbated by chikungunya virus or increase the sever-
ity and duration of chikungunya virus—specific arthralgia
(18). Together with nonspecific routine measures used in
arthritis when pain persists beyond the third week, thera-
peutic strategies often focus on pain management. This usu-
ally combines level 1 and level 2 analgesics with, in some
cases, antineuropathic drugs (nefopam, antiepileptic, or
antidepressant pain relievers) if necessary (DN4 score for
neuropathic pain of >4) (76). As outlined above, corticos-
teroid treatment, either topical or via infiltration (intraarti-
cular or intracapsular administration), should be used only
for local involvement, including tenosynovitis, bursitis, cap-
sulitis, and carpal tunnel syndrome, or synovitis that does
not respond to oral treatment.
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Gaps and perspectives in the treatment of acute
and post-acute chikungunya virus. The intensity or dura-
tion of pain during the acute phase has been correlated
with high viral loads, providing clues that viral clearance
should be hastened. Ribavirin and IFNa have shown
synergistic antiviral activity against chikungunya virus
in vitro; however, neither of these are recommended for
daily use due to the risk of side effects (77). Favipiravir
(T-705), a viral RNA polymerase inhibitor licensed in
Japan for the treatment of influenza, was also found to
inhibit chikungunya virus replication in vitro (78) and
could become the focus of studies assessing its usefulness
in treating chikungunya virus. Suramin, a licensed drug
for sleeping sickness, has also shown in vitro antiviral
activity through multiple mechanisms and was effective
against mutant chikungunya virus strains resistant to riba-
virin or favipiravir (79). Curcumin, a turmeric-derived
compound used as a food additive and in herbal medicine,
and its derivatives exhibit similar antiviral properties
through inhibition of virus cell binding in in vitro studies
(80). Finally, the short peptides pimozide and 5-tetradecy-
loxy-2-furoic acid were found to exhibit high synergistic
antiviral activity in studies using a genome-wide loss-of-
function screen (81), which further reinforces the useful-
ness of such a broad genome-wide scale approach in
chikungunya virus disease studies. Despite significant
advances in the development of chikungunya virus antivi-
ral agents and substantial mechanistic evidence of in vitro
efficacy, neither of these compounds has yet been evalu-
ated in humans infected with chikungunya virus.

Current treatment of patients with chronic chi-
kungunya virus (>3 months after the onset of infection).
The therapeutic approach to chronic chikungunya virus
requires a rheumatologist and a pain specialist, as for
chronic inflammatory diseases (18). It focuses on the phe-
notype displayed by the individual patient, including the
presence or absence of inflammatory symptoms (i.e., at
least 1 joint with chronic arthritis), the number of joints
involved, and the level of clinical inflammatory activity
(e.g., joint destruction or extraarticular involvement). Prac-
tically, 2 distinct evolving patterns of persistent chikungunya
virus rheumatic disorders can be distinguished. The large
majority of patients who still have pain beyond 3 months
after acute infection present with varied musculoskeletal
injury, primarily tendinopathies. These patients should
experience substantial improvements with prolonged
administration of NSAIDs (with strictly limited use of
corticosteroids) in combination with local complementary
therapies. In contrast, ~5% of patients will experience
conditions that fulfill the criteria for chronic inflammatory
diseases, primarily potentially destructive arthritis and
synovitis. Little is known about the immune (or viral)

489

mechanisms underlying the progressive form of the disease,
the development of arthritis, or predictors of this outcome.

Morphologic assessment, designed to evaluate for
fulfillment of current criteria for RA and spondyloarthritis
(SpA), and laboratory tests are generally performed to
confirm the diagnosis and screen for evidence of inflam-
matory or destructive mechanisms. Incidentally, RA is the
most common post—chikungunya virus chronic inflamma-
tory disease, followed by peripheral SpA. Alternatively,
nondestructive arthritis that does not meet the criteria for
RA or SpA is referred to as undifferentiated polyarthritis,
and may be indicated after alternative causes (such as
connectivitis or lupus-like syndrome) have been ruled out.
Once the type of persistent chronic chikungunya virus
condition has been identified, individualized treatment is
proposed based on the diagnosis, functional prognosis,
and the patient’s condition. Treatments aim to preserve
functional outcome in order to reduce psychosocial
impact and improve health-related quality of life. Ideally,
treatment should begin within the first month of the
chronic stage (after >10 weeks of post-acute stage).

DMARDs. Chronic chikungunya arthritis shares
several characteristics with RA, such as persistent debili-
tating arthralgia and exacerbated inflammatory response
(31,36,43,45,72). Because of these parallels, chloroquine,
HCQ, and DMARDs such as MTX and sulfasalazine
have been evaluated in some peri-epidemic clinical trials
of treatments for chronic chikungunya arthritis (74,82
85). When compared with HCQ alone, treatment with
DMARD:s, either alone or in combination with HCQ and
corticosteroids, has resulted in reductions in joint pain,
disability, and impaired activity in cohort studies of
patients with chronic chikungunya arthritis (84,85). In
contrast, a cohort study showed that almost all patients
had progression of disease-induced bone erosion and joint
space narrowing upon follow-up despite treatment with
HCQ or DMARDs, and a 2-year follow-up study involv-
ing 625 patients showed that treatment of chronic chikun-
gunya arthritis with sulfasalazine and MTX was effective
(82,86). Given the conflicting outcomes of those studies,
it remains unclear whether specific DMARDs are effec-
tive in treating chronic chikungunya arthritis (85).

Experts have reached a consensus, however, that
MTX should be recommended as first-line treatment (18).
Though the efficacy of HCQ and other DMARDSs has not
been established per se using randomized controlled trials,
these treatments should be considered on a case-by-case
basis, either as a complement to or as an alternative to
MTX (18,63,84). DMARDs must be monitored for effec-
tiveness (using the Disease Activity Score in 28 joints) and
tolerance and should be stopped after a durable remission
of several months has been achieved. The specialist may
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then refer to national guidelines to choose the second-line
drug (combination or replacement treatments or biologic
agents). However, in most cases, DMARD treatment may
be assessed and stopped for patients whose disease remains
in remission after a complete response has been sustained
for several months (up to 2 years). Physical therapy
includes rest limitation, maintenance of articular amplitude
and muscular tone, and lymphatic drainage (manual, using
compression stockings, or using pressotherapy) (18). Its
benefit depends on the extent and the intensity of joint
involvement and the disease impact in terms of autonomy
and quality of life. When considering second-line treatment
for patients with chronic post—chikungunya inflammatory
diseases that fail to respond to first-line treatment, a multi-
disciplinary, case-by-case approach is advised. This may
include enrollment in clinical trials assessing treatments
that are recommended in national/international guidelines.
One option would involve a regimen switch to combination
therapy with alternative DMARDs or a biologic agent,
either alone or in combination with other DMARD:s.

Gaps and perspectives in the treatment of chronic
chikungunya virus. Chronic pain has been linked to
chikungunya virus persistence in synovial macrophages as
well as to IL-6 and IL-12 secretion. To the best of our
knowledge, anti-IL-6 (tocilizumab), anti-I1L-12/IL-23p40
(ustekinumab), and anti-CD20 (rituximab) monoclonal
antibodies (mAb) have not been tested empirically in
chronic chikungunya virus, whereas anti-tumor necrosis
factor (etanercept) therapy has been shown to exacerbate
tissue damage in a mouse model of alphaviral arthritis
(87). While several approaches (biologic, prophylactic,
and palliative) are being explored and characterized to
manage acute and chronic chikungunya virus, the devel-
opment and testing of such therapeutic solutions should
be done in close consultation with rheumatologists.

Therapeutic strategies that target monocyte che-
motactic proteins or CCR2, such as bindarit, which was
shown to ameliorate chikungunya virus-induced arthritis
and bone loss in a mouse model (88,89), might be consid-
ered promising for further evaluation in the treatment of
alphaviral arthritides. Of note, treatment of RA patients
with CCR2 blockers was unsuccessful (90). Interestingly,
pentosan polysulfate (PPS), a glycosaminoglycan currently
approved in the US for the treatment of interstitial cysti-
tis, has undergone promising clinical trials for the treat-
ment of noninfectious arthritis and has been shown to
maintain levels of cartilage proteoglycans in experimental
animal models of arthritis (91,92). In chikungunya virus—
infected mice, PPS treatment decreased the level of joint
swelling and reduced levels of the soluble factors CCL2,
IL-6, IL-9, and G-CSF during acute inflammation (93).
Although the exact mechanism of action of PPS is
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unclear, treatment was associated with an early increase
in antiinflammatory IL-10 levels, suggesting an indirect
mechanism by which inflammation is dampened (93). As
part of the Australian Government Department of Health
Therapeutic Goods Administration Special Access
Scheme, PPS, currently in phase II clinical trials, has now
been successfully used to treat 5 patients with Ross River
virus-induced arthralgia that had failed to respond to cur-
rent standard treatment. Ross River virus is an Australian
arthritogenic alphavirus that causes viral polyarthritis with
clinical manifestations (severe, incapacitating joint pain)
similar to those seen in chikungunya arthritis.

More recently, targeting CD4+ T cells with clini-
cally approved T cell-suppressive drugs, including the
sphingosine 1-phosphate receptor agonist fingolimod (also
known as FTY720), successfully reduced chikungunya
virus—induced disease in mice by blocking lymphoid egress
and subsequent migration of CD4+ T cells into the joints
(94). Although the US Food and Drug Administration
(FDA) approved fingolimod as a treatment for multiple
sclerosis in 2010, there are currently no clinical trials to
assess efficacy in chikungunya arthritis.

Neutralizing antibodies and prophylactic treat-
ment. A number of studies have sought to characterize
the neutralizing capacity of chikungunya virus—specific
antibodies, the epitopes responsible for neutralization,
and the mechanism of viral inhibition (95-102). Robustly
neutralizing mAb to chikungunya virus bind the E2 enve-
lope glycoprotein with conserved epitopes identified on
the A and B domain. Antibodies block multiple steps in
the viral life cycle, including entry and egress, by crosslink-
ing adjacent E2 spikes of the E2 glycoprotein or impeding
fusion. Importantly, these broadly neutralizing ultrapotent
mAb protect against infection by multiple alphaviruses,
including chikungunya virus (95-97).

Neutralizing antibodies have been tested in mouse
models as treatment for persistent chikungunya virus
infection. The effect of a neutralizing anti—chikungunya
virus mAb on RAG-1""" mice (devoid of B and T cells)
with persistent chikungunya virus infection was to enable
effective clearance of infectious virus in quadriceps muscle
tissue and sera, although without reducing chikungunya
virus RNA load in joint tissue (103). In a separate study by
Poo et al, chikungunya virus viremia became undetectable
in persistently infected RAG-1"/~ and B cell-deficient
UMT mice beginning 10 days and 30 days, respectively,
after administration of polyclonal anti—chikungunya virus
antiserum (65). However, viremia recovered to levels simi-
lar to those observed prior to administration of the anti-
body, indicating that effective clearance of chikungunya
virus may require robust and long-lasting B and T cell
responses (65).
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Further, another study showed that a highly
conserved amino acid on the E2 glycoprotein pro-
moted chikungunya virus persistence in mouse joints and
impaired neutralization by antibodies targeting the E2
domain. Mutation of this conserved region allowed viral
clearance and enhanced neutralization, providing the
structural basis for the mechanism by which chikungunya
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virus evades B cell-mediated clearance in chronic joint
infection (98). Finally, rhesus macaques with chikungunya
virus infection treated with SVIR001, a recombinant
human IgG1 mAD that recognizes the E2 glycoprotein of
chikungunya virus, showed more robust viral clearance
and less severe joint inflammation compared with isotype-
treated controls (99). In addition, SVIR001 reduced viral
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Figure 1. Schematic overview of the mechanisms of tissue inflammation leading to alphaviral arthritis. Based on experimental models of alpha-
virus infection, key cytokine-dependent inflammatory pathways have been identified and targeted to explore therapeutic avenues. Principally,
monocyte chemotactic proteins (MCPs) such as CCL2 and CCL3, which drive monocytic infiltration into joint and muscle tissue in alphaviral
inflammation (50,89) (e.g., chikungunya virus [CHIKV] infection), can be targeted using MCP inhibitors such as bindarit, while potent proinflam-
matory cytokines and chemokines such as interleukin-1 (IL-1), CXCL10, and IL-8 are also the focus of current studies. Scavenging soluble MCPs
such as CCL2 restrict CCR2-dependent monocyte/macrophage infiltration, which is required for chikungunya arthritis (87,88). Pentosan polysulfate
(Elmiron) has been shown to limit chikungunya virus-induced arthritis and cartilage damage by significantly reducing tissue expression of matrix
metalloproteinases (MMPs) that drive cartilage damage in alphaviral infection (92) and in experimental models of cartilage damage (91). RNA
sequencing analysis of chikungunya virus—infected tissue in mice has shown a prominent role of granzyme A in driving arthritic inflammation, and
the use of the mouse granzyme A inhibitor Serpinb6b was found to dampen tissue inflammation and swelling in chikungunya virus—
infected mice (21). In addition to targeting innate inflammatory mechanisms, modulating adaptive immunity has been shown to reduce tissue infil-
tration, either by inhibiting priming of CD4+ T cells using abatacept (105) or by blocking egress of CD4+ T cells from the lymph nodes to the
joints (93) using FTY720 (fingolimod). The role of tumor necrosis factor (TNF) in alphavirus inflammation, despite its prominent expression in
the tissues of infected mice and humans, appears to rely on a more complex mechanism. Inhibition of TNF using etanercept in a mouse model of
alphaviral arthritis was shown to significantly exacerbate inflammatory disease and cellular infiltration (86), thereby reinforcing the need for a cau-
tious approach when considering biologic therapies for the treatment of alphaviral diseases such as chikungunya virus.
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burden at the site of infection, as well as at distant sites,
but also diminished the number of activated innate
immune cells and levels of proinflammatory cytokines
and chemokines (99). Therefore, more studies are needed
to examine the utility of neutralizing antibodies as a thera-
peutic approach to persistent chikungunya virus infection,
and to confirm the efficacy of these approaches in humans.

In contrast, studies have shown that prophylactic
treatment with chikungunya virus—specific mAb prevents
joint inflammation in chikungunya virus—infected wild-
type mice and can protect against fatal chikungunya virus
infection in AG129, RAG-2"/", and IFNAR-1"/~ mice
(98-103). Administration of chikungunya virus-specific
mAb to RAG-1"'~ mice prior to infection resulted in
drastically reduced viremia and chikungunya virus RNA
levels in ankle joints of animals with persistent chikun-
gunya virus infection (103). Passive immunization with
chikungunya virus IgG in IFNo/BR ™/~ mice also pre-
vented mortality from chikungunya virus infection (102).
However, these studies only examined the effect of using
mAb as prophylaxis for acute chikungunya virus infection.
Thus, our understanding of the prophylactic use of mAb
in chronic chikungunya arthritis is still incomplete, and
more studies are needed. Nevertheless, prophylactic treat-
ment could be effective for individuals at increased risk of
chikungunya virus infection in critical settings, such as
mother-to-child transmission (104) or hospitalized indi-
viduals with life-threatening acute disease (105).

Combined therapy with biologic agents. A recent
study by Miner et al sought to target both humoral and
adaptive arms of the immune response by using abatacept, a
drug approved in 2005 by the FDA for the treatment of RA,
in combination with an anti—chikungunya virus neutralizing
antibody, and assessed their ability to decrease acute joint
swelling in chikungunya virus-infected mice (106). Abata-
cept, a human IgG fusion protein paired with a CTLA-4
extracellular domain motif, prevents antigen-presenting cells
from delivering costimulatory signals to T cells. In the study
by Miner et al, abatacept reduced T cell accumulation in the
joints of infected mice and, in combination with an anti—
chikungunya virus neutralizing antibody, abolished signs
of inflammatory disease and markedly reduced levels of
chemokines, proinflammatory cytokines, and infiltrating
leukocytes (106). Notwithstanding the promising preclinical
outcomes and innovative approaches, these candidate thera-
pies, along with the other examples cited earlier in this
review (summarized in Figure 1), warrant further evaluation
in the treatment of chikungunya virus-induced joint
pathologies in a clinical setting, keeping in mind the poten-
tial risk of immunosuppression when targeting host response
mechanisms.
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Conclusions

Chikungunya virus, a previously neglected tropical
arthritogenic alphaviral infection, has gained global signif-
icance in the last decade after a series of devastating out-
breaks, exposing the severe public health and economic
burdens as well as the significant risk of acquired disabili-
ties incurred by international travelers. The clinical and
immunopathologic phenotype of this chronic inflamma-
tory rheumatic disease is reminiscent of RA, and studies
in animal models of alphaviral infections have helped to
elucidate previously unknown mechanisms of disease and
brought to light novel therapeutic approaches. Based on
its newly recognized public health importance and its
strong potential for reemergence, chikungunya arthritis
should be the focus of further experimental forays to
develop novel therapeutic approaches and should also
gain further attention from rheumatologists worldwide.
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REVIEW

Abnormal B Cell Development in
Systemic Lupus Erythematosus

What the Genetics Tell Us

Sarah Karrar and Deborah S. Cunninghame Graham

Introduction

Systemic lupus erythematosus (SLE) is an autoim-
mune disease characterized by B cell dysfunction, produc-
tion of autoantibodies directed toward cellular and nuclear
components, and multiorgan damage caused by immune
complex deposition and inflammation within affected
tissues (1). It largely affects women of childbearing age
(the third and fourth decades of life) and is associated with
significant morbidity and mortality.

In healthy individuals, B cells with autoreactive
receptors are selected out during B cell maturation, starting
at the initial stages of B cell receptor (BCR) development
in the bone marrow and continuing through to the fine tun-
ing that occurs in activated mature B cells in secondary
lymphoid tissue. Studies in lupus patients as well as mouse
models indicate that these processes are altered in SLE.

The etiology of the disease is complex and its pheno-
type is highly heterogeneous, but genetic susceptibility is
thought to contribute as much as 60% of disease risk (2).
Although rare monogenic causes do exist, heredity in SLE
is complex, with multiple common variants contributing to
disease, with patients having to achieve a certain “genetic
threshold” for disease risk. This genetic risk, in combination
with environmental factors (exposure to ultraviolet sunlight,
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smoking, and infections including Epstein-Barr virus have
all been implicated), leads to development of the disease
(1). In this review, we summarize some of the B cell anoma-
lies in SLE and incorporate evidence from studies in
humans and mouse models, together with data from genetic
association studies, to explain the mechanisms behind B cell
dysregulation in SLE.

The B cell phenotype in SLE

The crucial role of B cells in SLE pathogenesis is
well recognized, from producing autoantibodies to abnor-
mal regulation of immune responses (3,4). Various abnor-
malities have been noted in SLE B cells. First, there is an
imbalance of B cell subtype numbers, with an increase in
class-switched memory B cells relative to naive B cells (3).
Second, B cells from SLE patients have exaggerated BCR
responses, with receptor crosslinking leading to increased
calcium influx and tyrosine phosphorylation of downstream
signaling molecules (3). Increased memory B cell numbers
confer significant disease risk as these have a lower activa-
tion threshold, allowing autoreactive B cells to thrive with
minimal antigen contact, while enhanced receptor activa-
tion contributes to the steady-state active phenotype seen
in SLE (3,5).

B cells contribute to disease mainly by producing
autoantibodies targeting nuclear components including
DNA (anti-double-stranded DNA [anti-dsDNA]), RNP par-
ticles (anti-Ro, anti-La, and anti-Sm), histones, and nonhis-
tone chromatin proteins. These are present in >90% of
patients and contribute to disease progression via immune
complex formation (6). Titers of these autoantibodies (espe-
cially anti-dsDNA) correlate positively with increased disease
activity, and serial measurements are used to monitor
patients for disease flares (6). There is also evidence that
autoantibodies cross-react with cellular components other
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than nuclear targets (7). For example, anti-dsDNA antibod-
ies bind to major glycosaminoglycan components in the
glomerular basement membrane, suggesting a possible
direct role in nephritis (7). In mouse models, transfer of
autoantibodies from diseased to unaffected animals
leads to development of typical immune complex—medi-
ated nephritis (8). Moreover, in MRL/l[pr mice (which
develop lupus-like disease spontaneously), disease sever-
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multiple immunopathologic pathways (10). In this review,
we discuss how genetic variants affect the development of
B cells, allowing them to overcome several checkpoints to
break self tolerance, and how they contribute to the abnor-
mal active phenotype observed in SLE. We examine how
these genes alter both early developmental pathways in the
bone marrow and late maturation processes to cause B cell
dysregulation.

ity can be attenuated and mortality reduced by ~50% if
antibody secretion is blocked, providing robust evidence
that autoantibodies are more than spectators in disease
etiology (9).

A recent explosion in genome-wide association
studies (GWAS) has identified >80 potential risk loci across

Central tolerance checkpoint of B cell development
in the bone marrow in SLE

Normal B cell development starts in the bone
marrow, where the first round of negative selection of

Expression of the pre-BCR
with the SLC as the first
r--—=—=-=-=- stage of development.
| Commitment to B-cell lineage | Deficiency of SLC has been
PAX5 P associated with autoreac-
I E24 I ‘ tive B cell generation,
| EBF | possibly as a result of the
*IKZF1 selection advantage of BCR
I wikzr3 | expressing self -recognising
L IgH chains.
2
RAG

[ expression_l . RAG
Common Pro-B cell Large Pre-B cell | expression ; Successful BCR generation
Ilymphoecyte T G-
precursor Bone marrow in SLE is a
pro-inflammatory environ-
SLE B cells show fewer BCR 3 ____________ ment filled with apoptotic
recombination events : BCRsignalling TLR signalling ' cells, potentially exposing
i MyD8s : developing B cells to self
LYN R tigens including nuclear
5 / : *BLK UNC93B ' antig 9
----------- components.
In autoi ity, impaired BCR signaling 7
- does not trigger appropriate threshold for
- - recognition of self to induce apoptosis or
-y V[D]J recombination.
d -y Instead, early B cells recognising
In SLE- there is failure to * self-antigen may survive negative selection
delete autoreactive B cells by going undetected .

Figure 1. Central tolerance. 1, Common lymphocyte precursor commits to B cell lineage via expression of B cell-specific transcription factors
(e.g, early B cell factor [EBF]), which initiates IgH rearrangement. 2, Expression of the generated IgH component of the pre-B cell receptor
(pre-BCR) is combined with the surrogate light chain (SLC). 3, Successful signaling through the pre-BCR leads to a short burst of proliferation
and internalization of the pre-BCR and commences a second wave of recombination, this time in the light-chain gene. 4, The generated BCR is
then assessed for self-recognition. Those cells that have generated non-self-recognizing BCRs with functioning signaling switch off recombination-
activating gene (RAG) expression and become immature B cells. 5, Because V[D]J recombination is a stochastic process, a proportion of pre-B
cells will generate autoreactive BCRs. This is detected by excess BCR signaling due to high-affinity binding within the bone marrow or abundance
of antigen. This leads to continued V[D]J recombination until acceptable BCR is generated or all possible recombination has been exhausted. 6,
Failure to generate a non-self-recognizing BCR leads to apoptosis. 7, In autoimmune disease this process is impaired, potentially by reduced sig-
naling through the developing BCR, which fails to trigger the threshold for apoptosis. Genes or proteins involved at each stage are shown in
dashed boxes. * = genes identified as risk-associated loci in systemic lupus erythematosus (SLE). TLR = Toll-like receptor; MyD88 = myeloid dif-
ferentiation factor 88; IRAK-1 = interleukin-1 receptor—associated kinase 1; Unc-93B = Unc-93 homolog B.
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autoreactive B cells (termed central tolerance) occurs.
This process is summarized in Figure 1. Many potential
abnormalities in central tolerance have been implicated in
SLE, including failure of adequate negative selection of
autoreactive B cells and inadequate receptor editing (steps
6 and 3, respectively, in Figure 1), both of which are criti-
cal steps in maintaining tolerance to self (11).

The molecular mechanisms by which SLE autore-
active B cells evade central tolerance have yet to be fully
elucidated. There are some clues, however, from various
genetic studies (12). Patients with single-gene mutations
resulting in primary immunodeficiencies frequently devel-
op a wide range of autoimmune diseases in addition to
increased susceptibility to infections (12). Their mutations
teach us that central tolerance is largely dependent on
adequate BCR signaling in the bone marrow (12) (steps 2
and 3 in Figure 1). In X-linked agammaglobulinemia, a
defect in the gene for Bruton’s tyrosine kinase (needed for
downstream BCR signaling) results in increased frequency
of autoreactive B cells (12). One possible mechanism is
that binding to self antigen does not induce a strong
enough response in BCR signaling to trigger clonal dele-
tion (12). Conversely, deficiency in Wiscott-Aldrich syn-
drome protein (WASP; a negative regulator of BCR
signaling) results in more stringent central control mecha-
nisms, with WASP-knockout mice showing a much lower
proportion of autoreactive B cells being released from the
bone marrow. Their mature B cells also show abnormal
peripheral tolerance and hyperactive phenotype, possibly
driven by T cell abnormalities (12).

Outside of single-gene mutations, GWAS have
expanded our knowledge of the molecular basis of B
cell developmental anomalies in SLE (13,14). These
GWAS have identified several SLE susceptibility loci
near genes known to be important for early B cell
development and BCR signaling (see Table 1 for sum-
mary). Variants affecting BCR signaling are discussed
in more detail later in this review (13,14).

In early B cell development, several stages have
been described which are associated with distinct genetic
and molecular events. Two of these genes have been iden-
tified as risk loci and are discussed in the next section.

SLE risk loci and their role in the commitment to
B cell lineage, common lymphoid progenitors,
B lymphocyte precursors, pro-B cells, and pre-B cells

Commitment of the multipotent progenitor cells in
the bone marrow to lymphocyte development depends on
the expression of several transcription factors, including
Ikaros (encoded by IKZF1) and Aiolos (encoded by IKZF3),
among others (13,15) (step 1 in Figure 1). Ikaros in
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particular is known to be crucial for early commitment to
B cell lineage. Its exact role in the early multipotent pro-
genitor cells is unknown, although we know that mice
deficient in Ikaros fail to develop any common lympho-
cyte precursors, with arrest of B cell development before
lineage commitment to the B cell-biased lymphoid pro-
genitor (16). Low expression of Ikaros allows generation
of some B cells, but overall numbers remain low and dif-
ferentiation is impaired at all stages (16).

The pre-B cell stage is characterized by the expres-
sion of the pre-BCR, and successful signaling through the
pre-BCR arrests recombination of the IgH chain and the
initiation of expression of the Ig light chains of the final
BCR (17) (step 2 in Figure 1). Ikaros and its closely
related family member Aiolos are both induced on
engagement of the pre-BCR and help terminate signaling
through the pre-BCR (steps 2 and 3 in Figure 1), promote
exit from the cell cycle, and allow rearrangement of the Ig
light-chain genes. Ikaros also induces expression of recom-
bination-activating gene 1 (RAG-1) and RAG-2 and is
required for IgH Vy gene recombination, allowing the
pro-B cell to progress to the large pre-B cell stage (18).

Both the Ikaros and Aiolos variants (single-nucleo-
tide polymorphism [SNP] rs4917014, which lies within the
3 -untranslated region [3'-UTR] of the IKZF1 gene [encod-
ing Ikaros] [P = 2.7 x 10%], and SNP 152941509, which
lies within the 5-UTR of the IKZF3 gene [encoding Aio-
los] [P = 3.198 x 10°°]) have been associated with
increased transcription of their respective genes in whole
blood (13,15) (Table 1). In models of overexpression in
pre-B cell lines, increases in Ikaros and/or Aiolos induce
termination of IgH recombination and stop signaling
through pre-BCRs. However, high levels of expression are
required to induce this process; therefore, it is plausible
that both of these variants are promoting early transition
to the small pre-B cell and may be contributing to the
inadequate receptor editing observed in SLE (11,16,19).

Humans with germline mutations in /KZFI have
an early block in common lymphocyte precursor devel-
opment, with reduced pro-B cell numbers and normal
pre-B cell numbers (20). Approximately half of the
reported patients also developed autoimmune disease,
including 1 who had SLE, suggesting that dysfunction and
abnormalities of early B cell development can result in
both immunodeficiency and autoimmunity (20).

Checkpoint at B cell maturation in the lymphoid
tissue, from immature B cell to plasma cell and
peripheral tolerance

Many abnormalities in peripheral tolerance have
been identified in SLE, from problems with somatic
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Figure 2. Peripheral tolerance. 1, Naive B cells in the marginal zone encounter their relevant antigen as presented by resident antigen-presenting cells
(APGs). 2, Some activated B cells remain outside the germinal center and become short-lived low-affinity antibody-producing cells. 3, Activated B cells
migrate to the germinal center (under influence of CXCL12 produced by bone marrow stromal cells), 4, where they interact with follicular helper T cells
whose T cell receptors (TCRs) recognize self antigen. This also involves bidirectional signaling through multiple costimulatory molecules and the B cell
receptor (BCR). 5, At this stage, most B cells undergo a round of somatic hypermutation to achieve affinity maturation. This requires expression of the
RAG genes. Following this, activated B cells can differentiate into 3 potential cell types. 6, Long-lived plasma cells are selected from the pool of B cells with
the highest affinity receptors. They up-regulate expression of CXCR4 and migrate toward their niche (usually in the bone marrow), where they reside and
continue to produce background antibody. 7, Some activated cells terminally differentiate into high-affinity plasma cells, which are responsible for the “sec-
ond wave” of high-affinity antibody after antigen exposure. 8, B cells with low-affinity BCRs are preferentially selected to become memory B cells. Genes or
proteins involved at each of the regulatory stages are shown in dashed boxes. * = genes identified as risk-associated loci in systemic lupus erythematosus
(SLE). IL-21 = interleukin-21; MHC = major histocompatibility complex; IL-21R = IL-21 receptor; RAG = recombination-activating gene; ICOS = induci-
ble costimulator; BANK-1 = B cell scaffold protein with ankyrin repeats 1; UBE2L3 = ubiquitin-conjugating enzyme E2 L3; BLIMP-1 = B lymphocyte—induced
maturation protein 1; XBP-1=X-box binding protein 1.

hypermutation to memory B cell dysfunction (see Figure 2
for summary). First, SLE patients show aberrant and raised
RAG expression in peripheral B cells (step 6 in Figure 2),
raising the possibility that some autoreactive B cells arise as
a result of mutation of a “healthy” BCR into one that rec-
ognizes self antigen (21). This hypothesis is supported by
analysis of genetic variation in the Ig produced by autoim-
mune mice, showing that point mutations can render a pre-
viously self-tolerant BCR autoreactive (22). These data
have been replicated in the analysis of anti-dsDNA

antibodies from humans with SLE (23). Second, autoanti-
bodies in SLE often evolve over the duration of the disease,
recognizing different epitopes of their respective antigens
and frequently achieving a higher affinity (23,24). The
raised levels of interleukin-6 (IL-6) seen in the disease may
contribute to this, as IL-6 is a known up-regulator of RAG
gene expression (25).

The other major player in this process of secondary
maturation and in the maintenance of tolerance is the T
cell-B cell interaction (step 5 in Figure 2). This is
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supported by evidence from single-gene immunodefi-
ciency disorders, mouse models, and GWAS (12,14,26).
Patients with single-gene mutations in CD40, CD40L, and
major histocompatibility complex (MHC) class II develop
a significant proportion of autoreactive B cells, including
those with receptors recognizing nuclear components (in-
cluding antinuclear antibodies [ANAs]) (26). This is
despite their having normal central tolerance processes in
the bone marrow (12,26). In the Slel murine model, dis-
ease risk is inherited via a region on chromosome 1, carry-
ing polymorphisms in genes encoding multiple receptors
needed for T cell-B cell interactions (including Slam,
Lyl108, Cd84, Cracc, and Ly9) (27). In the germinal cen-
ters (GCs) of these mice, transient short-term contact
between B cells and T cells allows rare autoreactive B cells
and T cells to “sample” many different cells in the GC,
increasing chances of interaction for positive costimula-
tion (27). Shorter contact times between immune cells are
also known to alter their function (e.g., poorer Treg cell
ability to induce tolerance in target cells due to shorter
contact times) (28). It is possible that shorter T cell-B cell
contact in the GC may lead to chronic, low-grade activa-
tion, allowing autoreactive B cells to survive due to back-
ground low-quality contact, without receiving adequate
signals to become anergic.

Patients and mice with deficiencies in CD40,
CD40L, and MHC class II who have poor T cell-B cell
interaction overcome lack of B cell stimulation by up-
regulating BAFE a stimulatory cytokine that promotes B
cell survival and proliferation (26). This has important
consequences for B cell activation and murine models in
which mice that overexpress BAFF develop lupus-like dis-
ease with ANAs and anti-dsDNA (29). These findings
suggest that in the absence of specific and controlled
BCR activation, more generic signals (such as BAFF)
promote indiscriminate B cell activation and survival of
self antigens recognizing B cells and normal foreign anti-
gens recognizing cells equally (29). Variants in loci near or
within OX40L/TNFSF4, MHC class II, and CD80 have all
been implicated as associated with risk of SLE in various
GWAS (13,14,30,31) (Table 1).

The SLE-associated variant rs6590330 in the pro-
moter of the gene ETSI results in down-regulation of
expression of the transcription factor ETS-1 in whole
blood from humans (30). Studies in transgenic mice that
are both deficient in Ets-1 and express an autoreactive
BCR indicate that while central tolerance is maintained,
deficiency in Ets-1 results in impaired anergic responses
(32). B cells from Ets-17" mice produced autoantibodies
despite receiving appropriate “anergy” signals and contin-
ued to secrete them even in the absence of interaction
with cognate antigen (32). Some features of B cell anergy
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(such as reduced BCR-mediated tyrosine phosphorylation
and Ca®* influx) could be induced in deficient cells after
stimulation with high-affinity antigen; however, this could
not switch off autoantibody production (32).

The UBE2L3 gene (which codes for ubiquitin-conju-
gating enzyme E2, also known as UBCH7) on chromosome
22 contains a risk variant (associated SNP rs140490, P =
7.5 x 10®) within its promoter that leads to increased
expression and protein levels in B cells (but not in other
immune cells such as T cells) (31). UBCH7 drives NF-xB
activation through increased linear ubiquitin chain assembly
complex—mediated ubiquitination and subsequent proteaso-
mal degradation of IkBa, an inhibitor of NF-xB (31).
Raised basal levels of NF-kB led to steady-state activation
and augmented responses to stimulatory signals (31). This
resulted in higher numbers of both plasmablasts and plasma
cells and modulated response to stimulatory signals such as
CD40 and tumor necrosis factor (TNF) (Table 1 and step 5
in Figure 2) in carriers of the risk variant (31).

Variants affecting B cell signaling molecules affect
both peripheral and central tolerance mechanisms

Variants affecting B cell and pre-B cell signaling
affect both central and peripheral tolerance, and many
genes involved in both BCR and pre-BCR signaling have
been identified from GWAS (13,14). These variants con-
tribute to the generation of autoreactive B cells and the
activated phenotype identified in peripheral B cells in SLE
(13,14) (Table 1). Variants resulting in impaired BCR sig-
naling are thought to contribute to autoimmunity in a
mechanism analogous to that noted in the monogenic
immunodeficiencies discussed above, in which inadequate
pre-BCR signaling leads to failure in reaching the thresh-
old for clonal deletion or BCR rearrangement (12,33).
Variants contributing to increased BCR-mediated signaling
may promote the peripheral active B cell phenotype char-
acteristic of SLE (34,35). Risk variants identified in SLE
include PTPN22, Blk, Csk, and Lyn (13,14,36) (step 3 in
Figure 1 and step 4 in Figure 2).

The risk allele (SNP rs476601, P = 3.4 x 107'%)
for PTPN22, which encodes the tyrosine kinase Lyp, is
associated with impaired BCR signaling and is thought
to contribute to autoreactive B cell survival through vari-
ous mechanisms (14) (Table 1). This risk variant is asso-
ciated with faulty central tolerance and failure to remove
autoreactive B cells in the bone marrow (33). In addi-
tion, peripheral B cells carrying this risk allele up-regu-
lated many genes involved in B cell activation, including
those involved in BCR, CD40, and Toll-like receptor
(TLR) signaling as well as cytokine receptors (e.g., IL-21
receptor [IL-21R] and IL-4R) (34). Moreover, these B



LESSONS FROM GENETICS ON B CELLS IN SLE

cells show increased surface expression of CD40 as well
as enhanced responses to CD40 engagement, potentially
contributing to the active peripheral phenotype (34).
Up-regulation of these proactivation genes is thought to
be a mechanism by which B cells overcome the deficit in
Lyp function caused by the risk variant (34).

BIk, a Src family tyrosine kinase, is normally up-
regulated at the pre-B cell stage and is important in the
transduction of pre-BCR signaling (37). Blk phosphory-
lates the Ig o- and B-subunits of the BCR and is known to
bind the phosphatidylinositol lipase C-y230, forming a
complex with the B cell adaptor protein ankyrin repeats
(encoded by the BANKI gene and, interestingly, also a sus-
ceptibility locus for SLE) during BCR signaling (38). The
disease-associated SNPs for Blk (rs922483 and rs1382568)
both result in the down-regulation of Blk expression and
potential failure of adequate pre-BCR signaling (36,39)
(Table 1). A third and rarer coding variant of Blk associ-
ated with SLE that results in an alanine-for-threonine sub-
stitution in its SH3 domain leads to hypophosphorylation,
inactivation, and rapid degradation of the protein (40).
This variant also demonstrates impaired binding to B cell
scaffold protein with ankyrin repeats 1 (BANK-1) scaffold-
ing, which is important in signal transduction (40).

Blk’ mice develop autoimmune disease, with anti-
dsDNA autoantibodies and immune complex-mediated
glomerulonephritis, together with an increase in the pro-
portion of B-1 cells (a low-aftinity IgM-producing subtype
of B cells in mice) (41). Expansion of this subtype of B cells
in other murine models of lupus is well documented and is
thought to be important, particularly in driving nephritis
(41). In a mechanism similar to that of the Lyp variant, this
may contribute to autoimmunity by impairing central toler-
ance mechanisms. However, abnormalities in peripheral
BCR signaling have also been described, with low baseline
BCR activity at rest but enhanced responses on activation,
heightened ability to stimulate T cells, and increased num-
bers of isotype-switched memory B cells (42).

CSK, located on chromosome 15, carries a risk vari-
ant (SNP rs34933034) that up-regulates expression of Csk,
a Src family tyrosine kinase important in the BCR signal-
ing cascade (35). B cells from those carrying the risk allele
show increased levels of Csk expression and increased
subsequent phosphorylation of Lyp, augmented BCR
responses, and activation of mature B cells (35).

Lyn, another member of the Src kinase family, has
also been associated with SLE (36,43). Initial GWAS
identified rs57829816 in the 5’ region (P =5.4 x 10~”) and
152667978 in the 3’ region (P = 5.1 x 10®) in women of
European ancestry, with both variants being protective.
Further transancestral case—control studies identified a
third variant in American women of European ancestry,
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16983130 in the 5'-UTR of the gene (P = 0.000111) (36).
This variant was also protective and was associated with
less severe disease within cases (36). No association
between any Lyn variants and disease has been identified
in populations of African or Asian ancestry, nor has there
been any association with changes in protein or transcript
levels (36,43,44). However, data from SLE patients have
shown them to have lower levels of Lyn compared to
healthy controls, implying that lower levels may be associ-
ated with disease (45,46). In addition, studies in B cell
lines show that Lyn is required for inhibitory signals in
response to weak BCR crosslinking (47). Lyn”~ mice are
susceptible to an inducible immune complex-mediated
nephritis as well as to antibody-induced arthritis (47).

Patients deficient in IL-1R-associated kinase 4,
myeloid differentiation factor 88, and Unc-93 homolog B
(signaling molecules in the TLR pathway) also have high
levels of autoreactive B cells, suggesting that impaired sig-
naling via these pathways results in survival of autoreactive
BCRs, possibly by failing to pass the signaling threshold
for clonal deletion in the bone marrow (12) (step 3 in Fig-
ure 1). These patients also demonstrated impaired recep-
tor editing and had defects in peripheral tolerance (48).
SNP 153853839 in the 3-UTR of TLR-7 (P =2 x 10™°) has
been associated with SLE in several GWAS (14). This vari-
ant is associated with increased transcript levels and ampli-
fied signaling, resulting in an enhanced interferon (IFN)
signature (14). A study in Danish patients with SLE found
that variants in TLRs 7-9 were associated with certain
disease phenotypes and specific serologic markers (49).
For example, some TLR-7 variants were associated with
nephritis and anti-dsDNA antibodies (49).

Checkpoint at the level of memory cells and long-lived
plasma cells in SLE

Although abnormalities in both central and
peripheral tolerance are pivotal to pathology, memory B
cells and long-lived plasma cells contribute substantially
to disease propagation (50). One of the most striking B
cell findings in SLE is the high prevalence of mature,
antigen-experienced class-switched memory cells (3).
The effect of having a relatively large proportion of these
cells is multifold. First, these cells are primed for action
and have a lower activation threshold compared to naive
B cells. Second, they exhibit resistance to regulatory and
inhibitory signals (3). In addition, SLE patients have a
unique group of memory B cells in the periphery which
lack CD27 expression (a hallmark of memory B cell phe-
notype), the numbers of which correlate with increased
disease activity, renal involvement, and higher serum
levels of autoantibodies (51).
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The endurance of autoreactive long-lived plasma
cells and their resistance to treatments such as B cell
depletion and chemotherapy demonstrate the importance
of this plasma cell subtype in disease persistence. In
lupus-prone mice, long-lived plasma cells develop early
and continue to expand throughout their lifetime (50).
Murine models indicate a prominent role for these long-
lived plasma cells in autoimmunity; for example, anti-
bodies derived from long-lived plasma cells were found
in diseased kidneys of NZB/NZW mice (8). In addition,
these long-lived plasma cells are thought to be responsi-
ble for the production of anti-RNA antibodies, which
explains why the titers of these antibodies are not altered
with B cell depletion therapy (52,53).

Development and survival of long-lived plasma
cells and memory cells is complex and depends on a
functioning GC (54). Within the GC, there is stringent
selection of cells with high-affinity receptors to become
long-lived plasma cells, while memory B cells undergo a
less rigorous selection process (Figure 2) (54). Memory
B cells do acquire increased affinity over time, and some
studies suggest that they may re-enter the follicle and
undergo further maturation. While long-lived plasma
cells reside in “niches” usually within the bone marrow,
memory B cells are found circulating in the periphery
and dwelling in secondary lymphoid tissue (54).

Various GWAS in SLE have identified an associ-
ation with the gene encoding the protein OX40L/TNF
ligand superfamily member 4 (55) (Table 1 and step 5
in Figure 2). This gene codes for a membrane-bound
protein expressed on the surface of memory B cells,
with its unique receptor OX40 primarily expressed on
CD4+ Th cells. The OX40L-OX40 interaction results
in bidirectional signaling in both the B cell and T cell
involved, activation in both cells, and augmentation of
the immune response (55). Although the effect of the
identified variant on OX40L expression has not been
fully identified, we know that both OX40L and OX40
are found at higher levels in patients with SLE, particu-
larly those with more active disease and with a more
severe disease phenotype (as indicated by the pres-
ence of nephritis) (55). These findings suggest that
these proteins contribute to the increased number and
more active phenotype of memory B cells in SLE.

GWAS data sets also show disease association with
many of the genes associated with the development of
immunologic memory including BACH2, PRDMI, and
IKZF3 (13,14,56) (Table 1 and steps 6-8 in Figure 2). The
exact effect of the risk variant in each of these genes on
function is not yet known, but these associations hint that
the proteins may contribute to the dysregulation of the
developmental pathways in memory and long-lived plasma
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cells. Of particular interest, we know that mice lacking
Aiolos fail to develop immunologic memory although they
have normal initial responses to antigen exposure and are
at increased risk of developing B cell lymphoma (57).
Aiolos "~ mice also develop a lupus-like disease in old age,
with typical autoantibodies and immune complex deposi-
tion (57). This autoimmune phenotype comes about as a
result of a B cell defect with retention of both relatively
normal T cells and innate immune system (57).

Two polymorphisms in BANKI have been identi-
fied as associated with risk (13,14,40,58) (Table 1). Both
impair BCR and CD40 signaling and are associated with
an expansion of memory B cells in vivo (58) (step 4 in Fig-
ure 2). BANKI encodes a scaffolding protein that acts
during BCR signaling by promoting phosphorylation of
Src tyrosine kinases such as Lyn through enabling pro-
tein—protein interactions between them and inositol 1,4,5-
trisphosphate receptor (59). One of the risk polymor-
phisms (rs10516487) is associated with alternative splicing
which results in a protein that forms larger and more
widespread scaffolds within the cytoplasm (59). The effect
of the other risk variant (rs17266594) on BANK-1 expres-
sion is currently unknown.

Extrinsic factors

Failure of tolerance in SLE is due in large part to
the intrinsic defects discussed above, but it is important to
note that B cells develop in an abnormal milieu in lupus
patients compared to healthy controls. Analysis of bone
marrow aspirates from patients with SLE demonstrates
some interesting findings (60). First, there were more
apoptotic cells within lupus bone marrow, potentially
exposing developing pre-B cells to more nuclear self
antigens and propagating the development of autoreac-
tive BCRs (60). Second, there were increased numbers of
CD4+ T cells, macrophages, and plasma cells, creating a
proinflammatory environment (60). These inflammatory
cells produced significant amounts of IFN (a high level of
the cytokine in the bone marrow was associated with
increased disease activity), which has profound effects on
B cell development (61). An abundance of IFN in bone
marrow leads to arrested development at the early stages
and expansion at the transitional B cell stage (61). Simi-
larly, the lymphoid tissue in SLE is also altered (62). The
GCs are areas with a high proportion of cells undergoing
proliferation and apoptosis. Under normal circumstances,
apoptotic cells are rapidly cleared, but in SLE there are
well-known defects in this process (for extensive review,
see ref. 63) potentially leading to persistence of apoptotic
material including nuclear components and perpetuating
the antigen-driven B cell response (62).
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Although epigenetic annotation of risk variants
identifies the B cell as the main cell of interest for the dis-
ease, risk variants affecting many aspects of the immune
system from innate to adaptive have been described
(14,64-66). Many of the risk loci associated with SLE dis-
cussed in this review also affect genes with multilineage
functions. For example, the IKZF] variant has also been
shown to affect expression of complement components
and several IFN response genes, while Lyp is required for
T cell receptor signaling (14,67).

Another good example of this is the variant
affecting PRDM1, which encodes for B lymphocyte—in-
duced maturation protein 1 (BLIMP-1), a transcription
factor crucial for plasma cell differentiation. The effect
of the risk variant rs548324, however, is demonstrable
in dendritic cells (DCs), which show a reduction in
expression as a result of the variant, a reduction not
replicated in B cells (68). BLIMP-1 knockout in DCs is
associated with an increase in IL-6 secretion as well as
increased numbers of follicular T cells and GC B cells,
with female mice developing SLE-like disease (68).
Therefore, while the ultimate phenotypic outcome of a
specific variant may be B cell dysfunction, the actual
molecular abnormality may not be B cell specific.

Summary

Although the immunologic abnormalities in SLE
are complex, numerous, and not fully understood, B cells
have a central role in the development of the disease,
from driving immune complex production to secretion of
proinflammatory cytokines. Since SLE is an archetypal
complex disease, the genetic association data reflect that
complexity, with many variants, affecting several areas of
the immune system (13,14).

The advent of GWAS has identified many poten-
tial abnormal pathways relevant to the breaking of self
tolerance in SLE (summarized in Table 1). The data
emphasize the central role of B cells, with a significant
proportion of identified genes affecting B cell function
and epigenetic annotation reinforcing this (13,14,65,66).
GWAS have also helped to explain clinical variability
between individuals—it is easy to see how each patient is
likely to have a different combination of risk variants
resulting in a pattern of immune dysfunction unique to
that individual. We can already see how variants in TLR
genes can help predict disease and serologic markers, or
how variants in the gene for Lyn can protect against
hematologic involvement (36,49).

Traditionally, B cell-targeted therapy has mostly
been focused on depletion of numbers (e.g., through target-
ing CD20-mediated depletion through rituximab), but with
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our growing understanding, less crude approaches are being
investigated. For example, Aiolos depletion therapy with
the CC-220 molecule results in down-regulation of genes
mediating B cell differentiation, reduces proliferation, and
inhibits antibody secretion in B cells from SLE patients
(69). Emerging therapy such as epratuzumab (a monoclonal
antibody to CD22) has been shown to block B cell differen-
tiation and activation directly through selective inhibition of
BLIMP-1 (encoded by PRDM1I), demonstrating how data
from GWAS can inform future drug therapy (70).

Although the results from GWAS confirm the
complexity of SLE pathogenesis and show that different
intrinsic B cell abnormalities are likely to drive disease in
each individual case, the principles underlying the loss of
central tolerance (deficient BCR signaling) and periph-
eral tolerance (dysregulated T cell-B cell interaction) are
universal. Genetic information helps us to personalize
therapy, whereby relevant molecules can be targeted
through understanding the exact pathways involved in an
individual’s disease.
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Association Between Marginal Jawbone Loss and
Onset of Rheumatoid Arthritis and Relationship
to Plasma Levels of RANKL

Elin Kindstedt, Linda Johansson, Py Palmqvist, Cecilia Koskinen Holm, Heidi Kokkonen,
Ingegerd Johansson, Solbritt Rantapaa Dahlqvist, and Pernilla Lundberg

Objective. To investigate whether periodontitis,
characterized by marginal jawbone loss, precedes the
onset of symptoms of rheumatoid arthritis (RA), and
to analyze plasma levels of RANKL (a cytokine that is
crucial for bone resorption) and anti—citrullinated pep-
tide antibodies (ACPAs) in presymptomatic individuals
compared with matched referent controls.

Methods. Marginal jawbone loss was measured on
dental radiographs of the premolar/molar regions in the
jaws in 176 subjects, 93 of whom subsequently developed
RA. Among these participating subjects, 46 had
documented radiographs predating symptom onset, and 45
cases could be matched to controls, according to sex,
age, and smoking status. Plasma RANKL concentra-
tions were analyzed using enzyme-linked immunosor-
bent assay. A receiver operating characteristic curve was
used to define the cutoff value for RANKL positivity.

Results. Bone loss was significantly greater in
presymptomatic subjects classified as never smokers
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compared with that in controls, and increasing levels
of bone loss were associated with a higher risk of the
subsequent development of RA (hazard ratio 1.03, 95%
confidence interval 1.01-1.05). No association between
jawbone loss and RA was observed in smokers. A sig-
nificantly greater extent of marginal jawbone loss was
detected in RANKL-positive presymptomatic subjects,
and even more pronounced jawbone loss was observed
in those who were positive for both RANKL and ACPA.

Conclusion. Marginal jawbone loss preceded the
clinical onset of RA symptoms, but this was observed only
in nonsmokers. Moreover, marginal jawbone loss was
significantly greater in RANKL-positive presymptomatic
subjects compared with RANKL-negative presymp-
tomatic subjects and was highest in presymptomatic
subjects positive for both ACPA and RANKL.

Periodontitis and rheumatoid arthritis (RA) are
both characterized by chronic inflammation at soft tissue
sites, leading to a loss of adjacent bone (1-5). In periodon-
titis, tooth-related bacteria evoke gingival inflammation,
which in disease-susceptible individuals may cause a loss
of jawbone (5-7). Patients with progressive periodontitis
have elevated serum levels of C-reactive protein (5,8), a
finding that supports the hypothesis that periodontal
inflammation causes a systemic load in these patients.
The mechanisms of induction of RA remain unclear, but
autoantibodies and increased concentrations of proin-
flammatory and antiinflammatory cytokines are known
to predate the onset of disease symptoms (9,10). Despite
their different etiologies, periodontitis and RA share a
number of similarities concerning host-mediated patho-
genesis, genetics (e.g., manifest as an association with
HLA antigens), and environmental risk factors such as
smoking (1-3,6,7,11). Both diseases lead to significant
morbidity; in periodontitis, this ultimately leads to tooth
loss and loss of masticatory function, while in RA, there
is a loss of joint function and mobility (11).
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The majority of epidemiologic studies have shown
that periodontitis and RA are associated (12-19), and that
treatment of periodontitis in patients with RA reduces
joint symptoms (20), but it is not known how these dis-
eases may be related (11,21). A number of mechanisms,
including infectious, inflammatory, and genetic traits,
have been proposed (11,21), but prospective studies on
the association between periodontitis and RA are sparse.

Enhanced local bone loss is commonly seen in
the vicinity of the inflammatory process in diseases
such as RA and periodontitis (22,23). During balanced
physiologic remodeling, osteoblasts form as much bone
as the osteoclasts have resorbed, thereby keeping the
bone mass constant. In states of unbalanced bone
remodeling, such as periodontitis and RA, bone turn-
over is characterized by increased formation and activ-
ity of osteoclasts and by reduced stimulation of bone
formation by osteoblasts, leading to bone loss (6,22,23).

Mature bone-resorbing osteoclasts are formed by
fusion of mononuclear progenitor cells derived from mye-
loid hematopoietic stem cells. The specific cytokine driv-
ing osteoclast differentiation is RANKL, which activates
the receptor RANK expressed by osteoclast progenitors.
RANKL is produced as a membrane-bound or secreted
ligand by osteoblasts, fibroblasts, or activated T cells and
B cells (23). The production of RANKL by various cell
types is controlled by systemic and local stimuli, includ-
ing hormones, inflammation mediators, and bacterial
products (6,22,23). Moreover, in RA, anti—citrullinated
peptide antibodies (ACPAs), e.g., against citrullinated
vimentin, have been directly linked to osteoclast differen-
tiation and bone resorption in patients with RA, as shown
both in vivo and in vitro (24). Recently, elevated RANKL
levels were shown to be associated with ACPA positivity
in patients with early untreated RA, with bone destruction
(25), and with radiologic progression after 2 years in
patients with early RA (26).

The involvement of the RANKL system is well
established in the pathogenesis of diseases of bone me-
tabolism, including periodontitis, RA, postmenopausal
osteoporosis, and bone malignancies such as multiple
myeloma (23,27). The RANKL level is increased in the
serum of affected individuals, and antibodies directed
toward RANKL form part of the treatment regimen in
all of these conditions except periodontitis (27-31).

Thus, the hypothesis of a link between periodontitis
and the development of RA has long been debated, but
prospective studies are lacking. The aim of the current
study was to assess whether periodontitis, displayed as
marginal jawbone loss, precedes the onset of symptoms of
RA, and whether plasma RANKL levels are related to jaw-
bone loss in subjects in whom RA subsequently develops.
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PATIENTS AND METHODS

Study participants. The present case—control study
was nested in a population-based survey of cohorts within the
Medical Biobank of Northern Sweden (www.biobank.umu.se/
biobank/nshds/). Study cases with a registered date of symp-
tom onset were identified by coanalyzing the register of the
Medical Biobank cohorts with the register of patients attend-
ing the Department of Rheumatology at University Hospital,
Umea, and fulfilling the American College of Rheumatology
1987 classification criteria for RA (32).

RA was diagnosed (including in individuals who had
symptoms for <12 months) at the Early Arthritis Clinic at
Norrlands University Hospital, Umed, Sweden, by a senior
rheumatologist who carefully monitored the patient-reported
date of onset of RA-related symptoms. The time points preced-
ing onset of symptoms are referred to as the “presymptomatic
time.” The earliest date for joint symptoms was thus defined as
the date of symptom onset. The dental radiographs selected
for the hazard estimates were obtained well before the identi-
fied date of symptom onset (1-7 years preceding symptom
onset, as described below). However, no information on joint
symptoms was available from the dental records at the time
when dental radiographic analyses were performed.

In total, 232 individuals for whom information was avail-
able prior to the onset of RA symptoms (referred to as presymp-
tomatic individuals) and 194 matched controls were identified
from the register of the Medical Biobank and were alive at the
time of this study. Both cases and control subjects were invited,
by mail, to participate in the study and were asked to answer a
questionnaire on self-assessed dental status, smoking habits, and
contact information for their dental clinic. Responses to the
questionnaire were obtained from 149 cases (64.2%) and 143
controls (73.7%). Dental radiographs of the premolar/molar
regions of the jaw could be obtained from the providers of den-
tal care in 176 of the subjects (Table 1). Among these identified
subjects, 93 were subsequently diagnosed as having RA, and 83
were used as population-based controls.

Of the 93 subjects with presymptomatic RA, 46 had
radiographs available before the onset of RA symptoms. Radio-
graphs for the remaining 47 subjects were available only from the
same year as symptom onset (n = 2) or later after RA symptom
onset. Thus, 46 subjects for whom radiographs were available
prior to becoming symptomatic for RA formed the group to
which a referent control group, matched for sex, age (£3 years),
and smoking status (never, past, or current smoker), was selected
at random, without any replacements. Due to the very low preva-
lence of current smokers among the potential controls, the final
study group comprised 45 cases and 45 matched controls
(Table 2). In several of these cases and controls, repeated radio-
graphic examinations were also performed after the onset of RA
symptoms. In 31 of the 45 case—control pairs, both the case and
the matched referent control had undergone a radiographic
examination before the onset of symptoms, as well as repeated
radiographic examinations for longitudinal evaluation of bone loss
after becoming symptomatic and being diagnosed as having RA.

Assessment of bone loss. Bone loss was assessed on bite-
wing radiographs of the premolar/molar sections of the jaws. Radio-
graphs were obtained from dental offices after the participants
had granted their permission. Two films were available per sec-
tion, ranging from the mesial surface of the first premolar to the
distal surface of the second molar. Third molars positioned as a
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Table 1. Characteristics of the 176 subjects who consented to
participate, according to study group™

Presymptomatic

Controls subjects
Characteristic (n=83) (n=93)
% men/% women 26.5/73.5 25.8/74.2

Age, mean (95% CI) years
Birth year, mean (min-max)

55.5 (54.6-56.5)  56.8 (55.9-57.7)
1946 (1933-1967) 1945 (1930-1968)

No. of radiographic 7.9 (1-26) 7.5 (1-26)F
evaluations, mean
(min-max)
Smoking status at time of
radiographic evaluation
Never smoker, % 334 26.7
Previous smoker, % 60.8 68.6
Current smoker, % 5.8 4.8
Dental care provider
Public dental clinic, % 31.2 26.3
Private office, % 30.3 31.9
Combination of public 385 41.8
and private, %
Anti-CCP-2 positivity, no./no. 3/83 (3.6) 39/93 (41.9)%
evaluated (%)
RF positivity, no./no. 1/47 (2.1) 37/92 (40.2)§

evaluated (%)
HLA SE, no./no. -
evaluated (%)

61/92 (66.3)

* Radiographs of the premolar/molar regions in the jaws of 93 presymp-
tomatic subjects (n = 694 visits) and 83 control subjects in whom rheuma-
toid arthritis (RA) did not develop (n = 659 visits) were obtained and
evaluated for missing teeth and teeth with or without bone loss. 95% CI
= 95% confidence interval; min = minimum; max = maximum; anti—
CCP-2 = anti—cyclic citrullinated peptide 2; RF = rheumatoid factor; SE
= shared epitope.

t Mean 6.4 (min-max 0-18) and 4.5 (min-max 0-16) number of
radiographic evaluations before and after RA diagnosis, respectively.
I The frequency of positivity at the time of RA diagnosis was 74.7%.
§ The frequency of positivity at the time of RA diagnosis was 78.6%.

second molar were regarded as second molars. Other types of
radiographs, such as apical and panoramic images, were occa-
sionally used to confirm the assessments.

For the presymptomatic individuals (cases), radio-
graphs obtained 1-7 years (mean 3.8 years, 95% confidence
interval [95% CI] 3.2-4.4 years) before the symptoms of RA
(referred to as year 0) were selected for evaluation of jaw-
bone loss. Radiographs obtained in age-matched individuals
without RA were used as controls.

Bone loss was scored as present (score of 1) or not pres-
ent (score of 0) for each tooth in the examined sections. The
presence of bone loss (score of 1) was scored if a reduction in
marginal bone level corresponded to more than two-thirds of the
height of the tooth crown of the same tooth. This criterion was
based on an attachment loss of 3-4 mm, defined by the Ameri-
can Academy of Periodontology as moderately severe periodon-
titis (33,34), and an estimate that, on average, two-thirds of the
height of the tooth crown corresponds to 3.7 mm. The latter was
defined by measurements of the height of the total tooth crown,
i.e., the distance from the cement—enamel junction to the crown
ridge in premolars. This distance was on average 5.4 mm, mean-
ing that two-thirds of the height of the crown corresponded to
3.7 mm, i.e., 34 mm. Bone loss was assessed by 2 dentists (EK
and CKH) who had calibrated their evaluations. Interobserver

KINDSTEDT ET AL

agreement was evaluated for 20 individual radiographic observa-
tions, which yielded a kappa value of 0.91.

One of the following characteristics was noted for
each tooth: 1) intact, i.e., the tooth could be assessed in its
entirety and showed no sign of bone loss exceeding two-thirds
of the length of the tooth crown, 2) bone loss, i.e., the tooth
displayed bone loss exceeding two-thirds of the length of the
tooth crown at any site, and if the marginal bone level was
not captured on the bitewing radiographs (because of severe
bone loss), it was also scored as bone loss, 3) missing, i.e., the
tooth was missing or a retained root tip was present, or 4)
not assessable, i.e., the tooth could not be evaluated.

Total bone loss was defined as the sum of the number
of teeth with scored bone loss and lost teeth in proportion to
the number of teeth assessable for scoring.

Plasma analysis. Plasma samples from the cases (n = 47)
were analyzed for the levels of RANKL before the onset of symp-
toms, including within the same year as symptom onset, with a
median time predating the onset of symptoms of 4.0 years
(interquartile range 2.0-7.2 years). Plasma samples from the con-
trols (n = 83) were analyzed when radiographs of the jaws were
available for these subjects. The radiographic examinations were

Table 2. Characteristics of the final study group*

Presymptomatic
Controls subjects
Characteristic (n=45) (n=45)
No. of men/no. of women 9/36 9/36

Age, mean (95% CI) years

Birth year, mean (min-max)

Year of radiographic
evaluation, mean (min-max)

552 (52.6-57.7) 552 (52.7-57.8)
1945 (1935-1964) 1944 (1930-1961)
1999 (1980-2011) 1999 (1991-2007)

Time from radiographic 3.8 (3.2-4.4) 14.2 (11.9-16.5)
evaluation to event,
mean (95% CI) yearst
Smoking status at time of
radiographic evaluation, %
Never smoker 28.9 28.9
Previous smoker 68.9 68.9
Current smoker 22 22
Dental care provider
Public dental clinic, % 27.9 30.2
Private office, % 349 30.2
Combination of public 37.2 39.5
and private, %
Dental status
No. of intact teeth, 9.9 (8.6-11.1) 7.8 (6.5-9.0)%

mean (95% CI)
Total bone loss, % (95% CI)§ 32.9 (24.8-41.0) 46.9 (38.8-55.0)]

* The final study group included 45 subjects for whom the marginal jaw-
bone level could be evaluated before the onset of rheumatoid arthritis
(RA) symptoms (presymptomatic patients) and a control group matched
for sex, age, and smoking status. Total bone loss is defined as the sum of
the number of teeth with scored bone loss (teeth that could be evaluated
and in which bone loss was evident) and lost teeth (teeth that are miss-
ing, possibly due to major bone loss) in proportion to the number of
teeth accessible for scoring. 95% CI = 95% confidence interval; min =
minimum; max = maximum.

+ Event refers to RA symptom onset in cases and end of study period
in controls.

$ P = 0.020 versus controls, by Student’s #-test.

§ Mean values were adjusted for sex, age at radiography, year of
radiography, smoking status, and dental care provider.

9 P =0.017 versus controls.
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selected at a time point that was as close as possible to the date
of plasma sampling. Consequently, for these analyses, we were
unable to keep the matched pairs, as previously described.

The plasma concentration of total (free and bound)
RANKL was measured using a RANKL human enzyme-linked
immunosorbent assay kit (BioVendor) in accordance with the
protocol described by the manufacturer. A cutoff value for
RANKL positivity was defined using a receiver operating char-
acteristic curve, yielding a cutoff value for positivity of >0.927
nmoles/liter, with a specificity of 97.9%. Positivity for ACPA,
rheumatoid factor (RF), and the HLA shared epitope was ana-
lyzed as previously described (26).

Statistical analysis. Categorical variables, i.e., sex,
smoking status at the time of radiographic evaluation (never
or ever smoker [past or current]), and dental care provider
(public dental clinic, private office, or a combination of public
and private), are presented as numbers or proportions (per-
cent). Differences in distribution between the cases and con-
trols were tested by chi-square test.

For continuous, normally distributed variables (i.e., age,
birth year, year of radiographic evaluation), mean values with 95%
CIs or minimum-maximum values are presented. Differences in
group mean values between presymptomatic subjects and referent
controls were tested using Student’s #-test when values were nor-
mally distributed; otherwise, comparisons were performed using
nonparametric tests. RANKL concentrations were logarithmically
transformed to reach normality. Using the generalized linear
model procedure, group mean values for the number of intact
teeth and total jawbone loss were standardized for potential con-
founders, i.e., sex, age at the time of radiographic evaluation, year
of radiographic evaluation, smoking status, and dental care provid-
er. In addition, sensitivity analyses with stratification for smoking
status, i.e., never smokers and ever smokers, were performed.

Hazard ratios (HRs) (with 95% ClIs) for subsequent
development of RA according to increasing levels of total jaw-
bone loss were calculated from Cox proportional hazards mod-
els, using a time-dependent covariate (age) and adjustment for
potential confounders (dental care provider and year of radio-
graphic evaluation). All tests were 2-sided, and P values less than
0.05 were considered significant. SPSS version 23.0 was used for
the data analyses.

Ethics approval. This study was approved by the Region-
al Ethical Review Board at Umea University (Dnr no. 2013/
347-31M). Data were collected and analyzed in accordance
with the guidelines of the Declaration of Helsinki, including the
requirement that written consent be obtained from the partici-
pants, and in accordance with the Swedish Personal Data Act.

RESULTS

Study group characteristics. The characteristics of
the 176 consenting participants for whom dental records
were available are shown in Table 1. The characteristics
of the 45 presymptomatic subjects and their matched
referent controls are shown in Table 2. The proportions
of men and women, never smokers and ever smokers, and
dental care providers, as well as the mean age and mean
birth year, were similar between the subsample of 90
presymptomatic subjects and matched controls and the
total sample of 176 subjects.
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Comparison of bone loss in presymptomatic sub-
jects and matched controls. The mean number of intact
teeth, i.e., teeth with jawbone loss of less than two-thirds
of the tooth crown, was significantly lower in presymp-
tomatic subjects compared with matched controls (mean
7.8 versus 9.9; P = 0.02). In addition, the proportion of
teeth with jawbone loss in the 45 presymptomatic subjects
and their matched controls was significantly higher in
those who developed RA symptoms years after the assess-
ment (46.9% versus 32.9%; P =0.017) (Table 2).

Stratification according to smoking status revealed
that these differences were seen only in subjects who
reported having always been a nonsmoker (Table 3). In
presymptomatic subjects who never smoked, the mean

Table 3. Characteristics of the final study groups, stratified according
to smoking status™

Presymptomatic
Controls subjects
Characteristic (n = 45) (n=45)

Never smoker
No. of women 13 13
Age, mean (95% CI), years 58.0 (52.6-63.4) 57.7 (52.4-63.0)
Birth year, mean (min—-max) 1945 (1935-1964) 1942 (1932-1961)
Year of radiographic 2003 (1994-2009) 1999 (1991-2007)
evaluation, mean

(min—-max)

Dental care provider
Public dental clinic, % 154 30.8
Private office, % 46.2 23.1
Combination of public 38.5 46.2

and private, %
Dental statust
No. of intact teeth,
mean (95% CI)
Total bone loss, % (95% CI) 26.0 (12.1-39.9) 52.4 (38.5-66.3)§
Ever smoker (past + current)
No. of men/no. of women 9/23 9/23
Age, mean (95% CI) years 54.0 (51.1, 57.0) 54.3 (51.2, 57.3)
Birth year, mean (min-max) 1945 (1936-1956) 1945 (1930-1961)
Year of radiographic 1999 (1980-2011) 1999 (1991-2006)
evaluation, mean

108 (85-13.1) 7.1 (4.8-9.4)f

(min-max)t

Dental care provider
Public dental clinic, % 33.3 30.0
Private office, % 30.0 333
Combination of public 36.7 36.7

and private, %
Dental statust
No. of intact teeth,
mean (95% CI)
Total bone loss, % (95% CI) 36.8 (26.8-46.7) 43.7 (33.7-53.6)

93 (7.8-13.1) 83 (6.7-10.8)

* Total bone loss is defined as the sum of the number of teeth with
scored bone loss (teeth that could be evaluated and in which bone
loss was evident) and lost teeth (teeth that are missing, possibly due
to major bone loss) in proportion to the number of teeth accessible
for scoring. 95% CI = 95% confidence interval; min = minimum; max
= maximum.

T Mean values were adjusted for sex, age at radiography, year of
radiography, and dental care provider.

I P = 0.039 versus controls.

§ P =0.015 versus controls.



512

number of intact teeth was 7.1, compared with a mean of
10.8 intact teeth in the referent controls (P = 0.039). The
corresponding values for the mean number of teeth with
total bone loss were 52.4 in presymptomatic cases and
26.0 in matched referent controls (P = 0.015). A numeri-
cally similar trend was seen in ever smokers (past and cur-
rent), but differences between the groups were not
statistically significant (Table 3).

Following the univariate tests, Cox regression
analyses were performed to compare subjects in whom
RA symptoms developed with those in whom RA symp-
toms did not develop for the levels of jawbone loss, in all
case—control sets as well as in each smoking stratum
(Table 4). The crude model (including total bone loss in
those teeth that were accessible for scoring and age)
showed positive associations in nonsmokers (HR 1.026,
95% CI 1.005-1.047, P = 0.017). In models additionally
adjusted for dental care provider and for year of radio-
graphic evaluation, the HR was not affected, but the
95% CI was wider, and the P value was borderline signif-
icant (0.050) (Table 4). No association was seen among
ever smokers (Table 4).

Changes in bone loss could be tracked from 4 years
before (year —4) up to 6 years after the onset of symp-
tomatic RA in 31 case-referent control sets in which both
the presymptomatic subject (case) and the matched referent
had radiographs available after the year that the presymp-
tomatic subject developed symptoms of RA (Figure 1). The
level of jawbone loss at year —4 was standardized to 0, and
any bone level alteration was determined for the year of
RA symptom onset (year 0), and 3, 5, and 6 years there-
after. Both the presymptomatic subjects and their matched
controls displayed increased bone loss over time, but from 5
years onward, the mean loss increment was significantly
higher in the presymptomatic subjects (P < 0.05).

Plasma RANKL. In presymptomatic subjects, the
median (first quartile, third quartile) RANKL concentration
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Figure 1. Mean increase in bone loss in presymptomatic subjects
(cases) and matched controls over time. The percent bone loss at
year —4 was standardized to 0. The year of rheumatoid arthritis (RA)
symptom onset was set to year 0. Increased bone loss 3, 5, and 6
years after RA symptom onset is shown. Group differences calculated
after the repeated-measures analysis of variance showed a difference
between groups. * = P < (.05, cases versus controls; *** = P < 0.001.

was 0.355 nmoles/liter (0.176, 0.695), whereas the concen-
tration in controls was 0.305 nmoles/liter (0.146, 0.524), but
the difference was not significant. Among presymptomatic
subjects, 14.9% had levels above the cutoff compared
with 6.1% of controls (P = 0.098). RANKL-positive
presymptomatic subjects had a significantly greater extent
of marginal jawbone loss compared with RANKL-
negative presymptomatic subjects (P = 0.031) (Figure 2).
There was a weak correlation between the RANKL concen-
tration and jawbone loss (15 = 0.296, P = 0.043). These mea-
surements were not significantly different in controls,
irrespective of RANKL positivity. There was no association
between RF positivity and bone loss in the presymptomatic
subjects or controls, although ACPA-positive presymp-
tomatic subjects had higher values for bone loss compared
with controls (27.3% and 13.9%, respectively; P < 0.05).
The concentration of RANKL was significantly higher in
presymptomatic subjects who were positive for either ACPA

Table 4. Hazard ratios for the subsequent development of rheumatoid arthritis according to

increasing total jawbone loss*

All matched subjects

Ever smoker
(past + current)

Never smoker

Model HR (95% CI) P HR (95% CI) P HR (95% CI) P
Crude 1.006 0.246 0.998 0.689 1.026 0.017
(0.996-1.016) (0.985-1.011) (1.005-1.047)
Adjusted 1.006 0.209 1.004 0525 1.025 0.050

(0.997-1.015)

(0.981-1.018)

(1.000-1.050)

* Hazard ratios (HRs) and 95% confidence intervals (95% Cls) were calculated from Cox pro-
portional hazards models with a time-dependent covariate (age) and adjustment for potential
confounders. The crude model included total bone loss as a percent of teeth accessible for eva-
luation and a time-dependent covariate (age). The adjusted model included total bone loss as a
percent of teeth accessible for evaluation, a time-dependent covariate (age), dental care provider,

and year of radiographic evaluation.
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Figure 2. Bone loss in RANKL-positive presymptomatic subjects (cases)
and controls and RANKL-negative cases and controls. Bars show the
mean £ SD. NS = not significant. * = P <0.05; ** =P <0.01.

or RF (P < 0.002 and P < 0.001, respectively). In subjects
who were positive for both ACPA and RANKL, bone loss
was significantly higher compared with that in subjects in
the subgroups (mean + SEM 53.8 + 6.4% versus 20.4 +
5.3% in the subgroup positive for ACPA only, 18.8 +
10.8% in the subgroup positive for RANKL only, and
13.1 £ 3.2% in the subgroup negative for both ACPA and
RANKL; P < 0.016).

DISCUSSION

The current study is, to our knowledge, the first to
show that a more severe loss of tooth supporting bone
precedes the onset of RA symptoms. This was particularly
evident in nonsmoking presymptomatic subjects. More-
over, this study showed that subjects with presymptomatic
RA who were RANKL-positive displayed a significantly
higher degree of marginal jawbone loss, particularly those
who were ACPA-positive.

Although several cross-sectional studies have
shown that patients with RA have a higher prevalence
of periodontitis compared with individuals with healthy
joints (12-19), several studies have shown contradictory
results (35-37). This discrepancy could be due to vari-
ous reasons, including the use of different disease clas-
sifications, cohort sizes, and the notion that treatment
of RA could affect periodontal health (13,37,38).

Our finding of increased periodontal jawbone loss
before the onset of RA symptoms in patients compared
with controls was statistically significant, but the association
was modest. This was probably attributable to the low num-
ber of individuals for whom radiographs obtained prior to
the development of RA symptoms were available. This is a
weak point of our study, as was the fact that we were
unable to obtain information regarding periodontitis classi-
fication and diagnosis and were reliant on the obligate out-
come measurement of periodontitis, namely jawbone loss.
In a prospective study of periodontal disease and the risk
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of RA, Arkema et al observed no association between sev-
ere periodontitis (as assessed by the history of periodontal
surgery and/or tooth loss), and the risk of RA (35). The dif-
ferent results between the Arkema study and our study
could be due to the fact that periodontal surgery is per-
formed only in individuals with severe periodontitis, while
estimation of marginal bone loss is a more nuanced mea-
sure of the severity of periodontal disease. Patients with
arthralgia who were diagnosed as having periodontitis had
an increased risk of future treatment with methotrexate as
a consequence of a diagnosis of RA (39), which is consis-
tent with our findings. Further large prospective con-
trolled epidemiologic studies could possibly strengthen
the observation that periodontitis precedes RA.

An association between periodontitis and RA has
been considered since the early 1820s.The relationship
has been intensively debated during the past 2 decades,
and several hypotheses regarding pathogenic links have
been proposed (11,21,38). Smoking is a common environ-
mental factor associated with both diseases. Conse-
quently, we were able to see bone loss differences only in
nonsmokers, which is consistent with the results of a pre-
vious study (18). Genetic factors are driving the host
responses in both RA and periodontitis, which could
serve as common ground. Periodontitis is primarily an
infectious inflammatory condition that progresses to
chronic inflammation, thus representing similarities with
the inflammatory process in RA (2,40). An imbalance
between proinflammatory and antiinflammatory cytokines
is evident in both RA and periodontitis. Both conditions
are associated with soft tissue and bone destruction
involving inflammatory cytokines such as interleukin-1,
tumor necrosis factor, and prostaglandin E,, enzymes
such as matrix metalloproteinases, and increased RANKL
levels (2,22,23).

In the current study, we observed that marginal
jawbone loss was significantly greater in RANKL-positive
presymptomatic subjects compared with RANKL-negative
presymptomatic subjects. Furthermore, the highest mar-
ginal jawbone loss was observed in subjects who were posi-
tive for both ACPA and RANKL. The observation that
periodontal jawbone loss was more severe in “RA-
predisposed” RANKL-positive individuals could indicate
that there may be a subgroup of presymptomatic individu-
als who share a pathologic pathway of imbalanced
immunoinflammatory bone remodeling with individuals
who have severe periodontitis. In this study, it was not pos-
sible to determine whether the source of RANKL was
periodontitis, and we cannot rule out the possibility that
the relationship between RANKL and increased jawbone
loss in presymptomatic individuals was associative or cau-
sative, but the observation motivates further larger studies.
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The periodontium not only is a reservoir for
cytokines that are released into the circulation but also is
a habitat for bacteria. In a sensitive host, a dysbiotic
gram-negative flora evokes an inflammatory response in
the periodontium. The periodontal pathogen Porphy-
romonas gingivalis, which expresses the enzyme peptidyl-
arginine deiminase and has the capacity to citrullinate
proteins and generate antibodies (e.g., ACPA), has been
suggested as a possible link between periodontal infection
and RA (11,41). Another recently discussed microbial
species is Aggregatibacter actinomycetecomitans, which has
hypercitrullinating abilities (42). Periodontitis in patients
with RA has been observed, particularly in those who are
ACPA-positive and/or RF-positive or have a higher
concentration of these antibodies (18,43), although this
finding has not been confirmed by other groups of investi-
gators (16). Periodontitis per se has been shown to be
related to ACPA (anti—citrullinated a-enolase peptide 1)
but also to uncitrullinated peptides of autoantigens in RA
(44). We showed that the combination of positivity for
both RANKL and ACPA was related to increased mar-
ginal jawbone loss. Because ACPAs have been shown to
potentiate  RANKL-induced osteoclast formation and
bone resorption, it is possible that the high jawbone loss
that we observed in RANKL-positive presymptomatic
subjects was driven by ACPA.

Our study has some limitations. For example, the
cases and controls were identified from a population-
based survey for cardiovascular disease risk factors. In
both cases and controls, blood samples were obtained at
certain age points, whereas dental radiography was per-
formed at time points that were completely unrelated to
the timing of blood withdrawal, which will result in a
reduced number of included individuals with data avail-
able for subgroup analyses. Because our findings that
increased periodontal jawbone loss preceded symptoms
of RA are based on the patient’s report on symptom
onset to the senior rheumatologist and not to the dentist
at the time of the oral examination, we are not able to
ascertain that radiography, in all cases, was performed in
asymptomatic subjects. To decrease the risk of evaluating
jawbone loss in symptomatic individuals, radiographs in
the defined presymptomatic subjects were selected 1 year
preceding the self-reported date of symptom onset.
Another limitation is the lack of information on family
history of diseases other than cardiovascular diseases
and diabetes.

In conclusion, the key finding of this study indicates
that in subjects who subsequently developed RA, more
pronounced marginal jawbone loss was associated with
preexisting periodontitis. Although this association was
statistically significant, the relationship was modest.

KINDSTEDT ET AL

Moreover, marginal jawbone loss and the plasma RANKL
level were related in ACPA-positive presymptomatic sub-
jects. Additional research, with regard to both basic mech-
anisms as well as clinical studies, are needed to determine
whether there is a causative link between periodontitis and
RA or whether jawbone loss and RA represent a “2 sides
of the same coin” phenomenon.
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Objective. The location and mechanisms involved
in the initial generation of autoantibodies to citrullinated
and noncitrullinated proteins/peptides during the natural
history of rheumatoid arthritis (RA) development is
incompletely understood. This study sought to explore
individual antibody responses to citrullinated and non-
citrullinated proteins/peptides in the sputum and associa-
tions with neutrophil extracellular traps (NETs) in subjects
at risk for the future development of RA.

Methods. Serum and sputum samples were ob-
tained from 41 RA-free subjects who were considered at
risk for the development of RA based on familial or sero-
logic risk factors, from 20 subjects classified as having
RA, and from 22 healthy control subjects. Samples were
evaluated using a bead-based array for IgG reactivity to 29
citrullinated proteins/peptides and 21 noncitrullinated
proteins/peptides. Cutoff levels for antibody positivity were
established in a separate control group. NET levels in the
sputum were measured using sandwich enzyme-linked
immunosorbent assays that quantitate DNA-myeloperoxi-
dase and DNA-neutrophil elastase complexes.

Results. In at-risk subjects, antibody responses to
the citrullinated forms of fibrinogen, apolipoprotein E, and
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fibronectin were highly prevalent. The most citrulline-speci-
fic antibodies in the sputum of at-risk subjects were those
to fibrinogen, vimentin, and peptides of fibrinogen A and
apolipoprotein Al. Patterns of sputum autoantibody posi-
tivity differed between at-risk subjects and subjects with
RA. In at-risk subjects, increasing sputum NET levels sig-
nificantly correlated with several citrullinated and some
noncitrullinated antibody reactivities.

Conclusion. These findings suggest that sputum
antibody reactivity to particular citrullinated and non-
citrullinated proteins/peptides is specific for RA and for
subjects at risk of RA, and the association of these
proteins/peptides with NETs may be a key feature of early
RA-related autoimmunity in the lung. These results fur-
ther support the hypothesis that the lung plays a role in
early RA-related autoimmunity.

Citrullination is the posttranslational modifica-
tion of peptidylarginine to peptidylcitrulline that is
catalyzed through peptidylarginine deiminase (PAD)
enzymes (1). Citrullination is a normal physiologic pro-
cess that can be up-regulated during inflammation (2).

California, and AbbVie Pharmaceuticals, San Francisco, California;
“Monica Purmalek, BS, Nickie L. Seto, BS, Mariana J. Kaplan, MD:
National Institute of Arthritis and Musculoskeletal and Skin Diseases,
NIH, Bethesda, Maryland,; SMichael H. Weisman, MD: Cedars-Sinai
Medical Center, Los Angeles, California; °Jill M. Norris, PhD: Colorado
School of Public Health, Aurora.

Dr. Holers has received consulting fees from Janssen Phar-
maceuticals (less than $10,000). Dr. Deane has received consulting
fees from Janssen Pharmaceuticals (less than $10,000).

Address correspondence to M. Kristen Demoruelle, MD,
PhD, University of Colorado School of Medicine, Division of Rheu-
matology, 1775 Aurora Court, Mail Stop B-115, Aurora, CO 80045.
E-mail: Kristen.Demoruelle@UCDenver.edu.

Submitted for publication May 24, 2017; accepted in revised
form December 14, 2017.


http://orcid.org/0000-0003-2756-161X
http://orcid.org/0000-0003-2756-161X
http://orcid.org/0000-0003-2756-161X

INDIVIDUAL SPUTUM ACPAs IN SUBJECTS AT RISK OF RA

In addition, citrullination of certain self antigens has
been associated with autoimmune responses that are
characterized by antibodies to citrullinated protein/pep-
tide antigens (ACPAs) (3).

Serum ACPAs are strongly associated with rheuma-
toid arthritis (RA). In RA, ACPA reactivity to a number of
different citrullinated protein/peptide antigens has been
identified. Antibody reactivity to the native noncitrulli-
nated counterparts of these antigens has also been identi-
fied in many RA patients (4-9). Furthermore, serum
antibody reactivity to citrullinated and noncitrullinated
antigens has been identified prior to the onset of clinically
apparent synovitis during a “preclinical” phase of RA
development (10-12), and several studies have demon-
strated that an increasing number of citrullinated antigens
are targeted as individuals transition from a state of pre-
clinical RA to classified RA (13,14). These findings suggest
that a key part of RA development is early reactivity to a
limited number of citrullinated as well as noncitrullinated
antigens, with expansion/epitope spreading over time as
inflammatory arthritis and classified RA develop.

As the goals in RA management shift to include
the prevention of arthritis (15), it is necessary to further
understand the mechanisms underlying the initial develop-
ment of antibody responses in RA and identify relevant
immune targets for prevention. Several lines of evidence
suggest that one major site where RA-related antibodies
may be initially generated is the lung mucosa (16-19). Rel-
evant to this study, our group has demonstrated through
induced sputum testing that ACPAs, as characterized by
anti—cyclic citrullinated peptide (anti-CCP) antibodies, are
generated in the lung in a portion of subjects with classi-
fied RA and individuals with an increased risk of develop-
ing RA in the future (17,19). However, individual sputum
antibody reactivities to citrullinated and noncitrullinated
peptides/proteins have not been characterized in these
subjects.

In addition to understanding early autoantibody
targets in sputum, it is also important to understand
potential mechanisms that could generate these autoanti-
body responses. One mechanism of particular interest is
the formation of neutrophil extracellular traps (NETS).
NET formation (termed NETosis) can externalize citrulli-
nated and noncitrullinated proteins that can be taken up
by antigen-presenting cells, which could lead to antibody
generation (8). NETs can also serve as antigenic targets
for RA-related autoantibodies (20,21). Furthermore, our
group has identified a strong positive correlation between
sputum levels of anti-CCP and NETS in subjects at risk for
RA (19), but the individual sputum autoantibodies associ-
ated with NETosis have not been previously identified.
Therefore, in this study, we sought to explore antibody
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responses to individual citrullinated and noncitrullinated
proteins/peptides as well as associations with NETosis in
the sputum of subjects at risk for the development of RA.

SUBJECTS AND METHODS

Study subjects. Recruitment. Subjects were recruited
from the Studies of the Etiology of RA (SERA) Lung Study, as
described in detail elsewhere (17,19). Briefly, the SERA Lung
Study was designed to evaluate the natural history of RA
through the prospective study of individuals who have an
increased risk of developing RA in the future (22). The SERA
Lung Study was designed to study biomarkers of autoimmunity
in the lung during different phases of RA development, using
blood and sputum samples obtained from subjects in the SERA
cohort who were considered at risk for RA, as well as subjects
classified as having RA and healthy control subjects. For the
current study, randomly selected stored samples from subjects
who participated in the SERA Lung Study between January
2011 and December 2014 were included.

At-risk subjects. We included 41 subjects without current
or prior inflammatory arthritis who were at risk for developing
RA based on familial or serologic risk factors. Specifically, we
included 30 subjects with a familial risk of RA, defined as hav-
ing a first-degree relative (FDR) with RA. Four (13%) of 30
FDRs were serum anti-CCP positive (by the anti-CCP-2 and/or
anti-CCP-3.1 tests). We also included 11 subjects with a sero-
logic risk of RA, defined as having serum anti-CCP positivity
(by the anti-CCP-2 and/or anti-CCP-3.1 tests) in the absence
of inflammatory arthritis, as identified through community
health fair, clinic, or research-based blood test screenings.

RA subjects. We included 20 subjects with established
RA who met classification criteria for RA (23,24) based on
medical chart review. All were serum anti-CCP positive (by
the anti-CCP-2 and/or anti-CCP-3.1 tests), and 16 (80%) of
20 were currently or previously taking disease-modifying anti-
rheumatic drugs or biologic agents.

Healthy controls. We included 44 healthy control sub-
jects who were recruited through local advertisement and
were without RA or inflammatory arthritis, did not have an
FDR with RA, and were serum anti-CCP negative (according
to the anti-CCP-2 and anti-CCP-3.1 tests). These 44 subjects
were randomly split into 2 groups of 22 each. One group was
used to establish cutoff levels for antibody positivity (cutoff
controls), and the other group was used for comparative anal-
yses (comparator controls).

Study visit. Paired samples of blood and sputum were
collected from all subjects at their study visit. Subjects with-
out RA underwent a joint-focused interview and 66—count
joint examination to confirm the absence of clinically evident
inflammatory arthritis. Standardized questionnaires were used
to obtain demographic information and self-reported histories
of smoking and chronic lung disease.

Genetic testing. Blood was tested for the presence of
alleles containing the shared epitope (SE), using previously
described methods (22). The alleles considered to contain the
SE were as follows: DRB1*04:01, 04:04, 04:05, 04:08, 04:09,
and 04:10, and DR1*01:01 and 01:02.

Sputum collection and processing. Induced sputum
was collected using established protocols (17,19). Briefly, sub-
jects underwent a 15-minute inhalation of nebulized hypertonic
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saline. To minimize salivary contamination, subjects underwent
an oral wash prior to inhalation of saline, and during the spu-
tum collection, subjects were instructed to spit any saliva into a
separate container and only use the sputum collection cup
when producing a sample from coughing. In addition, sputum
samples used in this study had <10 squamous epithelial cells/
high-power field as revealed by light microscopy, or <80%
squamous epithelial cells on cell differential testing, consistent
with the lower airway origin of the sample (25,26).

After collection, the sputum sample underwent weight-
based dilution with phosphate buffered saline, followed by me-
chanical syringe-based homogenization. Samples then underwent
centrifugation, and the sputum supernatant was used for all biomar-
kertesting.

Citrullinated and noncitrullinated antibody testing.
Serum and sputum were tested for IgG reactivity to 29 individual
citrullinated proteins/peptides using a bead-based array (devel-
oped in the laboratory of WHR), as described in detail
elsewhere (3,9,27). These citrullinated proteins/peptides were
selected based on antigens that have been reported in the litera-
ture as well as those that have been identified in immune com-
plexes isolated from the synovial tissue of RA patients (28) (see
Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40401/abstract). For 21 of the 29 citrullinated proteins/peptides,
a noncitrullinated/native equivalent was also tested. Antigens
were conjugated to spectrally distinct beads (Bio-Plex) and
incubated with the subject’s sample for 30 minutes at room
temperature. After washing, the beads were incubated with
phycoerythrin-conjugated anti-human IgG antibody at room
temperature, and then passed through a Luminex 200 detector
(Bio-Plex software version 5.0; Bio-Rad) that quantified (in fluo-
rescence intensity) the amount of antibody bound to each bead.
All antibody testing was performed in a blinded manner.

We established a positive cutoff level in the sputum
and serum for each citrullinated and noncitrullinated protein/
peptide antibody whose levels were above the 95th percentile
of the 22 cutoff controls (i.e., present in <5%). This definition
for autoantibody positivity is recommended in the American
College of Rheumatology RA classification criteria (24).

To test the reproducibility of the antigen array for spu-
tum, 10 sputum samples were randomly selected, in a blinded
manner, to undergo repeated testing for levels of antibodies to
citrullinated antigens, and included samples from subjects with
RA, at-risk subjects, and healthy control subjects. The mean +
SD coefficient of variation, which was calculated for each of
the 29 antibodies to citrullinated antigens, was 7.2 + 1.7%.

Anti-CCP testing. Clinical ACPA testing commonly uses
commercially available anti-CCP assays, although these assays
cannot distinguish individual ACPAs. In this study, serum was
tested for anti-CCP using 2 different commercial enzyme-linked
immunosorbent assays (ELISAs), the anti-CCP-3.1 ELISA
(specific for IgG/IgA; Inova Diagnostics) and the anti-CCP-2
ELISA (specific for IgG; Axis-Shield). Serum positivity was deter-
mined on the basis of the manufacturer’s recommended cutoff
levels (>20 units for anti-CCP-3.1 and >5 units for anti-CCP-2).

Sputum was also tested for anti-CCP, but this was limited
to the anti-CCP-2 assay (targeting IgG). Because the anti-CCP-
2 test is an IgG-only assay, it was comparable with the isotype
reactivity detected by our antigen array testing. Results of the
anti—-CCP-2 test, expressed in ELISA units, were calculated using
the standard curve provided by the manufacturer, followed by
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multiplication of the sputum dilution factor. We established a
cutoff level for sputum anti-CCP-2 positivity using the same
approach used for determining positive/negative levels of serum
and sputum citrullinated and noncitrullinated antibodies (i.e.,
above the 95th percentile of the cutoff controls).

Rheumatoid factor (RF) testing. Sputum was tested for
RF isotypes (IgA, IgG, and IgM) using commercial ELISAs
(Inova Diagnostics). In accordance with the approach applied
to other sputum antibody levels, we established a cutoff level
for sputum RF positivity that was above the 95th percentile of
the cutoff control group.

NET complex testing. Twenty-four at-risk subjects and
33 healthy controls who had an adequate volume of sputum
available underwent NET testing. NETs were quantified in the
sputum cell-free supernatant by measuring NET-specific pro-
tein/nucleic acid complexes, using a sandwich ELISA that
detects DNA-myeloperoxidase (MPO) and DNA-neutrophil
elastase (NE) complexes, as previously described (29). Briefly,
for DNA-MPO complexes, high-binding 96-well ELISA micro-
plates were incubated overnight at 4°C with mouse anti-human
MPO (clone 4A4; AbD, Serotec) in coating buffer from the
Cell Death Detection ELISA kit (Roche). After blocking with
1% bovine serum albumin, plates were incubated overnight at
4°C with 10% sputum in blocking buffer and then washed, and
anti-DNA-POD (monoclonal anti-DNA antibody from mouse
clone MCA-33 conjugated with peroxidase; Roche) was added
for 1.5 hours at room temperature. Tetramethylbenzidine sub-
strate (Sigma) was then added, and the absorbance at 450 nm
was measured after the addition of Stop reagent (Sigma).
Because this assay detects binding of protein complexes and
not antibodies, amplification of RF is unlikely.

Similar methods were used for the detection of DNA-
NE complexes, with the antibody used to coat plates being
rabbit anti-NE (Calbiochem). In addition, after overnight
incubation with sputum, plates were incubated for 1 hour at
room temperature with mouse anti-double-stranded DNA
monoclonal antibody (Millipore), followed by anti-mouse IgG—
horseradish peroxidase conjugate (Bio-Rad). To control for
plate-to-plate variation, the same healthy control samples were
included on every plate, and an optical density (OD) index was
calculated based on the average absorbance at 450 nm in the
healthy control samples. All samples were run in duplicate.

Statistical analysis. Characteristics of the subjects were
compared between groups using the Kruskal-Wallis test for com-
parisons of age groups, and the chi-square/Fisher’s exact test for
comparisons of dichotomous variables. Regression models were
used to compare associations between sputum antibody positiv-
ity (logistic models) and sputum antibody levels (linear models)
while accounting for covariates. The median number of positive
antibodies in the serum and sputum were compared using non-
parametric matched-pairs analyses. Cohen’s kappa coefficient
was used to compare agreement between sputum and serum
antibody positivity. Because antibody levels followed a non-
normal distribution, the Kruskal-Wallis test (for comparisons of
3 groups) and Mann-Whitney test (for comparisons of 2 groups)
were used to compare antibody levels between groups, and
Spearman’s corelation coefficient was used to determine corre-
lations between antibody and NET levels. Before comparing the
different antibodies and because each antibody had a unique
range of reactivity, we normalized the values for each antibody
by dividing the antibody level by the median level in the cutoff
control group for that particular antibody. In addition, when
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comparing ratios of citrullinated antibody levels to noncitrulli-
nated antibody levels, we used these normalized values.

P values less than 0.05 were considered significant,
except in analyses that compared each of the 29 individual anti-
bodies. For these analyses, we used Bonferroni correction to
account for multiple comparisons, and P values less than or
equal to 0.002 (0.05 divided by 29 comparisons) were considered
significant. All analyses were performed using SPSS software
(version 23), and graphs were generated using GraphPad Prism
(version 7).

RESULTS

Demographic characteristics. Compared to healthy
controls, at-risk subjects and subjects with RA were older
and marginally more often male. Furthermore, subjects
with RA were more likely to be current smokers (Table 1).
Other demographic characteristics were not significantly
different between the groups.

Sputum antibody responses to citrullinated
proteins/peptides. Overall, sputum from 18 (43.9%) of 41
at-risk subjects and 15 (75.0%) of 20 RA subjects demon-
strated >1 positive antibody response to 1 of the 29 citrulli-
nated proteins/peptides tested (Table 1). This prevalence
was significantly higher in at-risk subjects and RA subjects
compared to healthy controls (each P < 0.01). In logistic
regression analyses adjusted for age, at-risk and RA subjects
were more likely to have >1 positive finding of sputum
antibodies to a citrullinated protein/peptide compared to
healthy controls (in at-risk subjects, odds ratio [OR] 21.3,
95% confidence interval [95% CI] 1.8-253.1; in RA sub-
jects, OR 79.1, 95% CI 5.5-1,143.3). In addition, the total
number of sputum antibodies to citrullinated proteins/
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peptides was significantly higher in at-risk subjects and RA
subjects compared to healthy controls (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40401/
abstract).

Within the group of at-risk subjects, the most preva-
lent sputum antibody responses to citrullinated proteins/
peptides were directed to Cit-fibrinogen (34.1%), Cit—
apolipoprotein E (31.7%), Cit-fibronectin (31.7%), Cit—
histone 2B (29.3%), and Cit-histone 2A (26.8%) (Table 2;
for the full list, see Supplementary Table 2 [http://online
library.wiley.com/doi/10.1002/art.40401/abstract]). In mod-
els accounting for multiple comparisons, anti—Cit-fibrino-
gen, anti-Cit-apolipoprotein E, and anti—Cit-fibronectin
were significantly more prevalent in at-risk subjects com-
pared to healthy controls (P < 0.002).

Among subjects with RA, the most prevalent spu-
tum antibodies to citrillunated proteins/peptides were
directed to Cit-histone 2B (40.0%), Cit-filaggrin** > ¥l
(40.0%), Cit-histone 2A (35.0%), Cit—fibrinogen
AS16-635 avelie (30 09, Cit—fibronectin'**'%** (30.0%),
and Cit-clusterin®'"2% <¥¢lic (30.0%) (Table 2 and
Supplementary Table 2). Sputum antibodies to Cit-histone
2B and Cit-filaggrin** % << were significantly more
prevalent in RA subjects compared to healthy controls
(P <0.002). Notably, antibodies to Cit-histone 2B and Cit—
histone 2A were among the most prevalent sputum anti-
body responses both in at-risk subjects and in RA subjects.

Sputum antibody responses to noncitrullinated
proteins/peptides. In addition to anticitrullinated
antibodies, antibodies to noncitrullinated/native proteins

Table 1. Characteristics of the study subjects
Cutoff controls Comparator controls At-risk subjects RA subjects
(n=22) (n=22) (n =41)* (n =20) Pt

Age, median (range) years 37 (23-65) 31 (22-65) 54 (29-79) 57 (36-75) <0.01
Female, no. (%) 20 (91) 18 (82) 27 (66) 13 (65) 0.10
Non-Hispanic white, no. (%) 15 (68) 16 (73) 30 (73) 11 (55) 0.66
Ever smoker, no. (%) 5(23) 6 (27) 14 (34) 10 (50) 0.26
Current smoker, no. (%) 0 (0) 1(5) 1(2) 4 (20) 0.02
>1 shared epitope allele, no. (%) 8 (36) 10 (46) 20 (49) 12 (67)% 0.29
Chronic lung disease, no. (%) 3 (14) 1) 10 (24) 4 (20) 0.23
Serum anti-CCP+, no. (%) 0 (0) 0 (0) 15 (37) 20 (100) <0.01
>1 sputum ACPA+ result, no. (%)§ 4 (18) 1) 18 (44) 15 (75) <0.01
>1 serum ACPA+ result, no. (%)$§ 8 (36) 6 (27) 23 (56) 19 (95) <0.01

* In comparisons of rheumatoid arthritis (RA)-free at-risk subjects who were included based on familial risk factors versus those
included based on serologic risk factors, there was no significant difference in any of the characteristics listed, except that the fre-
quency of serum anti—cyclic citrullinated peptide (anti-CCP) positivity was higher in serologic at-risk subjects compared to familial
at-risk subjects (100% versus 13%; P < 0.01). Notably, there was no difference in the prevalence of >1 sputum anti—citrullinated
protein antibody (ACPA)—positive result in at-risk subjects stratified by inclusion risk factor (47% of familial at-risk subjects versus

36% of serologic at-risk subjects; P = 0.73).

+ P values for comparison of median age between all groups were determined by Kruskal-Wallis test. P values for comparisons of
prevalence of or positivity for any of the other characteristics between all groups were determined by chi-square/Fisher’s exact test.

1 Only 18 of the 20 RA subjects had DNA available for shared epitope testing.

§ Positivity for ACPAs was defined as a positive antibody response to 1 of the 29 citrullinated proteins/peptides tested in this study.
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Table 2. Most prevalent sputum antibody responses to citrullinated proteins/peptides in at-risk and RA subjects*

Healthy Atorisk RA P for group comparisonst

controls  subjects  subjects  At-risk subjects vs.  RA subjects vs.  At-risk subjects vs.

(n=22) (n=41) (n=20) healthy controls healthy controls RA subjects
Cit-fibrinogen 0 (0) 14 (34) 5 (25) 0.001% 0.018 0.564
Cit-apolipoprotein E 0 (0) 13 (32) 3 (15) 0.002% 0.099 0.222
Cit-fibronectin 0 (0) 13 (32) 3 (15) 0.002% 0.099 0.222
Cit-histone 2B 0 (0) 12(29) 8 (40) 0.005 0.001% 0.402
Cit-histone 2A ) 1(5) 11 (27) 7 (35) 0.043 0.018 0.511
Cit-filaggrin*®-0> e¥etic A 0 (0) 4 (10) 8 (40) 0.288 0.001% 0.013
Cit-fibrinogen A®!6-633 cyclic 0 (0) 5(12) 6 (30) 0.153 0.007 0.153
Cit-fibronectin'?%-1042 0 (0) 7(17) 6 (30) 0.086 0.007 0.247
Cit-clusterin? '3 evelic 0 (0) 6 (15) 6 (30) 0.083 0.007 0.156

* Values are the number (%) of subjects. RA = rheumatoid arthritis.
+ P values for comparisons of the prevalence of positivity between 2 groups were determined using chi-square or Fisher’s exact

test, as appropriate.

i Significant difference at P < 0.002, based on Bonferroni correction for multiple comparisons.

have been identified in the serum of subjects with pre-
clinical or early classified RA (4-9). These findings sug-
gest that early autoimmunity may be characterized by
reactivity to native proteins initially, with evolution to
citrullinated epitopes over time through epitope spread-
ing. Therefore, it is important to understand antibody
reactivity to both citrullinated and noncitrullinated anti-
gens during different phases of RA development.

Overall, we identified >1 positive finding for a
sputum antibody to a noncitrullinated protein/peptide
in 23 (56.1%) of 41 at-risk subjects and 13 (65.0%) of
20 RA subjects. Frequency of sputum positivity for >1
antibody to a noncitrullinated antigen was significantly
higher both in at-risk subjects and in RA subjects com-
pared to healthy controls (56% and 65%, respectively,
versus 14% in healthy controls; each P < 0.01).

Comparison of sputum antibody responses to
citrullinated and noncitrullinated proteins/peptides. For
the 21 antibodies that had a citrullinated and noncitrulli-
nated antigen counterpart, we examined the subjects who
demonstrated sputum antibody positivity to citrullinated
proteins/peptides and considered a citrullinated:noncitrul-
linated ratio of >1 to be consistent with specificity for
citrullinated antigens. In at-risk subjects with a positive
test result for a sputum antibody to any citrullinated pro-
tein/peptide, a high prevalence of citrulline-specific anti-
bodies (in >75% of subjects) was demonstrated for the
proteins fibrinogen and vimentin and the peptides
apolipoprotein A12'2* fibrinogen A>**°" @lic’ and
fibrinogen A°*% (Table 3).

In RA subjects with a positive test result for a spu-
tum antibody to any citrullinated protein/peptide, a high
prevalence of citrulline-specific antibodies (in >75% of
subjects) was demonstrated for the proteins histone 2A,
histone 2B, and vimentin and the peptides histone

2A/a-2"? fibrinogen A‘”*G_O ovelic fibrinogen A3 575 eyelic
and fibrinogen A®'9% @4ic In RA subjects compared to
at-risk subjects, there was a nonsignificant trend toward a

higher prevalence of citrulline specificity for fibrinogen
AS16-635 ovelie and filaggrin®® %5 99, In addition, in the

Table 3. Prevalence of higher sputum citrullinated antibody levels
relative to noncitrullinated antibody levels in subjects with sputum
antibody positivity for each citrullinated protein/peptide*

At-risk subjects RA subjects
(n=41) (n=20)
Citrullinated proteins
Apolipoprotein Al 1/7 (14) 1/3 (33)
Histone 2A 5/11 (45) 6/7 (86)
Histone 2B 5/12 (42) 6/8 (75)
Fibrinogen 11/14 (79) 3/5 (60)
Vimentin 6/8 (75) 4/4 (100)
Citrullinated peptides

Apolipogrotein A]BI28 3/4 (75) 1/3 (33)
Biglycan®*7 266 eyelic 2/4 (50) 2/4 (50)
Clusterin?! 230 evelic 2/6 (33) 3/6 (50)
Histone 2A/a-2" 2 1/2 (50) 3/3 (100)
Histone 2B/a®>81 celic 2/3 (67) 0/2 (0)
Enolase 1A™2! _ 2/8 (25) 2/5 (40)
Fibrinogen A*1-60 eyelic. 2/3 (67) 3/4 (75)
Fibrinogen A2!! 230 cyelic 2/4 (50) 1/3 (33)
Fibrinogen A>6-57° eyelic 4/5 (80) 3/3 (100)
Fibrinogen A%%*75% 3/4 (75) 0/1 (0)
Fibrinogen A®16-635 eycic 2/5 (40) 6/6 (100)
Fibrinogen B>* 7 2/5 (40) 1/4 (25)
Fibrinogen B*¢ 27 1/5 (20) 1/5 (20)
Filaggrin*®-6> e¥elic 0/4 (0) 5/8 (63)
Vimentin' 1® 2/5 (40) 1/4 (25)
Vimentin®®~77 eyelic 1/3 (33) 3/5 (60)

* Values are the number of at-risk subjects or rheumatoid arthritis
(RA) subjects with a citrullinated:noncitrullinated ratio of >1/total
number of subjects with a positive sputum antibody response to that
particular protein or peptide (percentage). All citrullinated:noncitrulli-
nated ratios were calculated as the normalized antibody level divided
by the median level for that antibody in the cutoff control group. None
of the P values for between-group differences (calculated by Fisher’s
exact test) were significant.
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1 comparator control subject who had positive findings
for sputum antibodies to 2 citrullinated proteins/peptides,
both antibody responses demonstrated citrulline specificity
with a citrullinated:noncitrullinated ratio of >1.

Comparison of sputum ACPA positivity by antigen
array and by anti-CCP-2 ELISA. We found that in all 6
at-risk subjects who were sputum anti—-CCP-2 positive and
in 11 (92%) of 12 RA subjects who were sputum anti—
CCP-2 positive, a positive test result for >1 sputum
antibody to a citrullinated protein/peptide was also demon-
strated on the antigen array. All of these sputum anti—
CCP-2—positive at-risk and RA subjects with a positive
antibody response to a citrullinated protein/peptide de-
monstrated citrulline specificity to at least one of those
antigens based on a citrullinated:noncitrullinated ratio of
>1. In 12 (34%) of the 35 at-risk subjects and 4 (50%) of
the 8 RA subjects who were sputum anti-CCP-2 negative,
a positive result for >1 sputum antibody to a citrullinated
protein/peptide was demonstrated on antigen array.
Among the 12 anti-CCP-2-negative at-risk subjects and 4
anti-CCP-2-negative RA subjects who had a positive anti-
body response to a citrullinated protein/peptide, 11 at-risk
subjects and all 4 RA subjects demonstrated citrulline
specificity to at least one of those antigens.

Sputum antibody positivity in subjects stratified
by serum antibody status. In assays of the same 29 citrul-
linated proteins/peptides that were tested in the sputum,
we identified 18 (44%) of 41 at-risk subjects and 19
(95%) of 20 RA subjects who had >1 positive finding of
an antibody to a citrullinated antigen in the serum. The
majority of these serum antibody responses demonstrated
citrulline specificity (see Supplementary Table 3, available
on the Arnthritis & Rheumatology web site at http://online
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library.wiley.com/doi/10.1002/art.40401/abstract). Addi-
tionally, in at-risk subjects, antibodies to the proteins fib-
rinogen and vimentin as well as the peptides fibrinogen
A>%25% and fibrinogen A>¢°75 ¥i¢ demonstrated high
citrulline specificity both in the sputum and in the serum.

Following these experiments, we stratified at-risk
subjects based on serum positivity for antibodies to citrul-
linated antigens. The rationale for this stratification is that
more of the at-risk subjects who had already developed a
systemic RA-related autoimmune response could be
assumed to be further along the pathway to developing
classifiable RA compared to serum antibody-negative
individuals, although even among serum ACPA-positive
subjects, not all will develop classifiable RA. In these
analyses, we tested for reactivity to the 29 citrullinated
protein/peptide antigens and found >1 positive finding for
a sputum antibody in 6 (33.3%) of 18 serum antibody—
negative at-risk subjects and 12 (52.2%) of 23 serum anti-
body—positive at-risk subjects. The prevalence of each
sputum anticitrullinated antibody stratified by serum
status is listed in Supplementary Table 4 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40401/abstract).

Within the group of at-risk subjects, there was
overall poor agreement with regard to findings of a
positive antibody response to citrullinated antigens
between the sputum and the serum (x < 0.25). How-
ever, there was higher agreement for Cit—enolase
1A% (x = 0.55), for which 4 (50%) of 8 at-risk sub-
jects who were positive for anti-Cit—enolase 1A% 2! in
the sputum also showed positivity in the serum.

Among the at-risk subjects who were negative for
serum antibodies to citrullinated antigens, the most
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Figure 1. Sputum levels of antibodies to citrullinated proteins by subject group. Levels of sputum anti-Cit-fibrinogen (A), anti-Cit—apolipoprotein
E (B), and anti-Cit-fibronectin (C) were compared between comparator healthy controls (HC) (n = 22), serum anti—citrullinated protein antibody
(ACPA)—negative at-risk (AR) subjects (n = 18), serum ACPA—positive at-risk subjects (n = 23), and rheumatoid arthritis (RA) subjects (n = 20).
An antibody response to a citrullinated protein/peptide antigen was defined as antibody positivity to any of the 29 citrullinated antigens tested in
the study. Symbols represent individual subjects; horizontal lines indicate the median. * = P < 0.01; *** = P < 0.001; **** = P < (0.0001, by Mann-

Whitney U test.


http://onlinelibrary.wiley.com/doi/10.1002/art.40401/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40401/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40401/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40401/abstract

522

prevalent sputum antibodies were directed to Cit-fibrino-
gen (27.8%), Cit-apolipoprotein E (22.2%), and Cit-
fibronectin (22.2%). Similarly, among at-risk subjects
who were positive for any serum antibody response to a
citrullinated protein/peptide, the most prevalent sputum
antibodies were to Cit-fibrinogen (39.1%), Cit—apolipo-
protein E (39.1%), and Cit-fibronectin (39.1%), but
also included Cit-histone 2B (39.1%), Cit-histone 2A
(34.8%), Cit-enolase 1A>?' (30.4%), Cit—apolipopro-
tein B>’ @¢lic (30.4%), and Cit-vimentin (30.4%).
These rates were all higher compared to the rates in
healthy controls (each P < 0.05), with a significantly
higher prevalence of antibodies to Cit-fibrinogen, Cit—
apolipoprotein E, Cit-fibronectin, and Cit-histone 2B
(each P <0.002).

In addition to the prevalence of antibody positivity,
the median levels of anti-Cit-fibrinogen, anti—Cit—
apolipoprotein E, and anti—Cit-fibronectin in the spu-
tum were each significantly higher in serum anti-
body—positive at-risk and RA subjects compared to
healthy controls (Figures 1A-C).

Sputum NET levels and ACPA positivity in at-risk
subjects. Overall, sputum NET levels were higher in at-
risk subjects with >1 positive antibody response to a citrul-
linated or noncitrullinated antigen in the sputum (n = 15)
compared to sputum antibody—negative healthy controls
(n = 27). Specifically, in at-risk subjects with >1 positive
antibody response to a citrullinated or noncitrullinated
antigen, the median OD index for sputum DNA-MPO
was 6.3 (interquartile range [IQR] 3.7-8.1) as compared
to 3.7 (IQR 3.1-4.4) in healthy controls (P < 0.01), and
for DNA-NE, the median OD index was 4.9 (IQR 2.6-
12.2) as compared to 3.5 (IQOR 2.6-5.0) in healthy controls
(P =0.06). These differences are consistent with our prior
published findings with regard to NET levels in sputum
anti-CCP—positive at-risk subjects and healthy control
subjects (19).

We also determined correlations between the spu-
tum levels of NET complexes and antibodies to citrulli-
nated and noncitrullinated proteins/peptides, using a
conservative approach that identified significant associa-
tions only if 2 separate NET assays (those for DNA-MPO
and DNA-NE) demonstrated a significant correlation (P
< 0.002) after accounting for multiple comparisons. With
this approach, we found a significant positive correlation
between sputum NET levels and the majority of antibody
responses to citrullinated proteins/peptides (27 [93%] of
29) in the sputum (Table 4 and Figures 2A-D). Further-
more, after adjustment for a history of ever smoking—a
factor that has been associated with NETosis (30,31)—
sputum NET levels remained significantly associated with
15 of 29 antibodies, including antibodies to Cit-fibrinogen,

DEMORUELLE ET AL

Table 4. Correlations between sputum levels of antibodies to
citrullinated proteins/peptides and sputum neutrophil extracellular
trap levels in at-risk subjects

DNA-MPO DNA-NE
T P r P

Citrullinated proteins*
Apolipoprotein Al 086 <0.001 0.66  <0.001
Apolipoprotein Ef 093 <0.001 073  <0.001
Histone 2A 0.80 <0.001  0.69  <0.001
Histone 2B 0.79 <0.001 0.66 <0.001
Fibrinogent 091  <0.001 074  <0.001
Fibronectin 090 <0.001 072  <0.001
Vimentin 0.79  <0.001 0.67 <0.001

Citrullinated peptides*
Apolipoprotein A1 2484 0.79  <0.001 0.72  <0.001
Apolipogrotein 77720 oelies 089 <0.001  0.80  <0.001
Biglycan?*7-266 eyelic 0.76  <0.001  0.66  <0.001
Clusterin®2!17240 eyelic 0.81  <0.001 0.65 <0.001
Clusterin?31-250 eyelic 0.74  <0.001  0.67  <0.001
Histone 2A/a-2" 2% 0.78  <0.001  0.70  <0.001
Histone 2A/a-2!~20 e¥elicy 0.75 <0.001 0.70  <0.001
Histone 2B/a%* 8! elic 0.80 <0.001 0.68  <0.001
Enolase 1A'+ 091  <0.001 0.77 <0.001
Fibrinogen A%+ 083 <0.001 074  <0.001
Fibrinogen A*1-60 evelic. 0.72  <0.001  0.62 0.001
Fibrinogen A2!'!-230 eyelicy 0.80  <0.001 0.9  <0.001
Fibrinogen A>6-575 eyclic 0.65 <0.001  0.56 0.004
Fibrinogen A¥2% 0.81  <0.001 071  <0.001
Fibrinogen A®16-635 cyelicy 0.86  <0.001 0.77  <0.001
Fibrinogen B*%¢ 084 <0.001 0.73  <0.001
Fibrinogen B>*7> 0.83 <0.001 0.74  <0.001
Fibrinogen B246-2¢7 0.78  <0.001  0.72  <0.001
Fibronectin'?%-1%42 0.64  <0.001 0.8 0.003
Filaggrin*® 6> evelic; 0.81 <0.001 071  <0.001
Vimentin' ¢ 0.81  <0.001 070  <0.001
Vimentin®® 77 elict 0.84  <0.001 076  <0.001

* The following noncitrullinated proteins/peptides were significantly
correlated with the levels of DNA-myeloperoxidase (MPO) and DNA-
neutrophil elastase (NE) complexes after adjustment for ever smoking:
apolipoprotein A1, fibrinogen, histone 2A, apolipoprotein A123124
enolase 1A>?!, fibrinogen A™?°%_fibrinogen A®'¢%% &¢lic fibrinogen
B5*72, and filaggrin®® ¢ evelic

+ This citrullinated protein/peptide remained significantly correlated
with DNA-MPO and DNA-NE levels (P < 0.002) after adjustment
for ever smoking.

Cit-apolipoprotein A1*'* and Cit-fibrinogen A>%~%
(Table 4), all of which also had been demonstrated to
have high sputum citrulline specificity in at-risk subjects.
The following antigens also demonstrated significant asso-
ciations between sputum NET levels and the antibody
responses to the citrullinated antigen, but not the
noncitrullinated antigen, after adjustment for ever smok-
ing: histone 2A/a-2""%°, fibrinogen A?!17230 e¥elic " fibrino-
gen B* 2 and vimentin®® 77 &<lic

Of note, a noncitrullinated form of the antigen
was not available for testing of the following antigens
that showed significant associations between sputum anti-
bodies to citrullinated proteins/peptides and NET levels:
apolipoprotein E, apolipoprotein E*’72% ¢l histone
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Figure 2. Correlations between sputum anti—citrullinated protein antibody (ACPA) levels and neutrophil extracellular trap (NET) levels in at-risk
subjects. Sputum levels of anti-Cit-fibrinogen (A), anti-Cit-apolipoprotein E (B), anti-Cit-apolipoprotein A1**'2*® (C), and anti-Cit-histone 2B
(D) in at-risk subjects were analyzed in relation to sputum levels of NETs, as measured with DNA-myeloperoxidase (MPO) complexes. Symbols
represent individual subjects. Correlations were calculated using Spearman’s correlation coefficients (r values). FI = fluorescence intensity.

2A/a-21720 @€ and fibrinogen A%"*. Moreover, there
was no significant difference in age, sex, race, frequency
of SE positivity, or smoking history between the 24 at-
risk subjects who underwent NET testing and the 17 who
did not (data not shown).

We also examined the 33 healthy controls who
underwent sputum NET testing. There was a significant
correlation (P < 0.002) between sputum NET levels
and levels of antibodies to the following peptides:
Cit-biglycan®*’ 266 &¥<lic Cit_clusterin®*' 2% ¥i¢ Cit-clus-
terin®! 2% @<lic Cit_fibrinogen A7 @i Citfibrino-
gen B>*72 Cit-fibrinogen B>’ Cit-filaggrin*® > @elic,
Cit-histone 2A/a-2'"?, and Cithistone 2B/a%* 81 evclic

Correlations of sputum NET levels and RF levels.
To determine whether the relationships seen between
NET levels and citrullinated/noncitrullinated antibodies

were limited to the antibodies discussed above or whether
they might involve other autoantibody systems, we evalu-
ated the correlation of sputum NET levels and sputum RF
isotypes in the 9 at-risk subjects who were negative for spu-
tum citrullinated and noncitrullinated antibodies. We
found a significant correlation between IgA-RF and NET
levels in the sputum, using both NET assays (for DNA-
MPO, P < 0.01; for DNA-NE, P = 0.04). However, there
was no significant association between NET levels and
IgM-RF or IgG-RF (for IgM-RE P = 0.24 on the DNA-
MPO assay, P = 0.61 on the DNA-NE assay; for IgG-RE,
P =0.10 on the DNA-MPO assay, P = 0.27 on the DNA—
NE assay). These results suggest that there is not a general
association between autoantibodies and NETs in the spu-
tum. Of interest, these findings are consistent with those in
prior studies that demonstrated a strong association of
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IgA-RF with NET formation, whereas IgG-RF was weakly
associated, and IgM-RF was not associated, with NET
formation (32).

DISCUSSION

Understanding the development of ACPAs is a
critical step in understanding the overall etiology and
pathogenesis of RA. Our prior work demonstrated the
presence of anti-CCP antibodies in the sputum of subjects
considered at risk for the development of RA (17,19). In
this study, we demonstrate for the first time that a subset
of individual antibody responses to citrullinated and
noncitrullinated antigens are detectable in the sputum of
subjects at risk for RA, including at-risk subjects who are
serum antibody negative; these findings are thereby infor-
mative of very early RA-related autoantibody develop-
ment. We also demonstrate that sputum antibodies to
both citrullinated and noncitrullinated antigens are signif-
icantly more prevalent in at-risk subjects and RA subjects
compared to healthy controls. Furthermore, several spu-
tum antibodies were found to be strongly correlated with
increasing NET levels in subjects at risk for RA. Taken
together, these data suggest that sputum antibody
responses to particular citrullinated and noncitrullinated
antigens, in association with higher levels of local NETosis
in the lung, may be a key feature of early RA-related
autoimmunity.

In this study, we found several sputum antibodies
of particular interest in subjects at risk for RA. Sputum
anti-Cit-fibrinogen, anti-Cit-apolipoprotein E, and anti-
Cit-fibronectin antibodies were more prevalent in at-risk
subjects, including serum ACPA-negative at-risk subjects,
suggesting that these proteins may represent the earliest
antigen targets of antibodies generated in the lung in sub-
jects at risk of RA. In particular, anti-Cit-fibrinogen
demonstrated high citrulline specificity in the sputum and
serum of at-risk subjects. In the lung, protein levels of fi-
brinogen, apolipoprotein E, and fibronectin are known to
be increased in the setting of inflammation and injury (33—
35), and lung tissue plasma cells in RA patients have
demonstrated production of anti-Cit-fibrinogen antibodies
(36). Linking these concepts and considering our prior
work demonstrating increased inflammation of the airways
in at-risk subjects (16,19), it may be that increased levels of
these proteins promote the generation of an autoimmune
response in a portion of subjects at risk of developing RA.

In addition to fibrinogen, antibodies directed to
vimentin, fibrinogen A>**%, and fibrinogen A3¢57 cyelic
also demonstrated citrulline specificity in the sputum
and serum of at-risk subjects. In addition, antibodies to
Cit-enolase 1A>?' uniquely demonstrated agreement
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between the sputum and the serum in at-risk subjects.
Although these findings are cross-sectional, they suggest
that these antibody responses may play a role in transi-
tions from localized mucosal to systemic autoimmunity.

An additional sputum antibody of interest is anti—
Cit-histone 2B, which was the only sputum antibody to a
citrullinated antigen that was significantly more prevalent
both in serum antibody—positive at-risk subjects and in
serum antibody—positive RA subjects compared to healthy
controls. Antibodies directed to Cit-histone 2B also
demonstrated higher citrulline specificity in the sputum of
RA subjects. Taken together with the findings from mu-
rine models demonstrating that NET-associated anti—Cit—
histone 2B antibodies were associated with development
of arthritis (37), these data suggest that anti-Cit-histone
2B in the sputum may be relevant in the transition from
an at-risk status to classified RA.

We also found that the individual sputum antibod-
ies most prevalent in at-risk subjects differed from those
most prevalent in subjects with classified RA. While this
finding could be related to the effects of RA treatment, it
may also reflect epitope spreading or changes in the lung
during the evolution of RA-related autoimmunity. More-
over, we found that the number of autoantigens demon-
strating high citrulline specificity increased in the sputum
from at-risk subjects to RA subjects, and increased to a
larger degree in the serum. While epitope spreading is
well described in the serum during the preclinical period
of RA (13,38), our findings suggest that epitope spreading
may also occur in the lung, although longitudinal studies
are needed to test this hypothesis.

Recently, our group described a significant corre-
lation between sputum levels of anti-CCP and sputum
levels of NET remnants (19). In this study, we expanded
on that finding to demonstrate that several sputum anti-
bodies to citrullinated as well as noncitrullinated anti-
gens significantly correlated with sputum NET levels in
at-risk subjects. Sputum NETs correlated with antibodies
to Cit-histone and Cit-vimentin peptides, but not their
noncitrullinated counterparts, and it is of interest that
these are 2 citrullinated proteins that have been identi-
fied in the protein cargo of NETs induced in the neu-
trophils of patients with RA (20).

In this study, we could not determine whether
immunogenic proteins on NETs triggered local autoanti-
body generation or whether local autoantibodies triggered
the increase in NET levels. However, findings from sev-
eral recent studies support the hypothesis that NETs
could trigger ACPAs, including studies showing that NETs
themselves may trigger immune responses associated with
autoimmunity (39), that NETs in lupus patients can alter
the structure and function of proteins, including
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apolipoproteins (40), and that the uptake of NET pro-
teins by antigen-presenting cells is associated with sys-
temic ACPAs (8).

We also identified correlations between sputum
NETs and antibodies to citrullinated antigen targets that
have not been previously described in NETs. Additional
studies are needed, but this finding could be attributed
to a unique protein cargo in the NETs generated in at-
risk subjects, the release of PAD enzymes from NETs,
which can result in citrullination of nearby proteins that
could trigger ACPAs (41) or can result in cross-reactivity
of ACPAs to several citrullinated antigen targets, as has
been demonstrated in RA patients (42-44). It is of note
that whereas some ACPAs in patients with RA demon-
strate cross-reactivity to multiple citrullinated antigens,
others demonstrate nonoverlapping citrullinated antigen
binding (43). We also found that multiple anti—citrulli-
nated antigen antibodies and RF-IgA, but not RF-IgM
and RF-IgG, were associated with markers of NETosis
in the sputum, suggesting that NETs are preferentially
associated with certain antibodies. Overall, these find-
ings support the importance of additional studies that
could specifically address the possibility of antibody
cross-reactivity in the sputum as well as the role of
NETs in specific antibody responses.

Furthermore, we identified correlations between
sputum NETs and several sputum antibodies to citrulli-
nated and noncitrullinated antigens in healthy controls.
Although the sputum antibody levels were significantly
lower in healthy controls compared to at-risk subjects or
RA subjects, these findings suggest the possibility that
even in individuals without a known risk for RA, low
levels of antibody responses to citrullinated or noncitrulli-
nated antigens may be associated with mucosal NETosis,
perhaps reflecting a role for antibodies to citrullinated or
noncitrullinated antigens in the normal regulation of
mucosal processes that, in some cases, may become dys-
regulated, leading to greater mucosal immunity, and ulti-
mately to systemic inflammation and classified RA. Each
of these potential mechanisms and hypotheses could
improve our understanding of the early phases of ACPA
development and should be explored in future studies.

In this study, we also found that at-risk and RA
subjects had higher sputum reactivity to noncitrullinated
proteins/peptides compared to healthy controls. This
finding suggests that broad antibody reactivity to both
noncitrullinated and citrullinated antigens occurs in the
lungs of these subjects, but that more citrulline-specific
reactivity is generated toward certain antigens and is
more prevalent in subjects with RA. These findings sup-
port the hypothesis that early localized autoimmunity
may be directed to native proteins, with evolution to
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citrullinated epitopes occurring through epitope spread-
ing (4-6,45). However, it is also possible that tolerance
to citrullinated proteins is initially broken, and that the
autoimmune responses to epitopes intramolecularly
spread to native epitopes on the same proteins. Longi-
tudinal studies are needed to understand the temporal
relationship between antibodies to citrullinated and
noncitrullinated proteins/peptides.

There are several caveats to our study, including
its cross-sectional design, which limits inferences regard-
ing the evolution of autoantibody responses over time. In
addition, there is the potential for oral-pharyngeal con-
tamination of the sputum, and antibody translocation
from the circulation. However, we believe that the novel
cross-sectional findings in this study are important to sup-
port longitudinal studies. In addition, as described in Sub-
jects and Methods, since we ensured careful collection of
the sputum samples to minimize salivary contamination,
and since we previously demonstrated the minimal trans-
location of antibodies from the serum to the sputum
(17,19), we believe that the findings herein reflect lung
and airway biology. Furthermore, the antigen array that
we used was based on proteins known to be relevant in
the RA joint, and while there are shared RA-related anti-
gens between the lung and joints (46), it may be that to
more deeply understand initial breaks in tolerance
related to the lung, the autoimmune response to lung-
specific antigens needs to be evaluated. Furthermore, the
portion of our at-risk population who were sputum ACPA
positive is likely higher than the portion who will go on to
develop classified RA. Longitudinal studies will be infor-
mative to understand what factors lead to progression
from local mucosal to systemic autoimmunity and, ulti-
mately, classified RA.

We also did not test for antibody cross-reactivity
in this study. While future studies are needed in this
area, we believe our current findings cannot all be
explained by cross-reactivity, because some individuals
had only 1 positive finding of a sputum antibody to a sin-
gle citrullinated antigen, and some individuals had spu-
tum antibodies to citrullinated antigens in the absence of
positivity for a noncitrullinated antibody. Finally, serum
ACPA fine specificities differ between different RA pop-
ulations (47), and it may be that similar findings could
occur in the sputum, supporting the importance of addi-
tional sputum studies in other at-risk populations.

In conclusion, we identified several sputum auto-
antibodies of particular interest in subjects at risk for the
future development of RA, including sputum ACPAs with
early citrulline specificity and those with strong associa-
tions with NETs in the sputum. These findings further
support the hypothesis that the lung likely plays an
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important role in the development and evolution of RA-
related autoimmunity.
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Objective. Epigenetic modifications have previously
been associated with rheumatoid arthritis (RA). In this
study, we aimed to determine whether differential DNA
methylation in peripheral blood cell subpopulations is asso-
ciated with any of 4 clinical outcomes among RA patients.

Methods. Peripheral blood samples were obtained
from 63 patients in the University of California, San
Francisco RA cohort (all satisfied the American College
of Rheumatology classification criteria; 57 were seroposi-
tive for rheumatoid factor and/or anti—cyclic citrullinated
protein). Fluorescence-activated cell sorting was used to
separate the cells into 4 immune cell subpopulations
(CD14+ monocytes, CD19+ B cells, CD4+ naive T cells,
and CD4+ memory T cells) per individual, and 229 epi-
genome-wide DNA methylation profiles were generated
using Illumina HumanMethylation450 BeadChips. Dif-
ferentially methylated positions and regions associated
with the Clinical Disease Activity Index score, erosive dis-
ease, RA Articular Damage score, Sharp score, medica-
tion at time of blood draw, smoking status, and disease
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duration were identified using robust regression models
and empirical Bayes variance estimators.

Results. Differential methylation of CpG sites
associated with clinical outcomes was observed in all 4
cell types. Hypomethylated regions in the CYP2EI and
DUSP22 gene promoters were associated with active and
erosive disease, respectively. Pathway analyses suggested
that the biologic mechanisms underlying each clinical
outcome are cell type—specific. Evidence of independent
effects on DNA methylation from smoking, medication
use, and disease duration were also identified.

Conclusion. Methylation signatures specific to
RA clinical outcomes may have utility as biomarkers
or predictors of exposure, disease progression, and dis-
ease severity.

Rheumatoid arthritis (RA) is the most common
systemic autoimmune disease, with a global prevalence of
~1% (1). Although the precise model of pathogenesis is
not known, it is thought to involve the activation of both
innate and adaptive immune responses as well as the
destruction of cartilage and subchondral bone by resident
synoviocytes, leading to joint damage and disability. The
cause of RA is complex, with contributions from both
genetic and nongenetic risk factors.

The strongest genetic risk factors for RA are vari-
ants of the HLA-DRBI gene. The shared epitope (SE)
alleles encoding the QKRRA and QRRRA amino acid
sequences at positions 70-74 explain much of the genetic
predisposition to RA (2). Recently, a large study demon-
strated that the association between the major histocom-
patibility complex (MHC) and RA is best explained by 5
amino acids: 3 in HLA-DRBI and 1 each in HLA-B and
HI.A-DPBI, of which 2 are the same as those of the shared
epitope (3). Of the 16 resulting DRBI haplotypes, valine/
lysine/alanine at positions 11/71/74 is the most strongly
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associated with RA, and it corresponds to the DRBI*04:01
allele (3), a well-documented association (3,4).

DNA methylation is an epigenetic modification
that results from the addition of a methyl group to a cyto-
sine DNA base in the context of cytosine—phosphate—gua-
nine dinucleotide (CpG), and has been shown to
modulate gene expression as well as determinants of
higher-order DNA structure (5,6). Methylation profiles
can be maintained across cell division cycles and between
generations and may contribute to the “missing heritabil-
ity” suggested by current genome-wide association study
findings (7). In addition, DNA methylation states can be
altered by a number of environmental exposures, such as
tobacco smoke, air pollutants, paternal and maternal life-
style factors, and antibiotic use (8). Thus, DNA methyla-
tion profiles may link genetic and environmental signals
and serve as the intermediate between those risk factors
and disease susceptibility.

A growing body of epidemiologic evidence sup-
ports an association between RA and DNA methylation.
Genome-wide and candidate gene studies in RA patients
and healthy controls have demonstrated disease-associated
methylation differences in peripheral blood mononuclear
cells (PBMCs), purified T cells and B cells, and fibroblast-
like synoviocytes (9-12). Interestingly, treatment with
methotrexate is able to revert RA-associated global hypo-
methylation in T cells and monocytes and restore regula-
tory T cell function through reduction in methylation of
the FOXP3 upstream enhancer (13,14). One proof-of-
concept study of DNA methylation at first diagnosis identi-
fied 6 CpG sites associated with response to disease-
modifying antirheumatic drugs (DMARDs) in patients
with early RA (15). However, studies to date have typically
been limited to case—control comparisons and have not
identified methylation differences specific to RA case sub-
groups or clinical outcomes.

In this study, we assessed DNA methylation signals
associated with 4 RA clinical outcomes, history of smok-
ing, medication use, and disease duration. Such signatures
may be useful as biomarkers or predictors of exposure,
disease progression, or response to treatment.

PATIENTS AND METHODS

Study participants. Participants included 63 women of
European ancestry from the RA cohort at the University of Cali-
fornia, San Francisco (UCSF), all of whom met the American
College of Rheumatology (ACR) 1987 criteria for RA (Table 1)
(16). All participants provided a peripheral blood sample for
genotyping, cell sorting, and DNA methylation profiling. The
following clinical outcomes were determined for each RA
patient: the Clinical Disease Activity Index (CDAI) score, pres-
ence of erosive disease, total Rheumatoid Arthritis Articular
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Table 1. Characteristics of the study participants at the time of
blood draw*

Seropositive, no. (%)

Anti-CCP or RF 57 (90.5)

Anti-CCP 53 (89.8)

RF 46 (75.4)
Age, mean + SD 56.4 + 14.8
Ever smoked, no. (%) 33 (52.4)
Disease duration, mean + SD years 14.0 £+ 10.5
Active disease (CDAI >2.8), no. (%) 45 (76.2)
Erosive disease, no. (%) 39 (63.9)
RAAD score, mean + SD 10.1 + 13.0
Sharp score, mean + SD 472 £ 74.0
Current DMARD or anti-TNF therapy, no. (%) 52 (82.5)

* Anti-CCP = anti—cyclic citrullinated peptide; RF = rheumatoid fac-
tor; CDAI = Clinical Disease Activity Index; RAAD = Rheumatoid
Arthritis Articular Damage; DMARD = disease-modifying antirheu-
matic drug; anti-TNF = anti—tumor necrosis factor.

Damage (RAAD) score, and modified Sharp score for all joints
(17,18). The CDALI is a sum of the tender joint count, swollen
joint count, patient’s global assessment of disease activity, and
physician’s global assessment of disease activity. It was treated as
a dichotomized variable based on the presence of active disease
(CDALI score >2.8) or remission (CDAI score <2.8), in accor-
dance with the ACR recommendations (19). The European
League Against Rheumatism (EULAR) criteria were used to
classify erosive disease (20). According to the EULAR classifica-
tion, erosive disease is defined as cortical breaks in at least 3 sep-
arate joints of the hands and feet as observed on radiographs,
and this was treated as a binary variable (20). The modified
Sharp score is a more detailed measure of radiographic damage,
where each hand, wrist, and foot joint is scored for erosions and
for joint space narrowing (18). The RAAD score is computed by
evaluating 35 large and small joints using a goniometer and scor-
ing them on a 3-point scale, and it may therefore capture aspects
of joint failure not reflected on radiography-based scores (21).

Study approval. Written informed consent was obtained
from all participants prior to inclusion in this study. Research
was conducted in compliance with the Declaration of Helsinki.
Institutional Review Board approval was obtained at UCSE
where the study subjects were recruited.

Genotyping and methylation assessment. Single-nucleo-
tide polymorphism (SNP) genotyping and DNA methylation pro-
filing were performed as previously described (22). Briefly, study
participants were genotyped using Illumina HumanOmniExpress,
HumanOmniExpressExome, or Human660W-Quad microarrays,
and principal components analysis was performed using
EigenStrat to characterize genetic ancestry and account for any
heterogeneity in our study population (23). PBMCs were isolated
from whole blood, and the following cell subpopulations were
identified by fluorescence-activated cell sorting: monocytes
(CD45+CD14+), B cells (CD45+CD14-CD3-CD19+), naive CD4+
T cells (CD45+CD14-CD19-CD3+CD4+CD27+CD45RA+), as
well as memory CD4+ T cells (CD45+CD14-CD19-CD3+CD4+
CD45RA-). A total of 229 epigenome-wide DNA methylation
profiles were generated using the Illumina Infinium HumanMeth-
ylation450 BeadChip, and B values (the ratio of methylated probe
intensity to total intensities) were reported per CpG site.

Extensive quality control measures were performed,
including background signal subtraction, all sample mean
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normalization, and beta-mixture quantile normalization (24-26).
Samples with low detection rates (P > 0.05) in more than 20% of
sites were removed from analysis. The following sites were also
removed from analysis: CpG sites with low detection rates (P >
0.05) in more than 20% of samples, non-CpG “rs” SNP probes,
cross-reactive probes, and European-specific polymorphic CpGs
(27). In total, we retained 428,232 CpG sites in 229 samples (58
CD14+ monocyte samples, 57 CD19+ B cell samples, 56 CD4+
naive T cell samples, and 58 CD4+ memory T cell samples).

Statistical analysis. Using the Lumi R package (28,29),
methylation  values were transformed to M values in order to
better approximate the homoscedasticity assumption in most sta-
tistical analyses. For each RA clinical outcome, robust linear
regression models were fitted to each CpG site to assess for asso-
ciation with methylation, adjusting for age, history of smoking,
genetic ancestry, DMARD treatment (methotrexate, hydroxy-
chloroquine, leflunomide), anti—tumor necrosis factor treatment
(anti-TNF; adalimumab, certolizumab, or golimumab), and dis-
ease duration at the time of blood draw. Regression models were
fitted separately for each cell type. A robust empirical Bayes pro-
cedure as implemented in the Limma R package was used to
shrink CpG-wise variances by pooling the ensemble of all CpG
sites, a technique used to improve statistical power and accuracy
when the sample size is small (30). Per the regression model, P
values were adjusted using the Bonferroni correction for 428,232
tests.

Analysis of differentially methylated regions (DMRs)
was performed as implemented in the Bumphunter R package
(31). Coefficients from the above regression models were
smoothed over genomic distance, generating candidate regions of
differentially methylated CpG sites. Statistical significance was
assigned to individual regions by calculating an empirical P value
derived from 1,000 bootstrapped results. The empirical family-
wise error rate was used to control for Type I error. Genomic
annotations were obtained from the GRCh37/hgl9 UCSC Gen-
ome Browser, specifically the RefSeq gene track, CpG island
track, and chromatin state segmentation by hidden Markov
model tracks for 2 blood tissues (GM12878 and K562) (32).

Pathway analysis was performed using the missMethyl R
package in order to determine whether certain biologic pathways
are associated with RA clinical outcomes (33). Enrichment for
Gene Ontology (GO) terms was performed using genes that
contained differentially methylated CpG sites as identified from
regression modeling, while taking into account the number of
probes per gene. The Benjamini-Hochberg method was used to
control the false discovery rate (FDR) (34).

Comparisons of DNA methylation profiles associated
with each RA clinical outcome were performed in 2 ways. First,
to identify cell type—specific profiles shared among RA clinical
outcomes, 16 CpG sets were defined as the differentially meth-
ylated CpG sites associated with each RA clinical outcome per
cell type, using the following significance thresholds: Bonferroni-
adjusted P < 0.05, FDR q < 0.05, FDR q < 0.10, and unadjusted
P < 0.05. Statistical significance thresholds were varied in order
to capture DNA methylation differences that were smaller in
magnitude but consistent across multiple RA clinical outcomes
or across multiple cell types. Second, to identify DNA methyla-
tion profiles shared among RA clinical outcomes regardless of
cell type, 4 CpG sets were defined as the differentially meth-
ylated CpG sites associated with each RA clinical outcome in
any cell type at the same thresholds of statistical significance.
The pairwise overlap between CpG sets was computed as a
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count (total number of CpG sites shared between 2 CpG sets)
and as a shared percentage (proportion of CpG sites in one
CpG set that were also found in a second CpG set).

RESULTS

Disease activity. Genome-wide analyses comparing
cases with active disease (CDAI >2.8; categorized as low/
minimal, moderate, and high/severe disease activity) to
cases with disease in remission (CDAI <2.8) identified 27
CpG sites (14 hypermethylated and 13 hypomethylated)
associated with active disease (Bonferroni-adjusted P <
0.05), independently of any history of smoking, medication
use, and disease duration (Supplementary Figure 1 and
Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40408/abstract). We identified 1 statistically signifi-
cant DMR containing 11 CpG sites on chromosome 10
(Figure 1A). This region is hypomethylated in cases with
active disease compared to those with disease in remission
in both CD14+ monocytes and naive CD4+ T cells, and it
is located in the 5’ region of cytochrome P450 2El
(CYP2E]).

Erosive disease. Genome-wide assessment of
differential methylation associated with erosive disease
identified 84 CpG sites (10 hypermethylated and 74 hypo-
methylated; Bonferroni-adjusted P < 0.05) that were inde-
pendent of any history of smoking, medication use, and
disease duration (Supplementary Figure 2 and Supple-
mentary Table 2, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40408/abstract). Most of these sites
(74%) were identified in CD19+ B cells. DMR analyses
identified a hypomethylated region on chromosome 6
containing 10 CpG sites that was associated with erosive
disease in all 4 cell types (Figure 1B). This region over-
laps with the transcription start site of dual-specificity
phosphatase 22 (DUSP22).

RAAD score. A dose-dependent association between
RAAD scores and methylation levels was identified for
89 CpG sites genome-wide (15 hypermethylated and 74
hypomethylated; Bonferroni-adjusted P < 0.05), indepen-
dently of any history of smoking, medication use, and dis-
ease duration (Supplementary Figure 3 and Supplementary
Table 3, available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40408/abstract). Most of these CpG sites were dif-
ferentially methylated only in CD14+ monocytes, with 1
CpG (cg06355652) hypomethylated in both CD14+ mono-
cytes and naive CD4+ T cells. DMR analyses did not yield
significant associations with RAAD scores.

Modified Sharp score. A total of 168 CpG sites
(139 hypermethylated and 29 hypomethylated) demon-
strated a dose-dependent association with the modified
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Figure 1. Association between hypomethylation of differentially methylated regions (DMRs) at promoter regions and rheumatoid arthritis clinical
outcomes. Methylation differences between active and inactive disease (A) or between erosive and nonerosive disease (B) are plotted over genomic
intervals, with the DMR demarcated in green. Gene positions are denoted in purple and CpG islands in black. Red/pink regions represent pro-
moter regions, orange/yellow regions represent enhancer regions, and gray regions represent polycomb-repressed chromatin in GM12878 and
K562 cell types. The DMR on chromosome 10 associated with active disease in CD14+ monocytes and CD4+ naive T cells overlaps with the
CYP2E] promoter (A). The DMR on chromosome 6 associated with erosive disease in all 4 immune cell types overlaps with the DUSP22 pro-

moter region (B).

Sharp score (Bonferroni-adjusted P < 0.05), independently
of any history of smoking, medication use, and disease
duration (Supplementary Figure 4 and Supplementary
Table 4, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40408/abstract). Six CpG sites were differen-
tially methylated in the same direction across multiple
cell types. No regions of differential methylation were
associated with the modified Sharp score after correcting
for multiple hypothesis testing.

Comparison of DNA methylation profiles among
RA clinical outcomes. In order to identify CpG sites asso-
ciated with multiple RA clinical outcomes, we performed
intersections of CpG sets identified from the previous
analyses where each RA clinical outcome was treated sep-
arately. Methylation profiles observed in the current study
were largely unique to specific RA clinical outcomes and
to individual cell types (Figure 2A). The vast majority of
CpG sites were associated with only 1 RA clinical out-
come and were differentially methylated in only 1 cell
type. Varying the statistical significance threshold did not
change our findings (Supplementary Figures 5A-C,

available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40408/abstract). Pooling CpG sites across cell types for an
RA outcome also did not reveal any sets of CpG sites that
were differentially methylated across multiple RA clinical
outcomes (Figure 2B and Supplementary Figure 6,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40408/abstract).

Pathway analyses for RA clinical outcomes. Path-
way analysis of differentially methylated genes associated
with disease activity identified enrichment of 32 GO terms
(FDR q < 0.05), as summarized in Supplementary Table 5
(available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40408/abstract). Only CpG sites that were differen-
tially methylated in naive CD4+ T cells were enriched for
GO terms. The top enriched pathways suggest dysregula-
tion of the innate immune response: positive regulation of
interferon-y (IFNy) production, negative regulation of
natural killer cell-mediated cytotoxicity, and antigen pre-
sentation (Table 2).

Pathway analysis of differentially methylated
genes associated with the modified Sharp score
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Figure 2. CpG sites associated with rheumatoid arthritis (RA) clinical outcomes are specific to outcome and to cell type. The shared percentage
reflects the proportion of CpG sites identified in each row of the CpG set that were also identified in each column of the CpG set using a signifi-
cance threshold of Bonferroni-adjusted P < 0.05. The value in each cell reflects the number of CpG sites in the intersection of row and column
CpG sets. Values on the diagonal reflect the total number of differentially methylated sites for that outcome and cell type. A, Similarity of RA
clinical outcomes by CpG methylation, keeping cell types separate. B, Similarity of RA clinical outcomes by CpG methylation, pooling cell types
together at a significance threshold of Bonferroni-adjusted P < 0.05. The following outcomes were assessed: the modified Sharp score, the
Rheumatoid Arthritis Articular Damage (RAAD) score, erosive disease (erosion), and the Clinical Disease Activity Index (CDAI) score. CD4Nv =
CD4+ naive T cells; CD4Mem = CD4+ memory T cells. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40408/abstract.

identified enrichment of 9 GO terms (FDR q < 0.05), History of smoking. Across all regression models,
as summarized in Supplementary Table 6 (available at a total of 154 CpG sites (44 hypermethylated and 110
http://onlinelibrary.wiley.com/doi/10.1002/art.40408/ hypomethylated) showed differential methylation associ-
abstract). The results suggest that dysregulation of volt- ated with any history of smoking (Bonferroni-adjusted P <
age-gated calcium-channel transport and preganglionic 0.05), independently of all other covariates (Figure 3).
parasympathetic fiber development in CD14+ monocytes The results are summarized in Supplementary Table 7
plays a role in the development of radiographic erosions (available at http://onlinelibrary.wiley.com/doi/10.1002/
as measured by the modified Sharp score (Table 2). art.40408/abstract). The association between smoking and

Table 2. Top GO pathways significantly enriched for associations with rheumatoid arthritis clinical outcomes*

No. of genes Differentially methylated

GO accession no. Group/term P Cell type in group genes in group
Active disease

GO0:0032729 Positive regulation of IFNy production 3.55 x 107 CD#4 naive 61 WNT5A, LTA, HLA-A

GO:0045953 Negative regulation of natural killer cell cytotoxicity ~ 7.82 x 10° CD4 naive 10 HLA-A, TAPI

GO:0002484 Antigen presentation and presentation of endogenous 7.08 x 10® CD4 naive 9 HLA-A, TAPI

peptide antigen via MHC class I via ER pathway
Modified Sharp score

GO:0034762 Regulation of transmembrane transport 1.81 x 10° CD14 424 CACNB2, KCNJ6, ANOI,
CACNAIH, CACNAIG,
CTTNBP2NL

GO0:0021783 Preganglionic parasympathetic fiber development 1.18 x 10° CD14 16 NAV2, PLXNA4, NRPI

* GO = Gene Ontology; IFNy = interferon-y; MHC = major histocompatibility complex; ER = endoplasmic reticulum.
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Figure 3. Summary of covariate analyses. Values represent the num-
ber of CpG sites whose methylation is associated with that covariate
(columns) in that cell type (rows). CpG sites were included if they
were significantly differentially methylated in any regression model.
Effects of medication and disease duration are cell type—specific.
Covariates were any history of smoking, treatment with a disease-
modifying antirheumatic drug (DMARD), treatment with an anti—
tumor necrosis factor (anti-TNF) agent, and duration of disease.
CD4Mem = CD4+ memory T cells; CD4Nv = CD4+ naive T cells.

DNA methylation was observed for all cell types and for
all RA clinical outcomes; ~50% of associated CpG sites
were present in naive CD4+ T cells. No regions of differ-
ential methylation or enrichment for GO terms were sig-
nificantly associated with smoking.

DMARD treatment. Results from regression mod-
eling demonstrated evidence of association between
DMARD treatment and DNA methylation for 285 CpG
sites (250 hypermethylated and 35 hypomethylated;
Bonferroni-adjusted P < 0.05), independently of all other
covariates (Figure 3). The results are summarized in Sup-
plementary Table 8 (available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40408/abstract). The majority of CpG
sites (71%) were identified in the CD14+ monocyte popu-
lation. Results from regression models for the modified
Sharp score had the highest proportion of CpG sites asso-
ciated with DMARD treatment (38%). No regions of dif-
ferential methylation or enrichment for GO terms were
associated with DMARD treatment.

Anti-TNF treatment. A total of 451 CpG sites (407
hypermethylated and 44 hypomethylated) had methylation
differences associated with anti-TNF treatment (Bonferroni-
adjusted P < 0.05), independently of all other covariates
(Figure 3). The results are summarized in Supplementary
Table 9 (available at http://onlinelibrary.wiley.com/doi/
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10.1002/art.40408/abstract). A majority of this signal was
identified in naive CD4+ T cells (77%) and was enriched
for “homophilic cell adhesion via plasma membrane
adhesion molecules” (GO term 0007156; P =2.80 x 10°%).
Disease duration. Associations between disease
duration and DNA methylation were observed for 718
CpG sites (188 hypermethylated and 530 hypomethylated;
Bonferroni-adjusted P < 0.05), which was independent of
all other covariates (Figure 3). The results are summa-
rized in Supplementary Table 10 (available at http://online
library.wiley.com/doi/10.1002/art.40408/abstract). ~ DNA
methylation levels were the most affected in memory
CD4+ T cells (74%), which also showed enrichment for
“homophilic cell adhesion via plasma membrane adhesion
molecules” (GO term 0007156; P = 1.53 x 10°®).

DISCUSSION

In this study of DNA methylation in sorted
immune cell types, we identified methylation profiles asso-
ciated with clinical outcomes of RA. Our findings indicate
that the profiles were highly specific for each clinical out-
come and for individual cell types. We also found that
medication use and disease duration at the time of blood
draw were significantly associated with DNA methylation
in specific cell types.

We identified a region of 11 hypomethylated CpG
sites near the transcription start site of CYP2E] associated
with active disease, as indicated by the CDAI score. A
multivariate hidden Markov model trained on histone
modifications observed in chromatin immunoprecipita-
tion sequencing experiments performed on 2 blood sam-
ples predicts this region to be a promoter, suggesting that
CYP2E1 expression is elevated in the monocytes and
naive T cells of patients with active disease (35,36).
CYP2E1 is a member of the cytochrome P450 enzyme
family and is responsible for the metabolism of exogenous
substrates such as nicotine, ethanol, acetaminophen, and
aspartame (37). Expression of CYP2EI is induced by
lipopolysaccharide and interleukin-4 (IL-4) in human
astrocytes and hepatocytes and is regulated by the oxida-
tive stress pathway in monocytes, implying some immune
function (38,39). Interestingly, alcohol consumption has
been linked to impaired priming of CD4+ T cells by den-
dritic cells and to the production of autoantibodies against
CYP2EL1 (40,41). While the identified DMR reflects the
independent association between active disease and DNA
methylation after accounting for any history of smoking
and current medication use, we were unable to investigate
other environmental or dietary exposures, such as alcohol
consumption, that might contribute to the methylation of
the CYP2E] promoter.
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We also identified a region of 10 hypomethylated
CpGs near the transcription start site of DUSP22 that was
associated with erosive disease. This region overlaps with
an active promoter chromatin state in blood tissues and
was differentially methylated in all 4 cell types we exam-
ined (36). DUSP22 is a protein phosphatase involved in
MAPK signaling, and it appears to lie at the intersection
of several immune signaling pathways, including those
mediated through the T cell antigen receptor, IL-6
leukemia-inhibiting factor, and the estrogen receptor
(42,43). A study of the DUSP22-knockout mouse showed
autoimmune tendencies: splenic T cells had stronger
responses to anti-CD3 stimulation, serum levels of
proinflammatory cytokines and autoantibodies were
higher, and symptoms in an experimental autoimmune
encephalomyelitis mouse model developed faster and
were more severe (44). Hypomethylation observed among
RA cases with erosive disease in the current study should
lead to increased messenger RNA (mRNA) expression of
DUSP22. Further studies are needed to confirm the rela-
tionship between methylation and expression and to
understand the dynamics between mRNA expression and
protein levels in order to understand how DUSP22 might
contribute to erosive disease.

Examination of the differentially methylated CpG
sites using Gene Ontology identified cellular processes
underlying disease activity and severity. Disease activity was
related to differential methylation of CpG sites in genes
involved in the IFNy signaling and antigen-presentation
pathways; the finding that these effects were observed only
in naive CD4+ T cells suggests that this population is biased
toward Th1 differentiation. In addition, pathway analysis of
the CpG sites associated with the modified Sharp score
showed dysregulation of transmembrane transport and pre-
ganglionic parasympathetic fiber development in CD14+
monocytes. Previous studies of cardiovascular autonomic
nervous system function in RA patients led to the hypothe-
sis that the equilibrium between the opposing effects of the
sympathetic and parasympathetic nervous systems has been
disrupted (45). Our results support this theory and further
highlight the role played by the autonomic nervous system
as a modulator of immune function and a possible target
for future RA therapies.

Much of the differential methylation observed for
RA clinical outcomes was present in CD14+ monocytes
and naive CD4+ T cells, which further highlights the role
of these immune subpopulations in RA pathogenesis and
disease progression. Treatment of normal synovial fibro-
blasts with an inhibitor of DNA methylation was able to
reproduce the hypomethylation and activated phenotype
observed in RA synovial fibroblasts (46). A previous
study of RA patients reported higher frequencies of
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CD14+CD16+ circulating monocytes in patients with
active disease, and response to drug therapy was corre-
lated with changes in these frequencies (47,48). These cir-
culating monocytes can migrate into the synovial joint,
where they can recruit lymphocytes to the inflamed joint
and drive the polarization of CD4+ helper T cells (49).
Furthermore, activated T cells from the peripheral
immune system are able to stimulate the differentiation
of monocytes into osteoclasts, thereby contributing to
bone damage and production of radiographic lesions (50).
Thus, the interactions between monocytes and T cells in
both peripheral blood and synovial joints may prove inter-
esting for therapeutics that target disease activity and pro-
gression.

RA is a heterogeneous disease with symptom pre-
sentations and prognoses that differ between patients.
Therefore, it may be important to consider various mea-
sures of disease activity and severity in order to identify
the different biologic mechanisms that underlie disease
heterogeneity. We analyzed 4 RA clinical outcome mea-
sures: disease activity as measured by the CDAI score,
erosive disease, the RAAD score, and the modified Sharp
score. Each of these 4 measures captures different aspects
of RA disease progression and is associated with different
risk factors and prognoses. By analyzing each measure
separately, we were able to investigate the association
between RA disease heterogeneity and DNA methylation
and to identify profiles specific to each clinical outcome.
We found that DNA methylation profiles were highly
specific to each clinical outcome measure, suggesting that
different biologic processes drive different measures of
disease activity and severity. These results can help in the
development of new therapies targeted toward specific
manifestations and thus aid in the generation of patient-
specific treatment plans.

Our previous analysis in the same RA patient pop-
ulation identified predominantly hypomethylated candi-
date CpG sites in naive and memory CD4+ T cells from
the patients as compared to healthy controls (22). Com-
parison of the results from the current study of clinical
phenotypes with the previous RA case—control study did
not reveal significant overlap of differential methylation.
These findings suggest that DNA methylation changes rel-
evant to disease susceptibility in RA are largely distinct
from those that contribute to disease severity and pheno-
typic expression.

The strengths of our study include the large sam-
ple size and selection of female RA cases to minimize
confounding by sex. By sorting PBMCs before performing
DNA methylation profiling, we were able to avoid major
confounding by cell-type heterogeneity and to analyze
cell-specific effects for each RA clinical outcome. Using



RA CLINICAL OUTCOMES AND DNA METHYLATION

genome-wide SNP data, we were also able to compute
principal components reflecting genetic ancestry, further
avoiding potential confounding by population stratifica-
tion. Our analyses were also able to demonstrate associa-
tions between DNA methylation and any history of
smoking, medication use, and disease duration at the time
of blood draw.

Limitations of our study include its cross-sectional
nature, which limited our ability to determine causality or
temporality of these DNA methylation differences relative
to disease progression. Our RA patient sample consisted
only of women of European ancestry, thus restricting the
ability to extrapolate our results beyond this population.
DNA methylation profiling was performed on microarray
chips, and imputation or pyrosequencing must be per-
formed to assess methylation at CpG sites not assayed on
the chip. Last, we examined DNA from peripheral blood
cells and not from cells in the synovial joint. While circu-
lating immune cells can be recruited into the joint com-
partment from the periphery, we may not be capturing
local biologic processes that drive joint damage.

In summary, we have shown that different mea-
sures of RA disease activity and severity are associated
with specific DNA methylation profiles and that these
methylation differences are also highly cell type—specific.
Our results further support the premise that genetic, as
well as epigenetic, variations may drive clinical hetero-
geneity in RA.
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Objective. To determine the relative risks of car-
diovascular (CV), gastrointestinal (GI), and renal adverse
events during long-term treatment with celecoxib, com-
pared with ibuprofen and naproxen, in patients with
osteoarthritis (OA) and patients with rheumatoid arthri-
tis (RA).

Methods. A total of 24,081 patients with OA or RA
who had a moderate or high risk for CV disease were
enrolled internationally into a double-blind randomized
controlled trial. Interventions included celecoxib at a
dosage of 100-200 mg twice daily, ibuprofen at a dosage
of 600-800 mg 3 times daily, or naproxen at a dosage of
375-500 mg twice daily. The main outcomes were the first
occurrence of a major adverse CV event, GI event, or
renal event, and mortality.

ClinicalTrials.gov identifier: NCT00346216.

The PRECISION trial and these analyses were funded by Pfizer.

"Daniel H. Solomon, MD, MPH, Peter Libby, MD: Brigham
and Women’s Hospital, Harvard Medical School, Boston, Mas-
sachusetts; °M. Elaine Husni, MD, MPH, Katherine E. Wolski, MPH,
Lisa M. Wisniewski, RN, A. Michael Lincoff, MD, Venu Menon, MD,
Qiuqing Wang, MS, Steven E. Nissen, MD: Cleveland Clinic, Cleveland,
Ohio; “Jeffrey S. Borer, MD: State University of New York, Downstate
College of Medicine, Brooklyn, New York; “David Y. Graham, MD:
Baylor College of Medicine, Veterans Affairs Medical Center, Houston,
Texas; “Thomas E. Liischer, MD: Royal Brompton & Harefield Hospi-
tals, London, UK; ®Neville D. Yeomans, MD: Western Sydney Univer-
sity, Campbelltown, New South Wales, Australia; 7Weihang Bao, PhD,
Manuela E Berger, MD: Pfizer, New York, New York.

Drs. Solomon and Husni contributed equally to this work.

Dr. Solomon has received research support from Pfizer and
royalties for a peer-reviewed chapter titled NSAIDS: Therapeutic use
and variability of response in adults in UpToDate (2017). Dr. Husni has
received consulting fees and/or honoraria from AbbVie, Bristol-Myers
Squibb, Amgen, UCB, Regeneron, and Janssen (less than $10,000

537

Results. In the subgroup of patients with OA, the
risk of a major adverse CV event was significantly reduced
when celecoxib was compared with ibuprofen (hazard ratio
[HR] 0.84, 95% confidence interval [95% CI] 0.72-0.99),
but no significant difference was observed when celecoxib
was compared with naproxen. In the RA subgroup, com-
parisons of celecoxib versus ibuprofen and celecoxib versus
naproxen for the risk of major adverse CV events revealed
HRs of 1.06 (95% CI 0.69-1.63) and 1.22 (95% CI 0.78—
1.92), respectively. In the OA subgroup, comparisons of
celecoxib versus ibuprofen for the risk of GI events showed
an HR of 0.68 (95% CI 0.51-0.91), and a comparison of
celecoxib versus naproxen showed an HR of 0.73 (95% CI
0.55-0.98). Duplicate comparisons in patients with RA
revealed HRs of 0.48 (95% CI 0.22-1.07) and 0.54 (95% CI
0.24-1.24), respectively. In patients with OA, a comparison
of celecoxib versus ibuprofen for the risk of renal events
showed an HR of 0.58 (95% CI 0.40-0.82). In patients with
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RA, celecoxib treatment was associated with significantly
lower mortality compared with naproxen treatment (HR
0.47, 95% CI 0.25-0.88).

Conclusion. Treatment with celecoxib at approved
dosages conferred a similar or lower risk of CV, GI, and
renal adverse events compared with treatment with
ibuprofen or naproxen in patients with OA and patients
with RA.

Nonsteroidal antiinflammatory drugs (NSAIDs)
are effective for the treatment of joint pain in patients with
osteoarthritis (OA) and those with rheumatoid arthritis
(RA). In the US alone, health care workers write more
than 100 million NSAID prescriptions annually (1), and
~50% of patients with arthritis require daily treatment
with some type of analgesic (2,3). Many pharmacologic
and nonpharmacologic options exist. NSAIDs represent
the most widely used medications because of their estab-
lished analgesic benefit, but the relative safety across mem-
bers of this drug class is less certain. Selecting the most
appropriate analgesic can challenge treating clinicians
because of the variable effectiveness and safety of these
agents.

Previous studies underscored the risk of cardiovas-
cular (CV) events associated with selective cyclooxyge-
nase 2 (COX-2) inhibitors, leading to the withdrawal of
rofecoxib (4). However, controversy remained regarding
the CV-related safety of the selective COX-2 inhibitor,
celecoxib (5,6). In 2005, the US Food and Drug Adminis-
tration (FDA) strengthened the warning for adverse CV
events for all non-aspirin NSAIDs. Subsequent studies
further questioned the safety of nonselective NSAIDs (7—
9). In addition, the relative safety of nonselective NSAIDs
associated with the relative gastrointestinal (GI) and renal
safety of different NSAIDs remains poorly defined. These
issues are critical for patients with OA and patients with
RA, who already have a higher risk of adverse CV events
compared with the general population and often experi-
ence multiple comorbidities (10,11).

Based on these concerns, Pfizer initiated a CV safety
trial, the Prospective Randomized Evaluation of Celecoxib
Integrated Safety versus Ibuprofen Or Naproxen (PRECI-
SION) trial, in order to provide new, more definitive and
useful information for patients, providers, and regulators
about the safety of celecoxib and NSAIDs. The PRECI-
SION trial, a global safety study among patients with OA or
RA, enrolled >24,000 patients worldwide (12). The recently
published results demonstrated the noninferiority of moder-
ate doses of celecoxib compared with moderate doses
of ibuprofen and naproxen with respect to CV safety based
on an intent-to-treat (ITT) analysis. Furthermore, an
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on-treatment analysis including follow-up time while being
treated with the study drug demonstrated better safety of
celecoxib for GI end points compared with ibuprofen and
naproxen. For renal end points, celecoxib exhibited
increased safety only when compared with ibuprofen (13).
However, previously published studies did not uniformly
demonstrate an increased risk of adverse CV events in
patients with RA receiving selective COX-2 inhibitors (14).
Our group conducted analyses in the prespecified OA and
RA subgroups to further define the relative CV, GI, and
renal safety associated with celecoxib compared with
ibuprofen and naproxen in these common types of arthritis.

PATIENTS AND METHODS

Study design and study population. Briefly, the PRECI-
SION trial was a noninferiority trial designed to assess the risk of
CV events associated with celecoxib compared with the risk associ-
ated with commonly used NSAIDs (e.g., ibuprofen and naproxen).
The trial was conducted at 923 centers in the US, Canada,
Australia, Brazil, Colombia, Costa Rica, Mexico, Panama, Peru,
Philippines, Taiwan, Hong Kong, and Ukraine from October 2006
to April 2016. The Institutional Review Board/Independent Ethics
Committee at each study site approved the trial, and all patients
provided written informed consent before participating. The
trial could not be performed in Europe because of restrictions
placed on the prescribing of coxibs by the European Medicines
Agency.

Eligible patients included those who were at least 18
years of age and had clinically diagnosed OA or RA for a dura-
tion of at least 6 months (15-17) and who required long-term
daily therapy with an NSAID. Participants were required to have
established CV disease or CV risk factors. These risk factors
included a known history of a major adverse CV event, occlusive
disease of the coronary and non-coronary arteries, a clinical
diagnosis of diabetes, or evidence of CV risk based on concomi-
tant risk factors, including age >65 years in women and >55 years
in men, hypertension, dyslipidemia, left ventricular hypertrophy,
microalbuminuria, urine protein:creatinine ratio of >2, an
ankle-brachial index of <0.9, cigarette smoking, a waist-to-hip
ratio of >0.90, and a family history of premature CV disease.
Exclusion criteria included any of the following CV events within
3 months prior to enrollment: major adverse CV event, unstable
angina, electrophysiologic evidence of unstable cardiac rhythm,
or any major surgery; planned coronary, CV, or peripheral revas-
cularization; New York Heart Association class III or IV heart
failure (18) or known left ventricular dysfunction with an ejec-
tion fraction of <35%; active significant GI, hepatic, renovascu-
lar, or coagulation disorder; history of acute joint trauma;
allergy or hypersensitivity to celecoxib, ibuprofen, naproxen, or
aspirin; poor response to disease-modifying antirheumatic drug
or oral corticosteroid treatments; and requirement for treatment
with medications excluded during the course of the study.
Women were excluded if they were pregnant, might become
pregnant, or were lactating. Additional selection criteria are
shown in Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40400/abstract). Details of the RA cohort are available
in Supplementary Tables 2 and 3.
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Study protocol. Patients who met the entry criteria and
were willing to provide informed consent were randomized in a
double-blind manner to receive celecoxib 100 mg twice daily in
patients with OA and up to 200 mg twice daily in patients with
RA, ibuprofen 600-800 mg 3 times daily, or naproxen 375-500
mg twice daily with matching placebos (1:1:1 allocation). Dose
escalation was allowed at the discretion of the patient and
investigator if symptom relief was not adequate. The allocation
of patients is illustrated in a CONSORT diagram in Supple-
mentary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40400/
abstract. Randomization was stratified according to geographic
region, low-dose aspirin use (yes or no), and arthritis type (OA
or RA) and implemented using an interactive voice response
system. All patients were provided open-label esomeprazole at
a dosage of 2040 mg/day and were allowed to receive aspirin
(<325 mg/day, with 75-100 mg considered to be optimal for
protection against CV events and recommended for the preven-
tion of CV events) (see Supplementary Table 4). After random-
ization and the baseline visit, patients had scheduled visits at
months 1, 2, 4, 8, and 12 and every 6 months thereafter until
month 42. Study patients were required to complete at least 18
months of follow-up visits. Follow-up visits included clinical
assessments and laboratory testing as well as identification of
new adverse events or changes in CV, renal, and GI status, and
arthritis outcomes.

The primary end point of the parent study was the first
occurrence of a composite end point consisting of CV death, non-
fatal myocardial infarction, or nonfatal stroke, which is identical
to the primary composite end point of the Antiplatelet Trialists
Collaboration (APTC). Trial completion required collection of a
specific number of primary end points: 580 primary end points
for the ITT analysis and 420 end points for the on-treatment anal-
ysis (analysis of patients receiving the assigned treatments). Sam-
ple size calculations estimated that >20,000 patients would be
required to meet these goals. In order to reach the requisite num-
ber of end points, >24,000 patients were ultimately enrolled.

In the current analyses, findings in patients with OA and
patients with RA were reported separately. The primary out-
comes for these 2 subgroups were based on an ITT analysis, with
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the on-treatment analysis used as a sensitivity analysis. Analyzed
outcomes included major adverse CV events (APTC event plus
revascularization or hospitalization for transient ischemic attack
or unstable angina) plus clinically significant GI, renal, and all-
cause mortality events. Clinically significant GI events were
defined as gastroduodenal hemorrhage; gastric outlet obstruc-
tion; perforation of the gastroduodenum, small bowel, or large
bowel; hemorrhage of the large bowel, small bowel, or acute GI
hemorrhage of unknown origin; new-onset iron deficiency ane-
mia; or symptomatic gastric or duodenal ulcer. Clinically signifi-
cant renal events included development of renal insufficiency or
renal failure, defined based on development of any of the follow-
ing: serum creatinine level of >2.0 mg/dl and an increase of >0.7
mg/dl from baseline; hospitalization for acute renal failure with
a doubling of the baseline serum creatinine level or hyper-
kalemia with a >50% increase in the serum creatinine level; or
initiation of dialysis. A Clinical Events Committee adjudicated
all of the above end points in a blinded manner, using prespeci-
fied definitions.

The analgesic efficacy of the treatments was evaluated
at baseline and follow-up using the pain score on a visual analog
scale (VAS). For the assessment of function, patients completed
the Health Assessment Questionnaire disability index (HAQ
DI) (19) at baseline, at months 1, 12, 24, 36, and 42, and at the
time of premature study drug discontinuation, if applicable. All
patients who discontinued the study drug treatment were fol-
lowed up per protocol through month 42 or to study completion,
whichever occurred first.

Statistical analysis. The primary analyses in the
PRECISION trial assessed noninferiority for the frequency of
adverse CV events during treatment with celecoxib versus treat-
ment with naproxen and ibuprofen. The current analyses focused
on the OA and RA subgroups. Noninferiority hypotheses were
not tested, and no adjustments were made for multiple compar-
isons. Furthermore, no adjustment to the value of alpha was
made to account for multiple comparisons, because each com-
parison was assumed to be independent. For comparisons
between groups, P values less than 0.05 were considered signifi-
cant. The P value threshold of <0.10, based on nominal P
values, was considered significant for the interaction between

Table 2. Frequency of adjudicated clinical end points in the intent-to-treat population®

Osteoarthritis Rheumatoid arthritis
Total Celecoxib Ibuprofen Naproxen Total Celecoxib  Ibuprofen = Naproxen
(n=21,645) (n=725) (n=7208) (n=7178) (n=2436) (n=3813) (n = 832) (n=791)
MACE end point 949 (4.38) 294 (4.05) 343 (4.76) 312 (4.35) 118 (4.84) 43 (5.29) 41 (4.93) 34 (4.30)
APTC end point 525 (2.43) 162 (2.23) 190 (2.64) 173 (2.41) 82 (3.37) 26 (3.20) 28 (3.37) 28 (3.54)
Composite serious GI events 292 (1.35) 77 (1.06) 111 (1.54) 104 (1.45) 43 (1.77) 9 (1.11) 19 (2.28) 15 (1.90)
Major clinical GI events 160 (0.74) 50 (0.69) 63 (0.87) 47 (0.65) 23 (0.94) 5(0.62) 9 (1.08) 9 (1.14)
Anemia of GI origin 143 (0.66) 29 (0.40) 52 (0.72) 62 (0.86) 23 (0.94) 4 (0.49) 12 (1.44) 7 (0.88)
Renal events 192 (0.89) 48 (0.66) 82 (1.14) 62 (0.86) 28 (1.15) 9 (1.11) 10 (1.20) 9 (1.14)
All major safety events 1,507 (6.96) 449 (6.19) 558 (7.74) 500 (6.97) 204 (8.37) 62 (7.63) 71 (8.53) 71 (8.98)
All-cause mortality 374 (1.73) 117 (1.61) 124 (1.72) 133 (1.85) 63 (2.59) 15 (1.85) 18 (2.16) 30 (3.79)

* The major adverse cardiovascular (CV) event (MACE) end point is defined as the first occurrence of CV-related death, nonfatal myocardial
infarction (MI), nonfatal stroke, hospitalization for unstable angina, revascularization, or hospitalization for transient ischemic attack. The Anti-
platelet Trialists Collaboration (APTC) end point is defined as the first occurrence of CV-related death, nonfatal MI, or nonfatal stroke. All major
safety events include MACE, composite serious gastrointestinal (GI) and renal events, and all-cause mortality. Composite serious GI events
include gastroduodenal hemorrhage, gastric outlet obstruction, gastroduodenal small or large bowel perforation, small or large bowel hemorrhage,
acute GI hemorrhage, symptomatic gastric or duodenal ulcer or anemia (defined as a decrease in the hemoglobin concentration of >2 gm/dl or
hematocrit >10% with no clinical evidence of acute GI bleed and biochemical evidence of iron deficiency). All major safety events include MACE,
composite serious GI events, renal events, and all-cause mortality. Values are the number (%).
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Figure 1. Time-to-event analysis of primary and secondary outcomes in patients with osteoarthritis and patients with rheumatoid arthritis, showing
cumulative event rates across the 3 treatment arms. A and B, Major adverse cardiovascular events (MACEs). C and D, Gastrointestinal events. E
and E, Renal events. G and H, All-cause mortality. Hazard ratios (HRs) with 95% confidence intervals (95% Cls) and P values were calculated
using Cox proportional hazards regression models with adjustment for stratification factors.

type of arthritis (OA/RA) and treatment. Cumulative event
curves were constructed for each of the 3 treatment arms, in the
OA and RA subgroups separately. Hazard ratios (HRs) and cor-
responding 95% confidence intervals (95% ClIs) comparing
treatment groups for the 4 safety outcomes of interest were cal-
culated using Cox proportional hazards regression models, with
adjustment for stratification factors (geographic region and low-
dose aspirin use). An interaction between treatment group and
arthritis type was tested in the Cox models for each drug-to-drug
comparison by adding the interaction term to the model. Analy-
ses were censored after 30 months in the ITT population and
after 43 months in the on-treatment population. All analyses
were performed using SAS version 9.4.

RESULTS

Among the 24,081 patients enrolled in the PRECI-
SION trial, 89.9% (n = 21,645) had OA and 10.1% (n =
2,436) had RA. The mean age of the patients with OA was
64 years, and 63% were female (Table 1). Twenty-three
percent of those with OA had experienced a previous CV
event; 47% used daily aspirin, and 18% smoked cigarettes.
The 3 treatment arms were well balanced among patients
with OA. In contrast, patients with RA were slightly
younger than those with OA, with a mean age of 61 years,
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Figure 1. (cont'd)

and 73% were female (Table 1). Similar to patients with
OA, 24% of those with RA had a previous CV event, but
fewer used daily aspirin (37%), and slightly more smoked
cigarettes (21%). Allocation of the patients with RA to the
3 treatment arms was well balanced. Use of an increased
dosage of the 3 treatments was similar in the RA sub-
group, but for regulatory reasons, the protocol did not per-
mit celecoxib up-titration in the OA subgroup, resulting in
different proportions of patients using the maximum
allowable dosages (see Supplementary Table 5, available
on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40400/abstract). The mean
+ SD doses in the OA group were as follows: celecoxib
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100 + 3 mg, naproxen 426 + 52 mg, and ibuprofen
681 + 82 mg. In the RA group, the doses were celecoxib
141 £ 42 mg, naproxen 425 + 52 mg, and ibuprofen 681
+ 82 mg. Among patients with OA, the percentages in
whom NSAIDs were up-titrated were as follows: 0.3% of
those receiving celecoxib, 55.3% of those receiving
naproxen, and 55.3% of those receiving ibuprofen.
Among patients with RA, the percentages were 56%,
54.9%, and 56.5%, respectively.

The frequency of adjudicated clinical end points is
shown in Table 2. Among patients with OA, 4.4% met the
major adverse CV event end point compared with 4.8%
of those with RA (P = 0.30). The cumulative incidences
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for the 3 treatment arms in patients with OA and patients
with RA are shown in Figures 1A and B. There were sig-
nificantly fewer major adverse CV events in the OA sub-
group when comparing celecoxib to ibuprofen (HR 0.84,
95% CI 0.72-0.99), but not among the RA group (HR
1.06, 95% CI 0.69-1.63). The treatment-by-arthritis-type
(OA versus RA) interaction was not significant (P = 0.29).
In both the OA group and the RA group, the risk of a
major adverse CV event did not differ significantly
between those randomized to receive celecoxib and those
randomized to receive naproxen.

The frequency of adverse GI events was similar in
patients with OA and patients with RA (1.35% versus
1.77%; P = 0.096) (Table 2). The frequency of adverse GI
events in patients with OA was 1.06% in those randomized
to receive celecoxib, 1.54% in those randomized to receive
ibuprofen, and 1.45% in those randomized to receive
naproxen. A similar pattern was observed in patients with
RA, with 1.11% in those randomized to receive celecoxib,
2.28% in those randomized to receive ibuprofen, and
1.90% in those randomized to receive naproxen. The
cumulative event curves for adverse GI events are shown
in Figures 1C and D. The HRs comparing celecoxib with
ibuprofen (0.68, 95% CI 0.51-0.91) and comparing cele-
coxib with naproxen (0.73, 95% CI 0.55-0.98) demon-
strated a significantly reduced risk of an adverse GI
event in patients with OA randomized to receive celecoxib.
Patients with RA showed a similar pattern of GI risk,
with reduced risk comparing celecoxib with ibuprofen
(HR 0.48, 95% CI 0.22-1.07) and celecoxib with naproxen
(HR 0.54, 95% CI 0.24-1.24), but neither comparison
excluded null values. Treatment according to arthritis
type interactions did not differ significantly (P > 0.10 for
both).

The frequency of adverse renal events was 0.89%
in patients with OA and 1.15% in patients with RA (P =
0.20) (Table 2). The cumulative incidence for OA
showed fewer renal events in patients receiving celecoxib
(Figure 1E). The risk of renal adverse events in patients
with OA was lower in those randomized to celecoxib than
that in those randomized to ibuprofen (HR 0.58, 95% CI
0.40-0.82) and was numerically lower but not statistically
different between celecoxib and naproxen (HR 0.77,
95% CI 0.53-1.12). The cumulative event curve for RA
showed no differences across treatment arms (Figure 1F)
and the HRs demonstrated no differences in risk across
agents. The interaction between treatment group and
arthritis type did not reach statistical significance (HR
0.47, 95% CI 0.25-0.88) (Figure 1H). The interaction
between celecoxib versus naproxen and arthritis
type met the criteria for statistical significance (P for
interaction = 0.07).
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The primary analysis was an ITT analysis, but we
also performed on-treatment analyses (Figure 2). The
results of the on-treatment analysis qualitatively resem-
bled those of the ITT analysis, with most estimates show-
ing somewhat larger differences. An exploratory analysis
also assessed a composite end point of all major safety
events, including major adverse CV events, serious GI or
renal events, and all-cause mortality. The frequency of this
end point was higher in patients with RA than in patients
with OA (8.37% and 6.96%, respectively; P = 0.01)
(Table 2). In the OA subgroup, the HRs comparing cele-
coxib versus ibuprofen (0.80, 95% CI 0.70-0.90) and cele-
coxib versus naproxen (0.90, 95% CI 0.80-1.03) showed
fewer major safety events with celecoxib. The HRs for the
RA subgroup did not show any difference in the risk of
major safety events between treatment arms. The interac-
tions between treatment group and arthritis type for this
end point were not statistically significant (P > 0.10 for all
comparisons).

Finally, we examined functional status as mea-
sured by the HAQ DI and pain score on a VAS (see Sup-
plementary Figure 2). At baseline, patients with OA had
higher mean + SD pain scores on a VAS (54.3 + 23.6
mm versus 51.9 £ 24.9 mm in patients with RA; P <
0.001). The improvements in the pain score in patients
with OA were similar across treatment arms. Patients
with RA treated with ibuprofen had statistically signifi-
cantly greater improvement in pain compared with
patients with RA treated with celecoxib (P = 0.02), but
the modest difference had unclear clinical significance.
As observed for the pain score, patients with OA had
similar changes in HAQ DI scores across treatment
arms, but among patients with RA, it was slightly better
for those receiving ibuprofen compared with those treat-
ed with celecoxib (P = 0.02).

DISCUSSION

Arthritis is the most common cause of disability in
the US. In 2014, ~15 million arthritis patients requiring
treatment with analgesics reported severe joint pain (20).
In 2000, more than 100 million NSAID prescriptions were
written in the US (21). NSAIDs differentially affect COX
isoforms, potentially accounting for the benefits and vary-
ing toxicities across agents. The PRECISION trial demon-
strated similar CV safety for moderate doses of the
selective COX-2 inhibitor celecoxib and the nonselective
NSAIDs ibuprofen and naproxen (13). In a set of analyses
in prespecified subgroups according to type of arthritis
(OA and RA), we observed fewer major adverse CV
events in patients with OA treated with celecoxib com-
pared with those treated with ibuprofen. Patients with OA
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Figure 2. On-treatment sensitivity analysis showing the hazard ratios (HRs) with 95% confidence intervals (95% Cls) for the 4 adjudicated out-

comes across the osteoarthritis and rheumatoid arthritis subgroups. MACE = major adverse cardiovascular event.

treated with celecoxib also experienced less GI toxicity
than those treated with ibuprofen or naproxen; this was
not observed in RA, but the statistical power in that sub-
group was limited. Adjudicated renal adverse events were
less common in celecoxib-treated compared with ibupro-
fen-treated patients with OA but not patients with RA.
These subgroup analyses add important and clini-
cally relevant information to our understanding of the
safety of selective and nonselective NSAIDs in patients
with OA and patients with RA. The findings regarding
CV safety in both OA and RA provide reassurance to
those being treated with celecoxib and those considering
celecoxib treatment. Because RA is associated with a
1.5-2.0 times greater risk of CV events, presumed in part
to the chronic systemic inflammatory nature of RA
(which may promote plaque instability and major adverse
CV events), the safety of different NSAIDs in patients
with RA might differ from that in patients with OA (22).
The results presented herein suggest a slightly lower CV

risk for celecoxib users with OA compared with ibupro-
fen users with OA; however, a similar CV risk was
observed when comparing the different NSAIDs in RA
patients. As expected, the frequency of adverse events
was higher in patients with RA than in patients with
OA. These findings support the efforts underway to
refine risk stratification and CV management strategies
in RA.

Patients treated with celecoxib also had a reduced
risk for other end points. Among patients with OA, the risk
of GI adverse events was significantly lower in those treat-
ed with celecoxib than in those receiving either ibuprofen
or naproxen. This finding is not surprising based on the
results of prior meta-analyses (23), but most individual
studies have not clearly demonstrated improved GI safety
of celecoxib (24). Similar to the frequency of CV events
observed in patients with RA, the frequency of GI events
in patients with RA in the current study was higher than
that in patients with OA (25).
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The reduced all-cause mortality among patients
with RA treated with celecoxib compared with naproxen
was not anticipated. The number of deaths was relatively
small in each group: 15 in the celecoxib group (1.85%)
and 30 in the naproxen group (3.79%), thus precluding
strong conclusions. This reduction resulted from a
combination of reduced mortality across various causes
(i.e., infection, cancer, respiratory) (see Supplementary
Table 6). Further examination of these deaths is under-
way, but this finding may have resulted from chance.
Future studies of cause-specific mortality that includes
more events will be helpful; such studies will likely
require the use of observational data sets.

The PRECISION trial was conducted as a random-
ized, double-blind, active drug—controlled trial. Random-
ization was stratified based on the underlying arthritis
diagnosis (OA or RA) and whether patients were receiving
aspirin as prophylaxis against CV events. The trial was
powered based on the total number of events across all
patients and not on the size of each subgroup; therefore,
the statistical power for some subgroup analyses does not
permit drawing firm conclusions. The ITT population was
chosen for the primary analysis, but the on-treatment pop-
ulation showed directionally similar results (see Figure 2),
some of which were statistically significant, while others
were not. The withdrawal rate during the PRECISION
trial was higher than expected but was similar across treat-
ment arms among all patients and also in the OA and RA
subgroups (see Supplementary Figure 3). Dosing of the 3
treatments was slightly different in the OA and RA sub-
groups based on limitations imposed by drug regulators
for using celecoxib 100 mg twice daily in the OA subgroup;
this issue may have influenced the results. Prior studies
have demonstrated an increased risk of adverse effects
with celecoxib as well as nonselective NSAIDs at higher
dosages (9,26,27).

In conclusion, these subgroup analyses of the PRE-
CISION trial, based on the underlying arthritis diagnosis,
yield results that are similar but not identical to those of
the overall trial. The OA subgroup randomized to receive
celecoxib treatment experienced fewer CV events com-
pared with the subgroup randomized to ibuprofen, but not
the subgroup randomized to naproxen. The OA subgroup
receiving celecoxib experienced fewer clinically significant
adverse GI events than the subgroups receiving ibuprofen
or naproxen, with similar trends observed in patients with
RA. Renal events were less common in the OA subgroup
receiving treatment with celecoxib compared with the sub-
group randomized to ibuprofen but not in the subgroup
randomized to naproxen, and in RA patients, there were
no differences between patients receiving the 3 drugs.
These findings give providers, patients, and regulators a
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greater understanding of the relative safety of different
NSAIDs (COX-2-selective and nonselective). Current
safety information from the FDA regarding NSAIDs
focuses on the risk of CV events and does not differentiate
between agents. The results of the PRECISION trial and
these subgroup analyses confirm that celecoxib does not
increase the risk of CV events. However, celecoxib con-
ferred slight reductions in the risk for several outcomes
compared with other commonly used NSAIDs. Regulators
and professional organizations might consider whether
these data regarding differential safety across NSAIDs
warrant new recommendations for the optimal use of the
agents studied in the PRECISION trial.
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Objective. Total knee arthroplasty (TKA) and total
hip arthroplasty (THA) are common and effective surgi-
cal procedures. This study sought to compare utilization
and short-term outcomes of primary TKA and THA in
adjacent regions of Canada and the United States.

Methods. The study was designed as a retrospec-
tive cohort study of patients who underwent primary TKA
or THA, comparing administrative data from New York
and Ontario in 2012-2013. Demographic features of
the TKA and THA patients, per capita utilization rates,
and short-term outcomes were compared between the
jurisdictions.
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Results. A higher percentage of New York hospi-
tals performed TKA compared to Ontario hospitals
(75.7% versus 42.1%; P < 0.001), and the mean annual
procedural volume for TKAs was lower in New York
hospitals (mean 179 versus 327 in Ontario hospitals; P
< 0.001). After direct standardization, utilization was
significantly lower in New York compared to Ontario,
both for TKA (16.1 TKAs versus 21.4 TKAs per 10,000
population per year; P < 0.001) and for THA (10.5
THAs versus 11.5 THAs per 10,000 population per
year; P < 0.001). For those who underwent TKA, the
length of stay in Ontario hospitals was significantly
longer (mean 3.7 days versus 3.4 days in New York
hospitals; P < 0.001). A smaller percentage of New
York patients were discharged directly home (46.2%
versus 90.9% of Ontario patients; P < 0.001), but 30-
day and 90-day readmission rates were higher in New
York compared to Ontario (30-day rates, 4.6% versus
3.9% [P < 0.001]; 90-day rates, 8.4% versus 6.7% [P <
0.001]). For the THA cohorts, the results with regard
to length of stay, discharge disposition, and readmis-
sion rates were similar to those for TKA.

Conclusion. Ontario has higher utilization of total
joint arthroplasty than New York but has a smaller per-
centage of hospitals performing these procedures. Pa-
tients are more likely to be discharged home and less
likely to be readmitted in Ontario. Our results suggest
areas where each jurisdiction could improve.

Primary total knee arthroplasty (TKA) and total
hip arthroplasty (THA) are safe and effective treatments
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for patients with advanced arthritis (1,2). With an aging
population, demand for total joint arthroplasty (TJA
[which includes both TKA and THA]) is increasing (3,4).

Unlike emergency procedures such as hip fracture
repair or percutaneous coronary intervention for ST-seg-
ment elevation myocardial infarction, primary TKA and
THA are prototypical “preference sensitive” procedures.
Patients and providers have considerable discretion over
when and whether to proceed with surgery (5). Payors,
both public and private, have considerable interest in re-
straining the utilization of TJA, given that each surgery
costs between $10,000 and $20,000 (6,7). Most publicly
funded health care systems (e.g., Canada, England) use
some sort of rationing to limit surgical volumes (8), often
resulting in wait times of 2-12 months (9). At the same
time, government payors face relentless political pressure
from patients and physicians to minimize wait times (10).
In comparison, the US uses a relatively laissez faire ap-
proach to controlling volumes for most procedures,
including TJA. There is a general belief that rates of uti-
lization of most procedures, including TJA, are far higher
in the US than in other Organization for Economic Coop-
eration and Development (OECD) countries (11,12), but
empirical data are extremely limited (13-15).

We used administrative data on primary TKA and
THA patients from New York and Ontario to compare
the rates of utilization, hospital procedural volumes, and
short-term outcomes (length of stay [LOS], readmission
rates, and discharge disposition). We hypothesized that 1)
utilization of TJA would be higher in New York compared
to Ontario; 2) hospital volumes would be lower in New
York; and 3) a greater percentage of Ontario residents
would be discharged home after surgery.

PATIENTS AND METHODS

Patient data. New York. We used data from the New
York State Inpatient Database (SID) obtained as part of the
Agency for Healthcare Research and Quality (AHRQ)
Healthcare Cost and Utilization Project (16). The SID has
been used extensively in prior research (17). Briefly, the SID
contains administrative data for all patients in New York
admitted to acute care hospitals, excluding small numbers of
hospitals operated by the Veterans Administration Health
System and certain specialty hospitals such as psychiatric hos-
pitals. Data elements provided by the AHRQ for each admis-
sion include patient demographics (age [in years], sex),
primary and secondary diagnoses and procedures (coded
using International Classification of Diseases, Ninth Revision,
Clinical Modification [ICD-9-CM] codes), discharge disposi-
tion (e.g., died in hospital, discharged home, post—acute care),
a unique patient identifier (used to track patient readmissions
over time), and a unique hospital identifier. Comorbid condi-
tions in the SID are captured using algorithms developed by
Elixhauser et al (18).
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Ontario. We used Ontario Discharge Abstract Data
(DAD) obtained through the Institute for Clinical Evaluative
Sciences (ICES). These records provide information on all hos-
pitalizations paid for by the Ontario provincial health insurance
plan, which pays for virtually all hospital care provided within
the province and provides insurance to all legal residents of
Ontario (virtually 100% of the population) (19,20). Similar to
the SID files, the Ontario DAD provide information regarding
patient demographics, primary and secondary diagnoses coded
using ICD-10 codes for each hospitalization, discharge disposi-
tion, and patient and hospital identifiers. Comorbid conditions
were identified using the Quan ICD-10 adaptation of the Elix-
hauser comorbidity coding scheme (21).

Cohort generation. We identified adults ages >18
years who underwent primary TKA or THA between January
1, 2012 and September 30, 2013, identified based on ICD-9-
CM codes 81.54 and 81.51 for the New York SID and Cana-
dian Classification of Intervention codes VG53 and VAS3 for
the Ontario DAD. Data from September 30 to December 31,
2013 were used for ascertainment of 90-day readmission rates
only (22). We excluded patients who were assigned codes sug-
gestive of trauma or hip fracture, patients whose procedures
were performed on an emergent basis (since primary TKA
and THA are typically not urgent), patients with a prior TKA
or THA within 90 days of the index procedure (because of
concern that the second admission could represent a readmis-
sion), and patients who underwent >2 TKA or THA proce-
dures during the same hospitalization. Inclusion and exclusion
criteria were applied to the New York SID and Ontario data
using similar methods.

Outcomes. Our study included 4 complementary out-
comes: 1) per capita utilization of TKA and THA; 2) hospital
LOS; 3) discharge disposition (home versus other); and 4)
all-cause hospital readmission occurring within 30 days and
90 days of discharge. After all primary TKA and THA proce-
dures performed in New York and Ontario during the study
period were identified, we calculated the annual utilization
rates (per 10,000 population). Estimates from the New York
population were obtained from US Census data (available at
https://www.health.ny.gov/statistics/vital_statistics/2010/table01.
htm). Estimates from the Ontario population were obtained
from analogous Canadian census data. We linked the New
York data to the American Hospital Association annual sur-
vey to ascertain information regarding hospital teaching status
and bed size. We linked the Ontario DAD to the Ontario
Health Insurance Plan Registered Persons Database for mor-
tality information, and to information from the Ontario Min-
istry of Health and Long-Term Care.

Statistical analysis. All data analyses were conducted
separately for the TKA and THA cohorts using similar meth-
ods and approaches. First, we compared patient demograph-
ics and key comorbid conditions captured during the
inpatient hospitalization for patients who underwent TKA in
New York and Ontario. We compared continuous measures
using the #-test and categorical measures using the chi-square
statistic.

Second, using similar bivariate methods, we compared
the percentage of hospitals in New York and Ontario performing
TKA, the mean and median annual procedural volumes at these
hospitals, and the percentage of hospitals performing TKA that
were categorized as major teaching hospitals (23). Similar ana-
lyses were performed for the THA cohorts.
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Third, we calculated annualized primary TKA utilization
rates (number of procedures per 10,000 population per year) for
New York and Ontario. The numerator for these calculations
was the annualized number of TKA procedures performed
between January 1, 2012 and September 30, 2013, while the
denominator was the population of adults ages >18 years. We
calculated utilization for the entire adult population (ages >18
years), by age-specific population stratum (e.g., age <50 years,
50-59 years, etc.), and by patient sex (men and women), using
analogous numerators and denominators. Similar analyses were
performed for the THA cohorts.

We calculated standardized TKA and THA utilization
rates for New York using direct standardization, with the Ontario
population used as the reference; this allows us to compare uti-
lization in New York and Ontario based on the assumption of
similar population demographics in terms of age and sex (24).
We compared utilization of TKA and THA in New York and
Ontario using Poisson regression.

Fourth, we compared unadjusted outcomes in the
TKA and THA cohorts in New York and Ontario. In particu-
lar, we compared the mean hospital LOS, discharge disposi-
tion, and hospital readmission rates within 30 days and 90
days of surgery.

Fifth, we examined adjusted outcomes for each study
end point, using generalized linear models. We used 3 statisti-
cal models for each end point: model 1, adjusted only for
patient demographics; model 2, adjusted for demographics plus
hospital procedural volume; and model 3, adjusted for all
model 2 factors plus comorbid conditions. Comorbid condi-
tions were included in our models based on clinical plausibility
and having a reasonable prevalence in both our New York and
Ontario populations; of note, because in-hospital mortality was
extremely rare, statistical concerns allowed us to include only 2
comorbid conditions related to mortality in model 3.

This analysis was approved by the Research Ethics
Board at ICES. All analyses were performed using either SAS
or R statistical software packages.
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RESULTS

We identified 40,118 primary TKAs performed in
Ontario and 40,831 TKAs performed in New York between
January 1, 2012 and September 30, 2013 (Table 1). For
THA, our cohorts consisted of 21,513 THAs performed in
Ontario and 26,605 in New York (Table 1).

Focusing on TKA, a smaller percentage of pro-
cedures in Ontario were performed on patients ages
<50 years when compared to those in New York (2.6%
versus 5.0%; P < 0.001) (Table 1). A smaller percent-
age of TKAs in Ontario than in New York were per-
formed on women (62.7% versus 65.4%; P < 0.001).
The prevalence of all comorbid conditions was signifi-
cantly lower in Ontario when compared to New York.
Findings for THA followed a similar pattern (Table 1).

Continuing to focus on TKA (Table 2), a signifi-
cantly smaller percentage of Ontario hospitals performed
TKA when compared to New York hospitals (42.1% ver-
sus 75.7%; P < 0.001). Alternatively, the mean annual
procedural volume for TKAs in Ontario hospitals was sig-
nificantly higher than that in New York hospitals (mean
327 versus 179; P < 0.001). Results focusing on THA were
similar (Table 2), with a lower percentage of Ontario hos-
pitals performing the procedure and a higher mean proce-
dural volume for THAs in Ontario.

In analyses using direct standardization, utiliza-
tion of TKA per 10,000 adults in Ontario was signifi-
cantly higher (21.4 per 10,000 population per year) as
compared to New York (16.1 per 10,000 population per
year) (P < 0.001) (Table 3). In stratified analyses,

Table 1. Characteristics of the patients who underwent primary TKA or THA in Ontario and New York in 2012-2013*

TKA THA
Ontario New York Ontario New York
(n = 40,118) (n = 40,831) P (n=21,513) (n = 26,605) P
Demographic feature

Age

<50 years 1,058 (2.6) 2,032 (5.0) <0.001 1,485 (6.9) 2,376 (8.9) <0.001

50-59 years 7,348 (18.3) 8,493 (20.8) 4,094 (19.0) 6,071 (22.8)

60-69 years 14,759 (36.8) 14,413 (35.3) 6,747 (31.4) 8,493 (31.5)

70-79 years 12,418 (31.0) 11,723 (28.7) 6,135 (28.5) 6,491 (24.4)

80-89 years 4,402 (11.0) 4,057 (9.9) 2,868 (13.3) 3,087 (11.6)

>90 years 133 (0.3) 113 (0.3) 184 (0.9) 192 (0.7)
Female 25,154 (62.7) 26,684 (65.4) <0.001 11,966 (55.6) 14,493 (56.6) 0.004

Comorbid condition

Congestive heart failure 320 (0.8) 1,416 (3.5) <0.001 155 (0.7) 1,114 (4.2) <0.001
Coronary artery disease 568 (1.4) 2,128 (5.2) <0.001 322 (1.5) 1,647 (6.2) <0.001
Hypertension with complications 31 (0.1) 2,112 (5.2) <0.001 14 (0.1) 1,432 (5.4) <0.001
Diabetes 6,966 (17.4) 8,790 (21.5) <0.001 2,538 (11.8) 4,106 (15.4) <0.001
COPD 1,738 (4.3) 6,611 (162)  <0.001 889 (4.1) 3,939 (14.8)  <0.001
Renal failure 279 (0.7) 2,251 (5.5) <0.001 181 (0.8) 1,572 (5.9) <0.001

* Values are the number (%) of patients. TKA = total knee arthroplasty; THA = total hip arthroplasty; COPD = chronic obstruc-

tive pulmonary disease.
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Table 2. Hospital characteristics*
TKA THA
Ontario New York Ontario New York
(n=164) (n=202) P (n=164) (n=202) P
Hospitals performing procedure, no. (%) 69 (42.1) 153 (75.7)  <0.001 68 (41.5) 155 (76.7)  <0.001
Annual procedural volume
Mean + SD 327 £ 222 179 £ 324 <0.001 181 + 146 120 + 299 0.011

Median (IQR)
Hospital volume (for those performing >1
procedure), no. (%)

<25 procedures 1(15)
25-49 procedures 2 (2.9)
50-99 procedures 8 (11.6)
100-199 procedures 9 (13.0)
200-299 procedures 16 (23.2)
300-399 procedures 12 (17.4)
>400 procedures 21 (30.4)
Bed number, mean + SD 214 + 143
Major teaching hospital, no. (%) 13 (18.8)

291 (189-428) 93 (30-208)  NA

153 (82-223) 50 (16-127)  NA

34(222)  <0.001F 4 (5.9) 30 (19.4)  <0.001%
14 (9.2) 4(5.9) 14 (9.0)

14 (9.2) 15 (22.1) 19 (12.3)

17 (11.1) 23 (33.8) 12 (7.7)

19 (12.4) 12(17.7) 27 (17.4)

30 (19.6) 4(5.9) 13 (8.4)

25 (16.3) 6 (8.8) 40 (25.8)

92+£52 <0001  216+143  91+52  <0.001
25(167) 0791 13 (19.1)  25(164)  0.724

* TKA = total knee arthroplasty; THA = total hip arthroplasty; IQR = interquartile range; NA = not applicable.

T P for trend.

utilization of TKA in Ontario was significantly higher for
all age strata when compared to New York, with the
exception of patients ages <50 years (Table 3). Utiliza-
tion of TKA both by women and by men was significantly
higher in Ontario compared to New York. Results focus-
ing on THA also showed higher utilization in Ontario
when compared to New York, both in aggregate and for
most age strata (Table 3).

In unadjusted analyses focusing on outcomes
(Table 4), hospital LOS for TKA was significantly longer
in Ontario than in New York (mean 3.7 days versus 3.4
days; P < 0.001), while the frequency of in-hospital mor-
tality among those who underwent TKA was significantly

higher in Ontario than in New York, although in terms of
clinical significance, this difference was small (frequency
of in-hospital mortality 0.07% in Ontario versus 0.03% in
New York; P = 0.035).

A significantly higher percentage of Ontario
TKA patients as compared to New York TKA patients
were discharged home after surgery (90.9% versus 46.2%;
P < 0.001). In addition, a lower percentage of Ontario
TKA patients compared to New York TKA patients were
transferred to another acute-care hospital (0.7% versus
2.8%; P < 0.001). Hospital readmission within 30 days of
TKA was lower in Ontario than in New York (3.9% versus
4.6%; P < 0.001); similarly, readmission within 90 days

Table 3. Per capita numbers and utilization of TKA and THA in Ontario and New York
Per capita number* Utilization ratet
Ontario New York TKA THA

TKA THA Population TKA THA Population ~ Ontario New York P  Ontario New York P
Total 40,118 21,513 10,694,170 40,831 26,605 15,053,173 21.44 16.14  <0.001 11.5 10.51  <0.001
Age <50 1,058 (2.6) 1,485 (6.9) 5,987,033 (56.0) 2,032 (5.0) 2,376 (8.9) 8,711,634 (57.9) 1.01 133  <0.001 142 1.60 0.5
Agyeegr()s—SO 7,348 (18.3) 4,094 (19.0) 1,958,582 (18.3) 8,493 (20.8) 6,071 (22.8) 2,657,336 (17.7) 21.44 1826  <0.001 11.94 13.06 0.864
Ag}:se%s—@ 14,759 (36.8) 6,747 (31.4) 1,392,999 (13.0) 14,413 (35.3) 8,378 (31.5) 1,839,471 (12.2) 60.54 4477  <0.001 27.68 26.03  <0.001
Agyce%s—w 12,418 (31.0) 6,135 (28.5) 818,017 (7.6) 11,723 (28.7) 6,491 (24.4) 1,062,198 (7.1)  86.75 63.07 <0.001 42.86 3492 <0.001
Agyee;rSSO 4,535 (11.3) 3,052 (142) 537,539 (5.0) 4,170 (10.2) 3,289 (12.4) 782,534 (5.2) 4821 30.45  <0.001 32.44 24.02  <0.001
Mgﬁars 14,964 (37.3) 9,547 (44.4) 5,193,017 (48.6) 14,147 (34.6) 11,612 (43.6) 7,165,866 (47.6) 16.47 1128  <0.001 10.51 9.26  <0.001
Women 25,154 (62.7) 11,966 (55.6) 5,501,153 (51.4) 26,684 (65.4) 14,993 (56.4) 7,887,307 (52.4) 26.13 19.33  <0.001 1243 10.86  <0.001

* Values are the number (%) of total knee arthroplasty (TKA) or total hip arthroplasty (THA) procedures per 10,000 population per year.
+ Values are the total utilization rate, directly standardized to match the age and sex of the New York populations to the Ontario populations.
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Table 4. Unadjusted outcomes in patients who underwent primary TKA or THA in Ontario and New York*

TKA THA
Ontario New York Ontario New York
(n=40,118) (n = 40,831) P (n=21,513)  (n = 26,605) P

Length of stay, mean £+ SD days 372 £21 343 £1.8  <0.001 391 £ 25 346 +£24  <0.001
Discharge disposition, no. (%)

Died in hospital 27 (0.07) 13 (0.03) 0.035 18 (0.1) 16 (0.06) 0.428

Discharged home 36,479 (90.9) 18,865 (46.2) <0.001 19,054 (88.6) 14,078 (52.9) <0.001

Transfer to another acute-care hospital 280 (0.7) 1,129 (2.8)  <0.001 272 (1.3) 569 (2.1) <0.001

Post-acute care 3,312 (8.3) 20,810 (51.0) <0.001 2,161 (10.1) 11,934 (44.9) <0.001

Other 20 (0.05) 14 (0.03) 0.363 8 (0.04) 8 (0.03) 0.862
Readmission, no. (%)

30-day hospital readmission 1,569 (3.9) 1,862 (4.6)  <0.001 1,017 (4.7) 1,134 (4.3) 0.015

90-day hospital readmission 2,666 (6.7) 3,403 (84) <0.001 1,603 (7.5) 2,197 (8.3) 0.001
* TKA = total knee arthroplasty; THA = total hip arthroplasty.

was lower in Ontario as compared to New York (6.7% DISCUSSION

versus 8.4%; P < 0.001). Analyses focusing on patients
who underwent THA revealed that the differences
between Ontario and New York were similar to those for
TKA for most of the outcomes in unadjusted analyses
(Table 4).

In adjusted analyses (adjusted for age, sex, hospital
procedural volume, and comorbid conditions) focusing on
outcomes in patients who underwent TKA (Table 5), the
frequency of in-hospital mortality in TKA patients was
similar between Ontario and New York in all 3 statistical
models. The mean hospital LOS for TKA was significantly
longer in Ontario than in New York in all 3 models,
whereas both 30-day and 90-day readmission rates in
TKA patients from Ontario were significantly lower than
those from New York. Adjusted analyses focusing on
THA patients demonstrated results similar to those for
TKA (Table 6) (the full regression models with coeffi-
cients are shown in Supplementary Tables 1-4, available
on the Arthritis & Rheumatology web site at http://onlinelib
rary.wiley.com/doi/10.1002/art.40407/abstract).

In this analysis of population-based administra-
tive data, we found that rates of utilization of both
TKA and THA were higher in Ontario, Canada as
compared to the state of New York. We also found that
a smaller percentage of Ontario hospitals performed
TJA, and Ontario hospitals had higher surgical volumes
compared to New York hospitals. Furthermore, Ontario
hospitals appeared to have longer hospital LOS but lower
rates of hospital readmissions, and a significantly higher
percentage of Ontario residents were discharged home
after surgery.

Several of our results warrant elaboration. It is
important to consider our TKA and THA utilization
data in the context of prior studies of joint arthroplasty
utilization. In a prior analysis of US Medicare data
(from adults ages >65 years), we found primary TKA
and THA utilization rates of ~60 procedures and ~25
procedures per 10,000 population per year, respectively,
in 2008-2010 (25-27). In the current study, we

Table 5. Adjusted outcomes in patients who underwent total knee arthroplasty in New York and Ontario*

Model 1+

Model 2% Model 3§

New York Ontario

New York

Ontario New York Ontario

In-hospital
mortality
Hospital LOS

readmission
90-day hospital 8.161 (7.73-8.613)
readmission

0.019 (0.008-0.046) 0.035 (0.018-0.066) 0.028 (0.012-0.067) 0.033 (0.016-0.065) 0.025 (0.010-0.062) 0.027 (0.013-0.055)

3454 (3.432-3.476) 3.856 (3.827-3.885) 3.474 (3.451-3.498) 3.815 (3.783-3.847) 3.463 (3.434-3.491) 3.690 (3.656-3.723)
30-day hospital 4.136 (3.903-4.383) 3.353 (3.136-3.584) 4.498 (4.23-4.781)

3.498 (3.256-3.757) 4411 (4.097-4.749) 3.210 (2.971-3.468)

5.989 (5.702-6.290) 8.359 (8.000-8.732) 6.100 (5.783-6.433) 8.950 (8.380-9.556) 5.727 (5.408-6.065)

* Values are the adjusted proportion experiencing mortality (95% confidence interval), adjusted hospital length of stay (LOS) in days (95% con-
fidence interval), and adjusted percentage experiencing readmission at 30 days and 90 days after initial discharge (95% confidence interval).

+ Adjusted for patient age and sex.
1 Adjusted for model 1 factors plus hospital procedural volume.
§ Adjusted for model 2 factors plus comorbid conditions.
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Table 6. Adjusted outcomes in patients who underwent total hip arthroplasty in New York and Ontario*

Model 11

Model 2} Model 3§

New York Ontario

New York

Ontario New York Ontario

In-hospital
mortality
Hospital LOS

0.019 (0.007-0.055) 0.041 (0.018-0.097) 0.025 (0.008-0.074) 0.045 (0.019-0.110) 0.023 (0.007-0.070) 0.040 (0.017-0.097)

3486 (3.447-3.525) 4.161 (4.100-4.221) 3.579 (3.538-3.621) 4.139 (4.072-4.206) 3.565 (3.516-3.613) 4.013 (3.944-4.081)

30-day hospital 4.065 (3.757-4.397) 4.133 (3.784-4.511) 4.472 (4.119-4.854) 4.243 (3.857-4.667) 4.549 (4.137-5.000) 4.006 (3.625-4.424)

readmission
90-day hospital 8.161 (7.73-8.613)
readmission

6.932 (6.486-7.407) 8.866 (8.377-9.381) 7.064 (6.567-7.595) 8.948 (8.377-9.553) 6.688 (6.196-7.215)

* Values are the adjusted proportion experiencing mortality (95% confidence interval), adjusted hospital length of stay (LOS) in days (95% con-
fidence interval), and adjusted percentage experiencing readmission at 30 days and 90 days after initial discharge (95% confidence interval).

+ Adjusted for patient age and sex.
1 Adjusted for model 1 factors plus hospital procedural volume.
§ Adjusted for model 2 factors plus comorbid conditions.

observed utilization rates in our older populations that
were roughly similar to those previously reported.

There are very few studies that have directly com-
pared TKA and THA utilization and outcomes between
different countries. Pabinger and colleagues used pooled
data obtained from the OECD to examine TJA utilization
in ~20 countries. They found that in 2011, TKA utilization
ranged between 2 per 10,000 population (in Poland) and
23 per 10,000 population (in the US) (13), and THA uti-
lization ranged between 8 per 10,000 population (in
Poland) and 29 per 10,000 population (in Germany). We
are aware of only one study that directly compared TKA
and THA utilization in the US and Canada. In that study,
Ravi et al used 2001-2007 data from the US Nationwide
Inpatient Sample and the province of Ontario; the team
found that in 2001, rates of utilization of TKA and THA
were ~30% and ~10% higher, respectively, in the US
when compared to Ontario, but differences had declined
by 2007 (15).

Historically, most single-payor health care systems
have done relatively well with cost control but have fared
poorly with access. The phenomenon of wait lists for elec-
tive surgical procedures, including TKA and THA, in
Ontario has been well described, as well as the negative
impact of wait times on patients’ physical function (28,29).
In the early part of the 21st century, the Canadian govern-
ment (including Ontario) faced considerable public pres-
sure to improve health care access and reduce wait times,
and specifically to improve access to TJA (30,31). The
government responded with an array of new initiatives
and policies. We suspect that these efforts might explain
our finding that utilization of TJA in Ontario has now
surpassed utilization in New York.

While differences in health care system structures
and financing might explain the differences in TJA utiliza-
tion observed in the present study, there are other potential

explanations. It is possible that differences in the preva-
lence of advanced osteoarthritis or obesity could underlie
the differences in TJA utilization, but we are unaware of
any convincing data supporting this hypothesis (32-34).
Another possible explanation for the higher utilization of
TJA in Ontario might be that there is a lower threshold for
surgery than for medical management in Ontario as com-
pared to New York. Although appropriateness criteria for
TJA have been developed (35-37), widespread implemen-
tation has been limited by the need for detailed clinical,
radiographic, and patient-reported symptom scores. Our
reliance on administrative data precluded us from investi-
gating appropriateness in this study, but this is certainly an
area for further investigation.

We observed that a substantially smaller percent-
age of Ontario hospitals offered TJA, and those that
offered TJA had significantly higher procedural volumes
compared to New York hospitals; this likely reflects differ-
ences in the regulatory environment. Ontario—like many
single-payor systems with substantial government involve-
ment—relies on centralized planning to determine which
hospitals should offer which services (38,39). In the US,
hospitals are encouraged to be entrepreneurial, with the
idea that competition breeds lower price and higher qual-
ity; hospitals are typically able to offer most clinical ser-
vices with minimal regulatory barriers. Moreover, in the
US, TJA is typically thought to be profitable for hospitals
(7). Thus, it is not surprising that the percentage of hospi-
tals performing TJA in New York is far higher but the pro-
cedural volumes are substantially lower when compared
to Ontario.

It is important to address the differences in out-
comes that we observed. Patients in Ontario were much
more likely to be discharged home and much less likely to
be discharged to post—acute care (e.g., inpatient rehabilita-
tion) when compared to patients in New York. Post-acute



UTILIZATION AND OUTCOMES OF THA AND TKA

care is expensive, and supply in Ontario is extremely lim-
ited, making discharge home the preferred option (40). In
contrast, post-acute care in the US is typically available
and covered by insurance, making it easy for hospitals to
discharge patients to rehabilitation. It is noteworthy that
even with ~90% of Ontario patients discharged home
after TJA, hospital readmission rates were actually lower
than in New York. The combination of lower utilization of
post-acute care in Ontario and lower readmission rates
suggests that there are still significant efficiencies to be
gained in the US (41,42).

A number of other findings warrant brief mention.
We would be remiss if we did not speak to the differences
in comorbidity that we observed. One possible explana-
tion would be that TKA and THA recipients in New York
truly have prevalence rates of heart failure, hypertension,
and diabetes that are markedly higher than in Ontario;
this seems implausible. Rather, we suspect that the well-
recognized pressure to “up-code” for purposes of reim-
bursement and risk adjustment is the major driver of the
differences observed (43,44). If differences in comorbidity
reflect cross-border differences in coding practices rather
than true differences in the prevalence of comorbid condi-
tions, adjustment for such comorbidities could introduce
major bias into risk-adjustment models.

It is important to point out limitations in our study.
Our analysis was limited to patients in Ontario, Canada
and the state of New York; generalizing our findings to the
entire country of Canada and the entire US should be
done with caution, particularly given the marked differ-
ences in health care delivery across Canada’s different pro-
vinces.

Furthermore, our study relied on hospital admini-
strative data and lacked reliable information on comor-
bidities, and we were unable to assess data on patient-
reported outcomes and long-term follow-up. In addition,
we were unable to exclude unicompartmental proce-
dures from our TKA cohort because the granularity of
ICD-9 coding is limited, and unicompartmental
procedures represent ~10% of knee arthroplasty proce-
dures (45,46). We included unicompartmental proce-
dures in both our New York cohorts and our Ontario
cohorts to avoid biasing our results.

Finally, we are unable to comment on the indica-
tions for each procedure or their clinical appropriateness
(36,47,48). Thus, although utilization in Ontario was
greater than that in New York, we are unable to say
whether higher TJA utilization represents underuse in
New York or overuse in Ontario.

In summary, we found higher utilization of TJA
in Ontario than in New York, but evidence of greater
efficiency (e.g., higher hospital volumes and lower read-
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mission rates) in Ontario. Taken together, our results hint
at opportunities for further improvement in each locale.
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Effects of HLA-B27 on Gut Microbiota in Experimental
Spondyloarthritis Implicate an Ecological Model of Dysbiosis

Tejpal Gill," Mark Asquith,? Stephen R. Brooks,' James T. Rosenbaum,” and Robert A. Colbert'

Objective. To investigate whether HLA-B27-medi-
ated experimental spondyloarthritis (SpA) is associated
with a common gut microbial signature, in order to iden-
tify potential drivers of pathogenesis.

Methods. The effects of HLA-B27 on 3 genetic
backgrounds, dark agouti (DA), Lewis, and Fischer,
were compared, using wild-type littermates and HLA-B7-
transgenic Lewis rats as controls. Cecum and colon tissue
specimens or contents were collected from the rats at 2,
34, and 6-8 months of age, and histologic analysis was
performed to assess inflammation, RNA sequencing was
used to determine gene expression differences, and 16S
ribosomal RNA gene sequencing was used to determine
microbiota differences.

Results. Both HLA-B27-transgenic Lewis rats and
HLA-B27-transgenic Fischer rats developed gut inflam-
mation, while DA rats were resistant to the effects of
HLA-B27, and HLA-B7-transgenic rats were not affected.
Immune dysregulation was similar in affected Lewis and
Fischer rats and was dominated by activation of inter-
leukin-23 (IL-23)/IL-17, interferon, tumor necrosis factor,
and IL-1 cytokines and pathways in the colon and cecum,
while DA rats exhibited low-level cytokine dysregulation
without inflammation. Gut microbial changes in HLA-
B27-transgenic rats were strikingly divergent on the 3
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different host genetic backgrounds, including different
patterns of dysbiosis in HLA-B27-transgenic Lewis and
HILA-B27-transgenic Fischer rat strains, with some over-
lap. Interestingly, DA rats lacked segmented filamentous
bacteria that promote CD4+ Th17 cell development, which
may explain their resistance to disease.

Conclusion. The effects of HLA-B27 on gut micro-
biota and dysbiosis in SpA are highly dependent on the
host genetic background and/or environment, despite
convergence of dysregulated immune pathways. These
results implicate an ecological model of dysbiosis, with
the effects of multiple microbes contributing to the aber-
rant immune response, rather than a single or small
number of microbes driving pathogenesis.

Spondyloarthritis (SpA) is an immune-mediated
inflammatory disease encompassing several conditions
that exhibit overlapping clinical features and genetic pre-
disposition (1,2). Considerable evidence supports a link
between gastrointestinal (GI) tract inflammation and the
development of SpA (3). Among patients with ankylosing
spondylitis (AS), the prototype of SpA, 7% have coexist-
ing inflammatory bowel disease (IBD), and another 60%
have subclinical gut inflammation (4). Similarly, arthritis
develops in 10-50% of patients with IBD, and AS devel-
ops in nearly 10% of patients (5).

Direct evidence showing that gut microbiota is
critical for the development of SpA was derived from
an animal model. Rats transgenic for HLA-B27, a major
genetic risk factor for SpA, and human f,-microglobulin
(hpom), referred to hereafter as HLA-B27-transgenic,
develop key features of human SpA when they are housed
in a conventional or specific pathogen—free animal facility.
In a germ-free environment, however, gut inflammation
and joint inflammation are prevented (6,7). Recolo-
nization of the gut with bacteria is sufficient to induce
inflammatory gut and joint disease, implicating commen-
sal bacteria in the development of HLA-B27-induced
SpA (7). More recently, our group demonstrated that
expression of HLA-B27 and hf,m, as well as the
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non—disease-associated HLA-B7 allele, alters gut micro-
bial communities in this animal model, providing
compelling evidence that major histocompatibility
complex class I proteins can shape the microbiome (8).
Alterations in gut microbiota in association with human
SpA have also been observed in juvenile-onset disease
(9), psoriatic arthritis (10), and AS (11).

The mechanism or mechanisms by which HLA-
B27 promotes the development of SpA remain unclear.
Despite the central role of HLA-B27 in presenting pep-
tides to cytotoxic CD8+ T lymphocytes, evidence showing
that these cells drive disease in rats is lacking, and the
SpA phenotype develops normally in Cd8a-deficient
HLA-B27-transgenic animals (12). In contrast, com-
pelling evidence has implicated CD4+ T cells in the
pathogenicity of inflammatory disease (13), as demon-
strated by activation of the interleukin-23 (IL-23)/IL-17
axis in both joint and gut inflammation in rats (14) as well
as in humans with SpA (15).

Aberrant features of HLA-B27, such as its ten-
dency to misfold and dimerize, which can lead to endo-
plasmic reticulum stress and expression of aberrant cell
surface complexes, have been implicated, and both mis-
folding and dimerization are linked to activation of the
IL-23/IL-17 axis (16). In addition, a growing apprecia-
tion for the contribution of endogenous microbiota to
many disease states led Rosenbaum and Davey to
hypothesize that an HLA-B27-induced change in gut
microbiota may be a key intermediary in the develop-
ment of SpA (17). Recent evidence suggests that innate
immune activation and Th17 cell expansion may pre-
cede the development of dysbiosis and gut inflamma-
tion in HLA-B27-transgenic rats (18). Thus, it is
important to understand how HLA-B27 shapes the gut
microbiome.

Herein, we observed, quite unexpectedly, con-
siderable differences in HLA-B27-mediated dysbiosis
between 3 different rat strains. On the disease-per-
missive Lewis and Fischer backgrounds, different pat-
terns of gut microbial dysbiosis were associated with
common immune dysregulation reflecting activation
of the IL-23/IL-17, interferon-y (IFNy), tumor necro-
sis factor (TNF), and IL-1 pathways in the cecum
and colon. Our results indicate that the effects of
HLA-B27 on gut microbiota diverge with different
host genetic background and/or environment, despite
similar mechanisms of immune dysregulation and
inflammation. These results have important implica-
tions for understanding how HLA-B27 may shape
the intestinal microbiome and promote disease in the
diverse human population.

GILL ET AL

MATERIALS AND METHODS

Animals. All of the HLA-B27/hf,m-transgenic rats
used in this study carried the same transgene locus (33-3), which
contains genomic HLA-B27 and hf,m DNA (19). The 33-3
locus was backcrossed from the original Fischer (F344) strain to
the DA background (13) and then subsequently from the DA to
the Lewis background for more than 10 generations (20). HLA-
B7-transgenic rats homozygous for the 120-4 transgene locus on
the Lewis background were used (13) to ensure that expression
of heavy chains in these rats was comparable with that in HLA-
B27-transgenic rats (20). While the HLA-B27—transgenic DA
rats were resistant to disease, the HLA-B27-transgenic Lewis
rats developed gut inflammation but not arthritis during the
study period. HLA-B27-transgenic Fischer rats also developed
gut inflammation and also more frequently developed arthritis
(~30%), beginning at ~3 months of age.

In the current study, both male and female transgenic
Lewis, Fischer, and DA rats were used, with transgene-negative
littermates (wild-type [WTT) used as controls. All rats were bred
and housed at the National Institutes of Health (NIH), with the
exception of HLA-B27-transgenic and WT Fischer rats, which
were bred and housed at Oregon Health & Science University
(OHSU). Animals were weaned at 21 days, and cohorts were
randomly selected to undergo euthanasia at 2, 34, or 6-8
months of age. Fischer rats were housed after weaning according
to their genotype, whereas the DA and Lewis rats were
co-housed for a short period of time before being separated
(according to weight limit requirements per cage). The DA and
Lewis rat cohorts selected for euthanasia at 2 months of age
were housed singly after weaning. All animals were maintained
under specific pathogen—free conditions and fed Purina 5008 rat
chow. Experiments were performed following approval by the
Institutional Animal Care and Use Committees at the National
Institute of Arthritis and Musculoskeletal and Skin Diseases
(NIAMS) or OHSU.

Histologic assessment. Hematoxylin and eosin-stained
tissue sections from paraffin-embedded ileum, cecum, and
colon samples were scored in a blinded manner by 2 indepen-
dent observers, using an established scoring system (21). Sam-
ples with initially discordant scores (scores differing by >1)
were rerandomized and rescored to eliminate discrepancies.

Host transcriptome analysis. Tissue samples obtained
from the cecum and colon were homogenized in TRIzol reagent
(Invitrogen), and RNA was isolated using a standard phenol—chlo-
roform extraction method. All samples used for RNA sequencing
had an RNA integrity number of >8. Library preparation for
RNA samples was performed according to the Illumina protocol.
Single-end sequencing of 50 bases was performed using an Illu-
mina HiSeq 2000 system, and raw reads were mapped to the rat
rn5 genome, using TopHat version 2.0.8. Transcript expression
levels (in reads per kilobase million [RPKM]) and analysis of vari-
ance (ANOVA) were performed using Partek Genomics Suite
6.6. Differentially expressed genes were defined as those with a
minimum 2-fold change (P < 0.05 and q < 0.2), with an RPKM
value of >1 for various comparisons. Principal components analy-
sis (PCA) was performed using Partek Genomics Suite 6.6, and
Euler diagrams were constructed with eulerr (https://cran.r-projec
t.org/package=eulerr) using RStudio 1.0.136.

Prediction of immune cell types. The Immunological
Genome Project (ImmGen) function in ToppGene (22) was used
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to predict immune cell types, based on functional annotation of
differentially expressed genes. Genes with increased expression
(>2-fold; P < 0.05, q < 0.2) in HLA-B27-transgenic or HLA—
B7-transgenic rats compared with WT controls on various
backgrounds were used. We used ToppGene, which maps differ-
entially expressed genes to multiple immune cell subtypes identi-
fied in ImmGen and then groups them into broader immune cell
types. These are represented by multiple lines distinguished by
color, with each line representing a P value (y-axis) based on the
quality of the match to a specific immune cell subtype.

Microbial community analysis. DNA was isolated from
the ileum (mucosa), cecum (mucosa and lumen), and colon (lu-
men), using a Qiagen DNeasy kit. The 16S ribosomal RNA
genes were amplified using 515-806 primers as specified by the
Earth Microbiome Project (http://www.earthmicrobiome.org/),
sequenced on an Illumina MiSeq system (23), and processed in
Qiita (www.qiita.ucsd.edu). Data were quality-filtered using
QIIME (Quantitative Insights into Microbial Ecology) version
1.9.1, and taxa were identified and assigned to the species level
(phylogenetic level 7). We compared the relative frequency of
gut microbes in the ileum (mucosa), cecum (mucosa and lumen),
and colon (lumen) at the species level (maximum >0.1%; P < 0.05,
q < 0.1) and in the WT controls. Operational taxonomic units
classified to the species level were used. To construct Euler dia-
grams, eulerr (https:/cran.r-project.org/package=eulerr) was
used in RStudio 1.0.136.

Statistical analysis. For RNA sequencing data, ANOVA
was used to compare differences between group means of log,-
transformed RPKM values (offset by 0.1). Using the Partek
Genomics Suite, we performed false discovery rate (FDR) anal-
ysis to account for multiple tests (q < 0.2). For the microbiome

A Dark Agouti (DA) Lewis Fischer
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AgeM) 0 3 34 6-8
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analysis, nonparametric Wilcoxon signed rank tests using the
FDR approach to correct for multiple comparisons were used
to compare relative frequencies (P < 0.05, q < 0.1). Individual
Wilcoxon tests were performed to calculate statistical significance
between groups, using JMP version 12.2.0. RPKM counts for
individual genes were assessed with 2-tailed t-tests, using
GraphPad Prism 6.

RESULTS

Variable penetrance and severity of HLA-B27-
induced gut inflammation. To determine the role of
genetic background on HLLA-B27-induced gut inflamma-
tion and dysbiosis, we compared the effects of the same
transgene locus (33-3) that encodes HLA-B27 and hfB,m,
in DA, Lewis, and Fischer rats (13). HLA-B7/hf,m—
transgenic rats (120-4 transgene locus) were used as an
HLA class I control for the Lewis background. The ani-
mals were weaned at 3 weeks of age and then randomized
to undergo euthanasia at 2, 34, or 6-8 months of age.
Samples were collected from the terminal ileum, cecum,
and distal colon for histologic analysis, microbiome stud-
ies, and gene expression analysis (Figure 1A and also
Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40405/abstract).
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Figure 1. Experimental design and histologic (Histo.) assessment of HLA-B27-associated gut inflammation. A, Schematic representation of the
experimental design. B, Histology scores for the cecum and colon in the rat cohorts, according to age. Each data point represents the mean score
for 4-8 tissue sections from an individual rat. Scoring was performed according to an established scoring system (21). The lines were generated by
regression analysis, and the shaded areas depict 95% confidence intervals (95% Cls). Rats with scores of >2.5 were considered abnormal. C, Corre-
lation between cecum and colon histology scores. Each data point represents the score for an individual rat; shaded areas depict 95% ClIs.
WT = wild-type; M = months; rRNA = ribosomal RNA; QIIME = Quantitative Insights into Microbial Ecology; seq = sequence.
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Histology scores revealed that the presence and
severity of gut inflammation are strongly dependent
on background. DA rats were resistant to the effects
of HLA-B27, while Lewis and Fischer rats developed
inflammation in the cecum and colon, which was already
apparent at 2 months of age (Figure 1B), while the ileum
was spared (results not shown). At age 2-3 months,
Fischer rats were affected more severely, although by
6 months of age cecum and colon histology scores were
comparable between HLA-B27-transgenic Lewis and
Fischer rats. HLA-B7 did not cause GI tract inflamma-
tion in Lewis rats, which is consistent with previous obser-
vations (13). We did not observe sex differences in gut
inflammation between HLA-B27-transgenic Lewis and
HLA-B27-transgenic Fischer rats (data not shown). In
affected rats, there was a strong correlation between
cecum and colon histology scores (Figure 1C), indicating
consistent involvement at both sites. Representative
images of cecum and colon histology are shown in Supple-
mentary Figure 1 (available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40405/abstract).

Similar immune and inflammatory response in
Lewis and Fischer rats. To characterize immune dysregu-
lation during gut inflammation, we analyzed differentially
expressed genes in cecum and colon tissue. PCA revealed
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strong clustering of samples from HLA-B27-transgenic
Lewis and Fischer rats that exhibited inflammation,
separate from Lewis and Fischer WT controls, respec-
tively (Supplementary Figure 2A, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40405/abstract). In contrast, samples from
HLA-B7-transgenic Lewis and HLA-B27-transgenic
DA rats that had normal histology scores clustered with
their respective background controls. There was no clus-
tering of samples according to sex (data not shown).

Next, we identified differentially expressed genes
(HLA-B27-transgenic versus WT) in the cecum and
colon of DA, Lewis, and Fischer rats (fold change >2 or
<-2; P <0.05, q < 0.2). Significantly overexpressed genes
(Figure 2A) or underexpressed genes (Supplementary
Figure 2B) in the cecum and colon were more numerous
in Fischer rats, followed by Lewis rats. Disease-resistant
DA rats had relatively few differentially expressed genes,
which was consistent with the normal histology scores.
The vast majority of up-regulated genes on the Lewis
(81%) and DA (93%) backgrounds overlapped with
Fischer backgrounds, as shown in area-proportional Euler
diagrams (Figure 2A). In HLA-B7-transgenic rats, there
were 38 and 45 differentially expressed genes in the
cecum and colon, respectively, but there was minimal
overlap with the effects of HLA-B27 on the DA, Lewis,

-9 Fre: o o
AeM)Z 4 6 8 2 4 6 8 2 4 6 8
i 1

Ma

e

DA Lewis Fischer DA Lewis Fischer

DA Lewis Fischer

Figure 2. HLA-B27-associated gene expression in DA, Lewis, and Fischer rat cecum and colon. A, The numbers of differentially expressed genes
(HLA-B27-transgenic versus wild-type [WT]) on DA, Lewis, and Fischer backgrounds in the cecum and colon are shown in Euler diagrams
depicting overlaps and the lack of overlaps between backgrounds. Genes were selected based on a fold increase of >2, with P < 0.05 and q < 0.2.
B, Differentially expressed genes in the cecum and colon of HLA-B27-transgenic Lewis and Fischer rats were identified by pathway analysis using
ToppGene. Results for the cecum and colon were identical. The Euler diagram shows complete overlap of inflammatory pathways between Lewis
and Fischer rats (P < 0.05). C, Temporal expression patterns of transcripts positively correlated (r > 0.6) with disease scores in the cecum and
colon in DA, Lewis, and Fischer rats are shown. D, Expression of the selected individual genes in the cecum in DA, Lewis, and Fischer rats is
shown. Individual genes represent key cytokines in the pathways shown in B. Shown are log,-transformed reads per kilobase million (RPKM) val-
ues for each gene. Bars show the mean + SEM (n = 9-16 rats per group). * = P < 0.05; ** = P < (0.01; *** = P < 0.001; **** = P < 0.0001. IFNy
= interferon-y; TNF = tumor necrosis factor; IL-17 = interleukin-17; TCR = T cell receptor; BCR = B cell receptor.
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or Fischer backgrounds (results not shown). Pathway anal-
ysis of HLA-B27-associated up-regulated genes revealed
inflammatory pathways such as IFNy, TNE IL-23, IL-17,
IL-12, Toll-like receptor, T cell receptor, and B cell recep-
tor-mediated signaling as well as others, while the path-
ways identified by down-regulated genes revealed a loss of
metabolism that included lipids and proteins, biologic
oxidation, and digestion and absorption, with a huge over-
lap between HLA-B27-transgenic Lewis and Fischer rats
(Figure 2B and Supplementary Figure 2C, respectively).
In addition, the same pathways were identified in the
cecum and colon.

To determine whether HLA-B27-associated path-
ways (Figure 2B) were correlated with disease severity,
we independently identified genes that had increased
expression and were most strongly correlated (r > 0.6)
with histology scores in the cecum and colon across all
genotypes and backgrounds (Figure 1B). The temporal
pattern of expression of positively correlated genes is
shown in Figure 2C, and that of negatively correlated
genes is shown in Supplementary Figure 2D. As expected,
there was an age-dependent increase in expression in
HLA-B27-transgenic Lewis rats and consistently high
expression in HLA-B27-transgenic Fischer rats, whereas
expression levels in HLA-B7-transgenic Lewis rats were
not different from those in control rats.

Pathway analysis of the genes positively corre-
lated and those negatively correlated with the severity
of inflammation in the cecum as well as the colon revealed
considerable overlap with the pathways shown in Fig-
ure 2B and Supplementary Figure 2C, respectively. Inter-
estingly, there was low-level up-regulation of a small
subset of these genes in HLA-B27-transgenic DA rats
(Figure 2C) despite normal histology scores. These differ-
ences were most pronounced at 2-3 months of age and
were lost in older HLA-B27-transgenic DA rats. Expres-
sion of several of the cytokine genes driving these inflam-
matory pathways in the cecum and colon is shown in
Figure 2D and Supplementary Figure 2E, respectively.
The relative expression of these genes in HLA-B27-trans-
genic rats compared with that in their WT controls was
consistent with differences in disease penetrance and
severity between backgrounds (Figure 1B).

Using differentially expressed genes to predict
increases in the number of immune cell types in trans-
genic compared with WT rats revealed strikingly similar
profiles in the cecum and colon and also between HLA-
B27-transgenic Lewis and Fischer rats (Supplementary
Figure 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40405/
abstract). These included myeloid cells, o/ and v/d T cells,
natural killer cells, and lymphoid stromal cells. No immune
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cell differences were identified in HLA-B7-transgenic
rats. Interestingly, despite their lack of a clinical pheno-
type, the HLA-B27-transgenic DA rats demonstrated sig-
nals for several cell types, although they were weaker,
particularly for B cells and myeloid cells (Supplementary
Figure 3).

Shared HLA-B27-induced inflammatory path-
ways contrast background-dependent dysbiosis. The
striking overlap in dysregulated immune pathways associ-
ated with HLA-B27 in the Lewis and Fischer back-
grounds suggested that there might be a core group of
dysbiotic microbes. To evaluate this possibility, we deter-
mined the relative abundance of microbes at the species
level in all tissue sites and rat strains. This evaluation
revealed 90 microbes that were differentially abundant
(HLA class I-transgenic versus WT) in at least 1 tissue
location on at least 1 genetic background. Hierarchical
clustering of these 90 microbes resulted in distinct groups
based on tissue location and genetic background (Supple-
mentary Figure 4, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40405/abstract). We did not observe sex-based differ-
ences in dysbiosis (data not shown).

The first hierarchal division in the dendrogram was
driven by microbial differences between the large intestine
(cecum and colon) and the ileum (Supplementary Fig-
ure 4). Unexpectedly, we observed several background-
specific differences in the effects of HLA-B27 in the
cecum and colon (Figure 3). There were HLA-B27-asso-
ciated increases in the abundance of Akkermansia and
Bacteroides uniformis in Fischer rats, while these microbes
were not significantly different in HLA-B27-transgenic
Lewis or DA rats compared with their respective WT con-
trols. There were also HLA-B27-associated increases in
Roseburia and Anaerotruncu and a decrease in Coprococcus,
which were limited to the Fischer background. In contrast,
the frequency of f Christenellaceae was decreased in the
cecum mucosa in HLA-B27-transgenic Lewis rats but not
in DA or Fischer rats. Furthermore, there were HLA-B27—
associated decreases in the abundance of Mucispirillum
schaedleri and an unknown species of genus, Mucispirillum,
on the Lewis background, which were not seen in Fischer
or DA rats. Lewis rats showed an HLA-B27-associated
increase in Prevotella at multiple tissue sites (e.g., cecum
and colon lumen), but an increase was not observed in
HLA-B27-transgenic Fischer rats in the cecum lumen
and in DA rats. In addition, there was an HLA-B27-as-
sociated increase in the frequency of an unclassified
genus of f Bamesiellaceae in cecum and colon fractions
in Lewis rats and in cecal mucosa in DA rats but not
Fischer rats. In the ileum of Lewis rats, there was an
HLA-B27-associated increase in the frequency of
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Figure 3. Relative abundance of species-level microbes in cecum and colon samples from DA (D), Lewis (L), and Fischer (F) rats. The heat-
map shows unsupervised hierarchical clustering of species-level microbes in HLA-B27/HLA-B7-transgenic rats compared with wild-type (WT)
controls on DA, Lewis, and Fischer backgrounds. Samples from the ileum (mucosa), cecum (mucosa and lumen), and colon (lumen) were used.
Microbes exhibiting differences in relative abundance, as calculated using a nonparametric Wilcoxon test for paired data (P < 0.05, q < 0.1) in
at least 1 tissue type on at least 1 background, were used to construct the heatmap. Genera with a high relative abundance of ileum fractions
are shown in Supplementary Figure 4 (available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40405/

abstract).

Sutterella that was also observed in other tissue sites in
Lewis rats and in the cecum fractions in DA rats, while it
was not seen in Fischer rats (see Supplementary Figure 4).
Statistically significant differences between these 90
microbes (q < 0.1) and an additional 20 microbes (q <0.2
but >0.1) and their phylogeny are shown in Supplementary
Tables 2 and 3, respectively. These additional microbes
were included, because many exploratory analyses such as
ours use a q value of <0.2 as a selection criterion.

A comparison of differentially abundant (HLA—
B27-transgenic versus WT) microbes at the species level
in each background and each tissue site, using area-pro-
portional Euler diagrams, is shown in Figure 4. This
demonstrated a lack of overlap in HLA-B27-associated
differences between Lewis and Fischer backgrounds in the
ileum and cecum mucosa and a small overlap in the
cecum and colon lumen. Taken together, these results
showed that there was a substantial effect of genetic back-
ground and/or environment on HLA-B27-associated dif-
ferences in gut microbiota, although shared microbes
were also apparent.

Absence of segmented filamentous bacteria in
disease-resistant DA rats. A potentially important dif-
ference between backgrounds is the absence of Candidatus
arthromitus in the DA rats, independent of HLA-B27.
C arthromitus, more commonly known as segmented

(HLA-B27 vs WT) (HLA-B27 vs WT)

leum Mucosa
(HLA-B27 vs WT)

(o

Cecum Mucosa
HLA-B27 vs WT)

N

Figure 4. Background-dependent microbial dysbiosis. Area-propor-
tional Euler diagrams show the overlap and the lack of overlap in
HLA-B27-associated microbes. Species-level microbes (numbers) that
are significantly different between HLA-B27-transgenic and wild-type
(WT) controls (P < 0.05, q <0.1) on the DA, Lewis, and Fischer back-
grounds are shown.
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Figure 5. Absence of segmented filamentous bacteria (SFB) in DA rats. A, Relative abundance of SFB (Candidatus arthromitus) in DA, Lewis,
and Fischer rats. Bars show the mean = SEM (n = 9-31 rats per genotype per background). B, Relative frequency of species-level microbes in
ileum mucosa in DA, Lewis, and Fischer transgenic and wild-type (WT) rats.

filamentous bacteria (SFB), is a major constituent
(although variable) in the ileum of both HLA-B27-
transgenic and WT Lewis and Fischer rats (Figure 5A).
SFB are known to attach to intestinal epithelial cells and
potentiate induction of Th17 cells that play a key role in
several inflammatory diseases (24), including colitis
(25,26), and thus their absence in DA rats could be
responsible for resistance to HLA-B27-mediated disease
on this background. It is also worth noting that the fre-
quency of SFB was very low in HLA-B7-transgenic Lewis
rats. In DA and HLA-B7-transgenic Lewis rats lacking
SFB, 2 major contributors to this niche appeared to be
f_Clostridiaceae (unknown genera) and Lactobacillus,
respectively (Figure 5B).

Background-dependent HLA-B27-induced micro-
bial dysbiosis. To further assess the effects of HLA-B27 in
disease-permissive backgrounds, we performed PCA based
on the differential relative abundance of microbes in Lewis
and Fischer rats transgenic for HLA-B27. This comparison
revealed major differences between the Lewis and Fischer
backgrounds (Figure 6A). However, within each back-
ground there was a clear distinction between HLA-B27—
transgenic rats and WT controls. The lack of convergence
of samples from HLA-B27-transgenic Lewis rats and
HLA-B27—transgenic Fischer rats in the PCA suggested
that HLA-B27 drives dysbiosis in a background-specific
manner. Indeed, when we compared the effects of HLA—
B27 on the 2 backgrounds, there was a paucity of core
dysbiotic organisms (Figure 6B). To ensure that back-
ground-specific effects of HLA-B27 were not attributable
to differences in disease severity, we selected samples from
HLA-B27-transgenic rats (Lewis and Fischer) with similar
histology scores (range 5-8) and reanalyzed them in com-
parison with their age-matched controls. This revealed
slightly altered profiles in each background, but there was

no increase in overlap (data not shown), confirming the
background-dependence of HLA-B27-associated dysbiosis.

DISCUSSION

Host-microbe interactions play an important role
in the development of many immune-mediated inflamma-
tory diseases (27). In SpA, this interaction ranges from
the pathogenic gram-negative intracellular bacteria that
trigger reactive arthritis in HLA-B27—positive individuals
to gut commensal bacteria that are necessary for the
development of experimental SpA in HLA-B27-trans-
genic rats (7) and possibly in humans. Although many
additional genes contribute to the risk of SpA in humans,
the prominent role of HLA-B27 has fueled the notion
that it might promote SpA by altering gut microbiota (17).

In the current study, we hypothesized that compar-
ing gut microbiota in 3 distinct rat strains that differ with
regard to disease penetrance and HLA-B27-mediated
disease severity would facilitate the identification of com-
mon microbial signatures associated with experimental
SpA. However, we observed that gut microbial changes
associated with HLA-B27 were strikingly different
between DA, Lewis, and Fischer rat strains, in which dis-
ease penetrance also differs. Therefore, to better under-
stand microbial shifts in the context of inflammation
(dysbiosis), we compared disease-susceptible Lewis and
Fischer rat strains. This revealed persistent differences in
microbiota between the strains, which were not due to
differences in disease severity.

To ensure that the lack of overlap was not attrib-
utable to the conservative FDR value (q < 1), we per-
formed the same analysis using a q value of <0.2
(Supplementary Tables 2 and 3, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
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Figure 6. Microbial dysbiosis in Lewis and Fischer rats. A, Primary components analysis (PCA) of species-level data for samples obtained from
the cecum mucosa, cecum lumen, and colon lumen. Each data point represents the first 3 principal components from the analysis of a single sam-
ple obtained from 1 rat. The distribution of samples from Lewis (sphere) and Fischer (tetrahedron) backgrounds are represented by ellipsoids
(brown and blue, respectively), with HLA-B27-transgenic and wild-type (WT) genotypes shown as red and green, respectively. B, Overlap
of HLA-B27-induced dysbiosis on Lewis and Fischer backgrounds. Microbes with increased (red) or decreased (black) relative frequencies in
HLA-B27-transgenic rats compared with WT rats are indicated. All of the microbes shown are differentially expressed in HLA-B27-transgenic
Lewis and Fischer rats (P < 0.05, q < 0.1).

com/doi/10.1002/art.40405/abstract). While this resulted in remained unaltered. It should be noted that although WT
an increased number of overlapping and nonoverlapping rats of these 3 backgrounds exhibited considerable over-
microbes, the percentage of overlapping microbes lap of their gut microbiota, the relative abundance of


http://onlinelibrary.wiley.com/doi/10.1002/art.40405/abstract

HLA-B27 AND GUT MICROBIAL DYSBIOSIS

these microbes differed substantially (for additional infor-
mation, see Supplementary Figure 5 and Supplementary
Table 4). The paucity of shared dysbiotic microbiota asso-
ciated with HLA-B27 was in striking contrast to the com-
mon dysregulated immune pathways in Lewis and Fischer
rat strains, characterized by prominent increases in IL-1,
IL-23, IL-17, IFNy, and TNF cytokines and pathways.
Taken together, our data indicate that background has
a prominent effect on HLA-B27-induced microbial
dysbiosis despite common immune dysregulation.

Although arthritis is an important component of
SpA, HLA-B27-transgenic Lewis rats infrequently exhib-
ited arthritis prior to 6 months of age at our facility, thus
precluding any relevant analysis. On the Fischer back-
ground, 32% of the HLA-B27-transgenic rats developed
arthritis (mostly older animals). A comparison of the
species-level gut microbiota in rats with arthritis and in age-
matched HLA-B27-transgenic rats without arthritis did not
reveal any significant microbial differences. However, given
the relatively small number of rats with arthritis, further
studies will be needed before any conclusions can be drawn.

We have implied that the different effects of HLA-
B27 on gut microbiota in Lewis and Fischer rats are primar-
ily attributable to genetic background. However, it is impor-
tant to note that the Fischer rat colony was maintained at
OHSU, while all other rats were bred and housed at the
NIH. Although all rats were maintained on a diet of the
same commercially available rat chow, environmental dif-
ferences are likely to alter microbial communities between
Lewis and Fischer rats. However, an environmental contri-
bution to differences between Lewis and Fischer strains
does not alter the fact that dramatically different patterns
of dysbiosis occur in the context of common immune dys-
regulation caused by HLA-B27. We have previously
housed Fischer rats at the NIH and observed increased
severity of gut inflammation in HLA-B27—transgenic rats
at disease onset (based on the stool consistency), similar to
what we report here for animals housed in 2 different facili-
ties. This further supports an important role for genetic
background in causing differences between Fischer and
Lewis HLA-B27-transgenic rats.

Although changes in microbiota composition can
cause (or be a response to) an immune stimulus, in reality
they may be a combination of both factors and evolve
rapidly, making it difficult to establish a temporal relation-
ship (28). Previous work in HLA-B27-transgenic Fischer
rats revealed gut inflammation prior to microbial changes
(18), but that analysis was limited to select microbiota and
thus did not rule out other earlier differences. In the cur-
rent study, although we initially analyzed cohorts based on
age, we eventually grouped together rats of all ages in order
to simplify the analyses. However, our initial analysis
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showed immune dysregulation and microbial dysbiosis at
the earliest time point in HLA-B27-transgenic Lewis and
Fischer rats (data not shown), thus precluding any conclu-
sions about cause and effect. Nevertheless, the results in
DA rats underscore the fact that HLA-B27 can cause
immune dysregulation (e.g., low-level increase in I/1a, Il1b,
Tnf, and Il17a transcripts, with immune cell changes) with-
out progression to a disease phenotype. These changes seen
in young HLA-B27-transgenic DA rats were not sustained
in older animals. This could be attributable to the lack of
SFB in DA rats. SFB are required for Th17 cell develop-
ment in several rodent strains (24) and thus may be critical
in experimental SpA. These bacteria are known to colonize
ileal epithelium shortly before weaning and are highly
refractory to in vitro culturing (29). It should be noted that
HLA-B27-transgenic DA rats have been reported to
develop severe gut inflammation and cachexia, which were
not seen in WT rats when they were inadvertently exposed
to an unknown infectious agent (13). The episode was tran-
sient but nevertheless suggests that they are not completely
resistant to the effects of HLA-B27.

It is clear from the current study and previous
work (8) that HLA-B?7 is associated with major shifts in
gut microbial composition (Supplementary Table 2, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40405/abstract).
Herein, we document the absence of immune dysregula-
tion in these animals, at the level of both individual cyto-
kines and immune cell signatures, indicating that microbial
differences are not sufficient to provoke an inflammatory
response (8) and underscoring the unique effects of
HLA-B27.

Because the majority of microbes associated with
HLA-B27-induced disease differ between the Lewis and
Fischer backgrounds, we considered that there might be
important functional overlaps. Two prominent examples
are HLA-B27-associated increases in Akkermansia
muciniphila (p_Verrucomicrobia) in Fischer and Prevotella
(p_Bacteroidetes) in Lewis strains. While they are phyloge-
netically diverse, both of these microbes disrupt mucosal
homeostasis and have been linked to gut inflammation by
disrupting mucosal homeostasis (9,30). Akkermansia exac-
erbates inflammation by degrading the mucous layer over-
lying gut epithelial cells, thereby weakening the protective
barrier (31). A muciniphila has been reported to be
increased in a subset of patients with juvenile SpA (9) and
exacerbated Salmonella-induced gut inflammation (31).
In contrast, a decrease in the abundance of A muciniphila
has been linked to obesity in mouse models (32,33).

Our results suggest that mucus degradation by A
muciniphila, along with dysregulated goblet cell production
during inflammation, may be sufficient to bring lumenal
bacteria closer to the gut epithelium and promote
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inflammation. Similarly, Prevotella has been implicated in
dysbiosis due to NLRP6 deficiency (34), colitis (30), anky-
losing spondylitis (35), and psoriatic arthritis (10). Prevo-
tella encodes enzymes (e.g., superoxide reductase and
phosphoadenosine phosphosulphate reductase), enabling
it to resist host reactive oxygen species and invade epithe-
lial cell crypts, most likely by outcompeting commensal
organisms that normally maintain mucosal homeostasis
(30). Lipopolysaccharide (LPS) from A muciniphila has
been shown to be more immunostimulatory than that
from Prevotella (36), which may also explain the differ-
ences in disease severity between Fischer and Lewis
backgrounds.

Although we highlighted a surprising lack of com-
mon dysbiotic microbes between different backgrounds,
there were core similarities between HLA-B27-transgenic
Lewis and Fischer rats, particularly in the lumen of the
cecum and colon, which may play a role in disease develop-
ment. This group includes short-chain fatty acid producers
such as Clostridium and Coprobacillus, the relative abun-
dance of which is increased, and Ruminococcus, the pro-
duction of which is decreased (37). Short-chain fatty acids
such as butyrate are important because they influence regu-
latory Tcell homeostasis (38). In addition, colonic epithelial
cells from germ-free mice exhibit a mitochondrial respira-
tion deficit and enhanced autophagy as a consequence of
reduced production of short-chain fatty acids (39). Recent
studies have shown an increase in the frequency of the
short-chain fatty acid producer Ruminococcus gnavus (40)
and the medium-chain fatty acid producer Dialister (41) in
SpA. Because some short-chain fatty acid producers in
HILA-B27-transgenic rats are increased while others are
decreased, additional studies will be needed to determine
the overall impact of these changes. Despite the phyloge-
netic differences in the HLA-B27-associated Lewis and
Fischer microbiota, these nonoverlapping microbes may
perturb common metabolic pathways, thus explaining
shared immune dysregulation in these animals. Future stud-
ies using metagenomic sequencing along with metabolomic
analysis will enable further characterization and provide
functional relevance to these microbial changes.

Gut microbiota play an important role in the devel-
opment of the host immune system, which in turn shapes
the composition of gut microbiota (42,43). It is clear from
observations in animal models that gut microbial commu-
nities co-evolve with their host and exhibit strong ecologi-
cal interactions, varying according to the host genotype,
diet, and colonization history (43). Our results demon-
strate that the effect of HLA-B27 on gut microbiota in
experimental SpA is largely dependent on host genetics
and environment. In addition, dysbiotic microbes con-
tributing to HLA-B27-associated inflammation need not
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be linked taxonomically, but rather, similarities in their
metabolic functions and/or gut microenvironment are key
drivers of pathogenesis. In addition, HLA-B27-mediated
disease in rats might depend on SFB, although this needs
to be determined experimentally.

In summary, the results of gene expression analysis
and microbial community profiling to characterize the
effect of HLA-B27 on 3 different genetic backgrounds
provide an unprecedented and comprehensive view of the
complexity of microbial dysbiosis associated with common
immune dysregulation and gut inflammation in SpA.
Although we observed a common immune signature asso-
ciated with gut inflammation, microbial dysbiosis was sur-
prisingly different. The absolute dependence of this model
on gut microbiota, together with the striking differences
between host backgrounds, implicate an ecological model
of dysbiosis in HLA-B27-induced experimental SpA in
which the effects of multiple microbes contribute to the
aberrant immune response, rather than a single or small
number of microbial genera driving pathogenesis. Given
that recombinant inbred animal strains are analogous to
unrelated human individuals, our results suggest that char-
acterization of functionally similar dysbiotic microbial
communities may be critical to revealing underlying mech-
anisms of host-microbe interactions contributing to SpA.
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Objective. Immune dysfunction is an important
component of the disease process underlying systemic scle-
rosis (SSc), but the mechanisms contributing to altered
immune cell function in SSc remain poorly defined. This
study was undertaken to measure the expression and func-
tion of the coinhibitory receptors (co-IRs) programmed
cell death 1 (PD-1), T cell immunoglobulin and ITIM
domain (TIGIT), T cell immunoglobulin and mucin domain
3 (TIM-3), and lymphocyte activation gene 3 (LAG-3) in
Iymphocyte subsets from the peripheral blood of patients
with SSc.

Methods. Co-IR expression levels on subsets of
immune cells were analyzed using a 16-color flow cytome-
try panel. The functional role of co-IRs was determined
by measuring cytokine production after in vitro stimula-
tion of SSc and healthy control peripheral blood mononu-
clear cells (PBMCs) in the presence of co-IR-blocking
antibodies. Supernatants from cultures of stimulated
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PBMCs were added to SSc fibroblasts, and their impact
on fibroblast gene expression was measured. Mathemati-
cal modeling was used to reveal differences between co-IR
functions in SSc patients and healthy controls.

Results. Levels of the co-IRs PD-1 and TIGIT
were increased, and each was coexpressed, in distinct
T cell subsets from SSc patients compared to healthy con-
trols. Levels of TIM-3 were increased in SSc natural
killer cells. PD-1, TIGIT, and TIM-3 antibody blockade
revealed patient-specific roles of each of these co-IRs in
modulating activation-induced T cell cytokine production.
In contrast to healthy subjects, blockade of TIGIT and
TIM-3, but not PD-1, failed to reverse inhibited cytokine
production in SSc patients, indicating that enhanced
T cell exhaustion is present in SSc. Finally, cytokines
secreted in anti-TIM-3—treated PBMC cultures distinctly
changed the gene expression profile in SSc fibroblasts.

Conclusion. The altered expression and regulatory
capacity of co-IRs in SSc lymphocytes may contribute to
disease pathophysiology by modulating the cytokine-
mediated cross-talk of immune cells and fibroblasts at
sites of inflammation and/or fibrosis.

Systemic sclerosis (SSc) is an autoimmune connec-
tive tissue disorder characterized by external skin thicken-
ing that can progress to internal organ fibrosis in the
presence of immune abnormalities (1,2). Autoantibodies
and lymphopenia are often detected in SSc patients (2).
CD8&+ T cells and CD4+ Treg cells have been shown to
produce increased levels of the profibrotic cytokine inter-
leukin-13 (IL-13) (3,4), while natural killer (NK) cells
have been reported to be less cytotoxic and have defects
in interferon-y (IFNy) production (5). However, while
differences in the cytokines produced in SSc may con-
tribute to disease pathophysiology (6), the mechanisms
underlying these changes in immune cell cytokine pro-
duction remain largely unknown.


http://orcid.org/0000-0001-7964-0876
http://orcid.org/0000-0001-7964-0876
http://orcid.org/0000-0001-7964-0876

COINHIBITORY RECEPTORS IN SSc

The function of T cells and NK cells is regulated
by coinhibitory receptors (co-IRs) such as programmed
cell death 1 (PD-1), lymphocyte activation gene 3 (LAG-3),
T cell immunoglobulin and ITIM domain (TIGIT), and
T cell immunoglobulin and mucin domain 3 (TIM-3)
(7,8). Engagement of these receptors by their ligands lim-
its cytokine production in response to stimulation of the
cells by either T cell receptor (TCR) or activating NK cell
receptor. Co-IRs thus play critical physiologic roles in
limiting tissue damage from excessive immune activation.
However, chronically increased expression of multiple
co-IRs is a hallmark of immune exhaustion (9), in which
immune cells are no longer able to execute effector func-
tions to fight chronic viral infections and cancer (10,11).

In autoimmunity, co-IRs are protective. Antibody
blockade or genetic deletion of PD-1, TIM-3, TIGIT, and
LAG-3 in mouse models of autoimmune disease, such as
models of type 1 diabetes, lupus, and multiple sclerosis,
all result in accelerated or exacerbated disease (7). Treat-
ment of cancer patients with co-IR blockade often pre-
cipitates autoimmune adverse events (12). As a corollary,
reinforcing immune checkpoints in autoimmune disease
may have therapeutic benefit. In support of this, one
study demonstrated correlation of an exhaustion-like
phenotype, marked by an increase in co-IR expression,
with fewer flares in lupus patients (10), and the presence
of TIM-3+ T cells was associated with milder forms of
multiple sclerosis (13). Moreover, in patients with SSc,
the PD-1 pathway was recently found to be involved in
regulating disease severity (14).

In the present study, we determined the expression
of the co-IRs PD-1, TIGIT, TIM-3, and LAG-3 on lym-
phocyte subsets from the peripheral blood of patients with
SSc, and assessed their role in cytokine regulation and
fibroblast activation. PD-1, TIM-3, and TIGIT showed
increased expression in specific T cell and NK cell subsets
from SSc patients. Cytokine production in the presence of
co-IR-blocking antibodies against PD-1, TIM-3, and
TIGIT revealed significant patient-specific variation in the
function of individual co-IRs. In most subjects, however,
at least one co-IR was actively suppressing cytokine
production, indicative of the presence of exhausted cell
populations. Multivariate analysis revealed that TIGIT
and TIM-3 were functionally distinct from PD-1 in SSc
patients, but not in healthy controls. Finally, changes in
the cytokines produced by peripheral blood mononuclear
cells (PBMCs) after TIM-3 blockade resulted in altered
fibroblast gene expression.

The results of our study thus suggest that increased
co-IR expression in SSc lymphocyte subsets contributes
to patient-specific activities involved in the modulation
of cytokine production. Suppressed and/or excessive
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production of specific cytokines in the local microenviron-
ment may subsequently promote pathogenic fibrotic or
inflammatory responses in connective tissue and vascular
cells.

PATIENTS AND METHODS

Patients and healthy controls. All samples and clinical
data were collected under a protocol approved by the Institu-
tional Review Board at Boston University. Blood samples
obtained from 30 patients with SSc and 21 healthy subjects were
collected in EDTA blood collection tubes (BD Vacutainer).
Classification of the diagnosis in all patients was made according
to the American College of Rheumatology criteria for SSc (1).
The patients had not received immunosuppressive therapy for at
least 6 months prior to the time of blood collection. Patients and
healthy controls were matched according to age.

Sample collection. Blood samples were collected and
PBMC s were isolated on the same day. To do this, Lympho-
prep (Stem Cell Technologies) was underlaid under the blood,
and PBMCs were separated by density-dependent centrifuga-
tion. PBMC samples were frozen in 50% RPMI medium
(10% fetal bovine serum [FBS], 1% nonessential amino acids,
1% HEPES, 1% penicillin/streptomycin, 1% sodium pyruvate,
0.1% B-mercaptoethanol) with 40% FBS and 10% DMSO,
and then stored in liquid nitrogen.

Flow cytometry analysis. PBMCs were thawed, stained,
and analyzed in a manner as previously reported (15), using a
BD FACSAria SORP with FACSDiva software (BD Bio-
sciences). Expert-guided gating of the cells, utilizing FlowJo
version 10 and Cytobank, was performed by 3 independent ana-
lysts (ME, ACB, and JES-C). A tSNE dimensionality reduction
was performed using a Cytobank platform with the following
parameters: input of 500,000 single, live, CD14—/CD19—
events; clustering channels (all arcsin-transformed) for CD3,
CD4, CDS, CD25, CD127, CD45RO, yé TCR, CD16, CD56,
Vo24, and CD1d-PBS57; total number of iterations 3,000;
theta 0.5; perplexity 30.

In vitro stimulation of PBMCs with allogeneic mono-
cyte-derived dendritic cells (DCs). Monocyte-derived DCs
were produced after selection of CD14+ cells (Stem Cell
Technologies) from PBMCs isolated from a buffy coat, in
accordance with the manufacturer’s instructions. CDI14+
monocytes were cultured for 5 days in 7.5 ng/ml IL-4 (BD
Biosciences) and 20 ng/ml granulocyte—macrophage colony-
stimulating factor (Miltenyi Biotec). On day 4, 1 ng/ml of
Escherichia coli lipopolysaccharide (Sigma) was added to the
cultures to mature the DCs. Previously frozen PBMCs from
patients and healthy controls were thawed and cocultured
with allogeneic DCs at a 1:10 ratio of DCs to PBMCs
with 5 pg/ml of blocking antibodies, including anti-PD-1
(clone J116; eBioScience), anti-TIGIT (clone MBSA43;
eBioScience), anti-TIM-3 (clone F38-2E2; BioLegend), or
isotype control (clone P3.6.2.8.1; eBioScience), in the pres-
ence of human Fc Block (BD Biosciences). Cultures were
kept in an atmosphere of 37°C and 5% CO, for 5 days, and
supernatants were collected and stored at —80°C.

Multiplex cytokine analysis. Supernatants from in vitro
stimulation cultures were analyzed using a 14-plex cytokine
bead array kit (Milliplex MAP; Millipore) on a Luminex 100
platform, to determine cytokine concentrations. A human
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Th17 Magnetic Bead Panel (Milliplex MAP HTH17MAG-14K-
14) was used to detect concentrations of IFNy, IL-10, IL-13,
1L-22, IL-9, IL-33, IL-2, IL-21, IL-4, IL-23, IL-5, IL-6, IL-27,
and tumor necrosis factor (TNF). Data were analyzed using
Milliplex Analysis software, version 5.1. The standard curve
was determined by interpolation from corresponding standards.
IL-22 and IL-33 were excluded from these analyses because
they were below the limit of detection. Undetectable values
were given an arbitrary value of 0. Values were clustered using
Gene Cluster version 3.0 and then normalized, mean centered,
and clustered by complete linkage, followed by visualization in
JavaTree.

Fibroblast cell culture. SSc human dermal fibroblasts
were grown to 80% confluence in Dulbecco’s modified Eagle’s
medium with 10% FBS, and 2.5 x 10> cells were serum-starved
overnight with medium containing 0.5% FBS. Next, the me-
dium was replaced with 50% supernatant from in vitro—-stimu-
lated PBMC cultures and 50% RPMI medium containing 10%
FBS. As controls, additional cultures were set up with 10 ng/ml
transforming growth factor f1 (TGFB1; R&D Systems), 30 ng/
ml IL-13 (R&D Systems), or no cytokines. Cells were incu-
bated for 24 hours at 37°C, washed with phosphate buffered
saline, and lysed with RLT buffer (Qiagen). RNA was collected
with an RNeasy Mini kit (Qiagen).

Gene expression analysis. For analyses of gene
expression, 100 ng of RNA was added to NanoString poly-
merase chain reaction tubes, followed by the addition of 20 ul
Reporter CodeSet diluted in Buffer CodeSet and 5 pl of Cap-
ture ProbeSet reagent (NanoString Technologies). Samples
were placed in an MJ Mini thermocycler (Bio-Rad) at 67°C
and processed in an nCounter Prep Station (NanoString
Technologies). Expression values for each gene were normal-
ized to those for a variety of housekeeping genes, following a
previously described method (16). Values were clustered using
the Gene Cluster program (version 3.0) and normalized,
mean centered, and clustered by complete linkage, followed
by visualization in JavaTree.

Mathematical modeling. Partial least squares discrimi-
nant analysis (PLSDA) was conducted in MatLab using the
PLS Toolbox (Eigenvector Research). Data were normalized
along each parameter by Z score before application of the
algorithm. Cytokines or genes with non-zero values in fewer
than one-half of the subjects were excluded from these
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analyses. Cross-validation was performed with one-fifth of the
relevant data set, and the number of latent variables (LVs)
was chosen to minimize cross-validation error. Model confi-
dence was calculated by randomly permuting the response
variables 100 times and rebuilding the model to form a distri-
bution of error for random models. We then compared our
model to this distribution using the Mann-Whitney U test.
The importance of each parameter to the model prediction
was quantified using a variable importance in projection
(VIP) score. A VIP score of >1 (representing above average
contribution) was considered important for model perfor-
mance and prediction. The LASSO method (Mathworks;
Matlab) was applied for variable selection in the gene expres-
sion data to determine the minimum gene set necessary for
distinguishing treatment groups. K-fold cross-validation was
utilized to optimize the set of gene parameters such that the
error of the resulting model was minimized.

Statistical analysis. Groups were compared by #-tests,
which were performed using the R function t.test, with correc-
tion for multiple comparisons made using R function p.adjust.
The fdr parameter was used for false discovery rate adjustment.

RESULTS

Increased co-IR expression in T and NK cell subsets
in SSc PBMCs, as revealed by immunophenotyping. While
the expression of co-IRs, as a hallmark of T cell exhaustion,
has been associated with disease outcome in several auto-
immune diseases, including lupus and type 1 diabetes (10),
an extensive comparison of the expression of multiple co-
IRs between SSc patients and healthy subjects has not been
performed. Therefore, we isolated PBMCs from SSc
patients and age-matched healthy controls (Table 1) and
stained the cells with a 16-color flow cytometry antibody
panel to characterize expression of 4 co-IRs on various
immune cell subsets simultaneously (15). Importantly, only
patients who were not taking immunosuppressants were
selected for our study, to rule out any role of immune-mod-
ulating drugs on expression levels.

Table 1. Baseline demographic and clinical features of the SSc patients and healthy controls*

Healthy controls

SSc patients

n=19) (n=128)

Sex, no. male/no. female 8/11 1/27
Age, median (range) years 52 (25-69) 57 (32-68)
Age at onset, median (range) years NA 46 (24-74)
Disease duration, median (range) years NA 7.3 years (1 month-42 years)
Race, Hispanic white/black/white 0/1/18 2/0/26
No. with deSSc/no. with 1cSSc NA 6/22
Modified Rodnan skin thickness score, NA 5 (0-36)t

median (range)
Lungs

ILD NA 9

PAH NA 10

* NA = not applicable; dcSSc = diffuse cutaneous systemic sclerosis; 1cSSc = limited cutaneous systemic
sclerosis; ILD = interstitital lung disease; PAH = pulmonary arterial hypertension.

+ For 7 patients, no score was reported.



COINHIBITORY RECEPTORS IN SSc 569

TIGIT

951

D{ﬁ 336
&° Pl |
JL g

|15 g Izs

TIM-3

m 13 TCR+
= CD56medCD16+ NK
CD56highCD16- NK
m CD16+CD56- NK
m iNKT
CD45RO- CD8+ T cell
m CD45RO+ CD8+T cell
m CD45RO+ CD4+ T cell
CD4+ Treg
m CD45RO- CD4+ T cell
m leftover monocytes
[ ]
]

CD45R0+CD3-CD4- S 240 :
CD56-CD16med g ¥ ﬁ
80
35

tSNE 2

1144

tSNE 2

lineage negative

tSNE 1
100 . 100
Feo . o S0
* 60 SR+ 60
g g4

© o o
I & EF S
Tconv Tregs CD8+ YSTCR+ iNKT cD16* CD16

cpsemed f-li
b 10 i . 100
I8 o I—é gso
zoof ey BT 2 g p o0
T 4 B8 s
= 2 8 % o 20
°°
0 0
S O O P © o O & SO &P
I E P ST P P
Tconv Tregs CD8+ ySTCR+ iNKT CcD16* CD16;.
9 cpsemed  cpsghi
E
30 o
20 . °
10
L 0 o @ o B M 900
=1 % 0° o Do
= o ] . %
1:g$§§g x5 &
0 [ () °
(<) o O & < O (] < (€] <]
F & LIS EFE S A Y
Tconv Tregs CD8+ S5TCR+ iNKT cb16* CD16".
E 9 v cpsemed  cpsghi
30
< ° s
s s °
+ 20 +
@ «?
q q
| 10 e o | 2
0 o o o0 .
o < O e 9] <) O o O O
e E S L HFE S A
Tconv Tregs CD8+ YySTCR+ iNKT cD16*

CcD16",
cpsemed  cpsehi

Figure 1. Increased expression of programmed cell death 1 (PD-1), T cell immunoglobulin and ITIM domain (TIGIT), and T cell immunoglobulin
and mucin domain 3 (TIM-3) in defined peripheral blood lymphocyte subsets from patients with systemic sclerosis (SSc). Peripheral blood
mononuclear cells (PBMCs) were isolated from SSc patients and healthy controls (HC). The PBMCs were stained with a 16-color antibody panel
for flow cytometry. A, Single, live CD19—CD14— events were gated using flow cytometry data from a representative sample, and tSNE dimension
reduction was applied with lineage marker channels used for clustering. Populations were gated manually and events were overlaid on the tSNE
map to show positioning of 12 separate subsets of immune cells. B, The tSNE plots show the expression of PD-1, TIGIT, TIM-3, and lymphocyte
activation gene 3 (LAG-3) on immune cell subsets, mapped as described in A (color scale depicts fluorescence intensity as a measure of expression
level). C-E, Using manual gating, the percentage of PD-1+ cells (C), TIGIT+ cells (D), TIM-3+ cells (E), and LAG-3+ cells (F) within
CD4+CD25"¥CD45RO+ conventional T (Tconv) cells, CD4+CD25"E"CD127'°¥CD45RO+ Treg cells, CD8+CD45RO+ T cells, y5 T cell receptor—
positive (TCR+) T cells, invariant natural killer T (iNKT) cells (only shown if >20 events were recorded), CD16+CD56™“™ NK cells, and
CD16—CD56"&" NK cells was determined. Each symbol represents an individual subject; bars show the mean + SEM. Differences between groups
were determined using the -test with false discovery rate adjustment. * = P < 0.05; ** = P < 0.01. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40399/abstract.
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Twelve distinct immune cell types could be identi-
fied in analyses applying an automated viSNE algorithm
that blindly clusters cell subsets using fluorescence data
(Figure 1A). Expression of the co-IRs PD-1, TIM-3,
TIGIT, and LAG-3 showed significant cell-type speci-
ficity, with PD-1 mostly expressed in CD45RO+ memory
T cells, TIGIT in T cells and NK cells, and TIM-3 pre-
dominantly in NK cells (Figure 1B). LAG-3 showed an
overall low expression.

To compare co-IR expression on blood lympho-
cyte subsets between SSc patients and healthy controls,
we defined 10 distinct subsets of T and NK cells using
a manual gating strategy (further details available upon
request from the corresponding author). After exclu-
sion of dead cells as well as CD19+ B cells and CD14+
monocytes, CD3+ T cells were further divided into
CD4+CD8— T helper cells, CD4—-CD8+ cytotoxic T
cells, vy T cells, and invariant NK T (iNKT) cells.
Within the CD4+ T cells, high expression levels of
CD25 and low levels of CD127 were used to delineate
a population enriched in regulatory T cells, here-
inafter referred to as Treg cells (17,18). Since the
CD25+CD127"°% phenotype does not equate 100% to
FoxP3+ Treg cells, it is critical to consider that changes
in co-IR expression within this population may also
represent a small subset of activated effector CD4+ T
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cells. CD4+ and CD8+ T cell subsets were subdivided
into CD45RO+ memory and CD45RO— naive subsets
(19). It is important to note that we did not observe
any differences in the frequencies of the major T cell
types between SSc patients and healthy controls, except
for an increase in CD25+CD127— Treg cells in the SSc
group. Interestingly, the Treg cell subset showed a
reduction in cells with a CD45RO+ effector/memory
phenotype in SSc patients (results available upon
request from the corresponding author).

For CD4+ conventional T cells, CD4+ Treg cells,
and CD8+ T cells, the expression of PD-1, TIGIT, TIM-3,
and LAG-3 was determined within the CD45RO+ effec-
tor/memory population, since naive T cells typically
express low levels of these receptors (representative dot
plots of co-IR staining are available upon request from
the corresponding author). In SSc patients, the numbers
of PD-1-expressing cells within the Treg cell subset and
within yd T cells were significantly increased compared to
those from healthy subjects, while no differences in PD-1
expression were observed on CD8+ T cells, iNKT cells, or
NK cells (Figure 1C). The difference in PD-1 expression
on CD4+ conventional T cells did not reach statistical sig-
nificance after false discovery rate analysis, but strongly
trended toward an increase in SSc patients (P = 0.054)
(Figure 1C).
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Figure 2. Increased levels of PD-1+TIGIT+ double-positive T cells in SSc patients. Coexpression of PD-1 and TIGIT on lymphocyte subsets was
analyzed using manual gating. A and B, Representative dot plots show the distributions of PD-1+TIGIT+ double-positive cells (A) and graphs show
the percentages of PD-1+TIGIT+ cells (B) among CD4+ conventional T cells from healthy controls and SSc patients. C and D, Representative
dot plots show the distributions of PD-1+TIGIT+ double-positive Treg cells (C) and graphs show the percentages of PD-1+TIGIT+ Treg cells (D)
from healthy controls and SSc patients. In B and D, each symbol represents an individual subject; bars show the mean + SEM. ** = P < 0.01. See

Figure 1 for definitions.
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TIGIT was enhanced on conventional CD4+ T
cells, Treg cells, and CD8+ T cells from SSc patients.
However, no enhancement of TIGIT was seen on yo T
cells, iNKT cells, and NK cells from SSc patients, thus
showing a somewhat different pattern than PD-1 (Fig-
ure 1D).

TIM-3 showed low expression levels on all T cell
subsets, confirming the findings from viSNE analysis,
and no differences between healthy controls and SSc
patients were observed (Figure 1E). As noted above,
TIM-3 was strongly present on NK cells and further
increased on the CD16+CD56™"™ cell subset in SSc
patients. LAG-3 was minimally present on all analyzed
cell subsets, and there were no noteworthy differences
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between healthy subjects and SSc patients (Figure 1F).
Not surprisingly, co-IRs were expressed at lower levels in
CD45RO— naive conventional T cells, Treg cells, and
CDS8+ cells, although some differences in SSc patients
compared to healthy controls were still apparent (results
available upon request from the corresponding author).
Finally, we performed a separate analysis of
patients with high percentages of Treg cells. We deter-
mined that the presence of significantly more Treg
cells (or CD25+CD127" activated effector cells) in 7
patients could not be attributed to SSc disease type
(limited versus diffuse) or the presence or absence of
lung and skin involvement (results not shown). Intrigu-
ingly, patients with high Treg cell percentages also had
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Figure 3. Subject-specific activities of coinhibitory receptors in controlling lymphocyte cytokine production. PBMCs from SSc patients and healthy
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increased co-IR expression (results available upon request
from the corresponding author), potentially suggestive of
a more “activated” disease environment in these patients,
which could lead to Treg cell expansion and enhanced co-
IR expression.

Increased frequency of T lymphocytes coexpressing
PD-1 and TIGIT in SSc patients. One hallmark of
exhausted T cells is the accumulated expression of multi-
ple co-IRs on the cell surface (9). Comprehensive co-IR
signature analysis revealed that CD4+ conventional T cells
and Treg cells from SSc patients contained an increased
frequency of PD-1+TIGIT+ double-positive cells com-
pared to those from healthy subjects (Figures 2A-D). In
NK CD56™%™ cells, coexpression of TIGIT and TIM-3
showed a trend toward increased presence in SSc patients
compared to healthy controls (results not shown). The
increased presence of T cells expressing combinations of
co-IRs in SSc patients suggests that immune dysfunction
and T cell exhaustion were increased in those patients.
Perhaps surprisingly, this augmented exhaustion signature,
as well as the increased levels of single co-IR—positive cell
populations (as described above), did not correlate with
disease duration in SSc patients (results not shown). The
striking exhaustion phenotype, however, prompted us to
investigate the functional role of co-IRs in the activation
of T cells from SSc patients.

Patient-specific activity of PD-1, TIGIT, and
TIM-3 in controlling T cell cytokine production. To
directly test whether co-IRs differentially regulate T cell
responses in SSc patients and healthy subjects, we
designed an assay using monocyte-derived DCs from a
healthy donor as an allogeneic stimulus in a mixed lym-
phocyte reaction (MLR). This assay requires cognate T
cell-DC interactions for T cell activation, thereby facilitat-
ing physiologic engagement of co-IRs on the T cells with
their ligands on the DCs (20). For this reason, an MLR is
often used to test the functionality of novel checkpoint
inhibitors for cancer immunotherapy (21-23). By using
the same DC donor to stimulate responders, we could
eliminate the possibility that differing amounts of inhibi-
tory receptor ligands present on the DCs would be a
potential confounding variable. Co-IR-blocking antibodies
against PD-1, TIGIT, and TIM-3 were added to the MLR
to prevent the binding of ligands to the receptors.

In the first set of experiments, we confirmed
that antibody treatment did not affect the viability or
ratios of the CD4+ and CDS8+ T cell subsets in the
MLR cultures (results available upon request from the
corresponding author). We next collected supernatants
from MLR cultures, and 14 cytokines were measured
using a multiplex platform. As expected, the amounts
and types of cytokines produced by individual subjects
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showed significant variability (Figure 3). Nevertheless,
2 distinct profiles could be readily observed: 1) subjects
who showed a response dominated by the proinflamma-
tory cytokines IFNy, IL-6, and TNF (healthy control
subjects 1-4 and SSc patients 1-3 in Figure 3), and 2)
subjects with a more diverse cytokine response and
increased presence of Th2 cytokines (healthy control
subject 5 and SSc patients 4-6 in Figure 3).

In most cases, co-IR blockade did not appear to
selectively promote the production of specific cytokines,
and therefore none of the co-IR-blocking antibody
treatments led to dramatic changes in the composition
of patient-specific cytokine profiles (Figure 3). In 4 of 5
healthy control subjects and 4 of 6 SSc patients, at least
2 of the co-IR-blocking antibodies increased the total
amount of cytokines produced. In both healthy subjects
and SSc patients, PD-1 appeared to be the strongest
regulator of cytokine secretion (Figure 3 and Fig-
ure 4A). The role of TIGIT and TIM-3 was modest in
SSc patients, whereas in most healthy subjects, TIGIT
and/or TIM-3 were potent secondary regulators of total
cytokine secretion (Figure 4A).

Interestingly, there was significant patient-specific
variation in the cytokine-regulating activities of co-IRs.
This experiment demonstrated that co-IR expression in
SSc PBMC:s is not exclusively a marker of a dysfunc-
tional immune system, but rather, interactions of co-IRs
with their ligands can actively regulate T cell effector
functions and thus may play a role in the T cell-depen-
dent pathogenic processes of SSc.

To establish whether co-IR blockade during the
MLR cultures differentially affected the cytokine re-
sponse of immune cells between SSc patients and
healthy subjects, the large data set was analyzed using
advanced bioinformatics and mathematical modeling.
Unsupervised hierarchical clustering of cultures from
subjects with various treatments and cytokines resulted
in individual donors, rather than treatment groups, clus-
tering together, masking any indication of potential
effects of the blocking antibodies on cytokine production
(results available upon request from the corresponding
author). Therefore, to determine whether the activities
of PD-1, TIGIT, and TIM-3 in SSc patients and healthy
subjects could be differentiated, we performed PLSDA.
The PLSDA method is a mathematical analysis method
that uses LVs to determine which parameters contribute
to causing the greatest difference between samples.
PLSDA is useful when the behaviors of multiple ana-
lytes of interest, in this case cytokines, are known to be
interdependent and can reveal combinations of cyto-
kines whose fluctuation, as a group, maximally correlates
with the anti-co-IR antibody treatments (24,25).



COINHIBITORY RECEPTORS IN SSc 573

A
@ 3
@  HC
© [
< I SSc
S [
T 2 A
3 M Y
g i
2, i [ v,
x T m
3 = |*] |1
> A
1)
o v
©
‘6 0 T T T T T T T T
- N & > @ N Q »
h N : Y » 4
< L RS & s¥ L 4 N
@ & S 4 @ & & &
2 ,b(\ ,b(\ L fbo 'bo
B C
1
o 24
N
[
“
o 14
& ; 04
% 05 e e
S N
© 0. o
2 - g |
= 5 _ 5 24 | anti-PD-1
° . anti-PD-1 s | anti-TIGIT
g 1 anti-TIGIT 4, 7 4] i | anti-TIM-3
& 15 anti-TIM-3 é |
2] o §\°\
3 1 N
Score 1 7 4 7 S
SonLyv1ys 56';) 6 )
- ()
D
0.45
0.4
0.35

LV 1 (45.56%)
o
&

IFN-y IL-10 IL-13 IL-9 IL-2 IL-21 IL-4 IL-23 IL-5 IL-6 IL-27  TNF

Figure 4. Cytokine production is modulated by coinhibitory receptor (co-IR)-blocking antibodies against PD-1, but not those against TIGIT or
TIM-3, in SSc PBMCs. A, Fold changes in the levels of total cytokines (relative to values in isotype controls) after co-IR blockade are shown. Each
symbol represents an individual healthy control or SSc patient; bars show the mean + SEM. B-D, Multiplex cytokine data were subjected to par-
tial least squares discriminant analysis to identify variations in patterns of cytokine production (normalized to isotype control values) after block-
ade with co-IR-blocking antibodies. Graphs show data points from each co-IR-blocking antibody culture condition with cells from SSc patients
(B) and healthy controls (C), mapped onto 3-dimensional latent variable (LV) space and connected with lines that meet at their centroid. D, The
contribution of each cytokine from the SSc mixed lymphocyte reaction cultures to LV1 is shown, with asterisks denoting cytokines with a variable
importance in projection score >1, indicating greater than average contribution. IFNy = interferon-y; IL-10 = interleukin-10; TNF = tumor necro-
sis factor (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.40399/abstract.


http://onlinelibrary.wiley.com/doi/10.1002/art.40399/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40399/abstract

574

Cytokine levels in each treatment group were
normalized relative to those in isotype-treated controls,
to account for the large differences in total cytokine
produced between subjects. The samples were then
mapped onto 3-dimensional LV space and connected
with lines that meet at their centroid. In SSc patients,
our analysis showed that profiles of cytokine secretion
differed between anti-PD-1-treated cells and anti-TIM-
3—treated and anti-TIGIT—treated cells (Figure 4B), with
a model confidence of 88%; this distinction was not
found in samples from healthy controls (Figure 4C).
The PLSDA model was unable to show any differences
in anti-TIGIT or anti-TIM-3 effects on cytokine produc-
tion between healthy controls and SSc patients.

Multiple cytokines contributed to LVI1, which
separated the effects of anti-PD-1 treatment from
those of anti-TIGIT and anti-TIM-3 treatment in SSc
patients (Figure 4D). Increased overall production of
IL-10, IL-13, IL-2, IL-21, and IL-4 in the anti-PD-1-
treated SSc samples contributed most significantly to
the distinction, as determined by VIP score. This analy-
sis thus strengthens the conclusion that in SSc patients,
PD-1 continued to exert its normal function of actively
inhibiting T cell cytokine production, but the TIGIT
and TIM-3 pathways, while actively controlling cytokine
secretion in healthy controls, became defective or
refractory to reversal in SSc. Such a separation between
the functionality of PD-1 on the one hand, and TIGIT/
TIM-3 on the other hand, has not been previously
demonstrated in a human autoimmune disease.

Modulation of SSc fibroblast activation following
the alteration of T cell cytokine production by co-IR
blockade. Much of the pathogenesis of SSc is driven by
fibrosis in target organs. It is thought that pathogenic
fibroblasts produce large amounts of collagen, leading
to loss of cellularity and elasticity in the skin and inter-
nal organs (26). To explore whether antibody blockade
of co-IRs on T cells could have a potential effect on this
cell type, we cultured SSc primary fibroblasts for 24
hours with the supernatants collected from MLR cul-
tures (the same cultures as shown in Figure 3). Fibro-
blasts were washed and RNA was isolated for
NanoString analysis of genes previously described to be
important in SSc disease pathogenesis (16). Interestingly,
hierarchical clustering revealed that the 2 main clusters
are largely driven by the 2 distinct cytokine signatures
identified in Figure 3: the “proinflammatory” group and
the “diverse/Th2” group (further details available upon
request from the corresponding author). Within these 2
groups, donor-specific patterns of gene expression
appeared to be the most similar. Since our data demon-
strated that treatment with co-IR-blocking antibodies
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mostly resulted in quantitative, rather than qualitative,
changes in cytokine production, it is perhaps not surpris-
ing that supernatants from treated cultures did not lead
to uniformly clustered changes in the patterns of basic
fibroblast gene expression.

We next examined whether multivariate mathe-
matical modeling was capable of distinguishing the effects
of anti—co-IR treatment on fibroblast gene expression
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Figure 5. Blocking of TIM-3 in mixed lymphocyte reaction (MLR) cul-
tures promotes the production of soluble factors that alter SSc fibroblast
gene expression. SSc fibroblasts were cultured for 24 hours with super-
natants from MLR cultures. Fibroblast RNA was prepared, and the
expression of selected genes was measured with NanoString technology.
A, Partial least squares discriminant analysis was applied to the
NanoString data. The plots show the fibroblast gene expression data
contributing to latent variable 1 (LV1) obtained from fibroblasts exposed
to supernatants from each coinhibitory receptor antibody-treated MLR.
Symbols represent data from individual healthy control subjects and SSc
patients. Broken horizontal lines indicate the zero value and the bound-
aries of the 95% confidence interval. B, The contribution of each indi-
vidual gene to LV1 is shown, with asterisks denoting genes with a
variable importance of projection score >1, indicating greater than aver-
age contribution. See Figure 1 for other definitions.
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after exposure to culture supernatants. Feature selection
using the LASSO algorithm was performed, resulting in
narrowing of our gene set from 53 genes to 21 genes. Sub-
sequently, PLSDA was applied to identify patterns of
fibroblast gene expression that differentiated the treat-
ment groups. Surprisingly, we found that fibroblasts
treated with supernatants from anti-TIM-3-treated
MLRs, both those derived from SSc samples and
those derived from healthy control samples, had a dis-
tinctly modified gene expression profile as compared
to the anti-PD-1 and anti-TIGIT treatment groups
(Figure 5A).

This distinct gene expression profile from the
anti-TIM-3 group showed separation based on LV1
(Figure 5B). Since we observed that TIM-3 did not
strongly regulate the 12 cytokines measured in SSc lym-
phocytes (as shown in Figure 3 and Figures 4A and B),
it is likely that an unknown factor, induced after TIM-3
blockade, is an important regulator of SSc fibroblast
gene expression. Importantly, the main drivers of LV1
were profibrotic genes, suggesting that TIM-3 might
play a protective role in SSc fibrosis. Contrary to that
seen with anti-TIM-3 treatment, anti-PD-1 treatment
did not appear to drive gene expression changes in
fibroblasts, suggesting that PD-1 mostly controls the
amount of cytokines produced, without significantly
changing the composition of the supernatants.

DISCUSSION

In this study, we analyzed the expression and func-
tion of the co-IRs PD-1, TIM-3, TIGIT, and LAG-3 in SSc
PBMGCs. PD-1 and TIGIT are increased and coexpressed
on multiple T cell subsets from SSc patients, while TIM-3 is
increased on the cytotoxic CD16+CD36™"™ subset of NK
cells. Co-IRs play distinct roles in regulating the production
of cytokines, and their functionality differed significantly
between individual donors. Importantly, TIGIT and TIM-3,
but not PD-1, showed reduced activity in SSc patients com-
pared to healthy controls. Our observations thus support a
cell-specific altered expression pattern of co-IRs in SSc
immune cells, rather than a broad up-regulation of these
receptors. Moreover, co-IRs play complex and patient-
specific roles in the regulation of cytokine production, a
finding with potential implications for achieving a better
understanding of this heterogeneous disease.

SSc is a poorly understood autoimmune disorder
that produces extreme reduction in quality of life, and
the 10-year survival rate in patients with SSc currently
averages 50% (27). Patients have few treatment options,
and a greater understanding of the underlying immuno-
logic mechanisms of the disease is needed to assess the
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feasibility of developing immunotherapies. While many
studies have focused on understanding aberrant fibro-
blast differentiation in SSc, there is also evidence that
immune cells and the cytokines they produce play a crit-
ical role in fibrosis. In many fibrotic diseases, it is well-
established that Th2-type immune responses, producing
IL-4 and IL-13, promote fibrosis (28). T cell-derived
TGFB may contribute as well (29). In SSc, however,
robust evidence of a critical role of bona fide Th2 cells
remains limited (30). CD8+ T cells may also be a source
of IL-13, as was demonstrated by Fuschiotti et al in SSc
peripheral blood (4) and skin (31). One intriguing study
demonstrated that skin Treg cells can produce IL-4 and
IL-13, possibly contributing to a fibrotic phenotype (5).
This finding, combined with studies indicating that the
numbers of bona fide FoxP3+ Treg cells are reduced in
the skin of SSc patients (32,33), suggests that Treg cell
deficiencies play a role in SSc. It would be of interest to
determine whether the specific reduction in CD45RO+
effector/memory Treg cells that we observed in SSc
blood would correlate with the reported decrease in tis-
sue-resident Treg cells. A number of recent studies have
indicated that Th17 cells are present in SSc and may
contribute to the disease process (34,35). Taken together,
the findings in these studies underscore the need for a
better understanding of the regulatory mechanisms
underlying the potential profibrotic and proinflammatory
functions of various T cell subsets in SSc.

Co-IRs such as PD-1, TIM-3, LAG-3, and
TIGIT are an important class of molecules controlling
T cell effector responses. Our finding that these recep-
tors are aberrantly expressed in SSc patients is consis-
tent with the general trend of increased levels of these
receptors in other rheumatic diseases. However, the co-
IR expression patterns on various lymphocyte subsets
show considerable disease-dependent variation. For
example, the levels of PD-1 were found to be increased
in CD4+ and CD8+ T and NK cells from lupus patients
(36,37) and in CD3+ T cells from patients with psoriatic
arthritis (38), whereas in the present study, in patients
with SSc, PD-1 was only significantly enhanced in Treg
cells and yd T cells (Figure 1C). In addition, serum
levels of soluble forms of PD-1, and its ligand PD-L2,
were recently shown to be elevated in SSc (14).

Li et al observed increased levels of TIM-3 on
CD4+ and CDS8+ T cells in the peripheral blood of
patients with rheumatoid arthritis (39), whereas our
study showed no changes in TIM-3 in SSc T cell sub-
sets, but did show an increase in NK cells (Figure 1E).
In lupus patients, the levels of TIGIT were found to be
up-regulated on CD4+ T cells but reduced in CD8+ T
cells, NK cells, and Treg cells (40), an expression
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pattern that does not match with our observations in
patients with SSc (Figure 1D). Deciphering the origin
and functional consequences of these differences con-
stitutes an important future research direction.

Co-IRs have been demonstrated to play critical
functional roles in in vivo models of autoimmune disor-
ders (7) and in chronic viral infections and cancer (9). In
HIV and cancer, increased expression of PD-1 and the
coexpression of multiple co-IRs is linked with a corre-
sponding decrease in the effector function of T cells (9),
a state described as T cell exhaustion. Blocking co-IRs
can restore effector function, as has been shown in suc-
cessful immunotherapy for cancer (41,42). However, epi-
genetic mechanisms dictating exhaustion can provide a
barrier to lymphocyte rejuvenation (43). Our findings
showing that anti-TIGIT and anti-TIM-3 antibody
blockade were largely ineffective in enhancing cytokine
production in PBMCs from SSc patients, and that
SSc patients had increased numbers of PD-1+TIGIT+
double-positive T cells, suggest that a more robust
state of T cell exhaustion, perhaps epigenetically con-
trolled, is present in SSc patients compared to healthy
controls.

Our antibody blocking experiments revealed that
PD-1 played the most dominant role in modulating
cytokine secretion. PD-1 has been extensively charac-
terized as a co-IR that limits the production of cyto-
kines in immune cells. It is therefore feasible that
increased PD-1 expression in SSc patients represents a
regulatory mechanism that attempts to limit tissue
damage. However, absence of the ligands engaging PD-1
in the tissue microenvironment may preclude successful
engagement of this pathway.

Alternatively, PD-1, TIM-3, and TIGIT may
suppress some T cell cytokines, but not others, leading
to subtle skewing of cytokine profiles. Such changes in
cytokine signatures due to aberrant expression of com-
binations of co-IRs and, perhaps, their ligands in fibrotic
tissues may impinge on disease processes. In support of
this hypothesis, our data show that co-IR blockade during
an in vitro immune response provokes changes in soluble
factors that can have an impact on fibroblast gene expres-
sion. In some cases, these changes may be attributed to
the presence of specific cytokines that have known activi-
ties in fibroblasts. IL-13, for example, is a potent inducer
of collagen production (44). However, one intriguing
possibility, revealed by mathematical modeling, was that
TIM-3 modulated the production of unidentified soluble
factors that had a distinct effect on SSc fibroblast gene
expression. One obvious candidate to initiate these
changes would be the profibrotic cytokine TGFp, but
recombinant TGFp alone was not able to recapitulate the
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gene expression profile induced by any of the co-IR block-
ing antibodies (results not shown).

In summary, our study documents the fact that
SSc patients express co-IR signatures reminiscent of
immune cell exhaustion. Our findings from functional
analysis and mathematical modeling of the impact of
these co-IRs on disease-relevant cytokine production
and fibroblast gene expression suggest that these co-IR
pathways play a role in the pathophysiology of SSc and
may be amenable targets for therapy.
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Objective. To estimate the frequency of chronic
joint pain after infection with chikungunya virus in a
Latin American cohort.

Methods. A cross-sectional follow-up of a prospec-
tive cohort of 500 patients from the Atlantico Department,
Colombia who were clinically diagnosed as having chikun-
gunya virus during the 2014-2015 epidemic was con-
ducted. Baseline symptoms and follow-up symptoms at 20
months were evaluated in serologically confirmed cases.

Results. Among the 500 patients enrolled, 485 had
serologically confirmed chikungunya virus and reported
joint pain status. Patients were predominantly adults
(mean + SD age 49 + 16 years) and female, had an edu-
cation level of high school or less, and were of Mestizo
ethnicity. The most commonly affected joints were the
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small joints, including the wrists, ankles, and fingers.
The initial virus symptoms lasted a median of 4 days (in-
terquartile range [IQR] 3-8 days). Sixteen percent of the
participants reported missing school or work (median 4
days [IQR 2-7 days]). After 20 months, one-fourth of the
participants had persistent joint pain. A multivariable
analysis indicated that significant predictors of persistent
joint pain included college graduate status, initial symp-
toms of headache or knee pain, missed work, normal
activities affected, >4 days of initial symptoms, and >4
weeks of initial joint pain.

Conclusion. This is the first report to describe the
frequency of chikungunya virus-related arthritis in the
Americas after a 20-month follow-up. The high frequency
of chronic disease highlights the need for the develop-
ment of prevention and treatment methods.

Chikungunya virus is a mosquito-borne illness that
can lead to chronic joint pain and arthritis (1). Patients
with acute infection present with fever, headache, muscle
pain, rash, and joint pain. Prior outbreaks have been
reported in Africa, Asia, Europe, and the Indian and Pa-
cific Ocean islands (2). In 2013, chikungunya virus was
seen for the first time in the Caribbean basin, and it has
now infected >1.2 million people throughout the Americas
(3). Studies conducted prior to the American epidemics
showed that 30-70% of chikungunya virus-infected
patients have persistent joint pain months or years after
their acute illness (1,3-14). Until now there have been no
large-scale observational studies of the frequency of
chikungunya arthritis in the Americas. It is estimated that
~48% of Latin American patients will develop chronic
chikungunya arthritis a median of 20 months after chikun-
gunya virus infection (15).
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With the exception of the Andes Mountains
region, most of Colombia has an elevation of less than
1,000 meters and is thus favorable for the proliferation of
Aedes aegypti, the mosquito vector of chikungunya virus in
the Americas. Thus, much of the population is vulnerable
to infection with this virus. In the Americas in 2015,
693,489 cases of chikungunya virus were reported, of
which Colombia bore the largest burden with 356,079
cases (16).

There has been little description of the fre-
quency of chronic arthritis in the Americas. One study
of 39 Colombian patients with chikungunya virus, rang-
ing from 6 to 65 weeks after infection, showed that
90% had persistent polyarthralgias or arthritis at the
time of evaluation (17).

The primary objective of the present study was to
describe the frequency of persistent joint pain and disabil-
ity in a Latin American cohort of chikungunya virus
patients from Colombia. Our hypothesis was that chronic
joint pain will be present in one-third of our Latin Ameri-
can cohort, which is similar to findings reported from
other outbreaks of the Asian strain of the virus at 18
months (5,18). Defining the frequency of chronic joint
pain and disability after chikungunya virus infection is
important to understanding the long-term impact of the
American outbreak.

PATIENTS AND METHODS

Study design. Five hundred patients with clinically
confirmed chikungunya virus infection were enrolled as part
of a prospective cohort in January 2015. Diagnosis of chikun-
gunya virus was serologically confirmed via IgM and IgG anti-
body capture enzyme-linked immunosorbent assay (ELISA)
(described below). A baseline 33-item survey was conducted
to ascertain demographic characteristics, exposure history,
and symptoms. A subsequent 56-item telephone survey was
performed a median of 20 months after infection and
included an assessment of the character and duration of per-
sistent chikungunya arthritis symptoms, including swollen joint
count, tender joint count, comorbidities, missed work or
school, and a global score of pain during the last week (from
the Disease Activity Score in 28 joints [DAS28] [19]), as well
as therapies received.

Institutional review board (IRB) approval. This study
was approved by the ethics committee of the Universidad El
Bosque under a protocol entitled “Surveillance of sentinel infec-
tious events prevalent in Colombia” with a non-human subjects
determination made by The George Washington University IRB
for analysis of deidentified data. Written informed consent was
obtained from all participants, and all samples were collected by
qualified medical personnel.

Setting. Patients were referred to the study from the
Sabanalarga, Barranquilla, Juan de Acosta, Manati, Luruaco,
and Baranoa municipalities in the Atlantico Department, Colom-
bia, which is located on the Caribbean coastal plane (20).

Participants. Primary care providers referred patients
with clinically suspected chikungunya virus for enrollment.
Clinical chikungunya virus was defined by the Colombian
Institute of Health as a fever of >38°C, severe joint pain or
arthritis, and acute onset of erythema multiforme, with symp-
toms not explained by other medical conditions. In addition,
patients must reside in or have visited a municipality with evi-
dence of chikungunya virus transmission or traveled within 30
km of confirmed viral transmission (21). Clinically suspected
cases of chikungunya virus were confirmed serologically for
the purposes of this study.

Variables. Demographic factors obtained included age,
sex, ethnicity, education level, and insurance status. Outcomes
were assessed at the follow-up survey. The primary outcome mea-
sure was the percentage of individuals with self-reported persis-
tent chikungunya virus—related joint pain at follow-up ~20 months
after infection. Secondary self-reported outcomes included the
duration of initial joint pain since many individuals describe
relapsing—remitting symptoms after initial infection, the percent-
age of individuals who missed work or school, the median days of
missed work or school, the percentage of patients whose symp-
toms impacted their capacity to continue normal activity, and an
estimate of disease severity. The latter included elements of the
DAS28, including mean swollen joint count, mean tender joint
count, and mean global pain score (19). The full DAS28 could
not be calculated because this measure includes the C-reactive
protein level, and no follow-up blood draw was performed. Poten-
tial effect modifiers included medical comorbidities such as
chronic arthritis, gout, osteoarthritis, ischemic heart disease, kid-
ney disease, lung disease, diabetes, hypertension, and depression.
Finally, analysis included the types of therapies used for chikun-
gunya arthritis, including aspirin, ibuprofen, acetaminophen,
prednisone, methotrexate, medicinal plants, or other modalities.

Anti-chikungunya virus IgG and IgM. IgG and IgM
levels were assayed using a Euroimmun anti—chikungunya virus
ELISA (IgG/IgM) according to the manufacturer’s instructions.
These assays provide a qualitative evaluation of the presence or
absence of anti-chikungunya virus IgG and IgM.

Statistical analysis. All 500 patients were contacted for
the follow-up telephone survey. Excluded patients (n = 15) had
no serologic confirmation of chikungunya virus or were missing
data on current joint pain status. Variable distributions were
examined for normality and outliers. Continuous variables were
log-transformed if necessary. Univariable associations between
patient variables and the presence of persistent joint pain, and
between initial symptoms and sex, were tested using chi-square
or Fisher’s exact test for categorical variables and ¢-test or the
Kruskal-Wallis test for continuous variables. A multivariable
logistic regression model for persistent joint pain was tested
using any baseline variable that was significantly associated with
persistent joint pain as a factor. Backward selection was used,
dropping predictors that had a P value of greater than 0.20. SAS
(version 9.3) was used for data analysis. P values less than 0.05
were considered significant, except when Bonferroni correction
was applied, as indicated in the table footnotes.

RESULTS

Five hundred participants with clinically suspected
chikungunya virus infection were enrolled (Figure 1). Four



580

Reported CHIKYV cases in
Atlantico, Colombia January
2015 (n =2,517)

Clinically confirmed CHIKV
cases referred for study
(n=500)

Excluded (n = 6)

> No serologic evidence of chikungunya
infection
v

Serologically confirmed
CHIKV cases
(n =494)

Lost to follow-up (n=0)

S Excluded because joint pain status not
self-reported (n=9)
v

Serologically confirmed
CHIKV cases with or without
persistent joint pain at
median 20 months

Figure 1. Study flow diagram. A chikungunya virus (CHIKV) epi-
demic occurred in 2014-2015 in the Atlantico Department of Colom-
bia. At the time of study enrollment, there were 2,517 affected cases.
Five hundred clinically confirmed cases were referred for the study,
of which 494 were serologically confirmed. There was no attrition. All
patients completed the follow-up telephone survey a median of 20
months after infection.

hundred ninety-four cases were confirmed by ELISA. Of
these, 483 were acute cases (481 who were positive for
both IgM and IgG and 2 who were positive for [gM and
negative for IgG) and 11 were convalescent (6 who had
equivocal IgM status but were positive for IgG and 5 who
were negative for IgM and positive for IgG). Six cases were
negative for IgM and IgG antibodies and were excluded
from the analysis. All 500 participants were reached for
the follow-up telephone survey. However, 9 participants
did not report joint pain status and were excluded from
the analysis (n = 485).

At baseline (Table 1), the confirmed cases were
predominantly adults (mean age 49.1 years) and female
and had an education level of high school or less. Almost
all were of Mestizo ethnicity (i.e., mixed European, often
Iberian, and indigenous Latin American ancestry) and
had health insurance. The most common baseline comor-
bidity was hypertension (12%), and only 17 patients (4%)
reported prior arthritis at baseline. The most commonly
reported initial symptoms were muscle pain, weakness,
joint pain, rash, fever, and headache (Table 2). The most
commonly affected joints were the small joints, including

CHANG ET AL

the wrists, ankles, and fingers. The most commonly used
medication to treat chikungunya virus-related joint pain
was acetaminophen, which was taken by every patient.
Forty-six patients took ibuprofen, prednisone, or medici-
nal plants. The initial joint pain during acute infection
lasted a median of 4 weeks (interquartile range [IQR] 2-
16 weeks), and many patients had intermittent or persistent
joint pain after the initial infection. Sixteen percent of the
participants reported missing school or work as a result of
their chikungunya virus infection, with a median of 4 days
(IQR 2-7 days) lost (Table 3). When patients were strati-
tied by sex (Table 4), it was found that women were more
likely to have chikungunya virus infection symptoms,
including weakness, rash, nausea or vomiting, and elbow
pain.

After 20 months, one-fourth of the participants
(123 of 485) had persistent joint pain. Among these
patients, most had only 1 swollen joint but had tenderness
in 3 other joints. They had a mean + SD global pain score
of 47 + 20 (Table 3). Participants with persistent joint
pain were more likely to be female (Table 1) and to
have had more severe initial symptoms (Table 2). These
patients reported greater joint involvement, including the
number of joints involved and the duration of initial joint
symptoms. They were also more likely to report having

Table 1. Baseline demographic characteristics of the patients with
serologically confirmed chikungunya virus classified according to joint
pain status at a median follow-up of 20 months*

All serologically Persistent No persistent

confirmed cases joint pain  joint pain
(n = 485) (n =123) (n = 362)
Age at baseline, 49.1 £ 16.1 491 +£17.1 492+ 158
mean + SD years
Female 388 (80) 109 (89) 279 (77)+
Ethnicity:
Mestizo 451 (94) 115 (96) 336 (93)
African Colombian 4(1) 0 (0) 4(1)
White Colombian 26 (5) 54) 21 (6)
Mean education level
High school or less 377 (78) 96 (78) 281 (78)
Some college 98 (20) 23 (19) 75 (21)

College graduate 10 (2) 4 (3) 6 (2)

Health insurance} 461 (97) 117 (98) 344 (97)

Prior comorbidity
Hypertension 57 (12) 16 (13) 41 (11)
Diabetes 34 (7) 9(7) 25(7)
Any type of arthritis 17 (4) 7 (6) 10 (3)
Lung disease 19 (4) 54) 14 (4)
Depression 21 (4) 6 (5) 15 (4)
Chronic foot pain 14 (3) 54 9(2)
Gout 12 (2) 54) 7(2)
Osteoarthritis 13 (3) 4(3) 9(2)
Ischemic heart disease 13 (3) 4 (3) 9(2)
Kidney disease 12 (2) 3(2) 9(2)

* Except where indicated otherwise, values are the number (%).
+ P = 0.004 versus persistent joint pain.
1 Data were not available for all patients.
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Table 2.

Initial symptoms and treatment of patients with serologically confirmed chikungunya virus classified

according to joint pain status at a median follow-up of 20 months*

All serologically ~ Persistent ~ No persistent
confirmed cases  joint pain joint pain
(n = 485) (n=123) (n =362) P
Initial symptoms
Muscle pain 471 (98) 119 (98) 352 (98) 0.99
Weakness 427 (88) 114 (93) 313 (86) 0.09
Joint pain and/or inflammation 476 (98) 120 (98) 356 (98) 0.70
Rash 409 (85) 104 (85) 305 (84) 0.99
Fever 376 (79) 99 (83) 277 (78) 0.28
Headache 354 (73) 101 (82) 253 (70) 0.009
Lymphadenopathy 343 (71) 90 (73) 253 (70) 0.52
Cool extremities 257 (53) 68 (55) 189 (52) 0.57
Nausea or vomiting 178 (37) 54 (44) 125 (35) 0.16
Bruising 76 (16) 22 (18) 54 (15) 0.42
Hemorrhage 11 (2) 1(1) 10 (3) 0.21
Nose bleed 5(1) 1(1) 4(1) 0.99
Oral bleeding 6 (1) 2(2) 4(1) 0.65
Initial rheumatic symptoms during acute
chikungunya infection
Wrist pain 426 (90) 110 (92) 316 (89) 0.37
Ankle pain 412 (87) 113 (94) 299 (84) 0.0047
Finger pain 403 (84) 103 (86) 300 (84) 0.64
Elbow pain 395 (83) 111 (93) 284 (80) 0.0013+
Toe pain 387 (81) 109 (92) 278 (78) 0.0017
Knee pain 383 (80) 113 (94) 270 (76) <0.00017
Hip pain 342 (72) 106 (89) 236 (66) <0.00017
Initial chikungunya virus symptom duration, days <0.00011%
Mean + SD 12.9 + 30.6 142 +£228 123 +£333 -
Median (IQR) 4 (3-8) 5 (4-10) 4 (3-7) -
Range -365 1-90 —-365 -
Duration of initial joint pain, weeks <0.0001+%
Mean + SD 18.4 £ 324 453 +£39.5 105+ 25.1 -
Median (IQR) 4 (2-16) 40 (6-92) 3(2-8) -
Range 0-365 0.6-104 0-365 -
Treatment
Acetaminophen 478 (100) 122 (100) 356 (100) -
Ibuprofen 36 (8) 11 (9) 25(7) 0.47
Prednisone 5(1) 2(2) 3(1) 0.61
Medicinal plants 5(1) 1(1) 4(1) 0.99
Aspirin 0 (0) 0 (0) 0 (0) -
Methotrexate 0 (0) 0 (0) 0 (0) -

* Except where indicated otherwise, value are the number (%). Data were not available for all patients. IQR =

interquartile range.
+ Significant (P < 0.002) after Bonferroni adjustment.
1 By Kruskal-Wallis nonparametric test.

missed work or school and to report that their normal
activities were affected by the infection (Table 3).

In a model to examine factors that had indepen-
dent associations with persistent joint pain, the area under
the receiver operating characteristic curve was 0.84, indi-
cating good discrimination. Significant factors included
being a college graduate, headache, knee pain, missed
work, normal activities affected, >4 days of initial symp-
toms, and >4 weeks of initial joint pain (Table 5).

DISCUSSION

We found the frequency of chronic joint pain
after infection with chikungunya virus in a large Latin
American cohort to be 25% a median of 20 months after

infection. Significant predictors of persistent joint pain
included being a college graduate, headache, knee pain,
missed work, normal activities affected, >4 days of ini-
tial symptoms, and >4 weeks of initial joint pain.

This is the first large-scale observational study of
chikungunya virus—associated arthritis in the Americas.
The finding of chronic joint pain ~2 years after initial
infection in one-fourth of the patients infected with
chikungunya virus has important implications for the pre-
diction of the magnitude of disability and health system
costs after the Latin American epidemic. Prior predictions
had overestimated the expected frequency of chikungunya
virus-related joint pain in Latin America, indicating that
48% of chikungunya virus—infected patients were pre-
dicted to have chronic chikungunya arthritis 20 months
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Table 3. Symptoms and disability in patients with serologically confirmed chikungunya virus classified according to joint pain status at a

median follow-up of 20 months

All serologically Persistent No persistent
confirmed cases joint pain joint pain
(n = 485) (n=123) (n=362) P
Time since onset, months 0.017
Mean + SD 200 £ 1.3 202 +0.8 199 + 1.4 -
Median (IQR)* 19.7 (19.4-20.8)  19.8 (19.4-20.9) 19.6 (19.4-20.6) -
Range 8.9-314 19.2-22.9 8.9-31.4 -
No. (%) who missed work or school during initial infection 79 (16) 49 (40) 30 (8) <0.00017
Days of missed work/school 0.83%
Mean + SD 55+£53 6.0 £ 6.3 47+ 3.0 -
Median (IQR) 4 (2-7) 4.(2-7) 3.5 (2-7) -
Range 0-30 2-30 0-14 -
No. (%) with symptoms impacting capacity to continue normal activity 46 (9) 33 (27) 13 (4) <0.00017
Swollen joint count, mean + SD 0.2 £ 0.6 05+ 1.0 0.06 + 0.3 <0.0001+%
Tender joint count, mean £+ SD 09 + 1.8 29 +£23 02£0.8 <0.0001+%
Global pain score in the last week, mean + SD (range 0-100) 45.8 £ 19.6 46.7 +£20.2 415 £ 163 0.39

* IQR = interquartile range.
+ Significant (P < 0.0017) after Bonferroni adjustment.
1 By Kruskal-Wallis nonparametric test.

Table 4. Initial chikungunya virus symptoms and baseline comorbidities
by sex*

Women Men
(n=388) (n=095) P
Initial symptoms
Muscle pain 377 (97) 93 (98) 0.99
Weakness 353(91) 73 (77)  <0.0001t
Joint pain and/or inflammation 383 (99) 92 (97) 0.19
Rash/itch 339 (87) 69 (73) 0.0004+
Fever 304 (80) 71 (76) 0.49
Headache 291 (75) 62 (65) 0.06
Lymphadenopathy 287 (74) 55 (58) 0.002
Cool extremities 216 (56) 40 (42) 0.018
Nausea or vomiting 157 (41) 21 (22) 0.0004+
Bruising 69 (18) 7(7) 0.012
Hemorrhage 8(2) 33 0.46
Nose bleed 3(1) 2(2) 0.25
Oral bleeding 4(1) 2(2) 0.34
Initial rheumatic symptoms
Wrist pain 347 (91) 78 (85) 0.10
Ankle pain 331 (86) 80 (87) 0.89
Finger pain 325 (85) 77 (83) 0.62
Elbow pain 329 (86) 65 (71) 0.0005+
Toe pain 312 (82) 74 (80) 0.78
Knee pain 306 (80) 76 (82) 0.72
Hip pain 286 (75)  55(59) 0.0022
Prior comorbidities
Arthritis 9(2) 8(9) 0.009
Chronic foot pain 8(2) 6 (6) 0.04
Gout 7(2) 5(5) 0.07
Osteoarthritis 10 (3) 3(3) 0.73
Heart disease 10 (3) 3(3) 0.73
Kidney disease 10 (3) 2(2) 0.99
Lung disease 17 (4) 2(2) 0.39
Diabetes 31 (8) 3(3) 0.10
Hypertension 47 (12) 10 (11) 0.66
Depression 15 (4) 5(5) 0.58

* Values are the number (%). Data on sex were missing for 2
patients; data on symptoms were not available for all patients.
+ Significant (P < 0.00167) after Bonferroni adjustment.

after acute infection (15). Our findings are consistent with
findings reported from other outbreaks of the Asian strain
of the virus at 18 months, showing that approximately
one-third of the patients had persistent joint pain (5,18),
and lower than the findings of a 15-18-month follow-up
of patients affected by the East Central African strain on
Réunion Island from 2005-2006, in which persistent joint
pain was reported in 43-75% of chikungunya virus—
infected patients (9,12,13).

Significant predictors of persistent joint pain
included factors that may indicate a more severe or pro-
longed initial infection, such as missed work, normal activ-
ities affected, >4 days of initial symptoms, and >4 weeks
of initial joint pain. Determination of the risk factors for
persistent arthritis during initial infection enables early

Table 5. Multivariable logistic regression model of persistent joint
pain in patients with chikungunya virus*

Adjusted OR

(95% Wald
Baseline factor confidence limit) P
College graduate 5.53 (1.13-27.17) 0.0353
Headache 2.17 (1.16-4.07) 0.0157
Knee pain 4.69 (1.91-11.51) 0.0007
Missed work 5.23 (2.87-9.52) <0.0001
Normal activities affected 8.80 (3.89-19.89) <0.0001
>4 days of initial symptoms 2.69 (1.57-4.60) 0.0003
>4 weeks of initial joint pain 2.39 (1.40-4.08) 0.0014

* C = 0.84. Backward selection was used, dropping predictors that had
a P value of less than 0.20. SAS (version 9.3) was used for data analy-
sis, with P values less than 0.05 considered significant, except for val-
ues where Bonferroni correction was applied. (P values less than 0.002
were considered significant in Table 2 and P values less than 0.0017
were considered significant in Table 3.) OR = odds ratio.
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identification of patients who may require follow-up care.
This finding is consistent with the findings of Hoarau et al
(22) and Sissoko et al (9) on Réunion Island (East Cen-
tral African chikungunya virus strain outbreak) that
showed that increased initial chikungunya viral load (22)
and severe initial joint pain (9) were predictors of persis-
tent arthritis. However, in contrast to the findings of
Hoarau et al and Sissoko et al, we did not find that older
age was associated with an increased frequency of persis-
tent chikungunya virus-related arthritis. This difference
may be due to differences in the chikungunya virus strains
involved in the epidemics on Réunion Island as opposed
to the Americas and the significantly smaller cohort sizes,
older mean age, and higher prevalence of underlying
osteoarthritis comorbidity in the Réunion Island studies
(26% in the study by Sissoko et al [9] versus 3% in our
cohort).

A limitation of this study is the lack of a control
group. It is possible that, over the course of 20 months, a
few of the study participants might have developed joint
symptoms and pain due to another etiology that they
attributed to chikungunya virus infection. Furthermore,
patients were not tested for other arboviral infections
that may contribute to joint pain. While dengue and
Zika are flaviviruses known to cause acute joint pain,
Mayaro virus is an alphavirus, like chikungunya virus,
known to cause similar chronic joint pain with known
cross-reactivity between anti-Mayaro and anti-chikungunya
virus antibodies (23). Both patients with chikungunya
virus and those with Mayaro virus viral arthritis almost
universally report morning stiffness, which is a symptom
of true inflammatory arthritis, even in the chronic phase
of the disease. In comparison, dengue and Zika infections
most commonly cause arthralgias rather than inflamma-
tory arthritis, which is an important distinction, since the
alphaviruses preferentially invade and replicate within the
synovium, whereas flaviviruses do not. During the chikun-
gunya virus epidemic there was no known Mayaro virus
circulation in the Atlantico Department. However,
Mayaro virus is known to sporadically affect the Colom-
bian Amazon region (24), so it is possible that a few of
these cases could have been Mayaro virus infections.
Other limitations include the fact that self-reported joint
pain was the primary outcome without serologic markers
of inflammation, and the lack of formal assessment of val-
idated quality of life measures.

This study represents the largest Latin American
cohort of chikungunya patients to be followed up a med-
ian of 20 months after infection. The study sample was
Colombian and consisted predominantly of Mestizo
women. Nevertheless, our findings have important impli-
cations for future planning as this outbreak spreads.
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chikungunya virus or arthritis. Prior chikungunya virus
infection status was serologically confirmed, and the pres-
ence of synovial fluid chikungunya virus, viral RNA, and
viral proteins was determined by viral culture, quantitative
reverse transcription—polymerase chain reaction (qRT-
PCR), and mass spectrometry, respectively. Biomarkers
were assessed by multiplex analysis.

Results. Patients with serologically confirmed chi-
kungunya arthritis (33 of 38 [87%]) were predominantly
female (82%) and African Colombian (55%) or white
Colombian (33%), with moderate disease activity (mean
+ SD Disease Activity Score in 28 joints 4.52 £+ 0.77) a
median of 22 months after infection (interquartile range
21-23 months). Initial symptoms of chikungunya virus
infection included joint pain (97%), swelling (97%), stiff-
ness (91%), and fever (91%). The most commonly affected
joints were the knees (87%), elbows (76%), wrists (75%),
ankles (56%), fingers (56%), and toes (56%). Synovial
fluid samples from all patients with chikungunya arthri-
tis were negative for chikungunya virus on qRT-PCR,
showed no viral proteins on mass spectrometry, and cul-
tures were negative. Case and control plasma cytokine
and chemokine concentrations did not differ significantly.

Conclusion. This is one of the largest observational
studies involving analysis of the synovial fluid of chikun-
gunya arthritis patients. Synovial fluid analysis revealed no
detectable chikungunya virus. This finding suggests that
chikungunya virus may cause arthritis through induction
of potential host autoimmunity, suggesting a role for
immunomodulating agents in the treatment of chikungunya
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arthritis, or that low-level viral persistence exists in
synovial tissue only and is undetectable in synovial
fluid.

Patients infected with chikungunya virus present
with fever, headache, muscle pain, rash, and joint pain.
Following resolution of acute chikungunya virus infection,
chronic arthritis may develop, often lasting months to
years (1,2). Chikungunya virus had previously been re-
stricted to Africa, Asia, Europe, and the Indian and Pacific
Ocean regions (3), but, in 2013, chikungunya virus was
first described in the Americas and has now infected >1.5
million people in this region (1). Outbreaks of the Asian
strain of chikungunya virus leave approximately one-third
of patients with persistent joint pain 18 months after
infection (4,5).

After transmission by an Aedes aegypti or Aedes
albopictus mosquito bite, chikungunya virus undergoes
local replication and then dissemination to lymphoid tissue
(6). While viremia lasts only 5-12 days (7,8), a study in
non-human primates demonstrated that chikungunya virus
persists in the lymphoid organs, liver, joints, muscle, and
macrophages for up to 3 months and that chikungunya
virus RNA remains in the spleen, liver, and muscle for
extended periods (9). In another study, chikungunya virus
RNA was detected in the synovial tissue of a patient 18
months after infection (10). Similar findings of inflamma-
tory macrophage infiltrates (11,12) and synovial viral RNA
persistence (13) have been seen in polyarthritis caused by
another alphavirus, Ross River virus. These findings have
led to the hypothesis that chikungunya virus might persist
in the joint in cases of chronic arthritis.

Chikungunya virus is known to evade neutralizing
antibodies by residing within apoptotic blebs (14). While
in the blebs, chikungunya virus can infect neighboring
cells in vitro (15). Furthermore, in vitro chikungunya virus
inhibits RNA kinase needed to make antiviral messenger
RNA transcripts, thereby freezing host antiviral protein
synthesis (16). Interleukin-6 (IL-6), monocyte chemotac-
tic protein 1 (MCP-1), and interferon-o (IFNa) have been
detected during the acute phase of infection, and elevated
levels of analytes, including IL-6, MCP-1, IFNy-inducible
10-kd protein (IP-10), IL-1 receptor o, eotaxin, IL-17,
and granulocyte-macrophage colony-stimulating factor
(GM-CSF), have further been associated with disease
severity, chronic arthralgia, and/or viral load (17-19).

There is currently no standard treatment for chikun-
gunya virus-associated arthritis (20). However, several small
studies have demonstrated clinical benefit from treatment
with antivirals such as ribavirin (21) and immunosuppres-
sants such as methotrexate (22-24), hydroxychloroquine
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(22), etanercept (23), adalimumab (23), and sulfasalazine
(24). Further characterization of chikungunya virus disease
pathophysiology is needed to provide a rationale for large-
scale randomized clinical trials to evaluate the effectiveness
of these potential therapies. If persistent chikungunya virus
infection is responsible for ongoing arthritis, immunocom-
promising disease-modifying agents may be improper and
potentially dangerous treatments. Alternatively, if chikun-
gunya virus does not persist in the joint, then evaluation of
immunomodulating agents could be useful. The objective of
the Chikungunya Arthritis Mechanisms in the Americas
(CAMA) study was to determine if there was evidence of
chikungunya virus in the synovial fluid of patients with
chikungunya arthritis in order to understand disease patho-
genesis and, perhaps, guide chikungunya arthritis therapy.

PATIENTS AND METHODS

Setting. Patients were recruited from the Atlantico and
Bolivar Departments of Colombia. In September 2014, the first
locally acquired chikungunya virus case was reported in the
Bolivar Department. During the height of the epidemic, from
2014 to 2015, many suspected chikungunya virus cases were
reported in the Departments of Atlantico (2,480 cases) and
Bolivar (5,997 cases).

Inclusion criteria. Participants were Spanish-speaking
adults >18 years old. Chronic chikungunya arthritis was defined
as clinically or laboratory-confirmed diagnosis of chikungunya
virus infection, with persistent arthritis or arthralgias. Arthritis
and arthralgias included knee pain and swelling for at least 3
months after diagnosis of chikungunya virus infection as well as
joint pain at the time of follow-up. As per the Colombian Insti-
tute of Health, a clinically confirmed case of chikungunya virus
infection is defined as a fever of >38°C, severe joint pain or
arthritis, and the acute onset of erythema multiforme with symp-
toms not explained by other medical conditions. In addition,
these individuals must reside in or have visited a municipality
where evidence of chikungunya virus transmission is present or
have traveled within 30 km of confirmed viral circulation. No
patients were excluded for prior arthritis; prior arthritis status
was included in the analysis. All suspected chikungunya virus
cases were laboratory confirmed for the purposes of this study.
Healthy controls were defined as participants from the same
region who reported no history of chikungunya virus infection
and did not present with arthritis.

Exclusion criteria. Subjects were excluded if they reported
a known bleeding disorder or were receiving anticoagulant medica-
tions. The study also excluded children, adults unable to give con-
sent, prisoners, and pregnant women.

Recruitment. In 2014-2015, as part of a chikungunya
virus surveillance study across the Atlantico and Bolivar Depart-
ments, 907 patients with clinically confirmed (n = 424) or labora-
tory-confirmed (n = 483) chikungunya virus infection were
referred by their primary care providers from clinics located in
Barranquilla, Atlantico; Sabanalarga, Atlantico; and San Juan
Nepomuceno, Bolivar. Of these patients, 65 were randomly
selected for eligibility screening, of whom 38 were eligible for
study participation in the chronic arthritis group with current knee
joint pain. Patients were not eligible if they did not have persistent
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knee pain after chikungunya virus infection. Ten healthy controls
were also recruited from among volunteers at the clinic in Barran-
quilla, Atlantico. Synovial fluid was not collected from healthy
controls since it was not clinically indicated.

Ethics statement. The study protocol was approved by
The George Washington University Institutional Review Board
(IRB; protocol 041612), the Universidad El Bosque (UB 387-
2015), and the US Army Medical Research Institute of Infec-
tious Diseases Human Research Protections Office (FY15-32).
Research on human subjects was conducted in compliance with
Department of Defense, Federal, and State statutes and regula-
tions relating to the protection of human subjects, and adheres
to principles identified in the Belmont Report (1979). All data
collection and research on human subjects for this publication
were conducted under an IRB-approved protocol. All partici-
pants were adults and provided written informed consent during
an in-person interview.

Primary outcome measure. We hypothesized that persis-
tent active viral replication is responsible for chronic arthritis and
joint pain. Therefore, the primary outcome measure of the pre-
sent study protocol was the identification of the presence of
chikungunya virus in synovial fluid. Attempts to find evidence of
chikungunya virus in synovial fluid included viral culture, quantita-
tive reverse transcription—polymerase chain reaction (QRT-PCR)
for chikungunya virus RNA, and mass spectrometry analysis for
viral proteins.

Secondary outcome measures. As part of this study, we
evaluated clinical outcomes, such as the effect on daily living and
arthritis severity as measured by the Disease Activity Score in 28
joints (DAS28) (25), a validated rheumatoid arthritis (RA) assess-
ment tool that is a composite score of the number of tender joints,
number of swollen joints, global disease activity during the most
recent week measured on a scale of 0-100, and C-reactive protein
(CRP) level. This clinical outcomes questionnaire was adminis-
tered to all of the participants in a face-to-face interview. Labora-
tory studies in these patients included testing for plasma CRP
level, serum IgM rheumatoid factor (IgM-RF) antibody, IgG-
RF antibody, anti-cyclic citrullinated peptide (anti-CCP)
antibody, and selected cytokines and chemokines.

Sample collection. After obtaining of informed consent
and administration of a questionnaire concerning the participant’s
demographic characteristics and symptom history, blood was ob-
tained by venipuncture. An orthopedic surgeon performed an
arthrocentesis for primary evaluation of the swollen knee joint
with needle lavage, where 0-20 ml of saline was injected at the dis-
cretion of the clinician. Samples collected in this manner are
referred to as “synovial fluid.” Blood samples were collected into
8-ml CPT cell preparation tubes with sodium citrate (catalog no.
362761; Becton Dickinson), and synovial fluid was transferred to
cell preparation tubes in an effort to isolate cells from the fluid.

Sample preparation. The blood samples were cen-
trifuged at room temperature (18-25°C) in a horizontal rotor
for 20 minutes at 1,500 relative centrifugal force. Plasma was
removed from the blood collection tubes and frozen at —80°C
until analyzed. Synovial fluid samples were similarly centrifuged
and frozen for subsequent analysis. There was no visible cell pel-
let after centrifugation of the synovial fluid; therefore, super-
natant and any present cells were stored as one specimen at
—80°C.

Data management. All patients were assigned a unique
patient identification number, which was used in the database
and for labeling of patient samples. All patient data were free of

personal identifiers and were stored in the REDCap database at
The George Washington University.

Anti-chikungunya virus IgG and IgM. IgG and IgM
levels in plasma were assayed using InBios CHIKjj Detect
enzyme-linked immunosorbent assays (ELISAs) (CHKG-R and
CHKM-R). These assays provide a qualitative evaluation of the
presence or absence of anti-chikungunya virus IgG and IgM and
include controls to calculate an immune status ratio. Plasma was
diluted 1:100 in kit dilution buffer and tested in duplicate,
according to the manufacturer’s instructions.

RNA isolation and qRT-PCR. RNA isolation was at-
tempted from 140 pl of plasma or synovial fluid using a Qiagen
QIAamp Viral RNA Mini kit (catalog no. 52904). Control sam-
ples contained spiked RNA, which was isolated in parallel to
ensure recovery and detection by qRT-PCR. Samples were run
on an ABI 7500 HT system under the conditions listed below.

Both plasma and synovial fluid samples were evaluated
using an RNA UltraSense One-Step Quantitative RT-PCR System.
A standard curve was run in parallel with the samples, with dupli-
cate evaluation of samples ranging from 1 x 107 to 1 x 107 copies/
ml. The assay limit of detection is ~80 copies/ml. The primer and
probe sequences were as follows: 5'-GGGCTATTCTCTAAACC-
GITGGT-3 (forward), 5-CTCCCGGCCTATTATCCCAAT-3
(reverse), and 5-FAM-TCTGTGTATTACGCGGATAA-3 MGB
NFQ (probe). These primer and probe sequences (located in the
peptidase C9 domain of the nonstructural polyprotein) were
designed against chikungunya virus of Asian lineage, since the
strains currently circulating in South America are of the Asian line-
age. The cycling program was as follows: 50°C for 15 minutes,
95°C for 2 minutes, and 40 cycles of 95°C for 15 seconds and 60°C
for 30 seconds.

To confirm the results of the first assay, a second qRT-
PCR assay was used to retest the synovial fluid samples with
different primers that were specifically designed against isolates
emerging from Colombia (GenBank accession nos. KX496989.
1 and KT192707.1) and also target sequences in the peptidase
C9 region of the nonstructural polyprotein. Samples were
tested using a Power SYBR Green RNA-to-CT 1-Step Kit (cat-
alog no. 4389986; ABI). The assay limit of detection is ~100
copies/ml. The primer sequences were 5'-GGCAGTGGTCC-
CAGATAATTCAAG-3' (forward) and 5'-GCTGTCTAGATC-
CACCCCATACATG-3' (reverse). The cycling program was as
follows: 48°C for 30 minutes, 95°C for 10 minutes, and 40
cycles of 95°C for 15 seconds and 60°C for 1 minute.

Synovial fluid culture. Vero cells were cultured in 12-well
plates to 90% confluency. The culture media consisted of RPMI
1640, 10% fetal bovine serum, 1% penicillin/streptomycin, and
1% HEPES. Media were removed, and 500 pl of synovial fluid
was added to each well and incubated for 1 hour. Where > 500
ul of synovial fluid was available, multiple cultures were estab-
lished. As a positive control, chikungunya virus (strain 15661)
was added to 2 wells, at ~10 plaque-forming units (PFU)/well and
1 PFU/well, with the aim of confirming detection of low levels of
viremia in the samples. After 1 hour, 2.5 ml of complete media
was added to each well, and the cells were incubated for 4 days
(passage 1). On the fourth day, the supernatant was transferred
to fresh Vero cells (90% confluency) in a 6-well plate (passage 2).
An additional 3 ml of media was added, and the cells were cul-
tured an additional 3 days. On the third day, a 140-pl aliquot of
supernatant was collected for analysis. Then 3 ml of the super-
natant was transferred again to fresh Vero cells (90% confluency)
in a 6-well plate (passage 3). An additional 3 ml of media was
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added, and the cells were cultured an additional 3 days. On the
final day, a 140-pl aliquot of supernatant was collected for analy-
sis. Remaining supernatant was then removed, and the cells were
lysed in Buffer AVL (Qiagen). Buffer AVL was also added to the
supernatant samples according to the manufacturer’s instruc-
tions. The samples were heated at 56°C for 1 hour and removed
from the biosafety level 3 laboratory, and the presence of viral
nucleic acid was measured using PCR as described above.

Biomarker analysis. Levels of [gG-RF and IgM-RF were
measured using an Inova Diagnostics Quanta Lite kit according
to the manufacturer’s instructions, using plasma samples instead
of serum samples. Anti-CCP antibody levels were measured using
an Inova Diagnostics Quanta Lite CCP3.1 IgG/IgA ELISA (cata-
log no. 704550) according to the manufacturer’s instructions.
Plasma samples were diluted 1:100 and quantified based on the
assay standard curve. Multiplex assessment of a panel of cyto-
kines and chemokines was conducted using a custom Meso Scale
Discovery assay kit. Analytes included IFNo2a, CRP, IFNy, IL-
1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, GM-CSE IL-1a, IL-
12/23p40, IL-15, IL-17A, eotaxin, macrophage inflammatory
protein 1B (MIP-1p), IP-10, MIP-1o, and MCP-1. Samples were
diluted according to the manufacturer’s instructions for each
analyte.

Mass spectrometry analysis. Sample preparation.
Twenty-five microliters of each synovial fluid sample was added
to 200 pl of Solution UT8 (8M urea) and processed by filter-
assisted sample preparation (FASP) per the manufacturer’s
protocol. Briefly, proteins are bound to the FASP filter (catalog
no. MRCFORO030; Millipore) in UT8 and alkylated in 55 mM
iodoacetamide followed by digestion with 40 ng/pl trypsin/
Lys-C (Promega) overnight at 37°C. Peptides were eluted in
50 mM NaCl and subsequently desalted using C18 spin columns
(catalog no. 89870; Pierce) per the manufacturer’s instructions.
Eluted peptides were dried to completion. Digests were stored
at —20°C until analyzed by liquid chromatography mass spectrome-
try/mass spectrometry (LC-MS/MS).

Table 1.
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LC-MS/MS analysis and protein search. Sample digests
were resuspended in 20 pl of 0.1% formic acid and mixed briefly.
Using a Dionex 3000 RSLCnano system (Thermo Scientific), 2.5 pl
of each digest was injected onto a precolumn (a PepMap100 C18
column with a particle size of 5 um, length of 5 mm, and internal
diameter of 0.3 mm) housed in a 10-port Nano switching valve
using a flow rate of 10 pl/minute. The loading solvent was 0.1% for-
mic acid in high-performance liquid chromatography—grade water.
The precolumn eluent was directed to waste. After 5 minutes, the
switching valve changed to backflush the trapped peptides from the
precolumn onto an EASY-Spray analytical column (15 cm x 75
pm) packed with PepMap C18 (with a particle size of 3 um and a
pore size of 100A; Thermo Scientific). A 2-42% B gradient elution
in 95 minutes was formed using pump A (0.1% formic acid) and
pump B (85% acetonitrile in 0.1% formic acid) at a flow rate of
300 nl/minute. The column eluent was connected to an EASY-
Spray nanospray source (Thermo Scientific) with an electrospray
ionization voltage of 2.2 kV. An Orbitrap Elite mass spectrometer
(Thermo Scientific) with an ion transfer tube temperature of
300°C and an S-lens setting of 50% was used to focus the peptides.
Low-resolution rapid collision-induced dissociation (CID) MS/MS
spectra were acquired with an automatic gain control of 1 x 10*
ions and a maximum injection time of 50 msec. The isolation width
for ms/ms CID fragmentation was set to 2 daltons. The normalized
collision energy was 35% with a q value of 0.250. The dynamic
exclusion duration was 30 seconds.

Searches were performed with Proteome Discoverer
software version 2.1 (Thermo Scientific) using a human and
chikungunya virus subset of the Swiss-Prot_2016_10_05 data-
base. Variable modifications used were methyl (DE), acetyl (K),
deamidated (NQ), oxidation (M), and carbamyl (K). Cysteine
carbamidomethylation was specified as a constant modification.
The false discovery rate was set at 0.1%. Mass tolerances were
10 parts per million for the MS1 scan and 200 ppm for all MS/
MS scans. Search results were filtered such that only high-confi-
dence/unambiguous peptide spectral matches were used.

Baseline characteristics of the CAMA study participants*

Serologically confirmed
chikungunya arthritis cases

No history of arthritis  History of arthritis Controls P for
(n=125) (n=23) (n =10) trend
Age, mean + SD 56.0 £+ 10.0 59.6 +£12.2 3.7+ 7.8 <0.0001
Body mass index, mean + SD 30.0 £ 4.5 271 £5.8 247 +53  0.03
Women 20 (80.0) 7 (87.5) 7 (70.0) 0.99
African Colombian ethnicity 13 (52.0) 5(62.5) 5 (50.0) 0.90
White Colombian ethnicity 8 (32.0) 3(37.5) 4 (40.0) -
Education level of high school or less 23 (92.0) 8 (100.0) 0 (0.0) <0.0001
Presence of comorbidities 9 (36.0) 6 (75.0) 0 (0.0) 0.0025
>3 comorbidities 0 (0.0) 1(12.5) 0 (0.0) 0.19
Comorbidities
Rheumatoid arthritis 0 (0.0) 1 (12.5) 0 (0.0) 0.19
Osteoarthritis 0 (0.0) 3 (37.5) 0 (0.0) 0.0045
Ischemic heart disease 0 (0.0) 0 (0.0) 0 (0.0) NA
Chronic kidney disease 0 (0.0) 0 (0.0) 0 (0.0) NA
Chronic pulmonary disease 0 (0.0) 0 (0.0) 0 (0.0) NA
Diabetes 1 (4.0) 1 (12.5) 0 (0.0) 0.39
Hypertension 7 (28.0) 4 (50.0) 0 (0.0) 0.05
Depression 1(4.0) 0 (0.0) 0 (0.0) 0.99

* Except where indicated otherwise, values are the number (%). CAMA = Chikungunya Arthritis Mechanisms

in the Americas; NA = not applicable.
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Table 2. Chikungunya infection-related symptoms in serologically
confirmed chikungunya arthritis cases at initial presentation®
No history of ~ History of
All cases arthritis arthritis
(n=33) (n=125) (n=23)
Chikungunya virus-related
symptoms
Joint tenderness 32 (97) 25 (100) 7 (88)
Joint swelling 32 (97) 25 (100) 7 (88)
Joint stiffness 30 (91) 22 (88) 8 (100)
Fever 30 (91) 23 (92) 7 (88)
Rash 29 (88) 22 (88) 7 (88)
Commonly initially
affected jointst
Knees 27 (87) 19 (83) 8 (100)
Elbow 25 (76) 19 (76) 6 (75)
Wrist 24 (75) 18 (75) 6 (75)
Fingers 18 (56) 14 (58) 4 (50)
Ankles 18 (56) 13 (57) 5 (63)
Toes 18 (56) 15 (63) 3 (38)
Hips 8 (26) 6 (26) 2 (25)

* Values are the number (%).
+ Data were not available for all cases.

Statistical analysis. For univariate tests across diagnostic
groups, the chi-square test or Fisher’s exact test was used to
compare categorical variables, analysis of variance was used for
normally distributed continuous variables, and the Kruskal-
Wallis test was used for skewed continuous variables. SAS (ver-
sion 9.3) was used for data analysis. P values less than 0.05 were
considered significant.

Given the sample size, there was suboptimal statistical
power for some comparisons of secondary outcomes. For example,
when comparing confirmed chikungunya virus cases with and those
without prior arthritis (n = 33) to controls without chikungunya
virus or arthritis (n = 10) with regard to categorical variables, using
a 2-tailed chi-square test with an alpha of 0.05, power was >0.80
only for an effect size where the proportions that were positive
were on the order of 40% versus 1%. However, the study had
more robust power for detecting differences in continuous vari-
ables. For example, power was >0.80 for detecting a difference of
mean + SD 39 + 10 versus 30 £+ 10 (Cohen’s d = 0.9) between
patients with chikungunya virus and controls using a 2-tailed #-test.

Table 3.
a median of 22 months after infection*

RESULTS

Baseline characteristics of the subjects. Prior
chikungunya infection was serologically confirmed in 33
(87%) of the 38 cases by IgM ELISA (in 1 [3%] of 33)
and IgG ELISA (in 33 [100%]). Patients with confirmed
chikungunya arthritis were predominantly female (27
[82%] of 33) and African Colombian (18 [55%] of 33) or
white Colombian (11 [33%] of 33), with an education
level of high school or less (31 [94%] of 33). Compared to
healthy controls, the patients with chikungunya arthritis
tended to be older, have less education, and have at least
1 comorbidity (Table 1). Participants with chikungunya
arthritis with a history of prior arthritis were comparable
to those with no history of arthritis in terms of age, sex,
ethnicity, and education level. One patient with confirmed
chikungunya virus exposure self-reported preexisting RA
but was found to be negative for RF and anti-CCP anti-
body.

Chikungunya infection-related symptoms. Chikun-
gunya arthritis patients were assessed a median of 22
months (interquartile range 21-23 months) after chikun-
gunya virus infection. Initial symptoms of chikungunya
virus infection included joint pain (97%), joint swelling
(97%), joint stiffness (91%), fever (91%), and rash (88%)
(Table 2); these symptoms were reported at the time of
initial infection. The joints most commonly affected ini-
tially were knees (87%), elbows (76%), wrists (75%), fin-
gers (56%), ankles (56%), and toes (56%). At follow-up,
most participants reported that their arthritis had an
effect on their activities of daily living (82%) (Table 3).
However, patients were not necessarily experiencing a dis-
ease flare at the time of sample collection. Thirty-eight
percent of the participants reported missing school or
work during their initial infection. At the time of sample
collection, participants had a mean + SD of 5.5 + 5.4 ten-
der joints and 3.0 £ 2.8 swollen joints. The mean + SD
patient-reported global disease activity measure (on a

Chikungunya infection—related effects assessed in serologically confirmed chikungunya arthritis cases at follow-up

All cases No history of arthritis History of arthritis

(n=33) (n=125) (n=238) P
Effect on activities of daily living, no. (%) 27 (82) 19 (76) 8 (100) 0.30
Missed work/school, no. (%)t 12 (38) 7 (29) 5(63) 0.12
Tender joint count 55+54 54+£55 6.0 £52 0.0002%
Swollen joint count 3.0+£28 28 £24 39 +4.0 <0.0001%
Patient’s global assessment of disease activity 934 + 143 91.3 £ 159 100.0 £0 0.14
DAS28-CRP 4.52 +£0.77 4.44 £0.73 4.78 + 0.87 0.29

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

C-reactive protein level.
T Data were not available for all cases.
1 Using nonparametric Kruskal-Wallis test.

DAS28-CRP = Disease Activity Score in 28 joints using the
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Figure 1. Levels of IgM rheumatoid factor (IgM-RF), IgG-RE C-reactive protein (CRP), and anti—cyclic citrullinated peptide (anti-CCP) antibodies in
patients with chikungunya virus (CHIKV) and arthraglia (Arth), patients with arthralgia without chikungunya virus, patients with chikungunya virus with-
out arthralgia, and those without arthralgia or chikungunya virus. There was no significant increase in rheumatoid arthritis—associated markers or CRP
level in patients with chikungunya virus-associated arthritis. Symbols represent individual subjects; horizontal lines and error bars show the mean + SD.

scale of 0-100 with 100 being the most active) in the last
week was 93 + 14. The disease severity was moderate, as
indicated by a mean = SD DAS28 using the CRP level of
4.52 + 0.77. There were no significant differences be-
tween chikungunya arthritis patients with a prior history
of arthritis and those without a prior history of arthritis,
with the exception of ~1 additional joint being tender and
swollen in the participants with prior arthritis.

Virologic and serologic outcomes. All samples tested
for persistent viral RNA (both plasma and synovial fluid)
were negative for chikungunya virus on 2 separate qRT-
PCR assays. To more rigorously evaluate if low-level viremia
might be present in the samples, synovial fluid samples were
added to cell cultures in an attempt to expand out any repli-
cation-competent virus. Cultures of synovial fluid from
chikungunya arthritis patients also showed no viral growth
after 3 passages and 10 days of culture; in contrast, controls
with low quantities of virus (~1 PFUjwvell) yielded growth
and allowed detection of the virus.

Plasma markers for RA were present in only a
fraction of the participants with chikungunya virus—associ-
ated arthritis. IgM-RF antibody was present in 9% of the
patients, and IgG-RF antibody was present in 12%. Anti-
CCP antibody was not detected in any of the patients.

Table 4. Plasma cytokine and chemokine concentrations a median
of 22 months after chikungunya infection*
Chikungunya virus Controls
Analyte arthritis cases (n = 33) (n=10)
Cytokine
IL-1a 1.29 (0.58-3.82) 1.42 (0-4.93)
IL-1B 0.27 (0.17-0.69) 0.20 (0.10-0.28)
IL-2 1.70 (1.25-2.89) 2.06 (1.70-2.89)
IL-4 1.08 (0.76-2.80) 1.31 (0.61-2.51)
IL-6 1.69 (1.01-3.18) 1.32 (0.73-1.69)
IL-10 1.80 (1.29-2.56) 1.92 (1.29-2.08)
IL-12/p40 111 (92.0-137) 116 (87.4-161)
IL-12/p70 1.91 (1.37-6.20) 1.78 (1.05-6.79)
IL-15 2.55 (2.01-2.97) 2.64 (1.89-3.32)
IL-17a 7.81 (6.35-9.19) 7.2 (4.95-8.44)
IFNy 7.44 (3.92-16.1) 6.7 (3.92-13.0)
GM-CSF 0.93 (0.60-1.30) 0.80 (0.32-1.15)
Chemokine
Eotaxin 101 (68.0-136) 104 (65.0-134)
MIP-1a 23.9 (18.2-36.3) 27.6 (23.8-37.9)
IP-10 162 (123-227) 153 (133-197)
MCP-1 123 (88.3-140) 106 (87.5-144)
MIP-1p 46.6 (33.8-56.5) 38.13 (32.7-54.0)
IL-8 7.91 (6.15-16.9) 6.7 (5.44-11.4)

* Values are the median (interquartile range) pg/ml. IL-loe = inter-

leukin-1o; IFNy = interferon-y; GM-CSF = granulocyte-macrophage col-
ony-stimulating factor; MIP-lo. = macrophage inflammatory protein 1o
IP-10 = interferon-y-inducible 10-kd protein; MCP-1 = monocyte chemo-
tactic protein 1.
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Subjects with chikungunya virus—associated arthritis had
no significant increase in RA-associated markers or CRP
level (Figure 1). Interestingly, 2 of the 5 individuals who
were enrolled in the study as having clinical chikungunya
virus—associated arthralgia, but who were found to be
seronegative for chikungunya virus, were positive for RF
and/or anti-CCP antibody, suggesting they may have actu-
ally had RA or another related disease unlinked to
chikungunya virus infection.

Plasma cytokine and chemokine data demonstrated
trends that suggested differences between the patients with
chikungunya virus with arthralgia and the controls, but
which failed to reach statistical significance (Table 4). As
observed in other studies (10,26,27), IL-6, IL-12p70,
MCP-1, MIP-1B, and IL-8 were modestly elevated in
patients compared to controls.

Proteomic analysis of synovial fluid. Mass spec-
trometry was used to identify proteins present in the sy-
novial fluid of patients with arthralgia associated with
chikungunya virus. The primary aim of the analysis was to
determine if mass spectrometry could detect the presence
of viral proteins, since this would suggest the persistence
of antigen. However, mass spectrometry did not identify
any chikungunya virus viral proteins in the fluid.

DISCUSSION

The CAMA study is the largest observational study
involving synovial fluid analysis of patients with chikun-
gunya arthritis in the Americas to date. We hypothesized
that persistent active chikungunya virus is responsible for
chronic arthritis and joint pain and that chikungunya virus
viral RNA would be present in the synovial fluid. How-
ever, this study did not demonstrate viable virus after cul-
ture of synovial fluid in any of the participants who were
studied, a median of 22 months after infection. Similarly,
PCR analysis did not reveal viral RNA in the plasma or in
the synovial fluid. Furthermore, proteomic analysis
showed no evidence of viral proteins in the synovial fluid.
These results have important implications for determining
the mechanisms of persistent arthritis in patients with
chikungunya virus and suggest that either there is no
chikungunya virus in synovial fluid or that chikungunya
virus does not replicate to high enough levels for detec-
tion in the synovial fluid 2 years after infection.

This study was inspired by the work of Hoarau
et al (10), who found chikungunya virus antigen in macro-
phages and chikungunya virus RNA in synovial biopsy tis-
sue 18 months after chikungunya virus infection in a
single subject. In contrast, in our analysis of 33 patients
(many with relapsing-remitting disease) 22 months after
acute infection, we did not identify viral RNA or proteins,

suggesting that viral persistence may not be a requirement
for persistent joint pain. Another consideration is that
synovial tissue analysis, as opposed to synovial fluid analy-
sis, may permit improved viral recovery. Furthermore, this
study may suggest that the pathophysiology behind human
relapsing-remitting chikungunya virus—associated arthritis
may differ from the pathophysiology of continuous ero-
sive arthropathy seen in some patients.

In the context of animal studies, studies of non-
human primates (9) and mice (28) have demonstrated
viral persistence up to 44 and 100 days, respectively.
Given our evaluation at significantly longer times after
infection (22 month), it is conceivable that any virus pre-
sent was eliminated by this later end point. Furthermore,
murine models have yet to reproduce the relapsing-remit-
ting nature of human chikungunya arthritis, suggesting that
differing pathophysiology may be at play.

From a clinical perspective, patients with chikun-
gunya virus—associated arthritis described substantial clini-
cal disease burden. Eighty-two percent reported arthritis
affecting their activities of daily living and moderate dis-
ease severity, as measured by the DAS28. This is consistent
with other studies following up patients after chikungunya
virus infection that have demonstrated symptoms of persis-
tent arthralgia that may be relapsing or unremitting, often
affect multiple joints, and are associated with functional
loss impairing activities of daily living and reduced quality
of life (29,30).

Multiple studies have shown elevated levels of
inflammatory analytes during acute chikungunya virus
infection, with IL-8 MCP-1, IL-6, MIP-1a, IL-1a, and
MIP-18 reportedly elevated in some chronic chikungunya
virus—associated arthralgia cohorts (10,26,27). We mea-
sured the levels of these cytokines and chemokines as well
as several relevant RA-associated biomarkers. Consistent
with the literature, RA-associated factors such as RF and
anti-CCP were not elevated in our chikungunya virus—
associated arthralgia cohort (2,23,31). Of interest, there
were no significant differences in cytokine and chemokine
levels within our cohort compared to location-matched
controls at a median of 22 months. This might be the result
of the very late stage of disease that we studied or the size
of our control cohort. There was a trend toward elevation
of proinflammatory markers (most notably IL-6) in our
cohort, but whether a greater number of subjects would
yield statistical significance can only be speculated.

It is possible that the apparent lack of a consistent
pattern of markers of inflammation in patients with
reported joint pain may be related to the relapsing—remit-
ting nature of the joint pain described by patients with
chikungunya arthritis. Patients describe periods of relative
relief and “flare” periods of worsened joint symptoms in
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response to physical stress or infection. Such relapse was
also described by Borgherini et al in their study of the
Réunion Island outbreak (32). In our study, while all
patients reported joint pain, the relative intensity varied.

Given these results, additional potential mecha-
nisms of the persistence of arthritis symptoms in the
absence of chikungunya virus persistence in synovial fluid
should be considered. First, it is possible that chikungunya
virus or viral antigens persist at low levels in synovial
tissue that cannot be detected in synovial fluid. Other
potential mechanisms include chikungunya virus-induced
epigenetic modifications of host DNA resulting in persis-
tent alterations of host gene transcription, as has been
seen in other viruses such as Epstein-Barr virus (33).
Alternatively, macrophages could be modified through
epigenetic imprinting, much like fibroblast-like synovio-
cytes are in RA, leading to more aggressive cell behavior
even in the absence of replicating virus (34). Molecular
mimicry may also play a role in chikungunya virus—
induced arthritis, where the continued production of a
chikungunya virus—specific antibody that cross-reacts with
antigen in the synovium could account for chikungunya
virus—associated inflammation. Finally, although unlikely,
patients could have seronegative RA, or alternatively,
seronegative RA could reflect prior infection with chikun-
gunya virus or other arthritogenic viruses.

There are several limitations to this study that
need to be addressed. First, during sample collection,
0-20 ml of saline was used to flush the joints, and this
could affect our ability to detect virus in the synovial fluid
samples. To mitigate this problem, we cultured 0.5-1.5 ml
(as available) of the collected synovial fluid from each
patient to attempt to expand any replication-competent
virus in the samples. We also used 2 complementary PCR
assays to detect nucleic acid as well as a proteomic
approach to look for viral proteins. Proving the absence
of a target is difficult, and we recognize that it is possible
that our approach failed to detect low-level viral antigen;
however, our orthogonal approach clearly demonstrates
that if viral antigen exists in the synovial fluid, it is at
extremely low levels. Though it is a more invasive proce-
dure, future studies may benefit from using synovial
biopsy rather than examining fluid. The advent of new
ultrasound-guided biopsy techniques may permit this
approach in the future. A second limitation of this study
is the lack of control subjects who had a history of chikun-
gunya virus infection without chronic arthritis, as well as
the lack of age- and sex-matched healthy controls. Fur-
thermore, our healthy controls were on average younger
than the chikungunya virus—affected patients, and age is
known to be associated with increased production of
inflammatory cytokines, most notably IL-6 (35,36).
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These study findings may have important clinical
relevance for chikungunya virus in the Americas. Since
there is no current standard of care guidance for treat-
ment of chikungunya arthritis, some patients are currently
being treated with immunosuppressive agents such as
methotrexate (22-24), hydroxychloroquine (22), etaner-
cept (23), adalimumab (23), sulfasalazine (24), fingolimod
(37), abatacept, and tofacitinib (38). This practice could
be potentially harmful in the setting of replicating virus in
the synovium since it could permit re-emergence of a
systemic viral infection. To date, no such resurgence has
been reported. The failure to detect viral persistence in
the synovial fluid in the present study may provide some
reassurance that treatment with antirheumatic immuno-
suppressants 2 years after infection is a viable option.
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High Levels of DEK Autoantibodies in Sera of Patients With
Polyarticular Juvenile Idiopathic Arthritis and With Early
Disease Flares Following Cessation of Anti—Tumor
Necrosis Factor Therapy

Nirit Mor-Vaknin,! Miguel Rivas

,! Maureen Legendre,' Smriti Mohan,' Ye Yuanfan,'
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Objective. The nuclear oncoprotein DEK is an
autoantigen associated with juvenile idiopathic arthritis
(JIA), especially the oligoarticular subtype. DEK is a
secreted chemotactic factor. Abundant levels of DEK and
DEK autoantibodies are found in inflamed synovium in
JIA. We undertook this study to further characterize the
nature of DEK autoantibodies in screening serum sam-
ples from 2 different cohorts that consisted mostly of
patients with JIA.

Methods. DEK autoantibody levels were analyzed
in sera from 33 JIA patients, 13 patients with other
inflammatory conditions, and 11 healthy controls, as well
as in 89 serum samples from JIA patients receiving anti—
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tumor necrosis factor (anti-TNF) therapy. Recombinant
His-tagged full-length DEK protein (1-375 amino acids
[aa]) and the 187-375-aa and 1-350-aa His-tagged DEK
fragments made in a baculovirus system were used for
enzyme-linked immunosorbent assay (ELISA) and
immunoblotting. The C-terminal 25-aa fragment of DEK
was expressed in a glutathione S-transferase—tagged vec-
tor. ELISA results were calculated as area under the
curve by the trapezoidal rule.

Results. DEK autoantibody levels were significantly
higher in patients with polyarticular JIA than in those with
oligoarticular JIA, and were higher in patients with poly-
articular JIA who had more active disease after cessation of
anti-TNF therapy. Inmunoblotting against the C-terminal
25-aa fragment of DEK confirmed that this section of the
DEK molecule is the most immunogenic domain.
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Conclusion. DEK autoantibody levels are higher in
patients with polyarticular JIA than in those with oligoar-
ticular JIA, and higher in patients who have disease flares
after cessation of anti-TNF therapy. The C-terminal 25-aa
fragment is the most immunogenic portion of DEK. These
findings are significant with respect to the nature of DEK
autoantibodies, their contribution to JIA pathogenesis,
and their implications for JIA management.

Juvenile idiopathic arthritis (JIA) is a chronic
inflammatory condition that includes a group of hetero-
geneous autoimmune diseases affecting children under
the age of 16 years. It is the most common rheumatic
condition in children and may lead to short- or long-term
disability. Subtypes of JIA include oligoarticular arthritis
(involving <4 joints), polyarticular arthritis (involving >5
joints, rheumatoid factor [RF] positivity or negativity),
systemic-onset arthritis, enthesitis-related arthritis, psori-
atic arthritis, and undifferentiated arthritis (1,2). While
the pathogenesis of JIA is unknown, discovery of DEK
autoantibodies in serum of JIA patients as well as DEK
protein and DEK autoantibodies in synovial fluid of JIA
patients has sparked investigation of DEK’s potential
contribution to the pathogenesis of JIA (3-6).

DEK is a nuclear phosphoprotein that was initially
characterized as part of the dek-can fusion oncogene
resulting from a (6;9) translocation in a subset of patients
with acute myelogenous leukemia (7,8). DEK is involved
in various pathways, including transcriptional regulation,
modulation of chromatin architecture, DNA replication,
and messenger RNA processing (9-11). DEK can also be
secreted and may play a role as an extracellular inflamma-
tory cytokine (12,13).

Autoantibodies to DEK are detectable not only
in the serum of patients with JIA, but also in serum of
patients with granulomatous diseases (e.g., sarcoidosis,
tuberculosis) and several autoimmune diseases, including
systemic lupus erythematosus (SLE), scleroderma, and
idiopathic uveitis. Thus, DEK autoantibodies are associ-
ated with clinical conditions characterized by abnormal
immune activation (4,6,14). In view of the limited under-
standing of JIA, the mechanism by which DEK autoanti-
bodies develop, their specificity, and their contribution
to the pathogenesis of JIA are of great interest.

Because nonspecific autoantibodies are not gener-
ally characteristic of JIA, the presence of DEK autoanti-
bodies in JIA is particularly intriguing. DEK and DEK
autoantibodies contribute directly to joint inflammation via
the generation of immune complexes, and acetylation of
the DEK protein enhances its immunogenicity (3). In addi-
tion, DEK protein can be secreted by monocytes and

595

released by apoptotic T cells acting as an extracellular
chemoattractant, which suggests that DEK is a proinflam-
matory factor recruiting inflammatory cells to the synovium
(12,13). We recently found that DEK also contributes
directly to the formation of neutrophil extracellular traps
(NETs) (15). NETs are chromatin structures that are
released by activated neutrophils in response to inflamma-
tion in order to clear bacteria or fungal infection (16,17).
An excess of NETs can contribute to chronic inflamma-
tory conditions such as rheumatoid arthritis or SLE (18).
Indeed, synovial neutrophils from JIA patients sponta-
neously generate NETS containing DEK that is recognized
by DEK autoantibodies purified from the synovial fluid of
JIA patients (15). DEK autoantibodies from the synovial
fluid of JIA patients have been found to predominantly
recognize the C-terminus of DEK (3).

Thus, we hypothesized that anti-DEK antibodies
and DEK protein form immune complexes by recogni-
tion of the C-terminal portion of the DEK protein, fur-
ther augmenting the inflammatory process in the joint.
In this study we also show that anti-DEK antibodies
are found at a particularly high level in patients with
polyarticular JIA. These levels are higher than those in
patients with oligoarticular JIA, in whom anti-DEK
antibody levels were previously thought to be highest.

The treatment of JIA has recently been improved
by biologic response modifiers such as anti-tumor necro-
sis factor (anti-TNF) therapy (19-21). However, anti-TNF
therapy is associated with significant adverse events, in-
cluding infections (22-24) and a possible increased risk of
cancer (25). Its long-term effects on children are uncer-
tain, and biologic agents are very expensive. Thus, it is
important to ascertain when one can safely discontinue
anti-TNF therapy in children with disease in clinical
remission without significant risk of relapse. Having ascer-
tained that patients with polyarticular JIA have high titers
of anti-DEK antibodies, we measured anti-DEK autoanti-
body levels in serum samples from patients with polyartic-
ular JIA who participated in a multicenter trial designed
to enable better understanding of when anti-TNF therapy
could be safely stopped. We found significantly higher
levels of DEK autoantibodies upon flare after cessation
of anti-TNF therapy. Further, we determined that the
C-terminal 25-amino acid (25-aa) sequence is the most
immunogenic portion of DEK in a significant percentage
of JIA patient sera.

PATIENTS AND METHODS

Patients. Forty-six children (mean age 11.7 years,
mean disease duration 6.2 years) were enrolled by the Pedi-
atric Rheumatology clinic at the University of Michigan.
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These patients had oligoarticular, polyarticular (RF-positive
and RF-negative), systemic-onset, spondyloarthritis, and pso-
riatic subtypes. Control subjects without JIA included chil-
dren with chronic pain, fatigue, low-titer antinuclear antibody
(ANA) positivity, scleroderma, SLE, and juvenile dermato-
myositis, but without joint involvement (no arthritis). Patient
recruitment was performed under a protocol approved by the
University of Michigan Institutional Review Board (IRB)
(HUMO00014692).

In a second patient cohort for a multicenter study aiming
to identify biomarkers to indicate when it is safe to stop anti-TNF
therapy, 137 patients with polyarticular JIA were enrolled (mean
age 11.3 years, mean disease duration 5.0 years). Parent’s/
patient’s consent (assent, if appropriate) was obtained and
screening for eligibility was performed at the participating site at
which the patient was recruited. Each patient’s eligibility was vali-
dated via eligibility case report forms sent immediately to the
Pediatric Rheumatology Collaborative Study Group Coordinat-
ing Center at Cincinnati Children’s Hospital Medical Center (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http:/onlinelibrary.wiley.com/doi/10.1002/art.40404/
abstract). The Coordinating Center served as the clinical research
organization for this study and oversaw all matters related to reg-
ulatory, financial, and clinical affairs, as well as data manage-
ment, quality assurance, and analysis. The multicenter study was
approved by the IRB at each participating site and was conducted
in compliance with the Declaration of Helsinki Principles for
Human Experimentation.

Study design. The first patient cohort included ran-
domly enrolled patients treated at the Pediatric Rheumatology
clinic at the University of Michigan. Most JIA patients were
treated with methotrexate and nonsteroidal antiinflammatory
drugs (NSAIDs), and several were also treated with TNF inhib-
itors and other biologic agents. Sera were collected at the time
of enrollment.

In the second group, patients were enrolled at 16 pedi-
atric rheumatology centers, and serum samples were collected
from 137 children with polyarticular JIA who were receiving
anti-TNF therapy, as approved by IRBs (HUMO00033009). Ther-
apy was stopped after a minimum of 6 months for patients with
persistent clinically inactive disease. Clinically inactive disease
was defined using the American College of Rheumatology
(ACR) provisional criteria (26). Disease activity was then moni-
tored prospectively for an additional 8 months or until disease
flare. The primary outcome for this study was disease flare using
a variation of the validated criteria, defined as 30% worsening in
>3 of any of the 6 juvenile rheumatoid arthritis ACR core set
variables (27), with no more than 1 improving by >30% (28).
The 6 core set variables include the physician’s global assess-
ment of disease activity on a 10-cm visual analog scale (VAS),
the parent’s/patient’s assessment of overall well-being on a
10-cm VAS, functional ability measured by the Childhood
Health Assessment Questionnaire (C-HAQ) (29), the number
of joints with active arthritis, the number of joints with limited
range of motion, and an acute-phase reactant (the erythrocyte
sedimentation rate [ESR]).

Because enrolled subjects began the second phase with
clinically inactive disease, a 30% worsening could represent a
less than clinically important change. Thus, for this study the
patient was considered to have had a disease flare if their dis-
ease worsened by 30% and by at least the following amounts:
increases of at least 2 units on a 21-numbered circle VAS (30)
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for the physician’s assessment and parent’s/patient’s assess-
ment, increases of at least 2 joints with active arthritis and at
least 2 joints with limited range of motion, a minimum increase
of 0.125 on the C-HAQ score, and an increase in the ESR from
normal to abnormal.

Laboratory assessment. Whole blood samples were ob-
tained from patients seen in the Pediatric Rheumatology clinic
at the University of Michigan under a protocol approved by the
IRB. Serum in a standard vacutainer blood collection tube was
prepared by allowing the blood sample to clot at room temper-
ature for 15-30 minutes followed by centrifugation at 1,000
2,000g for 10 minutes. For patients in the anti-TNF study, an
additional 8.5-cc P100 tube to collect plasma was used for anti-
DEK antibody analysis of all subjects weighing >20 kg at visits
1, 2, and 3 and at disease flare/end of the study. Samples were
processed as described above, stored, and shipped to the
University of Michigan.

Enzyme-linked immunosorbent assay (ELISA).
Microtiter plates were coated with full-length (1-375-aa) or
1-350-aa recombinant DEK (50 pl of 125 ng/well) and incu-
bated overnight at 21°C. Plates were blocked with phosphate
buffered saline plus 0.25% bovine serum albumin and 0.05%
Tween 20 for 30 minutes at room temperature, followed by 3
washes with double-distilled water, 10 minutes of blocking,
and 3 additional washes. Serum samples from JIA patients
and controls (dilutions of 1:200, 1:400, 1:800, 1:1,600, and
1:3,200 in blocking buffer) were added to the plates for 2
hours at room temperature, followed by 3 washes, 10 minutes
of blocking, and 3 additional washes. Biotinylated goat anti-
human secondary antibody (Jackson ImmunoResearch) at a
concentration of 1:200,000 in dilution buffer (50 pl/well) was
added for 2 hours of incubation at room temperature, fol-
lowed by 3 washes and 10 minutes of blocking and washing.
Streptavidin (1:300 in dilution buffer; 50 pl/well) was added
for 1 hour of incubation at room temperature, followed by 5
washes. We added 3,3,5,5'-tetramethylbenzidine substrate (50
ul/well) to develop the plate for 5-15 minutes prior to stop-
ping the reaction with 1IN H,SO, (50 ul/well). The optical
density (OD) at 450 nm was read within 20 minutes.

Statistical analysis of ELISA results. Anti-DEK anti-
body levels in sera from JIA patients, measured at 5 different
dilutions (1:200, 1:400, 1:800, 1:1,600, and 1:3,200), were com-
pared to those in sera from non-JIA patients and healthy con-
trols and expressed as fold change over those in healthy controls
in each individual experiment. Fold changes were calculated by
OD. Results were also plotted as the area under the dilution
curve (AUDC) of each sample, calculated using the trapezoidal
rule. Analysis of variance models were used to compare AUDC
between groups of patients. Statistical significance was defined
as a 2-sided P value of less than 0.05. Receiver operating charac-
teristic (ROC) curve analysis was used to assess the ability of the
AUDC to discriminate among groups. Area under the ROC
curve (AUC) was calculated, as was its 95% confidence interval
(95% CI). The marker showed good discrimination ability if the
interval’s lower limit was >0.5.

To analyze samples from patients participating in the
TNF inhibition study at different time points, we took additional
steps to normalize across the different assays using anti-DEK
monoclonal antibody (BD Biosciences) as a reference. The anti-
DEK AUC values in JIA patients were standardized against
those in healthy controls. We analyzed the difference in the
AUDC values. Student’s t-test was used to compare patients
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who had disease flares and those who did not by the 8-month
follow-up visit after discontinuation of anti-TNF therapy.

Cloning and expression of the C-terminal 25-aa domain
of DEK. Expression and purification of His-tagged full-length
DEK and of the 187-375-aa and 1-350-aa His-tagged DEK frag-
ments was performed as described previously (31,32). The C-
terminal 25-aa portion of the human DEK protein was amplified
from the His-tagged full-length DEK vector via polymerase
chain reaction (PCR) using primers containing 5’ Eco RI and 3’
Xho 1 restriction sites. The PCR product was identified and
eluted from an agarose gel prior to digestion with Eco RI and
Xho 1. The pGEX-4T1 vector containing glutathione S-transfer-
ase (GST) was also digested with Eco RI and Xho 1, and the 25-
aa DEK fragment was ligated into the pGEX vector. DNA from
clones containing the correct sequence was used to express the
protein in the GST-tagged vector.

Immunoblotting. DEK-specific polyclonal antibodies
were purified as described (32). Protein aliquots (3.5 pg) were

Table 1.
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separated by 4-20% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to a nitrocellulose mem-
brane. The membrane was probed with a 1:400 dilution of
patient sera or a 1:1,000 dilution of rabbit anti-DEK antibody
followed by a horseradish peroxidase—conjugated secondary
goat anti-human antibody or goat anti-rabbit antibody and
detected by enhanced chemiluminescence (Amersham Phar-
macia Biotech).

RESULTS

Association of high levels of DEK autoantibodies
with JIA. Previous studies had shown elevated titers of
anti-DEK antibodies in JIA patients, especially those
with oligoarticular disease (4,14). We collected 57 serum
samples from 11 healthy control individuals (the basis

Demographic information on the pediatric patients recruited into both studies®

University of Michigan cohort

TNF studyt

JIA patients Non-JIA patients Patients with flares  Patients without flares
(n=33) (n=13) (n=39) (n=67)
Age, mean + SD years 11.7 £ 3.7 14.0 £ 4.0 11.13 £ 5.05 11.18 £ 4.22
Male:female ratio 9:24 5:8 10:29 21:46
Duration of disease, mean + SD years 62 +42 26 £ 1.7 6.37 + 4.55 448 + 3.14
Diagnosis
Oligoarticular JIA 8 - - -
Extended oligoarticular JIA 1 - 8 9
RF-positive polyarticular JIA (RA) 2 - 2 7
RF-negative polyarticular JIA 12 - 36 59
Systemic-onset JIA 3 - - -
Psoriatic arthritis 3 - - -
Spondyloarthritis 1 - - -
Undifferentiated arthritis 3 - - -
UCTD - 1 - -
SLE - 2 - -
Juvenile DM - 2 - -
MCTD - 2 - -
Localized scleroderma - 2 - -
Other (Kawasaki disease and pericarditis, all ANA positive) - 3 - -
Uveitis 4 (12) 1(8) - -
ANA positive 13 (39) 8 (62) 22 (20) 31 (29)
Active arthritis 16 (48) 1(8) - -
Current medications
Methotrexate 17 (52) 4 (31) 13 (12) 28 (26)
Glucocorticoids 2 (6) 4 (31) - -
Hydroxychloroquine 9 (27) 5(36) - -
NSAIDs 24 (73) 2 (15) - -
Mycophenolate mofetil 1(3) 4 (31) - -
Leflunomide 3(9) 0 (0) - -
Sulfasalazine 6 (18) 0 (0) - -
TNF inhibitors 5(15) 1(8) 39 (37) 67 (63)
Infliximab 3 1 3 2
Adalimumab 0 0 4 10
Etanercept 2 0 32 55
Other biologic agents (anakinra) 2 (6) 0 (0) - -
Cyclosporine 2 (6) 1(8) - -
IVIG 13) 1(8) - -

* Except where indicated otherwise, values are the number or number (%). JIA = juvenile idiopathic arthritis; TNF = tumor necrosis factor;
RF = rheumatoid factor; RA = rheumatoid arthritis; UCTD = undifferentiated connective tissue disease; SLE = systemic lupus erythematosus;
DM = dermatomyositis; MCTD = mixed connective tissue disease; ANA = antinuclear antibody; NSAIDs = nonsteroidal antiinflammatory

drugs; IVIG = intravenous immunoglobulin.

+ Percentages were calculated based on the total number of patients (those with and those without disease flares).
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for statistical calculations), 13 non-JIA control patients,
and 33 JIA patients who were enrolled in our study at
the Pediatric Rheumatology Clinic at the University of
Michigan. The mean £+ SD age of the JIA patients was
11.7 £ 3.7 years, and their mean + SD disease duration
was 6.2 £+ 4.2 years. The majority of JIA patients were
female (24 female, 9 male) (Table 1), and among all 12
healthy controls recruited for the study, 5 were female

A

12 14

10

Fold over healthy controls

106(200) 109(400) 109(800) 109(1600) 109(3200)

Table: P values by dilution

D200 D400 D800 D1600 D3200

JIA > Healthy 001 0001 0002 0007 001
JIA > Non-JIA 01 001 001 004 012
Healthy < Non-JIJA 041 050 05 043 040
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and 7 were male (see Supplementary Table 2, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40404/abstract). The
distribution of JIA subtypes included 24% with oligoarticular
arthritis, 36% with RF-negative polyarticular arthritis, 9%
with psoriatic arthritis, 9% with systemic-onset JIA, 6% with
RF-positive polyarticular arthritis, and 3% with spondy-
loarthritis. ANA positivity was noted in 39% of patients.
Twelve percent of patients had uveitis.

B
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Figure 1. High levels of DEK autoantibodies in patients with juvenile idiopathic arthritis (JIA). A, Serum samples from patients with JIA (n =
33), patients with other rheumatic diseases (n = 13), or healthy controls (n = 11) were serially diluted as indicated and tested for anti-DEK anti-
body levels by enzyme-linked immunosorbent assay (ELISA). Lines represent individual samples. Samples were compared to those from 5 normal
healthy controls. Results shown are the average of 2-8 independent ELISAs. B, Shown are pairwise comparisons, based on area under the dilution
curve (AUDC), among healthy subjects, JIA patients, and non-JIA patients. Data are shown as box plots. Each box represents the 25th to 75th
percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. Circles indicate outliers.
C, The area under the receiver operating characteristic curve (AUC) was calculated along with its 95% confidence interval (95% CI) to assess the
performance of the AUDC measurements in distinguishing between different groups of patients.
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With regard to medications used by patients at the
time of study enrollment and blood sampling, 52% of
patients were being treated with methotrexate, 27% with
hydroxychloroquine, 73% with NSAIDs, 6% with gluco-
corticoids, 9% with leflunomide, 18% with sulfasalazine,
15% with TNF inhibitors, and 6% with anakinra (primar-
ily for systemic-onset JIA). Of these JIA patients, 53%
had active disease at the time of blood collection.

The mean + SD age of the non-JIA patients with
rheumatic disease at the time of serum collection was
14.0 £ 4.0 years, and their mean + SD disease duration
was 2.6 £+ 1.7 years. There was a fairly equal distribution
of other autoimmune diseases in this group, including
relatively equal numbers of patients with SLE, juvenile
dermatomyositis, mixed connective tissue disease, and
localized scleroderma. One patient with idiopathic uve-
itis who was receiving steroid-sparing agents was also in
this group. The healthy control group was made up of
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healthy college student volunteers with a mean + SD age
of 20 + 5 years.

Sera were analyzed by ELISA for anti-DEK anti-
body levels using recombinant DEK protein. Serum sam-
ples were serially diluted and were tested for anti-DEK
antibody levels as described in Patients and Methods. Fig-
ure 1A depicts the average results of 2-8 independent
ELISAs. Samples were compared to those from 5 normal
healthy controls. As shown in Figure 1A and Supplemen-
tary Figure 1 (http:/onlinelibrary.wiley.com/doi/10.1002/
art.40404/abstract), JIA patients had significantly higher
levels of anti-DEK antibodies than did non-JIA patients
and healthy controls. Although there appeared to be
slightly higher levels of anti-DEK antibodies detected by
ELISA among non-JIA patients than among healthy con-
trols, the difference was not statistically significant. Fig-
ure 1B demonstrates ELISA antibody titers as pairwise
comparisons based on the AUDC values among healthy
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Figure 2. DEK autoantibody levels are significantly higher in patients with polyarticular arthritis (poly) than in those with oligoarticular arthritis
(oligo) or in healthy controls (Healt). DEK autoantibody levels in the sera of patients with different juvenile idiopathic arthritis (JIA) subtypes, as
analyzed by anti-DEK antibody enzyme-linked immunosorbent assay, were compared to those in healthy controls. All levels of antibodies to DEK
were compared to those in sera from healthy individuals based on area under the dilution curve (AUDC). Data are shown as box plots. Each box
represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Diamonds represent the mean. Lines outside the boxes repre-
sent the 10th and 90th percentiles. Circles indicate outliers. RA = patients with rheumatoid arthritis; contr = patients seen in the rheumatology
clinic who did not in fact have arthritis; other = patients with no definitive JIA subtype at the time of diagnosis; PSA = patients with psoriatic
arthritis; syste = patients with systemic-onset arthritis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.

com/doi/10.1002/art.40404/abstract.
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subjects, JIA patients, and non-JIA patients. JIA patients
had a significantly higher AUDC than did either non-JIA
patients (P = 0.03) or healthy controls (P = 0.003). To test
the specificity of our assay, we used the ROC test as shown
in Figure 1C. DEK autoantibody levels showed good dis-
crimination among JIA patients, non-JIA patients, and
healthy subjects, confirming the presence of increased
levels of anti-DEK antibodies in patients with JIA.
Significantly higher DEK autoantibody levels in
patients with polyarticular arthritis than in patients with
oligoarticular arthritis or in healthy individuals. Previous
reports have suggested that anti-DEK antibodies are espe-
cially found in JIA patients with the oligoarticular form of
the disease. Therefore, DEK autoantibody levels in sera
from patients with different JIA subtypes were compared
to levels in sera from healthy controls and analyzed by
anti-DEK antibody ELISA (Figure 2). All anti-DEK anti-
body levels were compared to levels in sera from healthy
individuals and were assessed as AUDC. As shown in Fig-
ure 2, there was a statistically significant difference in
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AUDC between healthy controls and patients with poly-
articular JIA (P = 0.0011) and between healthy controls
and patients with other forms of JIA (P = 0.0064). No sig-
nificant differences were found between patients with
oligoarticular JIA and healthy individuals (P = 0.63), but a
significant difference was noted between patients
with oligoarticular JIA and those with polyarticular JIA
(P =0.0101), with the latter group being statistically more
likely to have higher levels of DEK autoantibodies. High
levels of DEK autoantibodies were also detected in 2
patients with spondyloarthritis and 2 patients with arthritis
as a manifestation of their undifferentiated connective tis-
sue disease (categorized as “other”).

DEK autoantibody levels in patients receiving anti-
TNF therapy. Anti-TNF therapy has proven to be a very
valuable modality in the treatment of JIA (19-21). How-
ever, it is expensive, and its immunosuppressive effects can
lead to opportunistic infections, skin disorders, colitis, and
malignancies (33,34). Further, the long-term effects of anti-
TNF therapy on children remain unclear (35). Therefore,
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Figure 3. Increase in anti-DEK antibodies is evident in patients with juvenile idiopathic arthritis who have disease flares within 8 months of stop-
ping anti—tumor necrosis factor therapy. Top and middle, Shown are data on sera from 89 of 106 patients who were analyzed for anti-DEK antibody
levels. High levels of anti-DEK antibodies (mean £+ SD difference in area under the dilution curve [AUDC] values [mAUC] 0.164 + 0.39 [95% con-
fidence interval {95% CI} 0.02, 0.31]) were detected in the 30 patients who had disease flares within 8 months (middle), while lower levels of anti-
DEK antibodies (mean + SD difference in AUDC values —0.05 + 0.39 [95% CI —-0.15, 0.05]) were detected in the 59 patients who had no disease
flares for at least 8 months and up to 14 months (flare_mo14) (top) (P = 0.016 by Student’s ¢-test). The difference between the 2 populations is
demonstrated by a normal distribution, and the same trend is shown by a kernel density distribution to demonstrate the distribution of the data
based on the actual spread/density of the results. Bottom, Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines
inside the boxes represent the median. Diamonds represent the mean. Lines outside the boxes represent the 10th and 90th percentiles. Circles indi-
cate outliers. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40404/abstract.
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strategies are much needed for deciding when to stop treat-
ment after it is initiated. Accordingly, we measured DEK
autoantibodies in a larger cohort of JIA patients who
received anti-TNF therapy (Table 1; also see Supplemen-
tary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
40404/abstract). We enrolled 103 female patients and 34
male patients with polyarticular JIA (mean age 11.3 years,
mean disease duration 5.0 years). Seventy-seven percent
were receiving etanercept, 18% were receiving adali-
mumab, 5% were receiving infliximab, and 40% were
receiving concomitant methotrexate. Thirty-one patients
discontinued the study for various reasons, including reacti-
vation of disease during therapy.

Within 8 months of stopping therapy, 39 patients
had disease flares but 67 patients did not. Anti-DEK anti-
body levels at the time of stopping anti-TNF therapy did
not differ significantly between these 2 groups of patients
(see Supplementary Figure 2, http:/onlinelibrary.wiley.
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com/doi/10.1002/art.40404/abstract). However, at the end
of the study, either after 8 months of no disease flare with-
out therapy or at the time of disease flare without therapy,
high levels of anti-DEK antibodies (mean + SD difference
in AUDC values 0.164 £+ 0.39 [95% CI 0.02, 0.31]) were
detected in 30 of the patients who had disease flares, while
lower levels of anti-DEK antibodies (mean + SD differ-
ence in AUDC values —0.05 & 0.39 [95% CI —0.15, 0.05])
were measured in 59 of the patients with no disease flares
(P = 0.016 by Student’s #-test) (Figure 3). Thus, retrospec-
tively, patients who experienced disease flares within 8
months of stopping anti-TNF therapy had significantly
higher levels of anti-DEK antibodies than did patients with
clinically inactive disease until the end of the study.
Requirement of the C-terminal portion of the DEK
protein for autoantibody recognition. Previous studies with
a very limited number of sera and synovial fluid samples
suggested that anti-DEK antibodies target the last 25
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Figure 4. Antibodies in sera from patients with juvenile idiopathic arthritis (JIA) recognize the C-terminal domain of the DEK protein. A, Illus-
tration of the different fragments and domains of recombinant histidine-tagged DEK with posttranslational modifications previously identified in
primary human macrophages and HeLa cells (3). B, Results of Western blot analysis of DEK fragments (1 pg protein per lane) expressed in Sf9
cells. DEK protein was probed with serum samples from a normal healthy control subject (NHS), from 3 JIA patients, or from a rheumatology
patient without JIA, or with DEK-specific antibody as a positive control. C, Levels of anti-DEK antibodies. Sera from 4 JIA patients and either
sera or plasma from 4 healthy controls (N1-N4) were serially diluted and tested for antibodies to full-length (1-375-amino-acid) recombinant
DEK (top) or the 1-350-amino-acid DEK fragment (bottom) by enzyme-linked immunosorbent assay (ELISA). Values are the mean + SD fold
change compared to another set of sera from 4 different healthy controls. P = 0.0337 by Student’s ¢-test for recognition of full-length DEK by sera
from JIA patients versus sera from healthy controls (top). P = 0.009 by Student’s t-test for recognition of full-length DEK by sera from JIA
patients (top) versus recognition of the 1-350-amino-acid DEK fragment by sera from JIA patients (bottom). Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40404/abstract.
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amino acids of the molecule (3). To address this question control did not notably detect DEK or its fragments. Sera
further, full-length, 1-350-aa, and 187-375-aa fragments of from all 3 JIA patients readily detected full-length DEK
recombinant His-tagged DEK were first expressed in Sf9 protein as well as the 187-375-aa fragment, which con-
insect cells. The overlapping fragments were designed to tains the C-terminal 25 amino acids, consistent with our
investigate the immunogenic importance of the C-terminal previous findings using autoantibodies found in synovial
portion of DEK, specifically the C-terminal 25 amino acids, fluid samples from patients (3). The non-JIA patient sera
as shown in Figure 4A. DEK protein fragments were then detected the full-length and 187-375-aa DEK fragments,
purified and analyzed by immunoblotting (Figure 4B). consistent with the observation that patients with other
DEK protein was probed with serum samples from a nor- autoimmune diseases can also have antibodies to DEK.
mal healthy control subject, from 3 JIA patients, or from a In contrast, the 1-350-aa DEK fragment lacking only the
rheumatology patient without JIA, or with DEK-specific last 25 amino acids could not be recognized by most
antibody as a positive control. patient sera (3 of 4 serum samples did not recognize the
As shown in Figure 4B, the DEK-specific antibody truncated fragment). These results are consistent with our
strongly detected all DEK fragments. The full-length previous findings that 5 of 8 JIA patients’ synovial fluid
DEK protein was detected as expected primarily at 55 kd; antibodies that recognized DEK (>50%) failed to recog-
a previously identified breakdown form was also detected nize DEK when the C-terminal 25 amino acids were
at 35 kd (12). (The 1-350-aa DEK runs slightly higher deleted as in the 1-350-aa DEK mutant (3).
than the full-length DEK, perhaps due to changes in its 3- ELISAs were performed to determine further if
dimensional structure.) Serum from the normal healthy autoantibodies in patient sera indeed primarily recognize
3 3 3 3 3
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Figure 5. The last 25 amino acids (aa) of DEK are sufficient for recognition by the autoantibodies of a substantial percentage of patients with
juvenile idiopathic arthritis (JIA) who have autoantibodies to full-length DEK. A, Recombinant full-length DEK (rDEK), glutathione S-transferase
(GST) control protein, and the C-terminal GST-tagged 25 amino acids of DEK (GST-25aa) were purified and analyzed by Western blotting and
densitometry. Results from 2 different representative JIA patient sera (P03 and P33) are shown in addition to a representative control serum from
a healthy individual. B, Pie chart demonstrates the percentage of patients who had autoantibodies to full-length DEK as detected in sera from
patients with polyarticular JIA (poly), oligoarticular JIA (oligo), psoriatic arthritis (PsA), rheumatoid arthritis (RA), systemic-onset JIA, and non-
JIA rheumatic diseases (control) (left). From the 46 patients screened, we also calculated the percentage of patients whose sera recognized the last
25 amino acids of DEK alone, also divided into the different JIA subtypes and non-JIA rheumatic diseases (right). Note that overall, approxi-
mately half of the patients’ sera that recognized full-length DEK also recognized the isolated C-terminal 25 amino acids of the protein. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40404/abstract.
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the last 25 amino acids of DEK. Sera from 4 patients with
JIA and either sera or plasma from 4 healthy controls were
serially diluted and tested for antibodies to full-length (1-
375-aa) recombinant DEK or to DEK containing amino
acids 1-350 (the entire DEK protein except for the C-
terminal 25 amino acids). DEK was not recognized by sera
from healthy controls, while sera from JIA patients were
able to recognize wild-type DEK (Figure 4C). Although
levels of DEK recognition varied among JIA patients, all
levels of DEK recognition among JIA patients were signif-
icantly greater than among healthy controls. This differ-
ence disappeared, however, when ELISA was performed
using the 1-350-aa DEK fragment, which was not recog-
nized by sera from JIA patients or controls (Figure 4C).

Antibodies in sera from JIA patients recognize
the last 25 amino acids of the DEK protein. To deter-
mine if DEK’s autoantigenicity truly resides in its termi-
nal 25 amino acids, we produced the last 25 amino acids
of DEK with a GST tag. Recombinant full-length DEK,
GST control protein, and the C-terminal GST-tagged 25
amino acids of DEK were purified and analyzed using a
DEK-specific polyclonal antibody, an antibody to GST,
serum from a representative healthy control, and sera
from 3 different JIA patients (Figure 5A).

The serum from the healthy control did not detect
DEK protein, while sera from all of the JIA patients
detected full-length DEK. Sera from 2 representative JIA
patients also detected the GST-tagged 25-aa fragment,
indicating recognition of the C-terminal portion of the
DEK protein but not of the GST control protein. We next
screened all 46 patient samples for recognition of full-
length DEK and the GST-tagged 25-aa DEK fragment
(Figure 5B). Approximately four-fifths (78.3%) of the
sera from JIA patients recognized full-length DEK, but
only half of those sera (one-third of the sera from the
total patient cohort) recognized the C-terminal portion of
DEK. Stated another way, of the patients with antibodies
to full-length DEK, 50% had antibodies that recognized
the C-terminal 25-aa fragment alone. Most of the patients
with autoantibodies recognizing the C-terminus of DEK
had the polyarticular subtype. Therefore, in some but not
all cases, the C-terminal 25-aa DEK fragment can be suf-
ficient to generate DEK autoantibodies. Taken together,
these findings demonstrate that the C-terminal 25 amino
acids are usually necessary, but only sometimes sufficient,
to generate autoantibodies to DEK.

DISCUSSION

DEK, originally identified as a nuclear protein, is
a key factor in the modulation of global chromatin struc-
ture (10). In addition to that significant function, the
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DEK protein plays a role in immunity and is also recog-
nized as an autoantigen in JIA and other autoimmune
diseases. Our research group found that DEK binds to a
specific sequence in the Y box of the HLA-DQAI pro-
moter (36), an allele that predisposes children in north-
ern European populations to the development of
oligoarticular-onset JIA (37,38). We also previously
demonstrated that DEK is actively secreted by human
macrophages and passively released by apoptotic T cells,
attracting leukocytes into the inflamed area (12,13).
DEK and DEK autoantibodies are abundant in synovial
fluid of patients with JIA, leading to the development of
immune complexes in the affected joints (3). Autoanti-
bodies to DEK also show increased affinity for acety-
lated and poly(ADP-ribosyl)ated DEK (13). We have
also recently shown that DEK is not only secreted by
activated macrophages but is also released by activated
neutrophils, and it was found to be an important compo-
nent of NETs. Indeed, DEK-knockout mice develop
much less joint inflammation after zymosan injection
due to decreased formation of NETSs, and inflammation
in the joints can be reduced by neutralizing DEK with
specific anti-DEK aptamers (15). Thus, DEK and DEK
autoantibodies appear to contribute to joint inflamma-
tion by attracting inflammatory cells, generating immune
complexes, and supporting NET formation.

The DEK protein was initially described as an
autoantigen in 1991 by Szer et al (4,5). With the exception
of ANAs, autoantibodies are commonly absent in children
with JIA (14). The discovery of antibodies to the DEK
nuclear antigen in JIA therefore holds promise for
improving our understanding of the pathogenesis and
management of JIA. Reactivity to anti-DEK antibodies
was found to be most strongly associated with onset of
any JIA subtype before the sixth birthday, particularly
early-onset oligoarticular JIA and iridocyclitis. However,
DEK autoantibody levels were previously not found to
have a correlation with disease severity (14). Using
recombinant full-length DEK, we have screened multiple
sera from JIA patients from 2 different cohorts, 46
patients from the Pediatric Rheumatology clinic at the
University of Michigan and 89 patients with polyarticular
JIA receiving anti-TNF therapy from a study coordinated
by the Cincinnati Children’s Hospital Medical Center. In
both patient cohorts, high levels of DEK autoantibodies
were significantly correlated with polyarticular arthritis
(surprisingly, greater than in oligoarticular arthritis) (Fig-
ure 2), and higher levels of DEK autoantibodies were
found to be correlated with disease flare within the 8
months after cessation of anti-TNF therapy (P = 0.016)
(Figure 3). These findings show that DEK autoantibody
levels correlate with disease activity and might contribute
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to disease pathogenesis. However, while at this point we
have shown that anti-DEK antibody levels correlate with
active disease, they cannot yet be used to predict whether
it is safe to discontinue anti-TNF therapy.

We have now also demonstrated in a large group
of patients that the C-terminal 25-aa sequence of DEK is
a major autoantigenic region and is sometimes sufficient
to generate an autoimmune response. These findings sug-
gest that more refined ELISAs using the C-terminal 25-aa
sequence of DEK might prove to be of future use. Taken
together, it appears that by understanding the action of
DEK and anti-DEK antibodies, improvements can be
made in the management of JIA.
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Objective. To investigate whether abnormalities in
B cell subsets in patients with juvenile idiopathic arthri-
tis (JIA) correlate with clinical features and response to
treatment.

Methods. A total of 109 patients diagnosed as
having oligoarticular JIA or polyarticular JIA were
enrolled in the study. B cell subsets in peripheral blood
and synovial fluid were analyzed by flow cytometry.

Results. Switched memory B cells were signifi-
cantly increased in patients compared to age-matched
healthy controls (P < 0.0001). When patients were divided
according to age at onset of JIA, in patients with early-
onset disease (presenting before age 6 years) the expan-
sion in switched memory B cells was more pronounced
than that in patients with late-onset disease and per-
sisted throughout the disease course. In longitudinal
studies, during methotrexate (MTX) treatment, regard-
less of the presence or absence of active disease, the num-
ber of switched memory B cells increased significantly
(median change from baseline 36% [interquartile range
{IQR} 15, 66]). During treatment with MTX plus tumor
necrosis factor inhibitors (TNFi), in patients maintaining
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disease remission, the increase in switched memory B
cells was significantly lower than that in patients who
experienced active disease (median change from baseline
4% [IQR —6, 32] versus 41% [IQR 11, 73]; P = 0.004).
The yearly rate of increases in switched memory B cells
was 1.5% in healthy controls, 1.2% in patients who main-
tained remission during treatment with MTX plus TNFi,
4.7% in patients who experienced active disease during
treatment with MTX plus TNFi, and ~4% in patients
treated with MTX alone.

Conclusion. Switched memory B cells expand dur-
ing the disease course at a faster rate in JIA patients
than in healthy children. This increase is more evident in
patients with early-onset JIA. TNFi treatment inhibits
this increase in patients who achieve and maintain remis-
sion, but not in those with active disease.

Juvenile idiopathic arthritis (JIA) is the most
common chronic rheumatic disease in children. The
2001 update of the International League of Associations
for Rheumatology (ILAR) criteria for JIA identifies 8§
different categories based on the number of joints
involved, laboratory findings, and extraarticular manifes-
tations (1). The goal of this classification is to group JIA
patients into relatively homogeneous categories; how-
ever, it is still debated whether these categories group
together patients with diseases having common patho-
genic mechanisms. In fact, several problems with the pre-
sent classification are emerging (2,3). For example, it has
been proposed that early-onset JIA (presenting before
age 6 years) is a distinct clinical entity, regardless of the
number of joints involved. Indeed, genetic studies of
associations with HLA alleles (4), immunologic studies
involving B lymphocytes (5), and the presence of specific
clinical features (6) support this proposal.
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Methotrexate (MTX) is used as first-line treat-
ment in patients with JIA, and tumor necrosis factor inhi-
bitors (TNFi) have been shown to be effective in patients
with an unsatisfactory response to MTX. Some studies
have investigated alterations in circulating B cell subsets
in JIA patients, but no major abnormalities have been
found (7,8). Given the well-known role of TNF in B cell
development and germinal center (GC) reactions and the
possible relationship between these effects and therapeu-
tic efficacy (9,10), our aim was to study the distribution of
B cell subsets in the peripheral blood of a large cohort of
patients with JIA and the correlation of these subsets with
disease activity and response to MTX and TNFi.

PATIENTS AND METHODS

Patients and study design. We enrolled 109 patients
diagnosed as having oligoarticular JIA or polyarticular JIA
according to the ILAR criteria (1). The characteristics of the
patients are shown in Table 1. For each patient, we recorded
clinical data and laboratory parameters. Antinuclear antibody
(ANA) positivity was defined as the presence of a high titer of
ANAs (>1:160) on at least 2 occasions, 3 months apart. Approxi-
mately 66% of patients with oligoarticular JIA or polyarticular
JIA were ANA positive. Age-matched children were used as
healthy controls (n = 304).

Of these 109 patients, 50 patients receiving either MTX
alone (n=17) or MTX plus TNFi (n = 33) were followed up for a
median of 11.2 months (range 6.9-21.2 months); their B cell sub-
sets were measured at the first (time 0) and last (time 1) follow-

Table 1. Baseline characteristics of the patients according to
International League of Associations for Rheumatology subtype™*

Oligoarticular Polyarticular
JIA JIA
(n=94) (n=15)
ANA positive 62 (66) 10 (66.7)
Female 75 (79.8) 13 (86.7)
Age, median (IQR) years 9.1 (5.8, 12.7) 9.4 (7.2, 12.6)
Age at onset, median 3.1(2,6.2) 3.8 (2.1, 6.6)

(IQR) years
Disease duration, median
(IQR) months
Disease activity

420 (102, 103.4) 456 (8.6, 67.6)

Active disease 40 (42) 6 (40)

Clinically inactive disease 26 (27.7) 3 (20)

Clinical remission with 23 (24.5) 6 (40)
medication

Clinical remission without 5(5.3) 0 (0)
medication

Therapy

NSAIDs 26 (27.7) 0 (0)

MTX 32 (34) 5(33.3)

MTX plus TNFi 36 (38.3) 10 (66.7)

* Except where indicated otherwise, values are the number (%). JIA
= juvenile idiopathic arthritis; ANA = antinuclear antibody; IQR =
interquartile range; NSAIDs = nonsteroidal antiinflammatory drugs;
MTX = methotrexate; TNFi = tumor necrosis factor inhibitors.

up visits. Active disease was defined as the presence of tender or
swollen joints, a high erythrocyte sedimentation rate and/or
C-reactive protein (CRP) level, and/or active uveitis. Remission
was defined according to the criteria described by Wallace
et al (11).

B cell phenotyping. Peripheral blood mononuclear cells
from 109 patients and 304 healthy controls or synovial fluid
mononuclear cells (SFMCs) from 18 patients were isolated by
Ficoll density-gradient centrifugation and frozen. Mononuclear
cells were thawed, counted, assessed for viability, and stained with
the following antibodies: phycoerythrin (PE)-Cy5-conjugated
anti-CD19 (HIB19), PE-Cy7—conjugated anti-CD38 (HB7), PE-
conjugated anti-CD27 (M-T271), Pacific Blue (PB)-conjugated
anti-CD14 (M5E2), PB-conjugated anti-CD3 (UCHT1), BV711-
conjugated anti-CD24 (MLY), fluorescein isothiocyanate (FITC)-
conjugated mouse anti-human IgD (IA6-2) (all from Becton
Dickinson), and Alexa Fluor 647-conjugated goat anti-human
IgM (no. 109-606-129; Jackson ImmunoResearch). Samples were
run on a BD LSRFortessa X-20 instrument (BD Biosciences).
Data were analyzed with FlowJo software, version 8.3 (Tree Star).
The gating strategy is shown in Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40410/abstract.

SFMC culture conditions and ANA assay. In order to
have a sufficient number of SF B cells for cell culture, CD19+
cells from 13 JIA patients (~85% with oligoarticular JIA) were
sorted and cultured together with non-B cells as the feeder layer
and stimulated with CpG, as previously described (12). After 8
days of culture, supernatants were collected, and cells were
stained to analyze the expression of surface markers. The con-
centration of total IgG in supernatants was assessed with an in-
house enzyme-linked immunosorbent assay (12). The presence
of ANAs secreted by memory B cells in undiluted or diluted
supernatants was assayed by a commercial ANA kit (ANA Hep2;
Eurospital) and detected with FITC-conjugated anti-human IgG.
Samples with the highest concentration of IgG were diluted in
order to adjust for differences in the amount of total IgG pro-
duced in vitro; ANA reactivity remained positive with a concor-
dant nuclear pattern in diluted samples.

Statistical analysis. A nonparametric #-test or analysis of
variance (ANOVA) followed by Bonferroni post hoc test was
used to analyze data. P values less than 0.05 were considered sig-
nificant.

RESULTS

Increased switched memory B cells in patients
with oligoarticular JIA or polyarticular JIA. The relative
frequency and absolute number of CD19+ B cells were
significantly increased in JIA patients in comparison to
age-matched healthy controls (Figure 1A; also see Sup-
plementary Table 1, http://onlinelibrary.wiley.com/doi/10.
1002/art.40410/abstract). The percentages of transitional
and naive B cells did not differ between JIA patients and
healthy controls (Figure 1A). We found a significant dif-
ference in the B cell memory pool. Switched memory B
cells were significantly increased in JIA patients, while
IgM memory B cells were significantly reduced (Fig-
ure 1A). When we calculated the absolute numbers, we
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Figure 1. A, Percentage of CD19+, transitional, naive, IgM memory, and switched memory B cells in patients with juvenile idiopathic arthritis
(JIA) (n = 109) and age-matched healthy controls (HC) (n = 304). Symbols represent individual subjects; horizontal lines indicate the median. B,
Percentage of IgM memory and switched memory B cells in patients with JIA and healthy controls plotted as a function of age at the time of

sampling. Symbols represent individual subjects.

found that all B cell populations were increased in JIA
patients (as expected based on the expansion of total
CD19+ cells that we and other investigators observed
[13]) except for transitional B cells, numbers of which
were within the normal range (Supplementary Table 1).
The frequency of IgM memory and switched mem-
ory B cells increases throughout childhood upon

encounters with antigens (12). However, the absolute
number of circulating memory B cells decreases over time
due to the reduction in the total number of circulating B
cells observed after age 4 years (14,15). In order to study
the dynamic changes of the memory B cell compartment
in children, we determined the relative frequency of IgM
memory and switched memory B cells as a function of
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age (16) (Figure 1B; also see Supplementary Figure 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.40410/abstract).
Switched memory B cells were expanded in JIA patients
until age 16 years, while no statistically significant differ-
ences were observed between adult JIA patients and adult
healthy controls (Supplementary Figure 2). [gM memory
B cells appeared to be significantly reduced only in very
young children with JIA (Figure 1B; also see Supplemen-
tary Figure 2).

In expression profile studies, Barnes et al (5)
observed that a B cell signature characterizes patients
with oligoarticular JIA or polyarticular JIA with disease
beginning before age 6 years (referred to as early-onset
JIA) and distinguishes patients with early-onset JIA from
those with late-onset JIA and systemic-onset JIA. We
divided our JIA patients according to age at the time of
disease onset and, to correct for age-related differences in
memory B cells, took into account the age at which the
blood sample was drawn. In patients with early-onset dis-
ease and age <6 years at sampling, switched memory B
cells were expanded and IgM memory B cells were
reduced compared to age-matched healthy controls (Fig-
ures 2A and B). In patients age >6 years at the time of
sampling with either early-onset JIA (age <6 years) or
late-onset JIA (age >6 years), the frequency of switched
memory B cells was significantly increased compared to
the frequency in age-matched healthy controls, while the
frequency of IgM memory B cells was comparable to that
in age-matched healthy controls (Figures 2A and B). Of
note, among patients in whom blood samples were
obtained at age >6 years, the frequency of switched mem-
ory B cells was higher in those with onset at age <6 years
than in those with onset at age >6 years. These results are
consistent with the conclusion that switched memory B
cells are significantly expanded in JIA patients, and that
this expansion is more pronounced in patients with early-
onset JIA and persists throughout the disease course.

Switched memory B cells are present in inflamed
joints and are a source of ANAs. The target organ in JIA is
the synovium. Therefore, we sought to analyze the B cell
subsets found in SF obtained from JIA patients. As
described in a previous report (7), the total number of B
cells was lower than that in peripheral blood, accounting for
~1% of SFMGCs. Of note, >60% of these B cells were
switched memory B cells (Figure 3A), consistent with previ-
ous observations (7,17).

Memory B cells are the main B cells responding to
CpG (a Toll-like receptor 9 agonist) by proliferating and
differentiating into immunoglobulin-secreting plasma-
blasts (18). After stimulation with CpG, SF memory B cells
from 13 JIA patients expanded, acquired a plasmablast
phenotype (CD19'°"CD27++CD38++), and secreted IgG
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Figure 2. Percentage of switched memory B cells (A) and IgM mem-
ory B cells (B) in patients with juvenile idiopathic arthritis (JIA) and
healthy controls (HC) divided according to age at onset of JIA for
patients and age at sampling for JIA patients and healthy controls.
Symbols represent individual subjects; horizontal lines indicate the
median. NS = not significant.

in the supernatants (Figure 3B). We previously showed
that after stimulation with CpG, switched memory B cells
are responsible for almost all of the IgG secreted in culture
(12). Therefore, we tested whether the IgG produced by
switched memory B cells in the supernatants contained
ANAs. In 6 of 7 ANA-positive patients, IgG secreted by
SF switched memory B cells contained ANAs; in contrast,
ANAs were undetectable in 6 ANA-negative patients (P =
0.0047 by Fisher’s exact test) (Figure 3C). We also tested
the reactivity of supernatants of unstimulated culture of
SFMCs, and no ANAs were detected (data not shown),
indicating that there was no basal production of ANAs
and that these autoantibodies were secreted by memory B
cells only after stimulation with CpG. Taken together,
these data show that switched memory B cells are
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Figure 3. A, Representative plot (left) and percentages of B cell subsets in synovial fluid (SF) samples from patients with juvenile idiopathic
arthritis (n = 18) (right). Sw = switched; DN = double negative; PC = plasma cells. B, Representative plots showing SF B cells differentiating into
plasmablasts (PB) (CD19'°"CD27++CD38++) in response to CpG (left), and percentages of plasmablasts (n = 12 individual patients) and amount
of IgG secreted in the supernatant (n = 13 individual patients) in response to CpG (right). Unst = unstimulated. C, Representative images of
antinuclear antibody (ANA) staining with supernatants produced by CpG-stimulated SF switched memory B cells (n = 13 individual patients).
Original magnification x 60. In A and B, symbols represent individual subjects; horizontal lines indicate the median.

markedly expanded in SE are functionally active (as shown
by the maturational response to CpG), and, more impor-
tant, produce ANAs in ANA-positive JIA patients.

TNFi limit the expansion of switched memory B
cells in JIA patients. We found no differences in the
number of switched memory B cells between patients
with persistent oligoarticular JIA, those with extended
oligoarticular JIA, and those with polyarticular JIA
(see Supplementary Figure 3A, http://onlinelibrary.wiley.
com/doi/10.1002/art.40410/abstract). The expansion of
switched memory B cells was not associated with ANA
positivity, the presence of uveitis, or the level of disease

activity as estimated by the number of joints with active
disease or by CRP levels (Supplementary Figures 3B-F).

The frequency of switched memory B cells in
patients receiving MTX plus TNFi (14.6% [interquartile
range {IQR}10.5, 18.5]) tended to be higher than that in
patients treated with MTX alone (12.4% [IQR 8.7, 16.8])
or in patients treated with nonsteroidal antiinflammatory
drugs alone (10% [IQR 7.8, 13.7]); however, this did not
reach statistical significance (P = 0.0581 by one-way
ANOVA) (see Supplementary Figure 3D, http://onlinelib
rary.wiley.com/doi/10.1002/art.40410/abstract). These data
are in apparent contrast to a previous report (10) that in
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adults with rheumatoid arthritis (RA), TNFi caused a
reduction in GCs and in circulating memory B cells. Since
duration of treatment may be an important variable to
consider, we assessed changes in switched memory B cells
during treatment with MTX alone and during treatment
with MTX plus TNFi.

In patients treated with MTX alone, there was a
progressive increase in switched memory B cells over
time, and this correlated significantly with treatment dura-
tion (r = 0.39, P = 0.03) (Figure 4). This increase is consis-
tent with previous observations in MTX-treated patients
with RA (10) and in MTX-treated patients with JIA (19)
as well as with the known increase in switched memory B
cells with age in children (12). In contrast, in patients
treated with MTX plus TNFi, the percentage of switched
memory B cells did not change (Figure 4). Since MTX is
known to have no effect on the development of switched
memory B cells (19), their increase in patients treated
with MTX alone may simply reflect a physiologic increase
with age. The absence of a physiologic increase in
switched memory B cells in patients treated with MTX
plus TNFi can be explained by the above-mentioned in-
hibitory effect of TNFi on GCs and on generation and
maintenance of switched memory B cells.

TNFi reduce the rate of increase in switched mem-
ory B cells only in patients who achieve disease remis-
sion. To confirm the effect of TNFi on switched memory
B cells mentioned above, we analyzed changes in the per-
centage of switched memory B cells over time and corre-
lated them with the therapeutic response to TNFi. Fifty
JIA patients were followed up during treatment with
either MTX alone (n = 17) or MTX plus TNFi (n = 33)
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for ~1 year. Figure 5A shows the percentage of switched
memory B cells at the first (time 0) and second (time 1)
sampling (median interval 11.2 months). As expected
based on the known increase with age and the data shown
previously, in patients treated with MTX alone the per-
centage of switched memory B cells increased significantly
during the follow-up period (median increase from base-
line 36% [IQR 15, 66]). There were no differences
between patients who achieved and maintained remission
during treatment with MTX alone (31% increase from
baseline [IQR 9, 57]) and those who did not (47%
increase from baseline [IQR 6, 73]) (P = 0.5). For this rea-
son, and to simplify the analysis, we included both groups
of patients in a single MTX treatment group. In patients
treated with MTX plus TNFi who experienced active
arthritis or uveitis during treatment (group A), switched
memory B cells increased significantly (median increase
of 41% from baseline [IQR 11, 73]) to an extent compara-
ble to that in patients treated with MTX alone. In con-
trast, in patients treated with MTX plus TNFi who
achieved and maintained remission during the follow-up
period (group R), switched memory B cells did not
increase significantly (median increase of 4% from base-
line [IQR -6, 32]) (Figures 5A and B).

To correct for variability in the duration of follow-
up, we calculated, for each patient, the yearly rate at which
switched memory B cells increased over time, determining
the slope of the line passing through the 2 points. The
slope of the line for MTX plus TNFi-treated patients who
experienced active arthritis or uveitis was significantly
higher than the slope of the line for MTX plus TNFi—
treated patients who achieved and maintained remission

MTX + TNFi

Spearman r =-0.098
p=0.54

Switched Memory
(% of CD19)
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0 20 40 60 8010

Duration of treatment
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Figure 4. Correlation between the percentage of switched memory B cells and duration of treatment in patients treated with methotrexate
(MTX) alone (n = 34) or with MTX plus tumor necrosis factor inhibitors (TNFi) (n = 40).
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Figure 5. A, Percentage of switched memory B cells at baseline (T0) and after 12 months (T1) in patients treated with methotrexate (MTX) alone
(n = 17) or with MTX plus tumor necrosis factor inhibitors (TNFi) (n = 33). Those treated with MTX plus TNFi were divided into those who
achieved and maintained remission (group R) (n = 14) and those who experienced disease flares (group A) (n = 19). B, Percentage increase from
baseline (dashed line) of switched memory B cells in the 3 groups of patients described in A. C, Slopes expressing the steepness of the line con-
joining the percentages of switched memory B cells at baseline (dashed line) and at the second blood drawing. D, Illustration of the rate at which
switched memory B cells increased over time. Using the average slope for patients treated with MTX alone, those treated with MTX plus TNFi
who achieved remission, and those treated with MTX plus TNFi who had disease flares, we modeled the functions expressing the yearly increase
in switched memory B cells in the 3 groups of patients. In B and C, symbols represent individual subjects; solid horizontal lines indicate the me-

dian. NS = not significant; HC = healthy controls.

(Figure 5C). Knowing the average slope for the different
groups of patients, we modeled the equation defining the
rate at which switched memory B cells increased over time.
It is evident that during a period of 12 months, switched
memory B cells increased by ~4% per year in patients
receiving MTX alone and 4.7% per year in patients receiv-
ing MTX plus TNFi who experienced active arthritis or
uveitis (group A). On the other hand, in patients receiving
MTX plus TNFi who achieved and maintained remission
(group R), the rate was significantly lower (1.2% per year)
and comparable to the increase calculated in our cohort of
healthy children (1.5% per year) (Figure 5D).

DISCUSSION

We showed that the numbers of circulating
switched memory B cells were increased in patients
with oligoarticular JIA and patients with polyarticular

JIA, especially in those with disease onset before age 6
years. We also showed that switched memory B cells
were the most represented B cell subset in SF, and that
SF switched memory B cells produced ANAs. Impor-
tantly, we found that changes in the frequency of
peripheral blood switched memory B cells were associ-
ated with a therapeutic response to TNFi.

Previous studies have analyzed B cell subsets in
the blood of JIA patients. In one study, switched memory
B cells were found to accumulate in the SF of JIA
patients; however, the numbers of switched memory B
cells in the blood of JIA patients were found not to be dif-
ferent from the numbers in blood from healthy controls
(7). The apparent discrepancy with our findings might be
explained by differences in disease severity (only 1 patient
was receiving TNFi [7]) and by differences in the controls.
That study had a small group of controls (n = 20) with a
mean age comparable to that of patients. However, no
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information was provided about the distribution of B cell
subsets across the different ages, and patients and con-
trols of different ages were not compared. More recently,
a study of B cell subsets in JIA patients (19) demonstrated
that different treatments, including TNFi, did not directly
affect circulating memory B cells. That study did not
include a longitudinal evaluation; moreover, a compar-
ison with our data is not possible because various subsets
of patients with JIA were included, and no comparison
with age-matched healthy controls was available.

In our study we evaluated a large number of
patients; we focused on 2 relatively homogeneous subsets
of patients with JIA, excluding those with rheumatoid fac-
tor, enthesitis-related arthritis, psoriatic arthritis, or sys-
temic-onset arthritis. We also used as a control group a
large series of healthy children across all ages. The expan-
sion of switched memory B cells was associated with age
at onset, being significantly more pronounced in patients
with early-onset JIA (presenting before age 6 years).
Interestingly, age at onset has been reported to distin-
guish patients with different pathophysiologic mecha-
nisms (5). A study of HLA association in JIA showed that
HLA-DRS increases the risk of developing JIA early in
life (ages 0-8 years) but not at later ages (4). A B cell sig-
nature has been shown to characterize patients with dis-
ease onset before age 6 years (5); interestingly, this B cell
signature was able to distinguish patients with early-onset
JIA from those with late-onset JIA, regardless of the
number of affected joints at presentation, and from
patients with systemic-onset JIA.

We speculate that 2 main mechanisms, not neces-
sarily mutually exclusive, may explain the expansion of
switched memory B cells in JIA. First, B cells from
patients with JIA may bear an intrinsic lower threshold
for activation, as reported for other autoimmune diseases
(20), favoring IgG switching and differentiation into mem-
ory B cells. Second, since switched memory B cells
develop in GCs, the expansion of switched memory B
cells may be the consequence of enhanced GC formation.
Two pieces of evidence support the latter hypothesis. A
genome-wide association study found that a coding single-
nucleotide polymorphism in the lymphotoxin B receptor
gene was associated with the development of oligoarticu-
lar JIA and polyarticular JIA (21). Indeed, the lympho-
toxin axis plays a crucial role in GC development (22).
Moreover, in the synovial membrane of patients with
oligoarticular JIA or polyarticular JIA, the presence of
organized B and T cell follicles and the presence of GCs
within these structures correlated with the presence of
ANAs (23).

As mentioned previously, switched memory B cells
are the main subset of B cells found in SF from patients

with oligoarticular JIA and those with polyarticular JIA.
Our finding that switched memory B cells from SF pro-
duce ANAs suggests a direct link between this cell subset
and the typical autoimmune feature of the disease. Fur-
ther pointing to their potential pathogenic role, switched
memory B cells in SF from JIA patients were shown to be
efficient antigen-presenting cells and to favor Th1 polar-
ization of Tcells (17).

We did not find any association between circulat-
ing levels of switched memory B cells and disease activity,
as measured by the number of joints with active disease
and CRP levels (see Supplementary Figure 3, http:/
onlinelibrary.wiley.com/doi/10.1002/art.40410/abstract). Cir-
culating memory B cells reflect the overall immune
responses of the host; for example, switched memory B
cells significantly and quickly expand in response to the
environmental pathogen milieu, with vaccination being a
well-known example (24). These responses may dilute the
contribution of switched memory B cells leaking from the
inflamed joints, making it difficult to observe a direct cor-
relation with disease activity or other features of JIA.
Another factor that may influence the frequency of
switched memory B cells is disease duration, especially in
children with early-onset JIA; in patients with longer dis-
ease duration, switched memory B cells may accumulate
due to the ongoing autoimmune response. However, no
significant correlation was observed between frequency of
switched memory B cells and disease duration, even when
the patients were grouped according to age at disease
onset and age at sampling as discussed above (data not
shown). Finally, assessing disease activity only through
CRP levels and number of joints involved may not be
ideal, especially in patients with oligoarticular JIA, who
represent a significant proportion of patients in our
cohort. Longitudinal studies closely assessing disease
activity, disease damage, and long-term outcomes will be
needed to investigate whether these parameters correlate
with switched memory B cells and their change over time.

The TNF pathway plays a pivotal role in GC devel-
opment. As predicted from the results of animal studies
(9), in RA patients administration of TNFi led to disrup-
tion of GC structures in lymphoid tissues by affecting the
supporting network of follicular dendritic cells, and, sub-
sequently, to the reduction in the frequency of circulating
memory B cells (10). We report that treatment with TNFi
affects the expansion of switched memory B cells in
patients with JIA, as reflected by the reduction in the rate
of accumulation in the periphery. In healthy children,
switched memory B cells increase progressively during
childhood (12), and indeed we show that switched mem-
ory B cells increase constantly at a rate of ~1.5-2% per
year until age 18 years (Figures 1 and 5). In JIA patients
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studied longitudinally, switched memory B cells increase
in the periphery at a much faster rate than that in healthy
control children. As predicted by the above-mentioned
observations in animals and RA patients, treatment with
TNFi affects the rate of switched memory B cell expan-
sion. Interestingly, treatment with TNFi reduces the rate
of switched memory B cell expansion to a level compara-
ble to that in healthy controls only in patients achieving
and maintaining remission during treatment. In sharp
contrast, in patients who either did not achieve remission
or had disease flares during treatment with TNFi, the
yearly rate of switched memory B cell increase was much
higher and comparable to that in patients receiving MTX
alone.

The therapeutic benefit of TNFi in arthritis may
be secondary to a number of mechanisms, including, for
example, rapid effects on proinflammatory cytokine pro-
duction, as anticipated by the original observation on syn-
oviocytes (25). Interestingly, several studies have shown
that in RA patients, switched memory B cells are the tar-
get of many biologic drugs (TNFi, rituximab, tocilizumab,
and abatacept), and a reduction in this subpopulation is
associated with more favorable outcomes (10,26-28).
Based on our results and on the above-mentioned obser-
vations in lymphoid tissues in humans, it is tempting to
speculate that inhibition of GCs and of the generation of
switched memory B cells may contribute to the ability of
TNFi to induce and maintain disease remission in JIA. In
TNFi-treated patients who do not achieve remission or
have a disease flare, TNFi are not able to control the dis-
ease either because they cannot completely neutralize tis-
sue TNF or because the GC reactions, and possibly the
switched memory B cells themselves, do not play a crucial
role in this subset of patients.

In conclusion, we show that switched memory B
cells are expanded in JIA patients, particularly in those
with early onset of disease, further pointing to a peculiar
subset of JIA patients with early-onset disease. TNFi limit
the expansion of switched memory B cells in patients who
respond to treatment and achieve remission. Further stud-
ies are necessary to elucidate in greater detail the role of
memory B cells in JIA pathogenesis and their correlation
with the disease course, and to validate their usefulness
as biomarkers of disease classification and response to
treatment.
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Objective. To describe the features and treatment
of macrophage activation syndrome (MAS) in a single-
center cohort of patients with childhood-onset systemic
lupus erythematosus (SLE), and to compare childhood-
onset SLE manifestations and outcomes between those
with and those without MAS.

Methods. We included all patients with childhood-
onset SLE followed up at The Hospital for Sick Children
from 2002 to 2012, and identified those also diagnosed as
having MAS. Demographic, clinical, and laboratory fea-
tures of MAS and SLE, medication use, hospital and
pediatric intensive care unit (PICU) admissions, as well
as damage indices and mortality data were extracted
from the Lupus database. Student’s 7-tests and Fisher’s
exact tests were used to compare continuous and categor-
ical variables, respectively. We calculated incidence rate
ratios of hospital and PICU admissions comparing
patients with and those without MAS, using Poisson
models. Kaplan-Meier survival analysis was used to
examine the time to disease damage accrual.

Results. Of the 403 patients with childhood-onset
SLE, 38 (9%) had MAS. The majority (68%) had concomi-
tant MAS and SLE diagnoses. Fever was the most com-
mon MAS clinical feature. The frequency of renal and
central nervous system disease, hospital admissions, the
average daily dose of steroids, and time to disease damage
were similar between those with and those without MAS.
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We observed a higher mortality rate among those with
MAS (5%) than those without MAS (0.2%) (P = 0.02).
Conclusion. MAS was most likely to develop con-
comitantly with childhood-onset SLE diagnosis. The
majority of the MAS patients were successfully treated
with corticosteroids with no MAS relapses. Although the
numbers were small, there was a higher risk of death
associated with MAS compared to SLE without MAS.

Macrophage activation syndrome (MAS) is a poten-
tially life-threatening complication of systemic lupus erythe-
matosus (SLE) characterized by excessive activation and
proliferation of T lymphocytes and macrophages and a
consequent massive production of cytokines, or “cytokine
storm” (1-4). MAS is considered a secondary or acquired
form of hemophagocytic lymphohistiocytosis (HLH) and
is usually associated with infection, rheumatic disease, or
malignancy (5). Primary or familial HLH is caused by
mutations in genes involved in the granule-dependent
cytolytic secretory pathway. Despite the different inciting
causes, primary and secondary HLH share similar clinical
and biochemical features (5).

MAS was initially described in association with sys-
temic juvenile idiopathic arthritis (JIA) (6); however, it
has been increasingly recognized as a complication of
SLE (3,5,7). There are only a few studies examining the
clinical and laboratory features of MAS in childhood-
onset SLE, and most of the available data are based on
cross-sectional studies and case reports (3,8-12). As a
result, the true prevalence of MAS in childhood-onset
SLE is unknown. MAS is life-threatening, with mortality
rates ranging from 8% to 22% in pediatric autoimmune
diseases generally (11,13) and 10-22% in MAS complicat-
ing childhood-onset SLE specifically (3,8,14). Yet there
are limited available data on long-term outcomes, includ-
ing rates of recurrence of MAS in childhood-onset SLE
(3,8,14). Moreover, it remains unclear whether child-
hood-onset SLE complicated by MAS has a distinctive
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disease course in terms of organ involvement and damage
accrual in long-term follow-up when compared to child-
hood-onset SLE without MAS.

The aims of this study were to 1) describe the
clinical and laboratory characteristics, outcomes, and
treatment of MAS in a large childhood-onset SLE
cohort from a single pediatric tertiary care center; and
2) compare clinical and laboratory SLE features and
disease-associated outcomes between childhood-onset
SLE patients with MAS and those without MAS.

PATIENTS AND METHODS

Study population. We included all patients diagnosed as
having and followed up for childhood-onset SLE at The Hospital
for Sick Children (SickKids) between January 2002 and Decem-
ber 2012 (n = 403). All patients met the American College of
Rheumatology (ACR) and/or Systemic Lupus International Col-
laborating Clinics (SLICC) classification criteria for SLE (15,16).
Since there are no validated or universally accepted diagnostic
criteria for MAS in SLE, the diagnosis of MAS was based on the
treating pediatric rheumatologist’s expert opinion at the time of
the initial presentation. The treating pediatric rheumatologists
had 35 years (EDS) and >15 years (DML) of experience in caring
for children with SLE. These diagnoses were independently
reviewed by one investigator (MG), and any questionable diag-
noses were brought to the attention of all authors. There were 4
cases in which the diagnosis of MAS was disputed. After individ-
ual case review, 2 were excluded as MAS cases. The final decision
regarding MAS diagnosis and subsequent inclusion of the MAS
patients in the study was made by agreement among all authors.
Institutional Research Ethics Board (REB) approval was obtain-
ed prior to initiation of the study (REB #1000035186).

Variables. Prospectively collected demographic, clinical,
and laboratory data on SLE and MAS features were extracted
from the SickKids Lupus database and supplemented by data
from hospital medical records. The diagnoses of MAS and child-
hood-onset SLE were considered “concomitant” if MAS was
diagnosed within 7 days of childhood-onset SLE.

Demographic features included age at diagnosis of child-
hood-onset SLE, age at diagnosis of MAS, and sex. The following
clinical MAS features (3,17) were extracted: fever, hepatospleno-
megaly, lymphadenopathy, clinical bleeding episodes (hemor-
rhages), and central nervous system (CNS) involvement. CNS
involvement secondary to MAS was defined as any evidence of
altered level of consciousness or seizures at the time of MAS pre-
sentation, excluding those associated with infections, drugs, or
metabolic causes. Since MAS with CNS involvement may overlap
with the clinical spectrum of neuropsychiatric SLE (NPSLE)
(18), the definition of CNS disease secondary to MAS was based
on a multidisciplinary team approach including pediatric neurol-
ogists, neuroradiologists, oncologists, and rheumatologists.

Laboratory MAS features extracted included platelet
count, hemoglobin, white blood cell differential count, alanine
aminotransferase, aspartate aminotransferase (AST), lactate
dehydrogenase (LDH), ferritin, fibrinogen, triglyceride level,
D-dimers, partial thromboplastin time, serum sodium level,
C-reactive protein level, and erythrocyte sedimentation rate.
Additional laboratory features such as natural killer (NK) cell
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cytotoxic activity, soluble interleukin-2 receptor (sIL-2R) levels,
bone marrow aspirate/biopsy findings, and evaluations for infec-
tion were also included when available. We also reviewed the
results of Sanger sequencing of exons 2 and 3 in the perforin
gene (PRFI) (19) and of exome sequencing of known HLH-
associated variants in genes (AP3B1, BLOCIS6, CD27, ITK,
LYST, NLRC4, PRFI1, RAB27A, SH2DIA, SLC7A7, STXI1,
STXBP2, UNC13D, and XIAP) (20) when available. We applied
the preliminary diagnostic criteria for MAS proposed by Parodi
et al (3) in our MAS cohort. Medications prescribed for MAS
treatment were reviewed and reported. Calcineurin inhibitor
therapy was attributed to childhood-onset SLE in those with
concomitant membranous lupus nephritis and MAS. Otherwise,
calcineurin inhibitor use was attributed to MAS.

All clinical and laboratory SLE features (15,16) avail-
able during complete follow-up were extracted. Patients with

Table 1. Demographic, clinical, and laboratory features of patients
with childhood-onset SLE with MAS and those without MAS*

Patients with  Patients without
MAS (n =38) MAS (n = 365) P

Female 30 (79) 302 (83) 0.51
Mean + SD age at SLE 13.7 £ 28 132 £32 0.35
diagnosis, years
Mean + SD duration of 35+ 1.6 4+24 0.21
follow-up, years
SLE clinical features
Malar rash 25 (66) 288 (79) 0.10
Oral or nasal ulcers 15 (39) 131 (36) 0.72
Arthritis 22 (58) 258 (71) 0.14
Serositist 9 (24) 48 (13) 0.09
Myositis 1(3) 17 (5) 1.00
Headaches 9 (24) 81 (22) 0.52
Lupus nephritis 18 (47) 115 (32) 0.07
Mesangial 3(17) 6 (5) 0.041%
Proliferative 11 (61) 66 (57) 0.80
Membranous 3(17) 25 (22) 0.76
Mixed proliferative/ 1(6) 18 (16) 0.47
membranous
CNS involvement 10 (26) 85 (23) 0.68
Psychosis 4 (40) 43 (51) 0.74
Cognitive dysfunction 4 (40) 32 (38) 1.00
Acute confusional state 2 (20) 10 (12) 0.60
SLE laboratory features
Hematologic involvement 34 (89) 282 (77) 0.09
Thrombocytopenia 19 (56) 95 (34) 0.004%
Lymphopenia 29 (85) 173 (61) 0.001%
Coombs-positive 17 (50) 96 (34) 0.02%
hemolytic anemia
Specific autoantibodies
Anti-dsDNA 33 (87) 202 (55) 0.0001%
Anti-Sm 17 (45) 99 (27) 0.04%
Anti-RNP 17 (45) 137 (38) 0.39
Anti-Ro 18 (47) 138 (38) 0.29
Anti-La 6 (16) 54 (15) 0.81
Lupus anticoagulant 3(8) 43 (12) 0.60
Anticardiolipin 17 (45) 127 (35) 0.29

* Except where indicated otherwise, values are the number (%). MAS =
macrophage activation syndrome; CNS = central nervous system; anti-
dsDNA = anti-double-stranded DNA.

+ Pericarditis and/or pleuritis.

1 Significant Bonferroni-corrected P value: P < 0.005 (corrected for
number of American College of Rheumatology criteria for systemic
lupus erythematosus [SLE]) and P < 0.007 (corrected for specific
autoantibodies).
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clinical evidence of lupus nephritis underwent kidney biopsy
unless contraindicated. Lupus nephritis was classified accord-
ing to the International Society of Nephrology/Renal Pathology
Society 2003 revised criteria (21). The definition of CNS dis-
ease secondary to SLE was based on ACR 1999 nomenclature
and case definitions for NPSLE syndromes (18).

In order to assess SLE disease severity and long-term
SLE outcomes in patients with MAS and patients without MAS,
the following variables were recorded: immunosuppressive drug
use, average daily dose of corticosteroids, and number of pediatric
intensive care unit (PICU) admissions during follow-up. Hospital
admissions with a length of stay of >72 hours were considered
clinically relevant in order to assess and compare lupus disease
severity between patients with MAS and patients without MAS
over the follow-up period. However, hospital admissions that
were entirely for medical procedures (e.g., for kidney biopsy) were
excluded since they were not considered an accurate indicator of
disease severity. All deaths during follow-up at SickKids were
documented in both groups. The SLICC/ACR Damage Index
(SDI), previously validated in childhood-onset SLE, was used to
assess damage 6 months after diagnosis of childhood-onset SLE
and at each subsequent visit in both groups (22,23). All variables
were collected until the last lupus clinic visit at SickKids.

Statistical analysis. Demographic data, clinical features,
and laboratory features were analyzed using descriptive statistics.
Continuous and categorical variables were compared between
patients with and those without MAS, using Student’s #-test and
Fisher’s exact test, respectively. Incidence rate ratios (IRRs)
were calculated using Poisson models to compare the rates of
hospital and PICU admissions between those with and those
without MAS. Kaplan-Meier survival analyses were used to
examine the rate of disease damage accrual over time in both
cohorts. P values less than 0.05 were considered statistically sig-
nificant, and a Bonferroni correction for multiple testing was
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used when testing multiple independent associations. All statisti-
cal analyses were performed using Stata release 14 (StataCorp).

RESULTS

Demographic data. Of the 403 patients in our child-
hood-onset SLE cohort who were diagnosed and followed
up at SickKids Hospital, 38 (9%) had MAS. The majority
of the MAS patients were female (79%), the mean + SD
age at SLE diagnosis was 13.7 £ 2.8 years, and the mean +
SD length of follow-up was 3.5 + 1.6 years. We did not
observe a difference in age at SLE diagnosis or in the dura-
tion of follow-up between the patients with MAS and the
patients without MAS (Table 1 and Figure 1). MAS was
diagnosed concomitantly with childhood-onset SLE in the
majority of the patients (68%), and 18% were diagnosed
with MAS within 180 days of childhood-onset SLE diagno-
sis. Only 11% developed MAS >180 days after diagnosis of
childhood-onset SLE. In 1 patient, the diagnosis of MAS
secondary to Kikuchi-Fujimoto disease preceded the diag-
nosis of childhood-onset SLE by 3 years. There was no sta-
tistically significant change in annual incidence of MAS
over the study period in our childhood-onset SLE cohort
(data not shown).

Clinical and laboratory MAS features at presen-
tation and initial treatment in the MAS cohort. Clinical
and laboratory features of MAS. All MAS patients had
fever at presentation. The second most common mani-
festation was generalized lymphadenopathy (24%)

45

mnon-MAS

40

" MAS

35

30

25

20

Percentage

o %)

5© "1 ’&0%9\0

AQ

b A _Al
W '\?\"b - ’\:\6 o 2

Age at cSLE onset

Figure 1. Age at diagnosis of childhood-onset systemic lupus erythematosus (cSLE) in patients with macrophage activation syndrome (MAS; n =
38) and patients without MAS (n = 365). The x-axis shows the age in years at diagnosis of childhood-onset SLE, and the y-axis shows the percent-
age of patients with MAS and those without MAS diagnosed in each age category.
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Frequency of clinical and laboratory MAS features and treatment™

Number (%)

Median (IQR) Abnormal SickKids reference values

Clinical features (n = 38)+

Fever} 38 (100)
Generalized lymphadenopathy 9 (24)
CNS dysfunction§ 7 (18)
Hepatomegaly 7 (18)
Hemorrhage 5(13)
Splenomegaly 4 (11)
Laboratory features#
Hemoglobin, gm/liter (n = 382** 37 (97)
White blood cell count, x 107/liter (n = 38)** 34 (89)
Neutrophil count, x 10%/liter (n = 38) 32 (84)
Platelet count, x10/liter (n = 38)** 23 (61)
AST, units/liter (n = 38)** 37 (97)
LDH, IU/liter (n = 36)** 35 (97)
ALT, units/liter (n = 38) 33 (87)
PTT, seconds (n = 33) 18 (55)
p-dimer, ng/ml (n = 35) 17 (49)
Fibrinogen, gm/liter (n = 35)** 6 (17)
ESR, mm/hour (n = 38) 37 (97)
CRP, mg/liter (n = 24) 21 (88)
Ferritin, pg/liter (n = 36)** 36 (100)
Triglycerides, mmoles/liter (n = 35)** 19 (54)
Sodium, mmoles/liter (n = 37) 15 (41)
Bone marrow aspirate/biopsy findings (n = 25)
Hemophagocytosis 8 (32)
MAS treatment (n = 38)
IV methylprednisolone 26 (68)
IVIG 22 (58)
Calcineurin inhibitorf 13 (34)
Prednisone (oral) alone 7 (18)
Dexamethasone (oral or intravenous) alone 6 (16)
or in combination with other medications
Etoposide 5(13)
Anakinra 2(5)
Intrathecal methotrexate 1(3)
Alemtuzumab 1(3)

94 (84-107) Female <120; male <140
2.15 (1.6-2.9) <4
1.1 (0.7-1.7) <2
140 (107-166) <150
123 (73-247) >31
2,186 (1,189-3,092) >580
83 (50-137) >40
35 (31-45) >36
240 (4.7-1,346) >0.51
2.8 (2.1-3.4) <1.9
64 (32-103) >10
18.4 (1.9-48.5) >1.0
2,453 (1,072-5,516) >78.8
2.4 (1.9-3.4) >1.3
135 (134-139) <135

* ALT = alanine aminotransferase; PTT = partial thromboplastin time; ESR = erythrocyte sedimentation rate; CRP = C-reactive

protein; IV = intravenous; IVIG = IV immunoglobulin.

+ Clinical macrophage activation syndrome (MAS) features at the time of diagnosis. Fever, central nervous system (CNS) dysfunc-
tion, hepatomegaly, hemorrhage, and splenomegaly were also proposed by Parodi et al (3) as clinical features of MAS.

1 Fever was defined as a temperature of >38°C (rectal), >37.7°C (oral), or >37.5°C (axillary or otic).

§ CNS dysfunction is defined as irritability, disorientation, lethargy, headache, seizures, or coma (excluding those related to infec-

tion, drugs, or metabolic causes).

9 Hemorrhage is defined as at least one of the following: pulmonary hemorrhage, cerebral hemorrhage, hematochezia, epistaxis,

or gum bleeding with heavy menstruation.

# Percentages are the proportion of MAS patients with abnormal Hospital for Sick Children (SickKids) laboratory reference val-
ues prior to the initiation of MAS treatment. The median (interquartile range [IQR]) values are for the most abnormal laboratory

value at MAS presentation and prior to MAS treatment.

** The number (%) of MAS patients who met the MAS laboratory criteria proposed by Parodi et al (3) at the time of MAS
diagnosis and prior to MAS treatment was as follows: for hemoglobin <9 gm/liter, 14 (37%); for white blood cell count <4.0 x
10%/liter, 34 (89%); for platelet count <150 cells x 107/liter, 23 (61%); for aspartate aminotransferase (AST) >40 units/liter, 37
(97%); for lactate dehydrogenase (LDH) >567 IUl/liter, 35 (97%); for fibrinogen <1.5 gm/liter, 3 (9%); for ferritin >500 pg/liter,
32 (89%); and for triglycerides >2 mmoles/liter (or >178 mg/dl), 25 (71%).

+t Tacrolimus (for 2 patients) or cyclosporine (for 11 patients).

followed by CNS involvement secondary to MAS (18%)
(Table 2). Attribution of CNS manifestations to either
MAS or childhood-onset SLE was difficult in some cases,
but upon review, attribution was agreed upon by all
authors. An example of MAS CNS involvement included
focal seizures with residual hemiparesis and subsequent
coma with biochemical evidence of MAS. Another

patient had onset of CNS lupus manifestations, including
visual hallucinations and cognitive slowing, 1 week after
treatment for MAS. Due to the nature and timing of her
symptoms, and since other MAS manifestations such as
pancytopenia and diffuse lymphadenopathy improved,
her CNS manifestations were attributed to childhood-
onset SLE.
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All MAS patients had ferritin levels above the lab-
oratory reference range. Elevated LDH and AST levels
were each present in 97% of the patients (Table 2). NK
cell cytotoxic activity was found to be normal in all 3
patients tested, and sIL-2R levels were elevated in all 4
patients tested (median concentration 3,239 units/ml
[range 1,047-7,012]; normal range 460-1,580 units/ml).
Seven patients had PRFI sequencing, and 6 had exome
sequencing of HL.H-associated genes. The majority (11 of
13) did not carry variants associated with HLH, with the
remainder of those tested being heterozygous carriers of
variants of uncertain significance in LYST or RAB27A
(minor allele frequencies of 0.001-0.015 depending on
the ancestral population).

There was evidence of hemophagocytosis in 32%
of the patients who underwent bone marrow aspirate/
biopsy (Table 2). A minority of patients (16%) had
documented concomitant infections at the time of MAS
presentation (1 group A streptococcal bacteremia, 1 herpes
simplex virus type 1 cutaneous infection, 1 acute Epstein-
Barr virus infection, 1 Escherichia coli urinary tract infection
[UTI], 1 Candida UTI, and 1 disseminated tuberculosis
infection), and 1 patient received the meningococcal
vaccination 2 weeks prior to MAS diagnosis. All patients
with childhood-onset SLE clinically diagnosed as having
MAS met the preliminary diagnostic criteria for MAS
proposed by Parodi et al (3) (Table 2).

MAS treatment. All MAS patients were treated
with corticosteroids (Table 2). The majority (68%)
received intravenous (IV) high-dose methylprednisolone
followed by either oral prednisone or lower-dose IV
methylprednisolone. Twenty-two patients (58%) received
IV immunoglobulin. One-third of the patients received an
oral calcineurin inhibitor, and 13% received etoposide. Two
patients died during the acute phase of MAS. Both required
anakinra and plasmapheresis, while one also received alem-
tuzumab and intrathecal methotrexate due to severe,
refractory CNS disease secondary to MAS (Table 2).

MAS outcome. The mean £+ SD duration of fol-
low-up from the time of SLE diagnosis to the last visit was
3.5 £+ 1.6 years for MAS patients. All patients required
hospital admission at MAS diagnosis, and 21% also
required PICU admission. Of the 2 MAS patients who
died during the acute episode, one had CNS disease and
disseminated tuberculosis, and the other had CNS
involvement (brain biopsy showing CD163+ macrophage,
erythrophagocyte, and lymphophagocyte infiltrate).

Three of the 5 patients with seizures had no fur-
ther seizure recurrence after the MAS episode resolved.
The 2 patients who initially presented with isolated
altered levels of consciousness had normal brain magnetic
resonance imaging scans at presentation and completely
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recovered without further CNS involvement. None of
the MAS patients experienced a MAS recurrence during
follow-up at SickKids.

Comparison of SLE clinical and laboratory fea-
tures and treatment between patients with MAS and
those without MAS. The mean + SD duration of follow-
up among patients with childhood-onset SLE without
MAS was 4 + 2.4 years. Over the follow-up period, a
higher proportion of those with MAS had lymphopenia,
thrombocytopenia, and anti-double-stranded DNA (anti-
dsDNA) antibodies compared to the group without MAS
(P<0.01) (Table 1). The average daily dose of prednisone
or prednisone equivalent over the course of follow-up (in-
cluding use for MAS treatment) was similar between the
cohort with MAS and the cohort without MAS (mean +
SD 18.3 + 7.3 mg/day versus 18.6 + 18.7 mg/day, respec-
tively; P = 0.94), as was the proportion of patients who
received immunosuppressive agents during the follow-up
period (Table 3). There was a trend toward more frequent
azathioprine use in the group without MAS than in the
group with MAS, but this was not statistically significant
after Bonferroni correction for multiple comparisons
(Table 3).

SLE outcomes in the patients with MAS and those
without MAS. There were no differences in the rate of
hospital or PICU admissions per year between the
patients with MAS and those without MAS during the
follow-up period (IRR 1.11 [95% confidence interval
0.83-1.48] for hospital admissions and IRR 1.60 [95%
confidence interval 0.74-3.18] for PICU admissions in the
group with MAS compared to the group without MAS).

Table 3. Immunosuppressive agents used to treat childhood-onset
SLE during disease follow-up*

Patients with Patients without

MAS (n = 38) MAS (n = 297)
Mycophenolate mofetil or 19 (50) 117 (39)
mycophenolate sodium

Azathioprine 11 (29) 148 (50)t
IV cyclophosphamide 11 (29) 65 (22)
Methotrexate 3(8) 49 (16)
Calcineurin inhibitors} 3(8) 21 (7)
IVIG§ 1(3) 25 (8)
Rituximab 0 28 (9)

* Values are the number (%). All patients with macrophage activation
syndrome (MAS) received either corticosteroids or other immunosup-
pressive drugs during follow-up. Of the 365 patients without MAS, 68
(18%) did not receive any immunosuppressive agents (including corti-
costeroids) during follow-up. IV = intravenous; IVIG = IV immunoglob-
ulin.

P = 0.01 (P < 0.007 following Bonferroni correction for multiple
treatments) versus patients with MAS.

1 Tacrolimus or cyclosporine used to treat childhood-onset systemic
lupus erythematosus (SLE) only (excluding use for treatment of
MAS).

§ Excluding use for treatment of MAS only.
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There was a trend toward a higher proportion of patients
with PICU admissions within the first year after diagnosis
of childhood-onset SLE in the MAS group (all related to
acute MAS presentation) compared to patients without
MAS; however, the difference was not statistically signifi-
cant (23% of the patients with MAS versus 10% of the
patients without MAS [P = 0.05]).

There was no difference between groups in the
proportion of patients who sustained damage (SDI >1)
during follow-up (P = 0.3) (Figure 2). Cataracts were the
most common manifestation of damage at the last clinic
visit in both groups, followed by avascular necrosis, cogni-
tive impairment, and osteoporosis with fracture or verte-
bral collapse. Although numbers were small, there was a
higher mortality rate in the group with MAS (2 patients
[5%]) than in the group without MAS (1 patient [0.3%)])
(P = 0.02). Both deaths in the MAS cohort occurred in
the acute period of MAS presentation, and the death of
the patient without MAS occurred 9 years after SLE diag-
nosis due to a malignancy (Table 4).

DISCUSSION

MAS is an increasingly recognized, life-threatening
complication of SLE. However, the natural history of MAS
among patients with childhood-onset SLE is unknown.
In our population of >400 patients with childhood-onset
SLE, those who developed MAS were most likely to be
diagnosed as having MAS concomitantly with childhood-
onset SLE and did not experience relapses of MAS during
the follow-up period. We observed higher rates of lym-
phopenia, thrombocytopenia, and anti-dsDNA antibody
positivity among those with MAS compared to those with-
out MAS. There were no differences in the frequency of
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other SLE clinical features or in rates of disease damage at
last follow-up. Although our mortality numbers were small,
we observed a higher mortality rate among those with
MAS compared to those without MAS, where deaths in
the MAS group occurred in the acute period of MAS
disease.

Although the first case of MAS secondary to SLE
was reported in 1984, it was not until a 1991 report of 6
cases that MAS was recognized as a complication of SLE
(24,25). A 2014 systematic review found 133 cases of
MAS secondary to adult SLE reported in the literature,
making it the most common cause of MAS in adults with
rheumatic diseases (5). There has not been a similar
review of MAS in pediatric rheumatology; however, most
large series report that MAS is more common in patients
with systemic JIA than in those with childhood-onset SLE
(8,26). The prevalence of MAS in our childhood-onset
SLE cohort of 9% is approximately double the prevalence
(4%) reported in reviews and large series examining MAS
prevalence in adult SLE (5,26,27). This difference in
prevalence may reflect diagnostic bias or a true difference
in the risk of MAS between childhood-onset SLE and
adult SLE.

Findings in the initial case series suggested that
MAS usually occurred at the time of diagnosis of adult
SLE (24); however, subsequent studies of adult SLE
found that MAS frequently occurred at the time of dis-
ease flare as well (28,29). We found that MAS was most
likely to develop concomitantly or within 1 month of SLE
diagnosis, which is consistent with the findings of other
childhood-onset SLE series that examined the timing of
MAS relative to SLE diagnosis (3,14). Of note, 1 patient
in our cohort developed MAS 3 years prior to childhood-
onset SLE diagnosis, and 1 patient who died had SLE
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Figure 2. Kaplan-Meier analysis of damage-free survival in patients with childhood-onset systemic lupus erythematosus with macrophage activa-
tion syndrome (MAS) and those without MAS. The x-axis shows the time in years, and the y-axis shows the probability of damage-free survival in
patients without MAS versus patients with MAS (P = 0.3). Values are the number of patients at risk each year.
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Table 4. Childhood-onset SLE-related outcomes in patients with
MAS and patients without MAS*

Patients with Patients without

MAS (n = 38) MAS (n = 365)

Deaths 2097 1(0.3)1§
SDI >1 at last visit 7 (18) 58 (16)Y
Cataract 6 (16) 27 (7)
Avascular necrosis 2(5) 15 (4)
Cognitive impairment 1(3) 10 (3)
Osteoporosis# 0 (0) 10 (3)
Malignancy 0 (0) 1(0.3)%

* Values are the number (%).

+ Both deaths occurred during the acute phase of macrophage activa-
tion syndrome (MAS).

1 In 1 patient, death occurred 9 years after systemic lupus erythematosus
(SLE), diagnosis due to T cell lymphoblastic leukemia following glioblas-
toma.

§ P = 0.02 versus patients with MAS.

9| Systemic Lupus International Collaborating Clinics/American Col-
lege of Rheumatology Damage Index (SDI) data were available for
353 of the 365 patients without MAS.

# Defined as a bone density Z score of —2 SD or less, adjusted for
age, sex, and bone age, as appropriate, in combination with a fracture
or vertebral collapse.

recognized only after death. SLE should be considered in
the differential diagnosis of all patients who present with
features of MAS even in the absence of clinical findings
suggestive of SLE.

Fever was the only clinical MAS feature present in
all MAS patients in our cohort, as observed in prior stud-
ies of both adult SLE patients and childhood-onset SLE
patients (3,7,9). Other clinical features were much less
frequently found in our MAS cohort, with generalized
lymphadenopathy found in 24% and CNS dysfunction
and hepatomegaly each found in 18% of the patients. In
contrast, others have reported higher frequencies of
lymphadenopathy, hepatomegaly, and CNS dysfunction,
in the range of 40-50% (3,7,9). The most common labora-
tory features in our MAS cohort were elevated AST,
LDH, and ferritin levels as well as leukopenia, with rates
similar to those in previous studies (3,7).

We observed that only one-third of the MAS
patients who underwent a bone marrow aspirate/biopsy
had evidence of hemophagocytosis. This rate is lower than
rates in other series of adult patients; however, many of
those adult series required the presence of hemophagocy-
tosis on bone marrow aspirate/biopsy or lymph node/liver
biopsy to make the diagnosis of MAS (1,27,30). We also
compared the MAS clinical and laboratory features
between those with and those without hemophagocytosis
among those who underwent bone marrow aspiration/
biopsy (n = 25), and found no significant differences
between the groups (data not shown). We suggest that the
absence of increased hemophagocytosis on bone marrow
examination should not delay the diagnosis of MAS and
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initiation of therapy. However, bone marrow examination
may be required to rule out other processes such as malig-
nancy or infections (e.g., leishmaniasis).

Although MAS has been reported to recur in
patients with systemic JIA, recurrence rates are rarely
reported in childhood-onset SLE. None of the patients in
our cohort experienced a recurrence of MAS during a
mean follow-up of 3.5 years. Similarly, other studies of
childhood-onset SLE did not observe recurrence of MAS
(follow-up times not specified) (1,14). In contrast, 2 studies
of adult SLE have shown MAS recurrence in 3 of 12
patients after a mean of 7.1 years of follow-up, and in 4 of
14 adult SLE patients (follow-up time not specified) (1,30).
Therefore, although the numbers are small, recurrence of
MAS has not been reported in childhood-onset SLE but
may occur in up to 25% of cases in adult SLE (1,14,30,31).

We observed a mortality rate of 5% among those
with MAS, which is lower than the mortality rate reported
in most MAS studies in childhood-onset SLE and adult
SLE (up to 22%) (1,3,7,8,14,27,29). In our cohort, 7 MAS
patients had CNS manifestations attributed to MAS. Of
those, 2 (29%) died with severe CNS involvement and
multiple organ failure. (One patient also had concomitant
disseminated tuberculosis infection.) Consistent with our
findings, a previous study of 19 patients with childhood-
onset SLE with MAS suggested that CNS involvement was
also associated with a higher mortality rate with multiple
organ failure or sepsis frequently as the terminal event (8).

We did not find any significant differences in SLE
manifestations between the patients with MAS and those
without MAS at presentation or within the first year after
diagnosis of SLE (data not shown). An earlier study of 38
patients with childhood-onset SLE and MAS found that
these patients had a higher frequency of major organ
involvement (lupus nephritis and CNS involvement),
hematologic involvement, arthritis, serositis, and oral/
nasal ulcers at the time of SLE diagnosis than patients
without MAS (n = 387) (3). These differences between
studies may reflect differences in the childhood-onset
SLE cohorts or applied MAS definitions. However, both
our study and the study by Parodi et al (3) showed higher
rates of hematologic involvement in the group with MAS
than in the group without MAS, which may be the result
of cytopenias secondary to MAS itself.

Following the acute illness that was associated
with 2 deaths secondary to MAS, we did not find any sig-
nificant differences in the number of deaths or damage
accrual between the cohorts, including overall SDI or any
specific damage feature within the score. MAS is a life-
threatening complication of childhood-onset SLE and it
should be considered an important cause of mortality in
childhood-onset SLE. However, if the initial presentation
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did not result in death, the long-term outcome seemed to
be comparable to that for patients without MAS, and
treatment-related damage was not increased in our MAS
cohort.

We acknowledge that our study has some limita-
tions. There is currently a lack of validated criteria for
MAS in SLE. Hence, we identified patients with MAS
based on pediatric rheumatologist expert opinion. How-
ever, the diagnosis of MAS was validated by consensus of
all the contributing authors. It is therefore possible, but
unlikely, that we missed cases. Although all clinical and
laboratory data were prospectively collected and entered
into our database, we retrospectively reviewed the com-
pleteness of data collection with respect to MAS features.
Hence, some laboratory data were missing at the time of
MAS diagnosis. Although our follow-up extended a mean
of 3.5 years, we were unable to obtain data on most
patients beyond 18 years of age, into adulthood.

MAS is a potentially fatal complication of pedi-
atric rheumatic diseases. We observed that, unlike in
adult SLE, in our childhood-onset SLE cohort MAS was
most frequently seen at the time of diagnosis of SLE and
did not recur during follow-up. We have demonstrated
for the first time that the SLE disease course and out-
come did not differ between patients with childhood-
onset SLE complicated with MAS and those without
MAS. Although a bone marrow examination is fre-
quently warranted in the setting of MAS presentation, in
particular to rule out other disease processes, absence of
significant hemophagocytosis on bone marrow examina-
tion is frequent. The clinical presentation of persistent
fever, leukopenia (usually associated with a decrease in a
second lineage), and elevated ferritin levels and liver
enzymes should raise the suspicion of MAS in patients
with childhood-onset SLE.
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LETTERS

DOI 10.1002/art.40411
Involvement of X chromosome short arm in
autoimmune diseases: comment on the article by
Sharma et al

To the Editor:

In a recent report, Sharma et al described associations
of X chromosome abnormalities in systemic lupus erythemato-
sus (SLE) and Sjogren’s syndrome (SS) (1), proposing that
genes located on the short arm of the X chromosome (Xp)
mediate the sex bias for SLE and/or SS. Our group had been
thinking along these lines too and have found that, in X chro-
mosome-linked chronic granulomatous disease in which chro-
matin is duplicated from Xp21.2 to the Xp terminus, some
mothers who are carriers for X chromosome-linked chronic
granulomatous disease have exhibited lupus-like symptoms (2).

We have had an interest in epigenetic involvement in
autoimmune diseases, including in the reactivation of genes on
the inactive X chromosome (Xi) (3). Previously, we identified 4
factors in Xp22 and the pseudoautosomal region 1 (PAR1) that
appear to be most pertinent. Based on this, we presented the “X
chromosome—nucleolus nexus” hypothesis, defining a mechanism
for autoimmune diseases (2,4,5). The items we identified are as
follows: 1) 2 polyamine genes at chromosome Xp22.1; 2) a frag-
ile site, FRAXB in Xp22, that could contain latent viral genes; 3)
a “hot,” long interspersed nuclear element 1 (LINE1) in chromo-
some Xp22; and 4) a high content of Alu elements in PARI.

Polyamines (spermidine and spermine) are important in
autoimmune diseases since they can impact epigenetic control.
Spermine can stabilize Z-DNA, an autoantigen in SLE and
rheumatoid arthritis (RA) (6). Additionally, polyamines can
compete with histones in binding DNA, potentially disrupting
chromatin. Polyamine synthesis competes with cellular methyla-
tion for the methyl donor S-adenosyl methionine (SAM). A
decrease in SAM could lead to DNA hypomethylation with loss
of epigenetic silencing. And polyamines are involved in other
important functions such as RNP assembly in the nucleolus.

Spermine synthase and spermidine/spermine N1-acetyl-
transferase are both at Xp22.1 and epigenetically silenced on
the Xi (7). We were curious about consequences that could
occur if these gene alleles were reactivated on the Xi. Spermine
synthase is involved in polyamine synthesis and requires SAM.
Spermidine/spermine N1-acetyltransferase is involved in poly-
amine recycling. Thus, with Xi disruption, additional expression
of spermine synthase and/or spermidine/spermine Nl-acetyl-
transferase could disrupt polyamine levels and waste SAM,
leading to DNA hypomethylation. Since spermine synthase
depends on SAM, increased polyamine recycling by spermidine/
spermine Nl-acetyltransferase could reduce levels of free
polyamines, hampering their normal functions (8). This was
later reported for RA (9).

Publication of the X chromosome sequence (10) revealed
FRAXB in Xp22, which could contain latent viruses that could
activate with Xi chromosome disruption. A “hot” LINEI (i.e.,
with reverse transcriptase functionality) was found in Xp22. A few
LINET s still retain functionality and are suspected to be expressed
in vivo. Li and Steinman have reported that Alu sequences consti-
tuted up to 55% of free DNA in lupus sera, whereas it constitutes
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only 10.8% of the human genome (11). They suggested reverse
transcription as a possible explanation. Also of interest is the high
content of Alu (28.8%) in PAR1 (10), which we calculated to be
>2,500 copies. Alu elements have an internal RNA polymerase
III (RNAP III) transcription start site but are silenced by posi-
tioned nucleosomes. Disruption of PAR1 could create a flood of
Alu RNA and then possible reverse transcription. Unlike RNAP
II, RNAP III does not require energy (ATP). In addition, Alu
RNAs could interfere with signal recognition particle assembly in
the nucleolus (8) and nucleolar integrity (12).

Most Xq genes are silenced by X inactivation (initiated
from Xq13), so Xq makes up most of the heterochromatic Xi
core, with Xp making up much of the Xi surface, rendering Xp22
through PAR1 more vulnerable to reactivation. Consideration of
how the Xi could be disrupted led to our proposal of the “X chro-
mosome-nucleolus nexus” hypothesis (2,4,5). Normally the Xi
chromosome is located at the nuclear membrane. In one-third of
cells throughout the cell cycle and 90% of cells in the S phase,
the Xi is also next to a nucleolus (13). Thus, one of the most
active, dynamic, and multifunctional cell components, the nucleo-
lus, is next to one of the most inactive components, the Xi, which
is sandwiched between the nucleolus and nuclear membrane.

Cellular stress, particularly viral activity, can cause nucleo-
lar expansion, which is directly correlated with increased polyami-
nes (14). Polyamines are critical in the folding and assembly of
RNPs in the nucleolus. Many autoantigens, such as nucleolin,
SSB/La, SSA/Ro, and spliceosome subunits are, at least transiently,
components of the nucleolus (2). Nucleolar expansion could dis-
rupt the neighboring Xi. Altered polyamine levels caused by sper-
midine/spermine  Nl-acetyltransferase —overexpression could
hamper future nucleolar stress response. Alu RNAs from PAR1
could disrupt nucleolar integrity by competing with intronic Alu
elements in RNAP II transcripts that, along with nucleolin, pro-
vide structure to nucleoli (12). This can lead to nucleolar fragmen-
tation, inefficient nucleolar functioning, and trapping of nucleolar
components in misfolded and/or misassembled RNPs that provoke
an autoimmune reaction when exposed extracellularly.

The “X chromosome—nucleolus nexus” hypothesis is,
thus, cellular stress from different causes can result in disruption
of the Xi, especially Xp22 and PAR1, which can then disrupt the
nucleolus, leading to formation of autoantigens. The latest ver-
sion of our hypothesis has just been published (15). I look for-
ward to future reports from Sharma and colleagues in this
interesting area of research.

Wesley H. Brooks, PhD, MBA
University of South Florida
Tampa, FL
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Reply

To the Editor:

After studying Klinefelter’s syndrome (male 47,XXY) and
triple X chromosomes (female 47,XXX), we proposed that the num-
ber of X chromosomes mediates the female bias for SLE and SS. In
our recent report, we described SLE and SS patients with extremely
rare X chromosome aneuploidies in which distal Xp was triplicated,
implicating genes lying on the short arm of the X chromosome.

In his letter, Dr. Brooks states that X chromosome-—
linked chronic granulomatosus disease can also have gene dupli-
cation from Xp21.2 to Xp terminus, and some female carriers of
X chromosome-linked chronic granulomatosus disease have a
cutaneous lupus-like illness. Additionally, male patients with
X chromosome-linked chronic granulomatosus disease with dis-
coid lupus have also been described (1), but we have not found
any reports describing the association of SLE with X chromo-
some-linked chronic granulomatosus disease or carrier state,
except for a single case report (2). Several other primary
immune deficiencies are associated with SLE (3).

Brooks also proposes that distal Xp genes may be
involved in autoimmunity (4). A central point is that many genes
on distal Xp escape X chromosome inactivation. This is clearly
the case but varies according to tissue type and stage of develop-
ment (5). However, escape of X chromosome inactivation by
some genes in the X-linked regions of the X chromosome, espe-
cially Xp, is a part of normal human physiology (5). Thus, there
may be no reason to evoke a disruption of X chromosome inacti-
vation as a cause of autoimmune disease. There are several com-
peting hypotheses for how an X chromosome dose effect might
operate, e.g., skewed X chromosome inactivation, acquired chro-
mosome X monosomy, fetal chimerism with female X chromo-
some mosaicism, and X chromosome reactivation. We have
reviewed the evidence for and against these hypotheses (6).
Brooks and Renaudineau propose the X chromosome-nucleolus
nexus, which predicts abnormal X chromosome inactivation (4).

LETTERS

We found excess 47,XXX and 47,XXY in patients with
SLE or SS, but not in those with primary biliary cirrhosis or RA
(6-8). Thus, we conclude that there is more than one path to sex
bias in autoimmunity. Data for Turner’s syndrome support this
notion in that these patients have excess type 1 diabetes, autoim-
mune thyroid disease (AITD), and celiac disease (9), while neither
RA nor SLE is overrepresented (9,10). AITD is in highest excess
among Turner’s syndrome patients with an Xq isochrome (11,12).
These patients have 1 copy of Xp, but 3 copies of Xq, which is in
contrast to our findings in SLE and SS and to what Brooks hypoth-
esizes for autoimmune disease. These examples again suggest the
involvement of multiple pathways.

As noted by Brooks, there are a number of candidate
genes at distal Xp, but only 2 have shown genetic association with
SLE. These are TLR7 and CXorf21 (13), both of which escape X
chromosome inactivation in various immune cells (5). The asso-
ciations and this physiology certainly make enticing possibilities
for mediating an X chromosome dose effect in SLE and SS.

R. Hal Scofield, MD

Oklahoma Medical Research Foundation
University of Oklahoma College of Medicine
and Oklahoma City Department of Veterans Affairs
Medical Center

Oklahoma City, OK
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esizes for autoimmune disease. These examples again suggest the
involvement of multiple pathways.

As noted by Brooks, there are a number of candidate
genes at distal Xp, but only 2 have shown genetic association with
SLE. These are TLR7 and CXorf21 (13), both of which escape X
chromosome inactivation in various immune cells (5). The asso-
ciations and this physiology certainly make enticing possibilities
for mediating an X chromosome dose effect in SLE and SS.
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Does rheumatoid arthritis cause an obesity paradox?
Comment on the article by Sparks et al

To the Editor:

We read with interest the article by Sparks et al describ-
ing their study of the association between weight changes in the
peri-diagnosis period and mortality among patients with rheuma-
toid arthritis (RA) (1). The investigators clearly show that weight
loss is an important predictor of early mortality in both RA and
non-RA patients. Indeed, and perhaps not surprisingly, uninten-
tional weight loss is likely to be a poor prognostic sign regardless
of its cause. As a result, the obesity paradox is indeed not an
RA-specific phenomenon, but one that has been described in the
elderly and in many chronic illnesses in addition to RA (2-4).

Although Sparks and colleagues convincingly demonstrate
that weight loss is equally predictive of death regardless of whether
it is observed in an RA or a non-RA population, it is important to
note that weight loss was far more common among RA patients
than among age-matched controls. For example, patients with RA
were more likely to lose weight (15.8% versus 10.6%; P < 0.0001)
and nearly twice as likely to experience severe weight loss (3% ver-
sus 1.6%; P = 0.002). Because weight loss is more common in RA,
we should expect that the obesity paradox would be exacerbated
in this group compared to non-RA controls. Thus, the current
study importantly validates the prior research in this area.

While we can all agree that relationships between weight
loss and mortality are not RA-specific, epidemiologic studies in
RA are more likely to encounter bias related to the obesity para-
dox, due to a greater frequency of important weight loss in this
disease group compared to that observed with normal aging.

Joshua F. Baker, MD, MSCE
Philadelphia VA Medical Center
and Perelman School of Medicine
University of Pennsylvania
Philadelphia, PA
Gail Kerr, MD, FRCP(Edin)
Washington DC VA Medical Center
and Georgetown and Howard University Hospitals
Washington, DC
Ted R. Mikuls, MD, MSPH
VA Nebraska—Western lowa Health Care System
and University of Nebraska Medical Center
Omaha, NE
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Reply

To the Editor:

We are grateful to Dr. Baker and colleagues for their
interest in our recent work and agree with their interpretation of
the findings of our investigation of weight change in the early RA
period among women with RA versus matched comparators. As
they point out, both any weight loss and severe weight loss in the
early RA or matched index period were more common among
those with RA than among matched comparators. Baker et al
suggest that this increased frequency of weight loss may exacer-
bate the obesity paradox for mortality among patients with RA.

The design of our study was anchored around the date
of RA diagnosis (the index date for matched comparators) and
included lengthy follow-up for mortality after the end of the
early RA/index period. Therefore, we maximized the opportu-
nity to detect a difference between RA patients and non-RA
subjects for weight change and mortality risk. Prior studies used
RA-only cohorts, mostly with longstanding disease, so weight
change was not necessarily related to RA and may have imme-
diately preceded death (1-4). In our study, we found a similar
magnitude of effect for the relative risk of weight change on
mortality in both RA patients and comparators, so we believe
the obesity paradox occurs similarly in these populations. We
agree that the scenario of pathologic weight loss may occur in a
greater proportion of patients with RA or other chronic dis-
eases compared with the general population, sometimes related
to RA itself or due to frailty or other multimorbidities. In our
investigation, women with RA with severe weight loss had a
mortality rate of 6,909 per 100,000 person-years, compared to
2,070 per 100,000 person-years among those with stable weight.
This absolute risk was higher than in matched comparators
(3,717 per 100,000 person-years for severe weight loss and
1,461 per 100,000 person-years for stable weight loss). While
the absolute mortality risk was higher among RA patients com-
pared with comparators across all weight change categories,
the relative risk for mortality among those experiencing severe,
pathologic weight loss compared to those with stable weight
was similar and therefore unlikely to differ by population.

Our study also differs from others in that we investi-
gated weight gain in addition to weight loss. Perhaps surpris-
ingly, we found that similar proportions of subjects with RA
and comparators gained weight during the early RA or index
period (for any gain, 19.9% versus 20.5% [P = 0.74]; for severe
gain, 2.4% versus 2.3% [P = 0.77]). Importantly, weight gain
did not offer a mortality benefit for patients with RA or
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comparators. We believe these findings further emphasize that 1. Escalante A, Haas RW, del Rinc6n 1. Paradoxical effect of body
pathologic weight loss preceding death, rather than a biologic mass index on survival in rheumatoid arthritis: role of comor-
protective effect of excess weight on mortality, is most likely bidity and systemic inflammation. Arch Intern Med 2005;165:
responsible for the apparent obesity paradox for mortality in 1624-9.
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Clinical Images: Arthritis in melorheostosis—an uncommon feature in a rare disease
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The patient, a 53-year-old man, presented with left knee and left ankle arthritis associated with marked induration of the skin
and soft tissue distal to the knees. His left knee was swollen and tender, with a nonreducible contracture, and his left ankle and
subtalar joint were stiff and moderately swollen. In addition, diffuse, bluish, small vascular ectasia, hypertrichosis, and melano-
derma of the affected sites were evident (A). These symptoms had begun 20 years earlier, and the patient had been diagnosed as
having eosinophilic fasciitis and was treated with daily prednisone, leading to partial improvement of the symptoms, but not of
the knee deformity and soft tissue induration. Blood tests showed an elevated C-reactive protein level and erythrocyte sedimenta-
tion rate, with negative results for antinuclear antibodies, rheumatoid factor, and anti—citrullinated protein antibodies. Knee aspi-
ration yielded 20 ml of synovial fluid with 7,500 cells/mm® (75% hypersegmented neutrophils) (B), often characterized by the
presence of nuclear Barr-like bodies (arrows). Polarizing microscopy did not reveal urate and pyrophosphate crystals. Radiogra-
phy of the legs showed a cortical flowing hyperostosis with a “melting candle wax” appearance of the tibiae and peroneum, sug-
gestive of melorheostosis (C). No relevant joint deformity was observed. *™Tc imaging of the bone demonstrated active
inflammation in the left knee and both ankles. The patient was treated with an injection of triamcinolone into the joint. Rapid
improvement of the arthritis followed. He was discharged, and alendronate (70 mg/week) and physical therapy were prescribed.
Melorheostosis is a very rare, nonhereditary disease affecting mesodermal-derived tissues, primarily bone and overlying soft tis-
sues, including muscles, blood vessels, and skin. Its etiology is uncertain, but it has been attributed to mutation of the LEMD3
gene. Diagnosis is primarily based on the typical flowing appearance of the cortical bone and induration of the soft tissues. Arthri-
tis is an uncommon feature, present in <5% of patients, and primarily involves the larger joints. There is no approved treatment
for melorheostosis, but options include analgesics and bisphosphonates in patients with increased bone turnover. Physical therapy
may help to preserve joint mobility. Severe bone involvement might require orthopedic surgery (1).

1. Smith GC, Pingree MJ, Freeman LA, Matsumoto JM, Howe BM, Enrico Selvi, MD
Kannas SN, et al. Melorheostosis: a retrospective clinical analysis Marco Bardelli, MD
of 24 patients at the Mayo Clinic. PM R 2017;9:283-8. University of Siena

Siena, Italy

Giacomo Maria Guidelli, MD
Humanitas Research Hospital
Milan, Italy
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