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Changes in Systemic Sclerosis—Related Interstitial

Lung Disease

Inthisissue, Kim et a (p. 316) report that
patients undergoing immunosuppressive

treatment for systemic scle-
P. 316 rosis—related interstitial lung
I disease (SSc-ILD) were
able to successfully transition from both
ground-glass and lung fibrosis ILD patterns
to anormal lung pattern. This was true for
patients who received cyclophosphamide
(CYC) for 1 year, followed by placebo for an
additional year, and for those who received
treatment with mycophenolate mofetil
(MMF) for 2 years.

The investigators performed baseline
and follow-up high-resolution computed
tomography scansin 47 patientsinthe CY C
group and 50 patients in the MMF group.

Figure 1. Three-dimensiona rendering of coronal images showing normal lung pattern (green), quantitative lung
fibrosis (blue and red), and a ground-glass pattern (yellow).

They identified a mean net improvement

from lung fibrosis to a normal lung pattern of
21%inthe CY Cgroup and 19%intheMMF
group. Mean improvement from a ground-
glass pattern to a normal lung pattern was
30% and 28% in these groups, respectively.
Researchers observed mean improvement

from lung fibrosis to a ground-glass pattern
of 5% and 0.5%, respectively.

Thisstudy revealed severd basdline char-
acteristics that were significantly associated
withfavorabletransitionsfrom aground-glass
pattern to anormal pattern (less dyspnea and

female sex) and from lung fibrosis to a normal
pattern (lessrestriction, worse skin scores, and
female sex). The authors propose that these
trangitionsto amore normalized lung pattern
be examined for insights into the underlying
pathobiology of treatment response.

Anakinra for the Treatment of Pediatric Secondary
Hemophagocytic Lymphohistiocytosis

Rheumatologists use the recombinant human interleukin-1 (IL-I)
receptor antagonist anakinra to effectively treat systemic juvenile

idiopathic arthritis (JIA). In this issue, Eloseily et al
p. 326 (p- 326) report that anakinra appears to be effective
I in treating pediatric patients with non—malignancy-
associated secondary hemophagocytic lymphohistiocytosis (HLH)/
macrophage activation syndrome (MAS). They found that anakinra was
particularly effective when it was given early in the disease course and
when administered to patients with an underlying rheumatic disease.
The investigators used electronic medical records to identify 44

patients with secondary HLH/MAS who were being treated with
anakinra. They found that the median duration of hospitalization

was |5 days and the overall mortality rate was 27%. The mean
pretreatment serum ferritin level was 33,316 ng/ml, which
decreased by 57% to 14,435 ng/ml within |5 days of the start of
anakinra treatment.

Early initiation of anakinra (within 5 days of hospitalization) was
associated with reduced mortality. In contrast, thrombocytopenia
and STXBP2 mutations were both associated with increased mortality.
Looking more specifically at the underlying diagnosis of the patients,
the researchers deemed those with systemic JIA to have the lowest
mortality rate (no deaths in the |3 patients in the study). In contrast,
those with an underlying hematologic malignancy had the highest
mortality rate (all 3 patients in the study).
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Analysis of Drug Spending for Biologic Antirheumatic Drugs

In this issue, McCormick et a (p. 234)
report that postmarket drug price changes
are solely responsible for

P. 234 most of the recent spending
I growthin biologic disease-
modifying antirheumatic drugs (DMARDS).
The investigators studied Medicare
and Medicaid dataand found that spending
on 10 biologic DMARDS more than
doubled between 2012 and 2016, with the
annual spending on public-payer claims
growing from $3.8 billion to $8.6 billion.

The researchers al so report median drug
priceincreases of 51% in Medicare Part
D (mean 54%) and 8% in Medicare Part
B (mean 21%). Adjusting for general
inflation, they found that unit price
increases alone accounted for 57% of the
5-year, $3 billion spending increase in
Part D. This standsin contrast to 37% of
the spending increase that was the result
of increased uptake.

Even accounting for time-varying
rebates, the researchers determined that

prices were still responsible for 54% of
increased spending. These hikes are crit-
ical since patients pay aportion of the pre-
rebate (list) price for biologic DMARDSs.
As prices rise, their out-of-pocket costs
to rise alongside, especially under Part
D. The authors conclude by suggesting
that policy interventions targeting price
increases may be able to mitigate finan-
cia burdensfor public payersand biologic
DMARD recipients, particularly those
under Medicare Part D plans.

Autoantibodies Provide Insights
into Rheumatoid Arthritis

In this issue, 2 articles shed light on the role of autoantibodies and
the evolution of rheumatoid arthritis (RA). Kelmenson et al (p. 251)

describe results from their analysis
p- 251 & 262 of patients with RA, which suggest

that the differences in patterns
of elevations of autoantibody isotypes have implications for
understanding pathophysiology. Zheng et al (p. 262) report that
disordered protein structure within autoantigens is a potentially
unifying features for reactivity with RA autoantibodies.

The patterns described by Kelmenson and colleagues may provide
insights into which factors drive initial autoantibody elevations as

opposed to which factors drive later increases in autoantibody
levels and the transition to clinically apparent RA.This is one of the
largest cohort studies to date, and it shows that levels of IgG anti—
citrullinated protein antibodies (ACPAs) are elevated earlier in pre—
RA diagnosis than levels of the other autoantibody subtypes.

When the researchers compared cases to controls, they found
that autoantibody levels were elevated prior to a diagnosis of RA a
mean of 17.9 years for I1gG ACPA, 4.2 years for IgA—rheumatoid
factor (RF),7.2 years for IgM-RF, 6.2 years for IgA ACPA,and 5.0 years
for both 1gM ACPA and IgG-RFE.They found a similar relationship for
positive or negative autoantibody status, with cases first showing
positivity for IgG ACPA 1.9 years pre-RA and for IgA-RF .7 years
pre-RA, followed by the other isotypes. When the investigators
examined post-RA diagnosis samples, they found that only IgA ACPA
positivity was significantly increased. All of the autoantibody levels,
however, demonstrated an early initial elevation, a period of stability,
and then an increase immediately before RA diagnosis.

The researchers found a pre—RA diagnosis endotype of early
elevation of autoantibodies to be associated with increased use of
biologic therapy, and a higher prevalence of sicca symptoms and lung
disease post—RA diagnosis. They conclude that in some individuals
IgA-related processes may be important to transitioning to clinically
apparent RA, and that the patterns of elevations of autoantibody
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Figure 1. Resultsin RA patients versus controls were compared.

isotypes may shed light on how pre-RA endotypes may influence
post-RA phenotypes.

Zheng and colleagues used a high-density peptide array and 4
serogroups of RA to identify novel features of RA autoantibody reactivity.
They found that cyclic citrullinated peptide (CCP)—positive RF+ patients
had high citrulline-specific IgG binding to array peptides,and CCP+RF~—
and CCP—-RF+ patients had modest citrulline-specific IgG binding. All
RA groups had low homocitrulline-specific binding, and CCP+RF+
patients had moderate IgG binding to native peptides. IgG from
CCP+RF+ patients targeted citrulline-containing IgG-derived peptides,
suggesting that common epitopes exist for ACPAs and RF.

Overall, however, researchers found that the highest IgG binding
was not specific to protein identity, but characterized by an affinity
for citrulline-containing peptides, especially if citrulline was adjacent
to glycine or serine, motifs also present in proteins endogenously
citrullinated in the rheumatoid joint. Such highly bound peptides had
multiple features that were predictive of a disordered protein structure.
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Development of Murine Systemic Lupus
Erythematosus in the Absence of BAFF
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SUMMARY

BAFF is a vital B cell survival and differentiation factor. Genetic elimination of the Baff gene or pharmacologic
neutralization of BAFF prevents or ameliorates lupus in mouse models. In contrast, pharmacologic neutralization of
BAFF has been far less effective in human subjects, with many systemic lupus erythematosus (SLE) patients failing to
achieve a meaningful clinical response. By inference, BAFF-independent pathways contribute importantly to human
SLE. Stohl et al developed a murine model in which SLE develops in a BAFF-independent manner by introducing
into BAFF-deficient NZM 2328 mice a Bcl2 transgene (Tg) expressed only in B cells (NZM.Baff '~.Bcl2™ mice). In
these mice, survival of B cells does not depend upon BAFF-triggered signals. NZM.Baff '~.Bcl2' mice developed full-
blown serologic, histologic, and clinical SLE despite the lifelong absence of BAFF. Importantly, these mice remained
responsive to BAFF, since reintroduction of the Baff gene further accelerated the course of disease. Accordingly,
NZM.Baff "~.Bcl2"™ mice may serve as a valuable and powerful murine model for the study of BAFF-independent
SLE and the interplay between BAFF-dependent and BAFF-independent pathogenic pathways.
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Independent Autoinflammation Resulting
From DNase Il Deficiency

Pawaria et al, Arthritis Rheumatol 2020;73:359-370
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SUMMARY

Mutations that reduce the function of DNase Il and Trex | (DNase Ill) lead to the accumulation of undegraded DNA
and occur in some patients with autoinflammatory diseases. These conditions are also associated with the elevated
expression of type | interferon (IFN)—inducible genes. Such interferonopathies are linked to the activation of the cytosolic
DNA-sensing pathway dependent on stimulator of IFN genes (STING) and the production of type | [FNs. DNase
ll—deficiency in mice is embryonically lethal but can be rescued by loss of expression of the type | IFN receptor
(Ifnar). DNase I~ x Ilfnar”"~ double-knockout (DKO) mice develop an autoinflammatory condition that recapitulates
many of the clinical manifestations of patients with reduced function mutations in DNase II, such as inflammatory
arthritis dependent on STING and immune cell abnormalities that depend on another class of nucleic acid sensors,
the endosomal Toll-like receptors (TLRs). TLR-driven manifestations include anemia, lymphopenia, extramedullary
hematopoiesis, myeloid activation and expansion, and liver fibrosis. As in other diseases driven by TLR overactivation,
the remaining T cells include an unusual subset that produce high levels of type Il IFN (IFNy). Notably, CD4+T cells can
independently transfer autoinflammation to healthy mice. These data support the need for targeting both aberrantly
activated antigen-presenting cells and aberrantly activated T cells to more effectively treat these patient populations.
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Scrutinizing the Frustrating Cost of Drugs: How Rebates
and Step Therapy Inflate Medicare Part D Prices—and

Possible Reforms

Angus B. Worthing

In this issue of Arthritis & Rheumatology, McCormick and col-
leagues report their findings on how biologic disease-modifying
antirheumatic drug (DMARD) prices increased in Medicare and
Medicaid from 2012 to 2016 (1). These novel data are gleaned from
the Center for Medicare and Medicaid Services’ Drug Spending
Dashboard, which began publicizing year-over-year price changes
on May 15, 2018 (2). At that time, health policy advocates like
myself perused the Dashboard and saw an alarming trend. Biologic
DMARD prices appeared to be rising faster in Medicare Part D (the
distribution system for drugs self-administered by patients) than in
Medicare Part B (drugs received by patients in an office or infusion
center). The source of increases in drug prices could not be deter-
mined with certainty, though, as data were lacking on how rebates
might lower costs in Part D. The current article by McCormick et al
is the first to confirm what many had suspected. Using data from
the nonpartisan Congressional Budget Office to subtract an aver-
age rebate discount for each biologic DMARD in Medicare Part D,
the authors found that the prices of biologic DMARDs indeed rose
faster in Part D compared to Part B. This editorial examines the
complicated drug distribution systems for biologic DMARDs and
what may have caused the tremendous price increases observed.

What the data show

From 2012 to 2016, prices of biologic DMARDs increased by
a mean of 45% in Medicare Part D after rebates were applied and
by a mean of 21% in Medicare Part B. (Medicaid prices also rose
in a trend similar to Part D). Although these data are limited by the
use of average rebates instead of individual rebates for each drug,
the results are unsurprising and can be explained by comparing
the incentive structure within the systems. Analysis of the Part
D drug distribution system suggests that rebates paid through

Angus B. Worthing, MD: Arthritis and Rheumatism Associates, PC,
Washington, DC.

At the time this editorial was submitted and accepted, Dr. Worthing was
the Chair of the American College of Rheumatology Government Affairs
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those of the American College of Rheumatology.

intermediaries not only drive prices up but are also used to dictate
step therapy formularies. Successful drug price reforms will need
to address rebates and step therapy, and individual advocacy
could encourage such action.

Prices and incentives in Medicare Part B versus
Part D

In Medicare Part B, the mean price of drugs is calculated
on a quarterly basis based on sales negotiated between buyers
(hospitals, clinics, infusion centers, and group purchasing organi-
zations) and commercial sellers (generally private pharmaceutical
distributors). Providers administer the drugs and then recoup the
mean price plus a 4.3% markup for storage, handling, scheduling,
coordination, and other services. Since reimbursement is capped
at 4.3% above the mean sales price, buyers attempt to negotiate
the largest possible discount below the mean. Discounts are gen-
erally reflected in the next quarter’s mean price.

In Medicare Part D, drug prices are generally negotiated by
pharmacy benefits managers (PBMs) directly with manufacturers,
and although Medicare publishes those prices, they are discounted
by rebates paid by manufacturers to PBMs and plans. Medicaid
has a similar system, but rebates are generally higher, with a floor of
at least 23%, and are paid to both federal and state governments.
Since PBMs, as McCormick and colleagues state, “retain a per-
centage of the negotiated rebates as compensation,” the arrange-
ment provides PBMs an incentive to negotiate high rebates rather
than low list prices. “Higher list prices,” they state, “can achieve
higher rebates.” In order to afford higher rebates and minimize the
reduction of their net price, manufacturers are prompted to raise list
prices—as if any prompting were necessary —with American drug
manufacturers surely sharing the blame here.
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So, the system worked as one would expect: Part B drug
prices rose more slowly because Part B drug price negotiators
(rheumatologists and clinics buying drugs through distributors)
were motivated to maximize discounts to obtain the lowest pos-
sible mean sales price of Part B drugs, while Part D price nego-
tiators were motivated to maximize rebates that increase Part D
list prices.

Rebates, PBMs, and step therapy

How exactly does the distribution system for self-administered
biologic DMARDs work? Because prices are already so high, drug
manufacturers must maximize insurance coverage in order to sell
their medications, and PBMs offer preferred coverage status in
step therapy formularies to the drug that offers the highest rebate
(8). PBMs then keep a portion of the rebates as profit. It appears
that the total rebate amount consists of the product of the drug’s
list price multiplied by the discount percentage and the number of
doses sold (i.e., market share), and can also include other fees.
Garnering a competitive rebate may therefore be a challenge for
new drugs entering the marketplace, such as biosimilars, which
lack significant market share and may try to compete by lowering
list prices (4). Finally, there is a lack of clarity about the amount of
each rebate and how much of it is passed through from PBMs to
payers and patients. PBMs use that lack of transparency to profit
from charging insurance plans more than the negotiated price at
the pharmacy, which is a practice also known as spread pricing.

Rebates and step therapy can prevent patients from access-
ing effective treatment. In a recent American College of Rheuma-
tology Simple Tasks survey of US adult rheumatology patients,
half of those receiving treatment reported being subjected to step
therapy (5). An Arthritis Foundation survey showed that step ther-
apy was stopped in 39% of patients because the drugs were inef-
fective and in 20% of patients due to worsening disease activity.
Nearly 25% of patients were required to repeat step therapy after
switching insurance carriers (6).

In rheumatoid arthritis (RA), step therapy is associated with
a 19% lower odds of treatment effectiveness (likely from lack of
adherence to therapy), increased utilization of glucocorticoids and
nonsteroidal antinflammatory drugs, and risk of serious infection
(7). Also, since patient cost-sharing is based on list prices and not
the net negotiated price, the higher list prices provoked by the
rebate system increase patients’ out-of-pocket costs. This helps
explain why nearly 60% of rheumatology patients report problems
affording medications or treatments (5).

In Medicare speciffically, step therapy is allowed in Part D but
not in Part B (except in Medicare Advantage plans starting in 2019),
and this important difference between Part B and Part D explains
how Part D rebates, linked with step therapy, may be the main rea-
son that biologic DMARD prices rose more in Part D compared to
the open formulary system in Part B. Patient cost-sharing is also
relatively higher in Part D compared to Part B due to specialty tier-

ing and lack of secondary insurance to cover patient costs (though
a low income subsidy is available), and these high costs interrupt
biologic DMARD treatment of patients under Medicare Part D (8).

These points all raise the question Senator Lamar Alexander
(Republican, Tennessee) asked of witnesses from pharmaceuti-
cal companies and PBMs during a hearing on October 17, 2017
about drug prices (9): “Why not just eliminate rebates?”

Potential solutions for costs, prices, and access

Successful reforms to reduce the cost of drugs for Ameri-
cans with RA while maintaining or improving access to treatments
should involve the following: 1) regulating and changing the role
of PBMs, 2) reducing the use of utilization management such as
step therapy, and 3) reducing prices through direct government
negotiation and improved competition (e.g., biosimilars).

The first step for reforming the role of PBMs is to improve
transparency. In late 2018, patients were given the right to find out
from their pharmacist when it is less expensive to pay for prescrip-
tions via cash instead of using their insurance (with PBM cost-
sharing). This was an important first step, but finding out exactly
how much of the rebates go to PBMs and how much to plans and
patients will help buyers to make more informed decisions.

If buyers become aware of how much PBMs profit from
these secretive arrangements (in the way Ohio’s Attorney General
recently discovered excessive profits of more than $200 million in
Medicaid in 2017 [10]), coupled with how much step therapy lim-
its patients’ access to treatments, it could encourage alternative
arrangements. For example, Caterpillar, Inc. claims to have saved
millions on its employees’ medications after “firing the middle-
man,” though the company apparently excludes access to some
drugs. Other companies save money on prescription costs by hir-
ing “transparent” PBMs that charge a flat fee (11).

The Department of Health and Human Services (HHS) recently
considered eliminating Medicare Part D rebates for PBMs and set-
ting up a pathway for rebates to pass through to patients, but the
plan was rescinded before being implemented. The plan’s introduc-
tory section (12) noted, “Though proponents of the current system
describe rebates as discounts that lower drug costs, HHS believes
that rebates have proven to be ineffective at and counterproductive
to putting downward pressure on drug prices. Indeed, rebates may
be harming Federal health care programs by increasing list prices,
preventing competition to lower drug prices, discouraging the use
of lower-cost brand or generic drugs, and skewing the formulas
used to determine pharmacy reimbursement or Medicaid rebates.”

Current ideas in Washington, DC

Presently, the US Congress and the Trump administration are
considering several common sense reforms related to PBM trans-
parency, rebates, patient cost-sharing, and ways to reduce drug
prices throughout Medicare and the commercial markets. Notable
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efforts regarding transparency and PBM payments in various dif-
ferent legislative bills would direct HHS to maintain and improve
the Drug Pricing Dashboard used by McCormick and colleagues
(13) and direct the Federal Trade Commission to investigate anti-
competitive actions by PBMs (14). Most significantly, these efforts
would force PBMs to disclose the amount earned from rebates
and other income, pass all rebates to insurance plans, and stop
engaging in spread pricing, while also garnering transparent pay-
ments for their services (15). Legislation that directly addresses
patients’ access to drugs could cap the yearly amount of patient
cost-sharing in Medicare Part D (16) and force plans to allow
exemptions to step therapy when the “preferred” medication is
contraindicated, or expected to cause side effects or disability, or
reduce adherence (17).

The White House and key Congressional leaders have pro-
posed ways to directly lower drug prices by negotiating with man-
ufacturers to reduce prices according to prices from an index of
selected foreign countries (18,19), or to force manufacturers to
reimburse Medicare if prices outpace inflation (16). Indirect ways
to lower drug prices include encouraging the use of biosimilars
though increased reimbursement in Medicare Part B (16).

It is impossible to predict which, if any, of these initiatives will be
enacted, but elected officials face intense political pressure due to
the high costs borne by patients and companies and the rationing
of treatment via step therapy mandated by non-medical personnel.

What can individuals do to improve patient
access to antirheumatic treatments?

Although we live in a time of government gridlock and extreme
partisanship, American politicians will work together across party
lines when prompted by their constituents. Readers of Arthritis
& Rheumatology are sophisticated, frustrated, and capable of
moving the needle in this debate. Action items include: 1) inform
colleagues and patients about how rebates to PBMs dictate step
therapy formularies, prompt manufacturers to raise their already
too-high list prices, and that those high prices impose higher
patient cost-sharing; 2) encourage your elected officials by phone,
e-mail, or social media to address these problems; and 3) learn
what your elected officials and candidates are saying about drug
prices and vote accordingly if you are eligible to vote.
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To “Lump” or to “Split” in Macrophage Activation Syndrome
and Hemophagocytic Lymphohistiocytosis

Sarah Nikiforow' and Nancy Berliner?

The question “To lump or to split?” does not carry the same
undertones as Hamlet’s searching query but does have far-
reaching ramifications for patients and clinicians riding cytokine
storms. In this issue of Arthritis & Rheumatology, Eloseily and
colleagues report their findings from a retrospective analysis of
44 patients with macrophage activation syndrome (MAS) or sec-
ondary hemophagocytic lymphohistiocytosis (HLH) who were
exposed to the interleukin-1 (IL-1) receptor antagonist anakinra
at any time in their treatment course (1). The authors conclude
that early use of anakinra may be beneficial in pediatric patients
with secondary HLH without an associated malignancy. However,
with a cohort that includes patients with underlying systemic juve-
nile idiopathic arthritis (JIA), malignancy, infection, or at least 10
other potential triggers, should we be “lumpers” or “splitters” in
applying these data to a given patient? We posit that patients with
MAS, those with other secondary HLH, those with macrophage
activation-like syndrome in sepsis, those with cytokine release
syndrome (CRS) following chimeric antigen receptor T cell ther-
apy, and those with other hyperinflammatory syndromes still need
individualized approaches to therapy.

Nomenclature and diagnostic classification in this field are not
clear, which complicates interpretation of the existing data. MAS
(or MAS/HLH) is classically referred to as a subset of HLH (charac-
terized by fever, hyperferritinemia, pancytopenia, organomegaly,
liver dysfunction, and coagulopathy) that occurs with underlying
systemic autoimmune disease but in the absence of inherited
homozygous familial HLH-associated mutations or malignancy.
Differentiating among a flare of an underlying rheumatic condition,
sepsis following immunosuppressive therapy, or MAS has always
been difficult. Recently, high circulating levels of IL-18 were identi-
fied as a distinguishing factor of MAS compared to systemic JIA,
infection-associated HLH, or familial HLH, and introduction of a
mutation in NLRC4 resulting in inflammasome hyperactivity was
found to elicit an MAS-like syndrome in mice (2).

Clinical trials using IL-18 binding proteins have demonstrated
the safety of this strategy and early signs of efficacy in patients
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with adult-onset Still's disease (AOSD), and therefore this therapy
may potentially bear fruit in patients with MAS (3). Neopterin lev-
els are postulated to differentiate an MAS flare from inflammatory
activity in active-phase systemic JIA, and the heavy-chain subunit
of ferritin may indicate more severe hematologic involvement and
development of MAS (4,5). However, heterozygosity for genetic
mutations or hypomorphic variants in T cell and natural killer cell
cytolytic, microtubule, and vesicle transport pathways typically
associated with familial HLH (e.g., PRF1, UNC13D, and STXBP2)
are increasingly described in patients with secondary HLH and
MAS (6,7). This implies some shared genetic predisposition and
further impedes diagnostic distinction. Finally, targetable cytokines
such as IL-1, interferon-y (IFNy), and IL-6 may be differentially
expressed in familial HLH, secondary HLH, and MAS, and it is
unclear how relevant these differences are for predicting therapeu-
tic response (8,9).

Moving to the real-world clinical setting, cytokine levels and
genetic sequencing data are often not available in real time to guide
diagnosis and management. Several classification systems have
evolved based on readily available data. Initially, diagnostic crite-
ria proposed for the HLH-1994 trial were used to diagnose MAS,
although patients with systemic rheumatic diseases were specif-
ically excluded from both the HLH-1994 and HLH-2004 cohorts
(10,11). Attempts at developing classification schema specific to
MAS include recent consensus guidelines to distinguish active sys-
temic JIA from evolution to MAS, suggestions for MAS criteria in
juvenile systemic lupus erythematosus (SLE), and a set of criteria
for MAS in patients with AOSD. These schema emphasize degrees
of hyperferritinemia, thrombocytopenia, lactate dehydrogenase
(LDH) elevation, hypertriglyceridemia, coagulopathies, and liver
dysfunction, but there is extensive overlap with typical HLH diag-
nostic parameters (12-14). In developing the HScore, which was
designed to distinguish reactive hemophagocytic syndromes in
adults, Fardet et al included only 16 patients (5%) with either SLE or
AOSD (15). Most relevant to this current discussion, the MH score,
designed to distinguish MAS from familial HLH, was validated as a
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means to determine need for further functional and genetic testing,
since it emphasizes age, degree of cytopenias, splenomegaly, and
coagulopathy as distinguishing factors (16).

If the etiologies and diagnostic criteria for various inflam-
matory syndromes are overlapping, where does that leave clini-
cians regarding therapeutic decisions? The approaches utilized
in the HLH-1994 and HLH-2004 trials based on etoposide
and dexamethasone therapy for “familial/genetic” or refractory
“secondary” disease have yielded 5-year survival rates follow-
ing hematopoietic stem cell transplantation of 66% in pediatric
patients without malignancies or underlying chronic rheumatic
diseases. This approach remains the standard in these 2 clinical
settings. In adults with secondary HLH, well-recognized prog-
nostic factors are presence of malignancy (negative prognostic
factor), underlying autoimmune disorders (positive prognostic
factor), and for both adults and children, severe thrombocyto-
penia at diagnosis (negative prognostic factor) and rapidity of
the ferritin response (positive prognostic factor) (17-22). In MAS
complicating systemic JIA and SLE, historical survival rates range
from 65% to 95%, and the therapeutic options employed range
widely, from frequent steroid use to cyclosporine in 60-74% of
patients, intravenous immunoglobulin in 33-68%, anakinra in
33-42%, and etoposide chemotherapy in 32-50%, emphasiz-
ing the fact that there are no validated evidence-based treatment
guidelines in MAS (23-25). In patients with systemic JIA, block-
ade of tumor necrosis factor (etanercept, infliximab), CD20 (ritux-
imab), IL-6 (tocilizumab), CTLA-4 (abatacept), and, alternately,
IL-1 (canakinumab), and even plasmapheresis, have been used
in addition to anakinra. However, studies of patients with SLE-
associated MAS do not include significant anakinra use. One
center’s approach to SLE-associated MAS focused primarily on
mycophenolate and azathioprine, highlighting different treatment
patterns across the MAS field and for different rheumatic disease
entities (26,27).

To date, some data have been presented to substantiate
the use of anakinra in MAS. Anakinra is a modified human IL-1
receptor antagonist protein that blocks IL-1a and (3 signaling, a
key proinflammatory cytokine pathway. In a literature review of 35
pediatric patients with MAS and systemic JIA or other autoinflam-
matory diseases, 33 achieved remission during anakinra therapy
(28). In addition, there are case reports of successful anakinra
therapy in patients with MAS and AOSD (28).

This is the backdrop of the findings discussed in the report
by Eloseily et al (1). The authors report on 44 pediatric patients
(median age 10 years) who received anakinra and whose diag-
nosis was identified by International Classification of Diseases,
Ninth Revision (ICD-9) code 288.4 or ICD-10 code D76.1 indi-
cating “hemophagocytic syndromes.” Patients were confirmed,
by genetic sequencing, to not have homozygosity for familial
HLH mutations. The authors rightly emphasize the diagnostic
challenge: 95% of patients met the MAS/systemic JIA criteria,
70-75% met the classic HLH criteria, 66% had an Hscore of >90,

and 27% fit the MH score criteria. Identified triggers were hetero-
geneous, with 3 patients having malignancies (which we posit
comprise an entirely separate category), 13 having systemic JIA,
5 having SLE, 2 having mixed connective tissue disease, and indi-
vidual patients each having a variety of other diagnoses, including
gastroparesis, uveitis with spondyloarthritis, Sjogren’s disease,
vasculitis, Crohn’s disease, sarcoidosis, antiphospholipid antibody
syndrome, and mitochondrial disorder. Ten patients (23%) had an
unknown trigger, meaning that 36% of the patients reported did
not have an identifiable rheumatic disease. Presence of concur-
rent infections was high. Main findings in this cohort were an over-
all survival rate of 73%, high mortality in patients with malignancy
(survival 0%), lowest mortality in patients with MAS/systemic JIA
(survival 100%), higher mortality with severe thrombocytopenia
and presence of the STXBP2 mutation, and a salutary effect of
earlier initiation of anakinra (P = 0.046).

At first blush, these results might be taken as a sweeping
endorsement of early use of anakinra in MAS and secondary HLH,
and indeed, the authors suggest that all patients with secondary
HLH should be initially treated with anakinra. However, limitations
of the study and the aforementioned heterogeneity of hyperinflam-
matory disorders supports the notion that we should remain “split-
ters” rather than “lumpers” for now. Interpretation must remain
nuanced. This analysis, like any retrospective study, is subject to
severe selection bias by the treating clinicians. Critically ill patients
may have preferentially received cytotoxic therapies and would
not have been included in the study despite having MAS or sec-
ondary HLH. In a retrospective study that includes only those
patients treated with anakinra, one may fail to identify a popula-
tion of patients who might actually experience harm by receiving
anakinra therapy first, to the exclusion of other therapies. In sev-
eral studies and anecdotally in our institutional practice, cytotoxic
chemotherapy was/is preferred over biologic agents in patients
with evidence of more severe inflammatory activity. In 1 study of
162 adult patients (without clear indication of who had an under-
lying rheumatic disease diagnosis), use of etoposide as a first-line
agent was associated with better outcomes—albeit 46% of these
patients had an underlying malignancy (18,24,29).

In their report, Eloseily et al contribute positive data on
the safety of anakinra and its efficacy in the initial treatment
of MAS arising in systemic JIA. However, their data do not
support a carte blanche approach to hyperinflammatory syn-
dromes, including other secondary HLH with or without malig-
nancy and/or genetic drivers. Personalized approaches to the
evaluation of patients with MAS, those with secondary HLH,
those with CRS, and even those with severe sepsis that are
based on clinical parameters, such as the C-reactive protein,
LDH, and ferritin levels, as well as cytokine levels and pres-
ence of genetic drivers are being explored (29,30). We may get
to the point where rapid assessment of pathologic effectors
and affected genetic pathways will guide precision therapy
in choosing between IL-1, IL-18, IL-6, or IFNy blockade or
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cytotoxic therapies, but for now we are left with vigilant clinical
assessment and frequent reevaluation of therapy (31). Such
a complex decision tree and multidisciplinary approach was
proposed for adult patients with HLH, involving a breakdown
of secondary/nongenetic HLH by cause (i.e., infection, malig-
nancy, autoimmune/inflammatory diseases, or “drug-induced”
[following CAR T cell therapy, bispecific T cell engagers, or
checkpoint inhibitors]). Distinct initial treatment algorithms have
been suggested for each specific cause—notably, including
an algorithm for use of anakinra in the treatment of MAS/HLH
(32).

Thus, the support for anakinra as a first-line treatment
for MAS/HLH, and particularly in patients with systemic JIA-
associated MAS, is increasing, as are data for early interven-
tion in general once a diagnosis of MAS or HLH is made.
However, early anakinra therapy should be extended to treat-
ment of other forms of secondary HLH only with extreme
caution. Specifically, the authors’ suggestion that cytotoxic
therapy should be considered only after administration of
anakinra therapy may be a dangerous approach for some
patients. We must continue to recognize the heterogeneity
of secondary HLH and develop thoughtful therapeutic algo-
rithms that would distinguish among the broad range of eti-
ologies to determine safe and efficacious therapies for this
life-threatening disease.
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Innately Adaptive or Truly Autoimmune: Is There
Something Unique About Systemic Juvenile
Idiopathic Arthritis?

Christoph Kessel," Christian M. Hedrich,” ) and Dirk Foell'

Systemic juvenile idiopathic arthritis (JIA) is a form of arthritis in childhood that is initially dominated by innate
immunity—driven systemic inflammation and is thus considered a polygenic autoinflammatory disease. However, sys-
temic JIA can progress toward an adaptive immunity—driven afebrile arthritis. Based on this observation of biphasic
disease progression, a “window of opportunity” for optimal, individualized and target-directed treatment has been
proposed. This hypothesis requires testing, and in this review we summarize current evidence regarding molecular
factors that may contribute to the progression from an initially predominantly autoinflammatory disease phenotype
to autoimmune arthritis. We consider the involvement of innately adaptive y& T cells and natural killer T cells that
express y& or af T cell receptors but cannot be classified as either purely innate or adaptive cells, versus classic B
and T lymphocytes in this continuum. Finally, we discuss our understanding of how and why some primarily autoin-
flammatory conditions can progress toward autoimmune-mediated disorders over the disease course while others

do not and how this knowledge may be used to offer individualized treatment.

Introduction

The concept of autoinflammation was proposed 20 years ago
with the characterization of genetic alterations that cause mono-
genic hereditary fever syndromes (1). Today, at least 8 categories
of autoinflammatory diseases have been defined: interleukin-13
(IL-1[) activation disorders (inflammasomopathies), NF-kB acti-
vation syndromes, protein misfolding disorders, complement reg-
ulatory diseases, cytokine signaling disturbances, macrophage
activation syndromes (MAS), ubiquitination disorders, and type |
interferonopathies (2). Following the historical definition, autoin-
flammatory disorders are characterized by seemingly unprovoked
episodes of systemic or organ-specific inflammation in the absence
of high-titer autoantibodies or self-reactive lymphocyte popula-
tions. In a conceptual divide, autoimmunity has historically been
seen as the consequence of (isolated) adaptive immune dysregu-
lation. This divide has also been applied to polygenic/multifactorial
disorders, in which the absence of disease-causing mutations in
single genes makes it challenging to identify molecular pathways.
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Today, advances in understanding polygenic autoinflammatory
Still’'s disease or systemic juvenile idiopathic arthritis (JIA) can pro-
vide new insights into the complex bidirectional interplay between
innate and adaptive immunity (Figure 1).

Systemic JIA in the conceptual divide of
autoinflammation versus autoimmunity

Systemic JIA is the childhood counterpart to adult-onset
Still's disease (AOSD) and is usually considered a prototypic
polygenic autoinflammatory disease (3,4). Approximately 10% of
chronic idiopathic arthritis cases occurring during childhood can
be classified as systemic JIA. Although the name implies that the
disease is a systemic variant of JIA, and regardless of systemic
JIA being classified as one of 7 JIA subtypes according to the
International League of Associations for Rheumatology (5), recent
studies indicate that systemic JIA is fundamentally different from
other forms of JIA. Indeed, its unique genetic architecture mani-
fests in a distinct clinical spectrum, indicating that the underlying
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Figure 1.

Examples of polygenic arthritic disorders with differing degrees of autoinflammation and/or autoimmunity. Arthritic conditions can

be dominated by innate immune mechanisms (systemic juvenile idiopathic arthritis [sJIA] and adult-onset Still's disease [AOSD] at onset, gout)
or adaptive immune mechanisms (polyarticular JIA [poly-JIA] or oligoarticular JIA [oligo-JIA], rheumatoid arthritis [RA], and systemic JIA and
AOSD in the course of disease progression), with or without B cell activation and autoantibody expression, or resemble mixed-pattern diseases
(psoriatic arthritis [PsA] and ankylosing spondylitis [AS]). HLA associations are indicated for diseases for which they have been identified. NK =
natural killer; anti-IL-1 = anti—interleukin-1; anti-IL-1R = anti-IL-1 receptor; anti-TNF = anti-tumor necrosis factor.

pathomechanistic pathways significantly differ from those in other
JIA subtypes (6).

Early in the disease course the clinical presentation of sys-
temic JIA is dominated by “autoinflammatory features” resem-
bling a classic fever syndrome. Common symptoms comprise
quotidian spiking fevers accompanied by erythematous rash,
while arthritis may be minimal or even absent. Further, hepat-
osplenomegaly, lymphadenopathy, and/or serositis are clinical
hallmarks of the disease that separate systemic JIA from other
JIA subtypes (3). During the systemic inflammatory phase, sys-
temic JIA can be complicated by MAS, a severe hyperinflam-
matory condition characterized by a “cytokine storm” that can
result in multiple organ failure with significant mortality. More
recently, an association of systemic JIA with pulmonary arterial
hypertension, interstitial lung disease, and alveolar proteinosis
as severe and mostly fatal complications, potentially resulting
from uncontrolled systemic disease activity and inflammation,
has been recognized (7).

Disease courses in systemic JIA can be monophasic and
self-limiting, polycyclic, or persistent and, if inadequately or not
treated, systemic JIA can progress to a disease mainly character-
ized by aggressive/destructive arthritis, a feature more typical of
autoimmune conditions. Indeed, though no specific autoantibod-
ies have yet been detected, a genetic association of systemic JIA
with the major histocompatibility complex (MHC) class ll-specific

allele HLA-DRB1*11 (8) as well as alterations in adaptive immune
cell signatures (9), including a skewed ratio of Th1 and Th17 cells
(10) and increased serum levels of IL-17A (11), suggest an auto-
immune component to systemic JIA (12,13).

Further evidence indicative of a close interplay between
innate and adaptive immune responses is provided by treatment
responses. While traditional systemic JIA therapy was limited to
steroidal and nonsteroidal antiinflammatory drugs, current treat-
ment regimens mainly rely on drugs interfering with either IL-1 or
IL-6 signaling. Therapeutic IL-1 blockade significantly improves
disease outcomes (14) and seems particularly effective when
initiated as first-line therapy during the systemic disease phase
(15-17). In contrast, children with established polyarthritis are
less likely to respond to treatment with recombinant IL-1 receptor
antagonist (IL-1Ra; anakinra) (18,19). Current clinical trial results
suggest that these patients may benefit from therapeutic IL-6R
blockade (tocilizumab) instead (20). However, a true head-to-
head comparison of drugs interfering with either IL-1 or IL-6 sig-
naling is still lacking.

Taken together, differential response to treatment as well
as genetic and immunologic findings suggest that dysbalanced
expression of innate molecules may link autoinflammation with
autoimmunity in systemic JIA and finally drive autoimmune arthri-
tis on the basis of an initial autoinflammatory disease context
(11,12).
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Mechanisms linking autoinflammation and
autoimmunity in systemic JIA

Role of inflammasome dysregulation in autoinflam-
mation in systemic JIA. A key observation from the inves-
tigation of monogenetic autoinflammatory diseases is their
strong association with mutations in genes encoding for proteins
involved in infllmmasome assembly. Inflammasomes are cyto-
plasmic multiprotein complexes that can sense a wide range of
pathogen-associated molecular patterns or damage-associated
molecular patterns (DAMPs) (21). Activation of NOD-like receptors
(NLRs), NLRP3 (or cryopyrin), NLRP1, NLRC4, or AIM2 (absent
in melanoma 2), mediate conformational changes, some of which
allow for interaction with an inflammasome adaptor protein, ASC,
through pyrin domains (21). Once assembled, ASC binds pro-
caspase 1 through its caspase recruitment domain and assists
in assembly and caspase 1 activation, which, in turn, cleaves
inactive prolL-1f3 and prolL-18 and activates the cytosolic pro-
tein gasdermin D (GSDMD) (22). Cleaved GSDMD forms pores in
the plasma membrane, which induces pyroptotic cell death and
permits the release of mature IL-13 and IL-18 to the extracellular
space (23). Prototypic autoinflammatory diseases, such as familial
Mediterranean fever (FMF) and cryopyrin-associated periodic syn-
drome (CAPS), are associated with mutations in MEFV (encod-
ing pyrin) or NLRP3. Aberrant inflammasome activation results in
excessive IL-1(3 and/or IL-18 processing. Consequently, drugs
such as colchicine, as specific inhibitors of the pyrin inflammas-
ome, can interfere with cytokine release and thus alleviate clinical
symptoms of systemic inflammation in affected individuals (24).

Though a large proportion of patients with systemic JIA ben-
efit from IL-1-blocking therapy, to our knowledge gain-of-function
inflammasome polymorphisms in systemic JIA have not been
reported, and it remains difficult to measure/quantify increased
IL-1 expression as a key autoinflammatory factor. Several stud-
ies, including the seminal one by Pascual et al introducing the
concept of IL-1 blockade in systemic JIA (14), failed to demon-
strate elevated IL-1[3 levels in patient sera (11) or whole blood (25).
Stimulation of ex vivo—isolated monocytes or whole blood using
designated pattern-recognition receptor (PRR) ligands, such as
lipopolysaccharide and others (www.tollgene.org), did not reveal
increased IL-1 release when compared to controls (25,26) or
demonstrate decreased cytokine secretion, possibly due to an
intermediate regulatory/antiinflammatory (M2) phenotype of circu-
lating systemic JIA monocytes (26). However, complex stimula-
tion conditions using patient sera can induce IL-1-specific gene
signatures as well as IL-13 release from healthy donor periph-
eral blood mononuclear cells (PBMCs) (14). Furthermore, at the
level of transcription or translation, both monocytes and neutro-
phils from patients exhibited increased IL-1[3 expression (27,28)
or protein accumulation over time (25,26). This may be caused
by decreased expression of the IL-1-inhibiting aryl hydrocarbon
receptor in systemic JIA cells (25). In response to prolonged

stimulation (24 hours) by a strong stimulant such as phorbol
myristate acetate (PMA)/ionomycin, this can result in enhanced
cytokine release from patient cells when compared to controls
(14). Gene expression studies of neutrophils from patients with
systemic JIA further indicated overexpression of inflammasome
components such as AIM2 and NLRC4 (27,28).

In contrast to limited detection of circulating IL-1 in systemic
JIA, several studies have demonstrated massive overexpression
of the IL-1 family member IL-18 (29-31). However, while the role
of IL-18 as a systemic JIA biomarker is well established (29,31)
and recent studies suggest that IL-18 is a critical driver of MAS
(81,32), its cellular sources as well as expression control in sys-
temic JIA remain poorly understood. IL-18 is expressed by a wide
range of tissues, including cells of the myeloid lineage but also
epithelial cells, and (in contrast to IL-1) IL-18 messenger RNA
(mRNA) expression and translation into its propeptide appear to
be constitutive (33). However, beyond constitutive expression, a
recent murine study (34) and human data from our laboratory (35)
indicate that type | interferon (IFN) signaling plays a vital role in
controlling IL-18 expression.

Dysregulation of IFN expression and signaling. In the
context of systemic JIA, impaired expression of IFNs and altered
IFN signaling is usually associated with the type Il IFN, IFNy. IFNy
is predominantly produced by adaptive immune cells, namely
Th1 CD4+ lymphocytes, but also by natural killer (NK) and CD8+
T cells. The role of these cells, particularly in MAS, has been
extensively discussed elsewhere (31,32,36). More recently, obser-
vations on gene expression levels in response to IL-1 inhibition
and data on the control of IL-18 by the IFN family suggested a
previously underestimated role of the type | IFNs IFNa and IFN3,
another arm of the innate immune system, in the pathogenesis
of systemic JIA. Type | IFNs are produced by a multitude of cells
and tissues. Their main cellular sources, however, are plasmacy-
toid dendritic cells, which produce type | IFNs in response to viral
infections (37).

Physiologically, type I IFN expression is induced by viral DNA
or RNA, which is sensed by PRRs such as endosomal Toll-like
receptor 3 (TLR-3), TLR-7, TLR-8, and/or TLR-9. In addition to
TLRs, cytosolic sensors for DNA and RNA, such as the retinoic
acid-inducible gene 1-like receptors as well as AIM2-like recep-
tors, induce type | IFN expression (38). Cyclic GMP-AMP synthase
has been identified as a cytosolic PRR that detects DNA and
leads to the production of cyclic GMP-AMP (39,40). Activation
of TLRs or cytosolic nucleotide sensors triggers IFN expression,
which in turn mediates phosphorylation of transcription factors
initiating the expression of IFN-stimulated genes (ISGs). Indeed,
transcription levels of selected ISGs in blood cells can be used as
a complementary biomarker to generate an IFN signature (38,41).
In fact, while even in type | interferonopathies high-sensitivity
assays, such as digital enzyme-linked immunosorbent assays,
are required in order to produce measurable (fg/ml) serum levels
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of IFNa (41), most patients display an IFN signature at the mRNA
level in PBMCs (41,42).

Interestingly, though systemic JIA is not readily associated
with type | IFN expression and signaling, blockade of IL-1 signa-
ling induces a type | IFN signature in patients with systemic JIA,
independent of the clinical response to IL-1 blockade (19). Similar
observations regarding the relationship of IL-1 blockade in sys-
temic JIA and type | IFN expression were obtained from a recent
study assessing IFN signatures in a variety of pediatric inflamsmma-
tory conditions (42). At the cellular level, transcriptome analysis
of systemic JIA neutrophils reveals—among other genes—an
up-regulation of transcripts associated with type | IFN signaling
(27). Monocytes from patients with systemic JIA exhibit defec-
tive STAT1 phosphorylation downstream of IFNa or IFNy stimu-
lation, while expressing higher transcript levels of suppressor of
cytokine signaling 1 (SOCS-1), an inhibitor of IFN signaling (43).
In patients responsive to IL-1 blockade, SOCS-1 levels decrease
while STAT1 levels increase. The opposite was observed in indi-
viduals whose disease failed to respond to IL-1 blockade, sug-
gesting that response to cytokine-blocking therapy is associated
with effects on type | IFN signaling pathways that may in turn result
in increased pSTAT1/IFN responses (43). However, as type | IFNs
have not yet been mechanistically linked with systemic JIA, it is
debatable whether the effects observed are primarily or second-
arily associated with disease. Proinflammatory IL-1 and type | IFNs
are key players in 2 types of inflammatory responses, which can
efficiently counterregulate each other (44). Thus, increased type |
IFN expression following IL-1 blockade, but also tumor necrosis
factor blockade (45,46), may just reflect the presence of feed-
back loops induced by cytokine blockade (42). Nonetheless, it
has been speculated that the decreased ability of systemic JIA
monocytes to respond to IFNy and IFNa may set the stage for the
excessive IL-10 activity evident in the disease (43).

DAMPs and the relevance of sterile inflammation. A
hallmark of systemic JIA and other autoinflammatory diseases is
the highly increased secretion of myeloid cell-derived S100 pro-
teins. ST00A8/A9 and S100A12 are present in the cytoplasm of
monocytes and granulocytes and play an incompletely understood
role in the homeostasis of these phagocytes (47). Serum levels of
S100A8/A9 and S100A12 strongly correlate with peripheral blood
neutrophil counts, and neutrophils from patients with systemic JIA
exhibit elevated inflammatory gene expression, including inflam-
masome components and S7T00A8 and ST100A12 (27,28). Fur-
thermore, these cells exhibited enhanced PMA-induced S100A8/
A9 release compared to controls (27).

When released during the activation of the innate immune
system or in the context of tissue damage, S100 proteins function
as DAMPs and recruit to PRRs (48,49). In systemic JIA and other
autoinflammatory diseases, dysregulation of alternative secretory
pathways may furthermore contribute to disease pathogenesis
and lead to hypersecretion of S100 proteins (47). Thus, in the

absence of infectious pathogens, S100 proteins can generate a
sterile inflammatory environment and initiate downstream proin-
flammatory effects on innate immune cells that feed into amplify-
ing loops, which may perpetuate disease (47). Along these lines,
depletion of STO0A8/A9 from systemic JIA patient serum or pre-
vention of the Ca®*/Zn**-induced inflammatory complex formation
by S100A12 reduces the release of IL-1 and other inflammatory
cytokines from the immune cells (whole blood or monocytes) of
patients with systemic JIA or controls (48,50).

Innate molecules fueling adaptive immunity. Apart
from driving innate immune responses, IL-13 and IL-18 can play
a prominent role in shaping adaptive immune responses. In fact,
IL-18 was initially described as an IFNy-inducing factor (51), since
it can induce IFNy expression from NK cells and Th1 lymphocytes,
while blocking regulatory IL-10 expression in the Th1 compart-
ment (52). IL-13 is involved in the differentiation of Th17 cells (53)
and IFNy/IL-17—-coexpressing T lymphocytes (54). Furthermore,
IL-1( strongly suppresses T cell-derived IL-10 expression and
promotes IFNy production in human Th17 cells, thus influenc-
ing the balance between proinflammatory and antiinflammatory
cellular functions (55,56). However, human IL-1-mediated Th17
differentiation in particular also requires IL-23 and T cell receptor
(TCR) engagement (57). The presence of IL-6, which is also mas-
sively overexpressed in systemic JIA, however, appears to be of
secondary importance (53). Apart from its vital role in Th cell differ-
entiation, IL-1R signaling stabilizes cytokine transcripts to enable
productive and rapid effector functions across effector Th1, Th2,
and Th17 lymphocyte subsets (58). Independent from T cells,
IL-1(3 can also enhance B cell proliferation and antibody produc-
tion, while IL-18 promotes self-reactive antibody responses (59).

However, despite strong effects of IL-1 and IL-18 on T cell
differentiation and activity, evidence of altered CD4+ T cell func-
tion in systemic JIA or AOSD remains scarce. While some studies
suggest increased numbers of Th1 and Th17 cells in systemic JIA
(10) and AOSD (60,61), other studies indicate that this may be,
if at all present, just a trend (9,11,62). Controversial data on Th1
and Th17 cell numbers furthermore reflect uncertainty regarding a
stimulating autoantigen, despite the association with MHC class ||
variant HLA-DRB1*11 (8). Indeed, Th cell subsets in systemic JIA
may rather benefit from increased IL-1R signaling, which can sta-
bilize the effector functions of CD4+ T cells by stabilizing cytokine
transcripts, and thus may allow for rapid response to nonspecific
stimulation in cell culture and flow cytometry assays (58).

In addition to the potential involvement of classic adaptive
immune cells in the pathogenesis of systemic JIA, recent stud-
ies highlight a role of innately adaptive cells bridging innate and
adaptive immune responses (63), such as y& T cells or invariant
NKT (INKT) cells (Figure 2). In patients with systemic JIA, iINKT
cell numbers are greatly increased (9), while peripheral y6 T cell
counts, particularly during active disease, remain reduced com-
pared to those in healthy individuals (9,11,62). This finding may
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Figure 2. Innately adaptive or truly autoimmune: a pathophysiologic model for disease progression in systemic juvenile idiopathic arthritis
(sdIA). Innate immune cells, such as myeloid cells (granulocytes, monocytes) and natural killer (NK) cells, are relevant during the acute febrile
phase of systemic JIA. 1) Myeloid cells release interleukin-1 (IL-1) family cytokines (IL-1[3, IL-18) and other proinflammatory cytokines which
can either be triggered by infection (pathogen-associated molecular patterns [PAMPS]) or result from pattern-recognition receptor activation by
damage-associated molecular patterns (DAMPs) released from stressed or necrotic cells. 2) Together with y& T cell receptor (y6 TCR) activation
by endogenous ligands (i.e., isopentenyl pyrophosphate [IPP]) or bacterial ligands, IL-1 and IL-18 can trigger IL-17 expression from y& T cells,
while 3) IL-18 fails to trigger interferon-y (IFNy) expression from NK cells due to a defective IL-18 receptor (IL-18R). 4) Similarly, systemic JIA
Th1 cells express only low levels of IFNy. Both cell types may contribute to hypophysiologic IFNy levels, potentially promoting IL-17 expression
in disease. Although a genetic association or alterations in frequencies have been reported, the pathomechanistic roles of 5) HLA-DRB1*11
(whether antigen [Ag] presentation or intracellular function) or 6) invariant NKT (iINKT) and 7) CD4+ T cells in disease progression are yet
largely unclear. Thus, current data imply that innately adaptive immune cells bridging innate and adaptive immunity rather than classic B or
T lymphocytes play a central role in promoting disease progression in systemic JIA.

be explained by the recruitment of cells from the peripheral cir- roborates findings in a murine model of systemic JIA (64). Impor-
culation to sites of inflammation (11,62). Immunologic changes in tantly, IL-1@3 is critically involved in IL-17 expression from both y&
both cell subsets have been identified to be a primary predictor of T and iNKT cells (11,65,66). In this context, it is noteworthy that
JIA (9). The y& T cells, but not Th17 lymphocytes, from patients mice lacking endogenous IL-1Ra expression develop spontane-

with systemic JIA express increased levels of IL-17, which cor- ous IL-17—-driven arthritis (67,68). In this model, y& T cells serve as
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a main source of IL-17 in inflamed joints, but require CD4+ T cells
for tissue homing (69). Concurrent reduction in circulating y& T and
IL-17/IFNy double-expressing CD4+ T cells in patients with sys-
temic JIA experiencing a flare compared to patients with disease in
remission or healthy controls (11) may indicate that this observation
is also relevant in humans. Once it occurs in the joint, inflamma-
tory Th cell activation can occur independent of conventional TCR
signaling (70). Thinking along such lines may also explain recent
findings in patients with oligoarticular or polyarticular JIA, in whom
an IL-17 signature in synovial fluid is driven by a whole potpourri of
contributors comprising y& T lymphocytes and receptor-negative
innate lymphoid cells, but also CD4+ and CD8+ lymphocytes (71).

Importantly, y& T cell expansion, but also iINKT cell activa-
tion, can be driven by IL-18. Both cell types, in contrast to CD4+
T cells, express high levels of IL-18R (11,65,72). It has been demon-
strated in both humans (35) and mice (34) that type I IFN signaling
is associated with the production of IL-18. Thus, it can be specu-
lated that tilting the IL-1/type | IFN balance toward increasing IFN
signaling in response to IL-1 blockade (19,42) may benefit IL-18-
associated effects on innate and adaptive immune cells. Indeed,
full restoration of the type I IFN/IL-1 balance inhibits autoimmunity
in NOD mice (73).

Last, S100 proteins may also play a central role in this context.
While IL-1, IL-6, and IL-18 may certainly be the main autoinflam-
mation-related effector molecules promoting adaptive immune
cell differentiation and activation in systemic JIA, these effector
cytokines are part of an S100 protein-induced sterile inflammatory
environment that promotes Th17 (74) and y& T17 cell (11) devel-
opment or directly induces autoreactive IL-17-expressing CD8+
T cells (75).

Adaptive immunity in other autoinflammatory
disease: fact or fake news?

Key pathophysiologic features of monogenic and polygenic
autoinflammatory diseases are either inflammasome dysregula-
tion leading to uncontrolled IL-1 and/or IL-18 release or molecular
defects resulting in altered type | IFN responses. While involve-
ment of innate immune mechanisms in B cell- and T cell-driven
autoimmunity is well accepted, the fate of these adaptive immune
cells in autoinflammation and related cytokine expression seems,
apart from in systemic JIA, far less clear or investigated.

About a decade ago, 2 seminal reports were published back-
to-back in a single issue of Immunity (76,77). A study of 2 mutant
NiIrp3-knockin mouse strains modeling CAPS showed that the sys-
temic inflammatory phenotype required an intact inflammasome
but was only partially dependent on IL-13 and was independent
of T cells (77). The second study suggested that a mutation in the
Nirp3 gene leading to murine CAPS resulted in massive IL-1[3 pro-
duction, augmenting Th17 differentiation and resulting in a Th17
cytokine—dominant immune response. The authors reasoned that
the investigated Nirp3 mutation results in inflammasome hyper-

activation and consequently, Th17-mediated immunopathology
in autoinflammation (76). Corresponding to these murine data,
untreated CAPS patients have elevated serum IL-17 levels and
increased Th17 cell numbers compared to healthy controls (78).
Both were reversed in response to anti-IL-1 treatment. Similarly,
TLR stimulation of monocyte-derived dendritic cells from CAPS
patients triggered enhanced secretion of IL-13 and IL-23, which
normalized after the introduction of anti-IL-1 treatment, suggesting
a central role of IL-1[3 in Th17 differentiation in human inflammatory
conditions (78). Recent data on the IL-1/IL-23-induced differenti-
ation and activation of human T cells even in the absence of TCR
engagement or costimulatory signals support this notion (53,70).

Elevated serum IL-17 levels and increased numbers of Th17
cells also occur in patients with FMF. Part of the increased secre-
tion of IL-17 was shown to be related to the deleterious homozy-
gous MEFV p.M694V genotype (79). Another study suggested
Th1 polarization in FMF patients, which could be driven by ele-
vated IL-12 and IL-18 levels in FMF patient serum (80). Finally,
in Schnitzler syndrome, a polygenic autoinflammatory condition
in adults, systemic overproduction of IL-1( translates into a pro-
found loss of antiinflammatory Th17 cell functionalities, which can
be reversed by IL-1-blocking treatment (56).

From autoinflammation to autoimmunity:
Is there something unique about systemic JIA?

Evidence of the activation of innately or classic adaptive
immune cells in autoinflammatory diseases apart from systemic
JIA is scarce, albeit the cytokine environment and pathologically
activated innate immune cells should have full potential to prime
and activate lymphocytes. Thus, it is worth exploring whether
specific mechanisms that can either promote or counteract “spill-
over” of inflammation may be uniquely involved in the pathogene-
sis of systemic JIA.

The immunoregulatory cytokine IL-10 can limit both the
duration and the intensity of PRR signaling in innate immune
cells, which also affects inflammasome-dependent IL-1 and IL-18
release (81). Indeed, IL-10 regulates the inflammasome-driven
augmentation of inflammatory arthritis and joint destruction (82).
In fact, 2 independent studies in systemic JIA cohorts showed
increased prevalence of IL 70 promoter haplotypes that encode for
low IL-10 expression (83,84). Recently, cell-specific IL-10 defects
were observed in patients with systemic JIA and in a murine dis-
ease model, resulting in insufficient IL-10 production to counter-
balance proinflamsmatory cytokines (85).

While the relevance of decreased IL-10 expression due to
genetic variations can be debated, since recent single-nucleotide
polymorphism genotype data from the 9 case-control pop-
ulations of the International Childhood Arthritis Genetics sys-
temic JIA collection could not reproduce this association (86),
data on IFNy as another potential regulatory factor in systemic
JIA appear more consistent. Reduced serum and plasma levels
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of IFNy and CXCL9, a surrogate for IFNy signaling, have been
described in systemic JIA compared to healthy controls (11,87),
and decreased IFNy-induced transcriptional signatures in sys-
temic JIA monocytes have been reported (19,88), suggesting
limited in vivo IFNy exposure. Defective IFNy release has been
observed in NK cells from patients with systemic JIA (87,89), while
Th1 cells, although increased in numbers in the peripheral blood
of patients with active disease (10,11), show a notable decrease in
intracellular IFNy expression, which is partly corrected in response
to IL-1 blockade (11). Furthermore, mice deficient in IFNy develop
systemic JIA-like disease in response to inflammatory challenge
with Freund’s complete adjuvant (64,87). Surprisingly, INKT cells
from IFNy™~ animals promote arthritis rather than protect against
inflammation (90). Similarly, iINKT cells in rheumatoid arthritis syn-
ovial fluid have been shown to express only low levels of IFNy (90),
consistent with the hypothesis that active arthritis is correlated
with a decreased cellular ability to produce this cytokine. Thus,
aberrantly low IFNy levels in concert with a dysbalanced innate
immune cell-derived proinflammatory cytokine environment in
systemic JIA may contribute to the progression to an autoimmune
phenotype with a prominent role for IL-17 (91) (Figure 2). As no
such findings have yet been reported for other autoinflammatory
conditions, this may indeed be unique to systemic JIA.

To date, the dichotomy of this very limited role of IFNy in the
arthritis of systemic JIA, compared to its prominent role in MAS,
is not understood. MAS develops in ~10-20% of patients with
systemic JIA and resembles a severe hyperinflammatory condition
characterized by a catastrophic cytokine storm resulting in multi-
ple organ failure and high mortality (for review, see ref. 36). In con-
trast to systemic JIA, IFNy as well as IFNy-induced chemokines
are markedly elevated during MAS (92), and IFNy neutralization
can revert clinical and laboratory features of MAS in a preclinical
murine model (93). Furthermore, in a pilot open-label single-arm
international study (ClinicalTrials.gov identifier: NCT03311854),
therapeutic IFNy neutralization proved effective in controling MAS
(94). What causes low IFNy expression during active systemic JIA
and whether a disturbed IL-18/IFNy axis can set the stage for
fulminant IFNy expression and signaling during MAS are intriguing
questions for future research.

Getting it right for patients: translating
molecular complexity into therapeutic strategies

In the absence of formally approved drugs for the treatment
of the majority of (ultra)rare autoinflammatory or autoimmune dis-
eases, there is no shortage of recommendations for the treatment
of more common polygenic chronic inflamsnmatory diseases. In the
current “treat-to-target” era, medical care focuses on the achieve-
ment of remission or low disease activity (95,96).

However, in many patients with systemic JIA, treatment
responses could be better if effective therapies were established
earlier. Precise definition of relevant subgroups and introduction

of tailored preventative strategies and/or treatments are the most
important and pressing challenges for translational research.
Understanding inflammatory mechanisms that drive autoimmun-
ity, especially during early disease progression, gave rise to the
“window of opportunity” paradigm (12). This strategy promises
the potential to prevent the onset of clinically manifest chronic
autoimmune/inflammatory disease in susceptible individuals.
Moreover, future use of biologic signatures to steer treat-to-
target therapies based on the involvement of autoinflammation
and/or autoimmunity will allow for disease phenotype- and/or
stage-specific individualized precision medicine. Finally, predic-
tive (demographic, clinical, genetic, serologic, etc.) markers may
allow for early intervention in susceptible individuals that can
prevent the development of chronic autoimmune/inflammatory
disease. However, finding the right balance between overtreat-
ment and undertreatment means moving along very thin lines.
Without doubt, getting it right for the patient will only be possible
if we break down dogmatic barriers dividing immune dysregu-
lation underlying inflammatory disease into antipodes of auto-
immunity or autoinflammation. Potentially, innately adaptive cell
populations and the molecules involved in their complex interplay
with both innate and adaptive immunity should be considered for
molecular characterization of disease stages and patient sub-
populations, and they may even offer attractive targets for future
therapies.
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Guidelines and recommendations developed and/or endorsed by the American College of Rheumatology (ACR) are in-
tended to provide guidance for patterns of practice and not to dictate the care of a particular patient. The ACR considers
adherence to the recommendations within this guideline to be voluntary, with the ultimate determination regarding their
application to be made by the clinician in light of each patient’s individual circumstances. Guidelines and recommenda-
tions are intended to promote beneficial or desirable outcomes, but cannot guarantee any specific outcome. Guidelines
and recommendations developed and endorsed by the ACR are subject to periodic revision, as warranted by the evo-
lution of medical knowledge, technology, and practice. ACR recommendations are not intended to dictate payment or
insurance decisions. These recommendations cannot adequately convey all uncertainties and nuances of patient care.

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

Objective. To develop an evidence-based guideline for the comprehensive management of osteoarthritis (OA) as a collabora-
tion between the American College of Rheumatology (ACR) and the Arthritis Foundation, updating the 2012 ACR recommenda-
tions for the management of hand, hip, and knee OA.

Methods. We identified clinically relevant population, intervention, comparator, outcomes questions and critical outcomes in
OA. A Literature Review Team performed a systematic literature review to summarize evidence supporting the benefits and harms of
available educational, behavioral, psychosocial, physical, mind-body, and pharmacologic therapies for OA. Grading of Recommen-
dations Assessment, Development and Evaluation methodology was used to rate the quality of the evidence. A Voting Panel, includ-
ing rheumatologists, an internist, physical and occupational therapists, and patients, achieved consensus on the recommendations.

Results. Based on the available evidence, either strong or conditional recommendations were made for or against the ap-
proaches evaluated. Strong recommendations were made for exercise, weight loss in patients with knee and/or hip OA who are
overweight or obese, self-efficacy and self-management programs, tai chi, cane use, hand orthoses for first carpometacarpal
(CMC) joint OA, tibiofemoral bracing for tibiofemoral knee OA, topical nonsteroidal antiinflammatory drugs (NSAIDs) for knee OA,
oral NSAIDs, and intraarticular glucocorticoid injections for knee OA. Conditional recommendations were made for balance exer-
cises, yoga, cognitive behavioral therapy, kinesiotaping for first CMC OA, orthoses for hand joints other than the first CMC joint,
patellofemoral bracing for patellofemoral knee OA, acupuncture, thermal modalities, radiofrequency ablation for knee OA, topical
NSAIDs, intraarticular steroid injections and chondroitin sulfate for hand OA, topical capsaicin for knee OA, acetaminophen, du-
loxetine, and tramadol.

Conclusion. This guideline provides direction for clinicians and patients making treatment decisions for the management of
OA. Clinicians and patients should engage in shared decision-making that accounts for patients’ values, preferences, and comor-
bidities. These recommendations should not be used to limit or deny access to therapies.
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INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis,
affecting an estimated 302 million people worldwide (1-5), and is
a leading cause of disability among older adults. The knees, hips,
and hands are the most commonly affected appendicular joints.
OA is characterized by pathology involving the whole joint, includ-
ing cartilage degradation, bone remodeling, osteophyte forma-
tion, and synovial inflammation, leading to pain, stiffness, swelling,
and loss of normal joint function.

As OA spans decades of a patient’s life, patients with OA
are likely to be treated with a number of different pharmaceutical
and nonpharmaceutical interventions, often in combination. This
report provides recommendations to guide patients and clinicians
in choosing among the available treatments. Certain principles of
management apply to all patients with OA (see Comprehensive
Management of OA below and Figure 1). Some recommendations
are specific to a particular joint (e.g., hip, knee, patellofemoral joint,
first carpometacarpal joint [CMC]) or particular patient populations
(e.g., those with erosive OA).

METHODS

This guideline, from the American College of Rheumatol-
ogy (ACR) and the Arthritis Foundation (AF), follows the ACR
guideline development process (https://www.rheumatology.org/
Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines),
using the Grading of Recommendations Assessment, Develop-
ment and Evaluation (GRADE) methodology to rate the quality of the
available evidence and to develop the recommendations (6). ACR
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Acetaminophen }

Duloxetine

[
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[
[
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PHARMACOLOGIC APPROACHES

Figure 1. Recommended therapies for the management of
osteoarthritis  (OA). Strongly and conditionally recommended
approaches to management of hand, knee, and/or hip OA are
shown. No hierarchy within categories is implied in the figure, with
the recognition that the various options may be used (and reused)
at various times during the course of a particular patient’s disease.
* = Exercise for knee and hip OA could include walking, strengthening,
neuromuscular training, and aquatic exercise, with no hierarchy
of one over another. Exercise is associated with better outcomes
when supervised. ** = Knee brace recommendations: tibiofemoral
(TF) brace for TF OA (strongly recommended), patellofemoral (PF)
brace for PF OA (conditionally recommended). *** = Hand orthosis
recommendations: first carpometacarpal (CMC) joint neoprene
or rigid orthoses for first CMC joint OA (strongly recommended),
orthoses for joints of the hand other than the first CMC joint
(conditionally recommended). RFA = radiofrequency ablation;
NSAIDs = nonsteroidal antiinflammatory drugs; IA = intraarticular.

controlled trials (RCTs), rather than focusing on systematic
reviews and meta-analyses published by others, as was done
for the 2012 ACR recommendations for the use of nonpharma-
cologic and pharmacologic therapies in hand, hip, and knee
OA (7). Systematic reviews of observational studies published
by others were included if, in the opinion of the Voting Panel,
they added critical information for the formulation of a recom-
mendation: for example, related to adverse effects that may
not be seen in shorter-duration RCTs. Subsequent updates of
this guideline will consider studies included here and new RCTs
published since completion of the literature review for the cur-
rent publication.

Although RCTs are considered the gold standard for evalu-
ation, a number of limitations of RCTs proved particularly impor-
tant in the formulation of the final recommendations: possible
publication bias (favoring publication of positive results), inade-
quate blinding, and inadequate provision of active comparators
and appropriate sham alternatives. Further, short-duration RCTs
cannot provide adequate prognostic information when applied
to a complex disease such as OA, in which pathophysiologic
processes are slowly progressive over decades.

We focused on management options that are available in the
US and, for pharmacologic therapies, we additionally focused on
agents that are available in pharmaceutical-grade formulations,
thus eliminating most nutraceuticals. We limited our review to the
English-language literature. We reviewed www.clinicaltrials.gov to
identify phase 2 and 3 trials that may be far enough along to be
US Food and Drug Administration (FDA)-approved and available
by the time this guideline was published.

A hierarchy of outcome measures assessing pain and
function in OA was developed based on the published literature
(8,9). This hierarchy is detailed in Supplementary Appendix 1
(http://onlinelibrary.wiley.com/doi/10.1002/art.41142/abstract).

Using GRADE, a recommendation can be either in favor
of or against the proposed intervention and either strong or
conditional (10,11). The strength of the recommendation is
based on a 70% consensus among the Voting Panel mem-
bers. Much of the evidence proved indirect (did not specifically
address the PICO question as written) and of low-to-moderate
quality (12,13). The Voting Panel made strong recommenda-
tions when it inferred compelling evidence of efficacy and that
benefits clearly outweighed harms and burdens. Thus, a strong
recommendation means that the Voting Panel was confident
that the desirable effects of following the recommendation
outweigh potential undesirable effects (or vice versa), so the
course of action would apply to all or almost all patients, and
only a small proportion of patients would not want to follow the
recommendation.

The Voting Panel made conditional recommendations
when the quality of the evidence proved low or very low and/
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or the balance of benefits versus harms and burdens was suffi-
ciently close that shared decision-making between the patient
and the clinician would be particularly important. Conditional
recommendations are those for which the majority of informed
patients would choose to follow the recommended course of
action, but some would not (14,15). Thus, conditional recom-
mendations are particularly value- and preference-sensitive
and always warrant a full shared decision-making approach
involving a complete and clear explication of benefits, harms,
and burdens in language and in a context that patients under-
stand (16). Where recommendations are made regarding
a particular approach, details and references regarding that
approach can be found in the Evidence Report (Supplemen-
tary Appendix 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.41142/abstract).

RESULTS/RECOMMENDATIONS
Comprehensive management of OA

A comprehensive plan for the management of OA in an
individual patient may include educational, behavioral, psycho-
social, and physical interventions, as well as topical, oral, and
intraarticular medications. Recommendations assume appropri-
ate application of physical, psychological, and/or pharmacologic
therapies by an appropriate provider. Goals of management and
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principles for implementing those goals have broad applicability
across patients. However, for some patients at some time points,
a single physical, psychosocial, mind-body, or pharmacologic
intervention may be adequate to control symptoms; for others,
multiple interventions may be used in sequence or in combina-
tion. Which interventions and the order in which interventions
are used will vary among patients. An overview of a general
approach to management of OA is outlined in Figure 1 for rec-
ommended options, but no specific hierarchy of one option over
another is implied other than on the basis of strength of the rec-
ommendation. Figure 2 summarizes the approaches that were
not recommended.

Treatment decisions should take the personal beliefs and
preferences of the patient, as well as the patient’s medical sta-
tus, into consideration. This guideline applies to patients with
OA with no specific contraindications to the recommended
therapies. However, each patient should be assessed for the
presence of medical conditions, such as hypertension, cardi-
ovascular disease, heart failure, gastrointestinal bleeding risk,
chronic kidney disease, or other comorbidities, that might have
an impact on their risk of side effects from certain pharmacologic
agents, as well as injuries, disease severity, surgical history, and
access to and availability of services (transportation, distance,
ability to take time off work, cost, insurance coverage) that might
have an impact on the choice of physical, psychological, and
mind-body approaches. It is assumed that such an assessment
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Figure 2. Therapies recommended against (physical, psychosocial, and mind-body approaches [A] and pharmacologic approaches [B])
in the management of hand, knee, and/or hip osteoarthritis. No hierarchy within categories is implied in the figure. TENS = transcutaneous
electrical nerve stimulation; TNF = tumor necrosis factor; IL-1 = interleukin-1; PRP = platelet-rich plasma; IA = intraarticular.
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will be performed prior to finalization of an individual treatment
plan. When choosing among pharmacologic therapies, man-
agement should begin with treatments with the least systemic
exposure or toxicity.

Patients may experience a variety of additional symptoms
as a result of the pain and functional limitations arising from
OA and/or comorbidities. These include mood disorders, such
as depression and anxiety, altered sleep, chronic widespread
pain, and impaired coping skills. The Patient Panel noted that
the broader impact of OA on these comorbidities is of particular
importance when choosing among treatment options and best
addressed by a multimodal treatment plan, rather than one that
is limited to the prescription of a single medication. Measures
aimed at improving mood, reducing stress, addressing insom-
nia, managing weight, and enhancing fithess may improve the
patient’s overall well-being and OA treatment success. Indeed,
interventions that have proven beneficial in the management of
chronic pain may prove useful in OA (17) even when data specific
to patients with OA are limited.

Unless otherwise specified, recommendations regarding
physical, psychosocial, and mind-body approaches assume that
the patient will be adding the intervention to usual care. For the
purposes of this guideline, usual care includes the use of maxi-
mally recommended or safely tolerated doses of over-the coun-
ter oral nonsteroidal antiinflammatory drugs (NSAIDs) and/or
acetaminophen, as has generally been explicitly permitted in clini-
cal trials of nonpharmacologic interventions.

Physical, psychosocial, and mind-body approaches
(Table 1)

During the GRADE analysis, clinical trials involving physical
modalities and mind-body approaches were often designated
as yielding low-quality evidence because blinding with regard to
the active treatment was not always possible. This contributed
to a preponderance of conditional recommendations for physical
modalities and mind-body approaches. The delivery of instruction
by physical and occupational therapists is helpful, and often essen-
tial, for the appropriate initiation and maintenance of exercise as
a part of OA management. In addition to exercise, physical and
occupational therapists often incorporate self-efficacy and self-
management training, thermal therapies, and instruction in use of
and fitting of splints and braces in their practices. Most patients
with OA are likely to experience benefit from referral to physical
therapy and/or occupational therapy at various times during the
course of their disease.

Exercise is strongly recommended for patients with
knee, hip, and/or hand OA.

Though exercise is strongly recommended for all OA patients,
there is considerably more evidence for the use of exercise in the
treatment of knee and hip OA than for hand OA, and the vari-
ety of exercise options studied is far greater. While patients and
providers seek recommendations on the “best” exercise and the
ideal dosage (duration, intensity, and frequency), current evidence

Table 1. Recommendations for physical, psychosocial, and mind-body approaches for the management of oste-

oarthritis of the hand, knee, and hip

Joint

Intervention

Hand

Knee Hip

Exercise

Balance training

Weight loss

Self-efficacy and self-management programs

Tai chi

Yoga

Cognitive behavioral therapy

Cane

Tibiofemoral knee braces

(Tibiofemoral)

Patellofemoral braces

(Patellofemoral)

Kinesiotaping

(First carpometacarpal)

Hand orthosis

(First carpometacarpal)

Hand orthosis

(Other joints)

Modified shoes

Lateral and medial wedged insoles

Acupuncture

Thermal interventions

Paraffin

Radiofrequency ablation

Massage therapy

Manual therapy with/without exercise

lontophoresis

(First carpometacarpal)

Pulsed vibration therapy

Transcutaneous electrical nerve stimulation

[ Strongly recommended

Conditionally recommended
Strongly recommended against
Conditionally recommended against

| No recommendation




ACR/AF GUIDELINE FOR MANAGEMENT OF HAND, HIP, AND KNEE OA

225

is insufficient to recommend specific exercise prescriptions.
Broad recommendations suggesting one form of exercise over
another are based largely on expert opinion. A substantial body
of literature (see Evidence Report, Supplementary Appendix 2
[http://onlinelibrary.wiley.com/doi/10.1002/art.41142/abstract])
supports a wide range of appropriate exercise options and sug-
gests that the vast majority of OA patients can participate in,
and benefit from with regard to pain and function, some form
of exercise. Exercise recommendations to patients should focus
on the patient’s preferences and access, both of which may be
important barriers to participation. If a patient does not find a cer-
tain form of exercise acceptable or cannot afford to participate or
arrange transportation to participate, he or she is not likely to get
any benefit from the suggestion to pursue that exercise.

In the majority of studies that assessed the role of aerobic
exercise in the management of OA, walking was the most com-
mon form of exercise evaluated, either on a treadmill or as super-
vised, community-based, indoor fithess walking. Other studies
used supervised group cycling on stationary bicycles. Strengthe-
ning exercises have included the use of isokinetic weight machines,
resistance exercise training with and without props such as elastic
bands, and isometric exercise. Neuromuscular training has been
developed to address muscle weakness, reduced sensorimotor
control, and functional instability specifically seen with knee OA, with
a series of dynamic maneuvers of increased complexity. Aquatic
exercise often encompasses aspects of aerobic fitness exercises
and exercises for enhancing joint range of motion, in a low-impact
environment.

A specific hierarchy of these various forms of exercise could
not be discerned from the literature. Patient participants on the
Patient and Voting Panels raised the concern that patients who
are in pain might be hesitant to participate in exercise. There is
no uniformly accepted level of pain at which a patient should or
should not exercise, and a common-sense approach of shared
decision-making between the treating clinician and the patient
regarding when to initiate an exercise program is advisable. How-
ever, clinical trials of exercise for OA include patients with pain and
functional limitations due to OA, and improvements in OA-specific
outcomes have been demonstrated; thus, results are likely to be
generalizable to most patients with pain due to OA.

Although there is currently insufficient evidence to recom-
mend one form of exercise over another, patients will likely ben-
efit from advice that is as specific as possible, rather than simple
encouragement to exercise. Given the wide range of evidence-
based exercise interventions shown to effectively improve pain
and function in OA, all patients should be encouraged to consider
some form of exercise as a central part of their treatment plan.
Individual preferences, access, and affordability are likely to play
a role in what works best for an individual patient. Overall, exer-
cise programs are more effective if supervised, often by physical
therapists and sometimes in a class setting, rather than when
performed by the individual at home. They also tend to be more

effective when combined with self-efficacy and self-management
interventions or weight loss programs.

Few studies have employed monitoring devices or pre- and
postintervention assessment of cardiovascular or musculoskeletal
fitness, so targets using these devices or assessments are not
available. Future research is essential to establish specific exercise
guidelines that will direct the patient and provider toward more
individualized exercise prescriptions.

Balance exercises are conditionally recommended for
patients with knee and/or hip OA.

Balance exercises include those that improve the ability to
control and stabilize body position (American Physical Therapy
Association: http://www.apta.org/BalanceFalls/). Although one
might expect balance exercises to help reduce the risk of falls in
patients with OA, RCTs to date have not addressed this outcome
in this population, and the low quality of evidence addressing the
use of balance exercises necessitates only a conditional recom-
mendation for balance exercises.

Weight loss is strongly recommended for patients with
knee and/or hip OA who are overweight or obese.

A dose-response has been noted with regard to the amount
of weight loss that will result in symptom or functional improvement
in patients with OA (18). A loss of >5% of body weight can be
associated with changes in clinical and mechanistic outcomes.
Furthermore, clinically important benefits continue to increase with
weight loss of 5-10%, 10-20%, and >20% of body weight. The
efficacy of weight loss for OA symptom management is enhanced
by use of a concomitant exercise program.

Self-efficacy and self-management programs are strongly
recommended for patients with knee, hip, and/or hand OA.

Although effect sizes are generally small, the benefits of
participation in self-efficacy and self-management programs are
consistent across studies, and risks are minimal. These programs
use a multidisciplinary group-based format combining sessions
on skill-building (goal-setting, problem-solving, positive thinking),
education about the disease and about medication effects and
side effects, joint protection measures, and fitness and exercise
goals and approaches. Health educators, National Commission
for Certification Services—certified fitness instructors, nurses,
physical therapists, occupational therapists, physicians, and
patient peers may lead the sessions, which can be held in person
or online. In the studies reviewed, sessions generally occurred 3
times weekly, but varied from 2 to 6 times weekly.

Tai chi is strongly recommended for patients with knee
and/or hip OA.

Tai chi is a traditional Chinese mind-body practice that com-
bines meditation with slow, gentle, graceful movements, deep
diaphragmatic breathing, and relaxation. The efficacy of tai chi may
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reflect the holistic impact of this mind-body practice on strength,
balance, and fall prevention, as well as on depression and self-
efficacy.

Yoga is conditionally recommended for patients with
knee OA.

Yoga is a mind-body practice with origins in ancient Indian
philosophy and typically combines physical postures, breath-
ing techniques, and meditation or relaxation (National Center for
Complementary and Integrative Health [NCCIH]: https://nccih.
nih.gov/health/yoga). Though far less well studied than tai chi,
yoga may be helpful in OA through a similar blend of physical and
psychosocial factors. Due to lack of data, no recommmendation
can be made regarding use of yoga to help manage symptoms
of hip OA. Other mind-body practices could not be assessed due
to insufficient evidence, as well as a lack of standard definitions of
certain interventions (hypnosis, gi gong).

Cognitive behavioral therapy (CBT) is conditionally
recommended for patients with knee, hip, and/or hand OA.

There is a well-established body of literature (19,20) sup-
porting the use of CBT in chronic pain conditions, and CBT
may have relevance for the management of OA. Trials have
demonstrated improvement in pain, health-related quality of life,
negative mood, fatigue, functional capacity, and disability in con-
ditions other than OA. In OA, limited evidence suggests that CBT
may reduce pain (21). Further research is needed to establish
whether or not benefits in OA are related to alteration in mood,
sleep, coping, or other factors that may co-occur with, result
from, or be a part of the experience of OA (22).

Cane use is strongly recommended for patients with
knee and/or hip OA in whom disease in 1 or more joints
is causing a sufficiently large impact on ambulation, joint
stability, or pain to warrant use of an assistive device.

Tibiofemoral knee braces are strongly recommended for
patients with knee OA in whom disease in 1 or both knees is
causing a sufficiently large impact on ambulation, joint sta-
bility, or pain to warrant use of an assistive device, and who
are able to tolerate the associated inconvenience and burden
associated with bracing.

Patellofemoral braces are conditionally recommended for
patients with patellofemoral knee OA in whom disease in 1 or
both knees is causing a sufficiently large impact on ambula-
tion, joint stability, or pain to warrant use of an assistive device.

The recommendation is conditional due to the variability in
results across published trials and the difficulty some patients will
have in tolerating the inconvenience and burden of these braces.
Optimal management with knee bracing is likely to require that cli-
nicians are familiar with the various types of braces and where

they are available and have expertise in fitting the braces. Patient
Voting Panel members strongly emphasized the importance of
coordination of care between primary care providers, specialists,
and providers of braces.

Kinesiotaping is conditionally recommended for patients
with knee and/or first CMC joint OA.

Kinesiotaping permits range of motion of the joint to which
it is applied, in contrast to a brace, which maintains the joint in a
fixed position. Published studies have examined various products
and methods of application, and blinding with regard to use is not
possible, thereby limiting the quality of the evidence.

Hand orthoses are strongly recommended for patients
with first CMC joint OA.

Hand orthoses are conditionally recommended for pa-
tients with OA in other joints of the hand.

A variety of mechanical supports are available, including
digital orthoses, ring splints, and rigid or neoprene orthoses,
some of which are intended for specifically affected joints (e.g.,
first CMC joint, individual digits, wrist) and some of which sup-
port the entire hand. In addition, gloves may offer benefit by
providing warmth and compression to the joints of the hand.
Data are insufficient to recommend one type of orthosis over
another for use in the hand. Patients considering these inter-
ventions will likely benefit from evaluation by an occupational
therapist.

Modified shoes are conditionally recommended against
in patients with knee and/or hip OA.

Modifications to shoes can be intended to alter the bio-
mechanics of the lower extremities and the gait. While optimal
footwear is likely to be of considerable importance for those
with knee and/or hip OA, the available studies do not define the
best type of footwear to improve specific outcomes for knee or
hip OA.

Lateral and medial wedged insoles are conditionally rec-
ommended against in patients with knee and/or hip OA.

The currently available literature does not demonstrate clear
efficacy of lateral or medial wedged insoles.

Acupuncture is conditionally recommended for patients
with knee, hip, and/or hand OA.

Although alarge number of trials have addressed the use of
acupuncture for OA, its efficacy remains a subject of controversy.
Issues related to the use of appropriate blinding, the validity of
sham controls, sample size, effect size, and prior expectations
have arisen with regard to this literature. Variability in the results
of RCTs and meta-analyses is likely driven, in part, by differ-
ences in the type of controls and the intensity of the control
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interventions used. In addition, the benefits of acupuncture
result from the large contextual effect plus small differences in
outcomes between “true” and “sham” acupuncture. The latter
is of the same magnitude as the effect of full-dose acetami-
nophen versus placebo. The greatest number of positive trials
with the largest effect sizes have been carried out in knee OA.
Positive trials and meta-analyses have also been published
in a variety of other painful conditions and have indicated
that acupuncture is effective for analgesia. While the “true”
magnitude of effect is difficult to discern, the risk of harm is
minor, resulting in the Voting Panel providing a conditional
recommendation.

Thermal interventions (locally applied heat or cold) are
conditionally recommended for patients with knee, hip, and/
or hand OA.

The method of delivery of thermal interventions varies
considerably in published reports, including moist heat, dia-
thermy (electrically delivered heat), ultrasound, and hot and
cold packs. Studies using diathermy or ultrasound were more
likely to be sham controlled than those using other heat delivery
modalities. The heterogeneity of modalities and short duration
of benefit for these interventions led to the conditional recom-
mendation.

Paraffin, an additional method of heat therapy for the
hands, is conditionally recommended for patients with hand
OA.

Radiofrequency ablation is conditionally recommended
for patients with knee OA.

A number of studies have demonstrated potential analgesic
benefits with various ablation techniques but, because of the het-
erogeneity of techniques and controls used and lack of long-term
safety data, this recommendation is conditional.

Massage therapy is conditionally recommended against
in patients with knee and/or hip OA.

Massage therapy encompasses a number of techniques
aimed at affecting muscle and other soft tissue (NCCIH:
https://nccih.nih.gov/health/massage/massageintroduction.
htm#hed2). Studies addressing massage have suffered from
high risk of bias, have included small numbers of patients,
and have not demonstrated benefit for OA-specific outcomes.
Patient participants on the Patient and Voting Panels noted
that some studies have shown positive outcomes and minimal
risk and felt strongly that massage therapy was beneficial for
symptom management (23). However, based on the available
evidence regarding OA specifically, a conditional recommenda-
tion against the use of massage for reduction of OA symptoms
is made, though the Voting Panel acknowledged that massage
may have other benefits.

Manual therapy with exercise is conditionally recom-
mended against over exercise alone in patients with knee
and/or hip OA.

Manual therapy techniques may include manual lymphatic
drainage, manual traction, massage, mobilization/manipulation,
and passive range of motion and are always used in conjunction
with exercise (http://guidetoptpractice.apta.org/content/1/SEC38.
extract). A limited number of studies have addressed manual ther-
apy added to exercise versus exercise alone in hip and knee OA.
Although manual therapy can be of benefit for certain conditions,
such as chronic low back pain, limited data in OA show little addi-
tional benefit over exercise alone for managing OA symptoms.

lontophoresis is conditionally recommended against in
patients with first CMC joint OA.

There are no published RCTs evaluating iontophoresis for OA
in any anatomic location.

Pulsed vibration therapy is conditionally recommended
against in patients with knee OA.

Few trials have addressed pulsed vibration therapy, and
in the absence of adequate data, we conditionally recommend
against its use.

Transcutaneous electrical stimulation (TENS) is strongly
recommended against in patients with knee and/or hip OA.

Studies examining the use of TENS have been of low quality
with small size and variable controls, making comparisons across
trials difficult. Studies have demonstrated a lack of benefit for knee
OA.

Pharmacologic management (Table 2)

RCTs of pharmacologic agents may be subject to a variety
of limitations, including generalizability of their findings across
patients. Publication bias may reduce the likelihood that negative
trials will become part of the published literature. Statistically sig-
nificant findings may represent benefits so small that they are not
clinically important to patients. We have highlighted these consid-
erations where relevant.

Topical NSAIDs are strongly recommended for patients
with knee OA and conditionally recommended for patients
with hand OA.

In keeping with the principle that medications with the
least systemic exposure (i.e., local therapy) are preferable,
topical NSAIDs should be considered prior to use of oral
NSAIDs (24). Practical considerations (e.g., frequent hand
washing) and the lack of direct evidence of efficacy in the
hand lead to a conditional recommendation for use of topical
NSAIDs in hand OA. In hip OA, the depth of the joint beneath
the skin surface suggests that topical NSAIDs are unlikely to
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Table 2. Recommendations for the pharmacologic management of osteoarthritis of the hand, knee, and hip

Intervention

Joint

Hand Knee Hip

Topical nonsteroidal antiinflammatory drugs

Topical capsaicin

Oral nonsteroidal antiinflammatory drugs

Intraarticular glucocorticoid injection

Ultrasound-guided intraarticular glucocorticoid injection

Intraarticular glucocorticoid injection compared to other injections

Acetaminophen

Duloxetine

Tramadol

Non-tramadol opioids

Colchicine

Fish oil

Vitamin D

Bisphosphonates

Glucosamine

Chondroitin sulfate

Hydroxychloroquine

Methotrexate

Intraarticular hyaluronic acid injection

(First carpometacarpal)

Intraarticular botulinum toxin

Prolotherapy

Platelet-rich plasma

Stem cell injection

Biologics (tumor necrosis factor inhibitors, interleukin-1 receptor antagonists)

Strongly recommended

Conditionally recommended
Strongly recommended against
Conditionally recommended against

| No recommendation

confer benefit, and thus, the Voting Panel did not examine
use in hip OA.

Topical capsaicin is conditionally recommended for
patients with knee OA and conditionally recommended
against in patients with hand OA.

Topical capsaicin is conditionally recommended for treat-
ment of knee OA due to small effect sizes and wide confidence
intervals in the available literature. We conditionally recommend
against the use of topical capsaicin in hand OA because of a
lack of direct evidence to support use, as well as a potentially
increased risk of contamination of the eye with use of topical
capsaicin to treat hand OA. In hip OA, the depth of the joint
beneath the skin surface suggests that topical capsaicin is
unlikely to have a meaningful effect, and thus, the Voting Panel
did not examine use of topical capsaicin in hip OA. Insufficient
data exists to make recommendations about the use of topical
lidocaine preparations in OA.

Oral NSAIDs are strongly recommended for patients with
knee, hip, and/or hand OA.

Oral NSAIDs remain the mainstay of the pharmacologic man-
agement of OA, and their use is strongly recommended. A large
number of trials have established their short-term efficacy. Oral
NSAIDs are the initial oral medication of choice in the treatment of

OA, regardless of anatomic location, and are recommended over
all other available oral medications.

While this guideline did not address the relative merits of dif-
ferent NSAIDs, there is evidence suggesting that certain agents
may have more favorable side effect profiles than others (25-27).
Clinical considerations aimed at risk mitigation for the safe use of
NSAIDs, such as appropriate patient selection, regular monitoring
for the development of potential adverse gastrointestinal, cardio-
vascular, and renal side effects and potential drug interactions, were
not specifically included in the GRADE process for the formulation of
recommendations. Doses should be as low as possible, and NSAID
treatment should be continued for as short a time as possible.

Intraarticular glucocorticoid injections are strongly rec-
ommended for patients with knee and/or hip OA and condi-
tionally recommended for patients with hand OA.

Trials of intraarticular glucocorticoid injections have demon-
strated short-term efficacy in knee OA. Intraarticular glucocorti-
coid injection is conditionally, rather than strongly, recommended
for hand OA given the lack of evidence specific to this anatomic
location. There are insufficient data to judge the choice of short-
acting over long-acting preparations or the use of low rather than
high doses. A recent report (28) raised the possibility that specific
steroid preparations or a certain frequency of steroid injections
may contribute to cartilage loss, but the Voting Panel was uncer-
tain of the clinical significance of this finding, particularly since
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change in cartilage thickness was not associated with a worsen-
ing in pain, functioning, or other radiographic features.

Ultrasound guidance for intraarticular glucocorticoid
injection is strongly recommended for injection into hip joints.

When available, ultrasound guidance for steroid injection
may help ensure accurate drug delivery into the joint, but is not
required for knee and hand joints. However, imaging guidance for
injection into hip joints is strongly recommended.

Intraarticular glucocorticoid injections versus other injec-
tions are conditionally recommended for patients with knee,
hip, and/or hand OA.

In OA generally, intraarticular glucocorticoid injection is con-
ditionally recommended over other forms of intraarticular injection,
including hyaluronic acid preparations. Head-to-head compari-
sons are few, but the evidence for efficacy of glucocorticoid injec-
tions is of considerably higher quality than that for other agents.

Acetaminophen is conditionally recommended for patients
with knee, hip, and/or hand OA.

In clinical trials, the effect sizes for acetaminophen are very small,
suggesting that few of those treated experience important benefit,
and meta-analysis has suggested that use of acetaminophen as
monotherapy may be ineffective (29). Longer-term treatment is no
better than treatment with placebo for most individuals. Members
of the Patient Panel noted that, for most individuals, acetaminophen
is ineffective. For those with limited pharmacologic options due to
intolerance of or contraindications to the use of NSAIDs, acetami-
nophen may be appropriate for short-term and episodic use. Regu-
lar monitoring for hepatotoxicity is required for patients who receive
acetaminophen on a regular basis, particularly at the recommended
maximum dosage of 3 gm daily in divided doses.

Duloxetine is conditionally recommended for patients
with knee, hip, and/or hand OA.

While studied primarily in the knee, the effects of duloxetine
may plausibly be expected to be similar for OA of the hip or hand.
While a variety of centrally acting agents (e.g., pregabalin, gab-
apentin, selective serotonin reuptake inhibitors, serotonin norepi-
nephrine reuptake inhibitors, and tricyclic antidepressants) have
been used in the management of chronic pain, only duloxetine has
adequate evidence on which to base recommendations for use
in OA. However, in considering all the ways in which OA may be
affecting an individual patient, shared decision-making between
the physician and patient may include consideration of any of
these agents. Considering the utility of these agents in pain man-
agement generally, their use may be an appropriate target of future
investigations specific to OA. Evidence suggests that duloxetine
has efficacy in the treatment of OA when used alone or in combi-
nation with NSAIDs; however, there are issues regarding tolerabil-
ity and side effects. No recommendations were made for the other

centrally acting agents due to lack of direct studies of relevance
in OA.

Tramadol is conditionally recommended for patients with
knee, hip, and/or OA.

Recent work has highlighted the very modest level of ben-
eficial effects in the long-term (8 months to 1 year) management
of non-cancer pain with opioids (30). Nonetheless, there are cir-
cumstances in which tramadol or other opioids may be appropriate
in the treatment of OA, including when patients may have con-
traindications to NSAIDs, find other therapies ineffective, or have
no available surgical options. Patient Panel input demonstrated
a high level of understanding concerning addiction potential, but
also included an appreciation for the role of these agents when
other pharmacologic and physical options have been ineffective.
However, RCT evidence addressing the use of tramadol and other
opioids for periods longer than 1 year is not available. Clinical trials
have demonstrated some symptomatic efficacy, though concerns
regarding potential adverse effects remain. If an opioid is being
considered, tramadol is conditionally recommended over non-
tramadol opioids.

Non-tramadol opioids are conditionally recommended
against in patients with knee, hand, and/or hip OA with the
recognition that they may be used under certain circum-
stances, particularly when alternatives have been exhausted.

As noted above, evidence suggests very modest benefits of
long-term opioid therapy and a high risk of toxicity and depen-
dence. Use of the lowest possible doses for the shortest possible
length of time is prudent, particularly since a recent systematic
review and meta-analysis suggests that less pain relief occurs dur-
ing longer trials in the treatment of non-cancer chronic pain (30).

Colchicine is conditionally recommended against in
patients with knee, hip, and/or hand OA.

Two very small studies have suggested analgesic benefit of
colchicine in OA, but the quality of the data was low. In addition,
potential adverse effects, as well as drug interactions, may occur
with use of colchicine.

Fish oil is conditionally recommended against in patients
with knee, hip, and/or hand OA.

Fish oil is the most commonly used dietary supplement in the
US (31). Despite its popularity, only 1 published trial has addressed
its potential role in OA. This study failed to show efficacy of a
higher dose of fish oil over a lower dose.

Vitamin D is conditionally recommended against in
patients with knee, hip, and/or hand OA.

A number of trials in OA demonstrated small effect sizes
with vitamin D treatment, while others have shown no benefit and
pooling data across studies yielded null results. In addition, limited
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and questionable health benefits from vitamin D supplementation
have been suggested in other contexts (32,33).

Bisphosphonates are strongly recommended against in
patients with knee, hip, and/or hand OA.

Though a single small study of an oral bisphosphonate sug-
gested a potential analgesic benefit in OA, the preponderance of
data shows no improvement in pain or functional outcomes.

Glucosamine is strongly recommended against in pa-
tients with knee, hip, and/or hand OA.

Pharmaceutical-grade preparations of glucosamine are
available and have been studied in multiple trials. However,
discrepancies in efficacy reported in studies that were industry
sponsored as opposed to publicly funded have raised serious
concerns about publication bias (34,35). In addition, there is
a lack of a clear biologic understanding of how efficacy would
vary with the type of salt studied. The data that were deemed to
have the lowest risk of bias fail to show any important benefits
over placebo. These recommendations represent a change from
the prior conditional recommendation against the use of glu-
cosamine. The weight of the evidence indicates a lack of efficacy
and large placebo effects. Nonetheless, glucosamine remains
among the most commonly used dietary supplements in the
US (31), and clinicians should be aware that many patients per-
ceive that glucosamine is efficacious. Patients also often perceive
that different glucosamine formulas are associated with different
degrees of efficacy and seek advice on brands and manufactur-
ers. The potential toxicity of glucosamine is low, though some
patients exposed to glucosamine may show elevations in serum
glucose levels (36).

Chondroitin sulfate is strongly recommended against in
patients with knee and/or hip OA as are combination prod-
ucts that include glucosamine and chondroitin sulfate, but is
conditionally recommended for patients with hand OA.

A single trial suggested analgesic efficacy of chondroitin sul-
fate, without evidence of harm, in hand OA.

Hydroxychloroquine is strongly recommended against in
patients with knee, hip, and/or hand OA.

Well-designed RCTs of hydroxychloroquine, conducted in
the subset of patients with erosive hand OA, have demonstrated
no efficacy.

Methotrexate is strongly recommended against in pa-
tients with knee, hip, and/or hand OA.

Well-designed RCTs of methotrexate, conducted in the subset
of patients with erosive hand OA, have demonstrated no efficacy.

Intraarticular hyaluronic acid injections are conditionally
recommended against in patients with knee and/or first CMC
joint OA and strongly recommended against in patients with
hip OA.

In prior systematic reviews, apparent benefits of hyaluronic
acid injections in OA have been reported. These reviews have not,
however, taken into account the risk of bias of the individual pri-
mary studies. Our review showed that benefit was restricted to
the studies with higher risk of bias: when limited to trials with low
risk of bias, meta-analysis has shown that the effect size of hyal-
uronic acid injections compared to saline injections approaches
zero (37). The finding that best evidence fails to establish a benefit,
and that harm may be associated with these injections, motivated
the recommendation against use of this treatment.

Many providers want the option of using hyaluronic acid injec-
tions when glucocorticoid injections or other interventions fail to
adequately control local joint symptoms. In clinical practice, the
choice to use hyaluronic acid injections in the knee OA patient who
has had an inadequate response to nonpharmacologic therapies,
topical and oral NSAIDs, and intraarticular steroids may be viewed
more favorably than offering no intervention, particularly given the
impact of the contextual effects of intraarticular hyaluronic acid
injections (38). The conditional recommendation against is con-
sistent with the use of hyaluronic acid injections, in the context
of shared decision-making that recognizes the limited evidence
of benefit of this treatment, when other alternatives have been
exhausted or failed to provide satisfactory benefit. The conditional
recommendation against is not intended to influence insurance
coverage decisions.

In contrast, the evidence of lack of benefit is of higher
quality with respect to hyaluronic acid injection in the hip. We
therefore strongly recommend against hyaluronic acid injec-
tions in hip OA.

Intraarticular botulinum toxin injections are conditionally
recommended against in patients with knee and/or hip OA.

The small number of trials of intraarticular botulinum toxin
treatment in knee or hip OA suggest a lack of efficacy. This treat-
ment has not been evaluated in hand OA and, therefore, no
recommendation is made with regard to OA of the hand.

Prolotherapy is conditionally recommended against in
patients with knee and/or hip OA.

A limited number of trials involving a small number of partici-
pants have shown small effect sizes of prolotherapy in knee or hip
OA. However, injection schedules, injection sites, and compara-
tors have varied substantially between trials. This treatment has
not been evaluated in hand OA and, therefore, no recommenda-
tion is made with regard to OA of the hand.
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Platelet-rich plasma treatment is strongly recommended
against in patients with knee and/or hip OA.

In contrast to intraarticular therapies discussed above, there is
concern regarding the heterogeneity and lack of standardization in
available preparations of platelet-rich plasma, as well as techniques
used, making it difficult to identify exactly what is being injected.
This treatment has not been evaluated in hand OA and, therefore,
no recommendation is made with regard to OA of the hand.

Stem cell injections are strongly recommended against
in patients with knee and/or hip OA.

There is concern regarding the heterogeneity and lack of
standardization in available preparations of stem cell injections, as
well as techniques used. This treatment has not been evaluated in
hand OA and, therefore, no recommendation is made with regard
to OA of the hand.

Tumor necrosis factor inhibitors and interleukin-1 recep-
tor antagonists are strongly recommended against in patients
with knee, hip, and/or hand OA.

Tumor necrosis factor inhibitors and interleukin-1 receptor
antagonists have been studied in trials using both subcutaneous
and intraarticular routes of administration. Efficacy has not been
demonstrated, including in erosive hand OA. Therefore, given their
known risks of toxicity, we strongly recommended against their
use for any form of OA.

Initial observations addressing the use of anti-nerve growth
factor (anti-NGF) agents suggest that significant analgesic benefits
may occur but that incompletely explained important safety issues
may arise. A small subset of patients treated with these agents
had rapid joint destruction leading to early joint replacement. The
FDA temporarily halted clinical trials of anti-NGF as a result, but
trials have since resumed, with ongoing collection of longer-term
efficacy and safety data. As none of these agents were approved
for use by the FDA and the longer-term data were not available at
the time of the literature review and Voting Panel meeting, we are
unable to make recommendations regarding the use of anti-NGF
therapy.

DISCUSSION

These 2019 ACR/AF recommendations for the manage-
ment of OA are based on the best available evidence of ben-
efit, safety, and tolerability of physical, educational, behavioral,
psychosocial, mind-body, and pharmacologic interventions, as
well as the consensus judgment of clinical experts. The GRADE
approach used provided a comprehensive, explicit, and trans-
parent methodology for developing recommendations for OA
management. The choice of any single or group of interventions
may vary over the course of the disease or with patient and
provider preferences, and is optimally arrived at through shared
decision-making.

The Voting Panel made strong recommendations for patients
to participate in a regular, ongoing exercise program. The litera-
ture provides support for choice from a broad menu of exercises
for patients with OA. The effectiveness of an exercise program
is enhanced when patient preferences and access to exercise
programs are considered, as well as when they are supervised
or coupled with self-efficacy, self-management, and weight loss
programs. Strong recommendations were also made for weight
loss in patients with knee and/or hip OA who are overweight
or obese, self-efficacy and self-management programs, tai chi,
cane use, first CMC joint orthoses, tibiofemoral bracing, topical
NSAIDs for knee OA and oral NSAIDs for hand, knee, and/or
hip OA, and intraarticular glucocorticoid injections for knee and/
or hip OA. The Voting Panel made conditional recommenda-
tions for balance exercises, yoga, CBT, kinesiotaping, orthoses
for hand joints other than the first CMC, patellofemoral bracing,
acupuncture, thermal modalities, radiofrequency ablation, topical
NSAIDs, intraarticular steroid injections and chondroitin sulfate for
hand OA, topical capsaicin for knee OA, acetaminophen, dulox-
etine, and tramadol. The recommendations provide an array of
options for a comprehensive approach for optimal management
of OA encompassing the use of educational, physical, behavioral,
psychosocial, mind-body, and pharmacologic interventions. The
availability, accessibility, and affordability of some of these inter-
ventions vary, but in many communities the AF, as well as local
hospitals and other health-related agencies, offer free self-efficacy
and self-management programs.

For some patients with more limited disease in whom med-
ication is required, topical NSAIDs represent an appropriate first
choice. For others, particularly with hip OA or polyarticular involve-
ment, oral NSAIDs are more appropriate. The appropriate use of
other oral agents, particularly acetaminophen and opioids, will
continue to evolve (39-41).

Despite the many options available, some patients may con-
tinue to experience inadequate symptom control; others will expe-
rience adverse effects from the available interventions. Clinicians
treating patients in these circumstances should choose interven-
tions with a low risk of harm, but both clinicians and patients may be
dissatisfied with the options and unsure of how to choose among
them. There are controversies in interpretation of the evidence,
particularly with regard to the use of glucosamine and chondroitin,
acupuncture, and intraarticular hyaluronic acid injections. Nonethe-
less, the process of updating treatment guidelines permits scrutiny
of the state of the literature and identification of critical gaps in our
knowledge about best practices. Further, it highlights the need for
ongoing, appropriately funded, high-quality clinical research, as
well as development of new treatment modalities, to address the
human and economic impact of the most common form of arthritis.

No effective disease-modifying agents for OA have yet been
identified though phase 2 and 3 trials are underway, and, for the
time being, preventive strategies focus on weight management
and injury prevention. Development of more effective therapies that
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permit a sophisticated and individualized approach to the patient
with OA await the outcome of future investigation. Important direc-
tions for research include gaining a more comprehensive under-
standing of the optimal types of exercises and the modifications that
should be used based on disease location and severity, study of
the intensity of exercise that would be optimal for a given individual
(https://health.gov/paguidelines/second-edition/report.aspx), defin-
ing optimal footwear for patients with knee and hip OA and under-
standing the interaction between footwear and exercise, conducting
rigorous RCTs for physical modality options in hand OA, assessing
a broader array of outcomes, including fall prevention, assessing
optimal use of oral, topical, and injectable agents alone and in com-
bination, obtaining a better understanding of the role of integrative
medicine, including massage, herbal products, medical marijuana,
and additional mind-body interventions, and exploring agents with
novel mechanisms of action for prevention and treatment.

In conclusion, optimal management requires a comprehen-
sive, multimodal approach to treating patients with hand, hip, and/
or knee OA offered in the context of shared decision-making with
patients, to choose the safest and most effective treatment pos-
sible. A large research agenda remains to be addressed, with a
need for more options with greater efficacy for the millions of peo-
ple worldwide with osteoarthritis.

Addendum. Therapies that were approved after the
original systematic literature review are not included in these
recommendations.
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Objective. Billions of public dollars are spent each year on biologic disease-modifying antirheumatic drugs
(DMARDs), but the drivers of recent increases in biologic DMARD spending are unclear. This study was undertaken
to characterize changes in total spending and unit prices for biologic DMARDSs in Medicare and Medicaid programs
and quantified the major sources of these spending increases.

Methods. We accessed drug spending data from years 2012-2016, covering all Medicare Part B (fee-for-service),
Medicare Part D, and Medicaid enrollees. After calculating 5-year changes in total spending and unit prices for each
biologic DMARD as well as in aggregate, we performed standard decomposition analyses to isolate 4 sources of
spending growth: drug prices, uptake (number of recipients), treatment intensity (mean number of doses per claim),
and treatment duration (annual number of claims per recipient), both excluding and including time-varying rebates.

Results. From 2012 to 2016, annual spending on public-payer claims for the 10 biologic DMARDSs included in this
study more than doubled ($3.8 billion to $8.6 billion), with median drug price increases of 51% in Medicare Part D (mean
54%) and 8% in Medicare Part B (mean 21%). With adjustment for general inflation, unit price increases alone accounted
for 57% of the 5-year, $3.0 billion spending increase in Part D, while 37% of the spending increase was from increased
uptake. Accounting for time-varying rebates, prices were still responsible for 54% of increased spending. Unit prices and
spending were lower under Medicaid than under Medicare Part D, though temporal trends and contributors were similar.

Conclusion. Postmarket drug price changes alone account for the majority of the recent spending growth in bi-
ologic DMARDs. Policy interventions targeting price increases, particularly those under Medicare Part D plans, may

help mitigate financial burdens for public payers and biologic DMARD recipients.

INTRODUCTION

Over the past 2 decades since biologic disease-modifying
antirheumatic drugs (DMARDs) were first approved by the Fed-
eral Drug Administration (FDA), they have improved the health and
productivity of many patients with moderate-to-severe rheumatoid
arthritis (RA), psoriasis/psoriatic arthritis, ankylosing spondylitis,
lupus, systemic vasculitis, and other rheumatic and autoimmune
diseases (1-7), which together affect more than 1 million Medicare
beneficiaries (8-10). However, due to their high prices ($22,000—-
44,000 per patient annually [11]) and placement in specialty tiers
with high levels of cost-sharing, biologic DMARDs pose substan-
tial financial burdens for patients and taxpayers. For example, a
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recent analysis of acquisition costs showed that 3 biologic agents
(adalimumab, etanercept, and infliximab) ranked among the top 5
prescription medications in the US for greatest total spending (12).

With annual prescription drug spending exceeding $333 bil-
lion dollars (13), the US is in the midst of active public debate
about approaches to mitigate the high cost of prescription drugs
for patients and payers. These approaches include moving some
drugs from Medicare Part B to Part D (14) and passing manufac-
turers’ rebates through to beneficiaries at the point of sale (15).
Biologic DMARDs, which are covered by Medicare as a medical
and pharmacy benefit (Parts B and D, respectively), are a prime
target for such measures due to the high levels of spending
associated with these medications. Recent reports documented
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increases in total spending and per-person treatment costs for
biologic DMARDs but could not differentiate between various
sources of growth (12,16). Specifically, detailed decompositions
that separate spending growth into changes in price, recipient
numbers, and treatment intensity are important to understand
spending changes and their implications (17). Thus, we used
national-level Medicare and Medicaid data to decompose growth
in spending between 2012 and 2016 for the biologic DMARDs
used in the treatment of rheumatic diseases.

PATIENTS AND METHODS

Data source. Data were obtained from the Medicare and
Medicaid Drug Spending Dashboards published from 2012 through
2016 by the Centers for Medicare and Medicaid Services (CMS)
(18). These data sets contain aggregated, nonidentifiable, national-
level data on outpatient prescription medications. Part D files were
derived from Prescription Drug Event claims for Medicare benefi-
ciaries enrolled in Part D, including standalone prescription drug
plans and Medicare Advantage plans (19). Approximately 70% of
all Medicare beneficiaries are enrolled in a Part D plan; this included
31.9 million individuals in 2012 and 41.2 million in 2016 (a 5-year
increase of 29%) (20). Part B files include administrative claims data
on non-self-administered drugs prescribed to Medicare benefi-
ciaries with fee-for-service plans (32.9 million individuals in 2012 and
33.7 million in 2016 [20]) (21). Medicaid files contain data for outpa-
tient drugs paid for by state Medicaid agencies (22). As our analy-
sis was based on aggregated data and involved no patient health
records, it was exempt from institutional review board approval.

Study data. We included all biologic DMARDs approved
by the FDA for the treatment of 1 or more rheumatic diseases
through December 2014 (Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41138/abstract). We required this inclusion criterion
in order to have at least 2 full years of follow-up data; for exam-
ple, we excluded secukinumab, which was approved by the FDA
in 2015. Similarly, for drugs (or formulations) newly approved during
the period, we only assessed trends for individual drugs during years
in which these medications were approved for the entire 12 months.
For example, for intravenous golimumab, which was approved in
July 2013, we assessed the trend from 2014 to 2016. Since the
data sets did not contain information on disease indication, we
excluded rituximalb from our primary analysis as it is commonly used
in the treatment of lymphoma and spending for this indication may
differ from spending for the treatment of rheumatic diseases.

Variable and data extraction. For each drug and calen-
dar year, we extracted data on total spending, recipients, doses,
claims, and average number of doses per claim and per recipi-
ent over the year. From these variables, we calculated the drug
unit price (average cost per dose) for each biologic DMARD. Total

spending included amounts paid by Medicare, federal and state
Medicaid programs, beneficiaries (as deductible, coinsurance, or
copayment), and third parties (e.g., supplemental Part B insur-
ance plans). For Medicare Part D and Medicaid, total spending
included the ingredient cost, dispensing fees, and sales tax.

CMS defined total recipients as the total number of Medi-
care Part D or Part B fee-for-service beneficiaries who received
the drug each year; this information was not reported for Medic-
aid. Total doses reported by CMS were the total number of doses
dispensed and were weighted to account for variation in strength
and dosage form. For self-administered drugs, a single dose was
the amount in a prefilled syringe or injector pen. Dosage quantities
and frequencies for each drug are listed in Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41138/abstract. While the data
sets did not contain information on disease indication or pre-
scriber specialty, claims data stratified by prescriber specialty
were available for a subset of the Medicare files, which included
~40% of Part B spending data and 80% of Part D spending for
2016 (28,24). We used these data to assess the proportion of
costs from claims submitted by rheumatologists, dermatologists,
and gastroenterologists.

Statistical analysis. After adjusting all spending amounts
to 2016 dollars using general inflation rates obtained from the US
Bureau of Labor Statistics Consumer Price Index (25), we calcu-
lated 5-year changes in total spending and drug price (our primary
end point) for each biologic DMARD as well as in aggregate. We
then analyzed changes in the average number of doses and cost
per claim, number of recipients dispensed each drug, and claims
per recipient in each calendar year.

As increases in spending (AC) can result from increases in
prices (AP), volume (AV; e.g. number of recipients, treatment
intensity), or both (AC = AP x AV), we used standard decom-
position methods to determine the major drivers of the expected
5-year spending increases. These methods, used previously to
assess changes in outpatient and drug expenditures (26-30), iso-
late the impact of each driver (or effect) by estimating the change
in spending from the change in one effect, while holding other
effects constant. For each biologic DMARD, we considered 1
price effect (specifically, change in price per dose) and 3 volume
effects: number of recipients (V,); number of claims per recipient
(V,,), which reflects the duration of treatment; and number of doses
per claim (V,), which reflects the intensity of treatment. The prod-
uct of the 3 volume effects (AV, x AV, x AV,) equaled the change
in total number of doses dispensed.

Though price effects are usually the product of changes in
individual drug prices and in use of lower-cost generic medica-
tions (31), the latter was not applicable to this analysis of biologic
agents, given the absence of generic drugs in this class. We deter-
mined the absolute and percentage contribution of these effects
toward the increase in spending for each biologic DMARD, as well
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as in aggregate, employing formulas adapted from those used by
the US Congressional Budget Office (CBO) (26). Since Medicaid
data files do not contain information on number of recipients (22),
we defined volume effects for biologic DMARDs covered under
Medicaid simply as the total number of doses dispensed.

Rebate adjustment. The spending amounts represent
actual program spending and directly impact beneficiary out-
of-pocket spending, which were our main outcomes of interest.
These amounts do not include Medicare Part D rebates from
manufacturers to either pharmacy benefit managers (PBMs) or
Part D plans (there are no such point-of-sale rebates in Part B).
For Medicaid, the drug rebate amounts are based on statutory
formulas, and the minimum basic rebate for biologic DMARDs,
which Medicaid classifies as single-source innovator drugs, is
23.1% (32). Manufacturers pay the Medicaid drug rebates on a
quarterly basis, with the rebate split between the states and the
federal government (32). Therefore, we conducted our analyses
including the Medicaid rebates (as these decrease public spend-
ing), but both excluded and included consideration of the Medi-
care Part D rebates.

As CMS is prohibited from publicly disclosing the rebates
paid for specific drugs, rebate amounts for each year of study
were extrapolated from the average rebates for brand name spe-
cialty drugs reported by the CBO for years 2010 (2.6% and 42.1%
for Medicare Part D and Medicaid, respectively) and 2015 (10.5%
and 50% for Medicare Part D and Medicaid, respectively) (33).
The extrapolated Medicare Part D rebate percentages were 5.8%
in 2012, 7.3% in 2013, 8.9% in 2014, and 12.1% in 2016, and
the corresponding statutory Medicaid rebates (basic and inflation
rebates combined) were 45.2% in 2012, 46.7% in 2013, 48.3%
in 2014, and 51.6% in 2016. The CBO was granted access to
confidential data from years 2010-2015 on the rebates paid to
Part D plans and statutory Medicaid rebates for individual drugs,
which they used to determine the average rebates for brand name
drugs in each program. Thus, we applied the same rebate amount
to each biologic DMARD.

Sensitivity analysis. Evidence suggests that higher-
than-average rebates may be negotiated for brand name specialty
drugs available from multiple manufacturers, with the possible
inclusion of biologic DMARDs. Thus, to account for this uncer-
tainty and lack of transparency surrounding rebates, we repeated
our Medicare Part D analysis using larger time-varying rebate
amounts, as employed in previous analyses of Medicare drug
spending (34,35), though not specific to specialty brand name
drugs. These ranged from 20% (in 2012) to 30% (in 2016). We
also reassessed spending trends and contributors with rituximab
included. Furthermore, we separately assessed spending trends
and contributors for tofacitinib, an oral medication that was the
only targeted synthetic DMARD approved by the FDA during the
study period (approved for RA in November 2012).

RESULTS

Ten biologic DMARDs met inclusion criteria and were
included in the main study cohort: abatacept, anakinra, adali-
mumab, belimumab, certolizumab, etanercept, golimumab, inflix-
imab, tocilizumab, and ustekinumab (Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41138/abstract). From 2012
to 2016, annual spending on Medicare and Medicaid claims for
these 10 biologic DMARDs increased by $4.8 bilion (from $3.8
billion in 2012 to $8.6 billion in 2016, a 126% increase). Biologic
DMARD price increases alone were responsible for $2.5 billion of
this $4.8 billion rise in spending. By program, total annual spend-
ing increased by 177% in Medicare Part D, 80% in Medicare Part
B, and 204% in Medicaid. The majority of 2016 Medicare claims
were for prescriptions from rheumatologists, except for usteki-
numab (71% from dermatologists) and rituximab (Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41138/abstract).

Medicare Part D spending on biologic DMARDs.
Reported Medicare Part D spending increased by $3.0 billion over
the 5 years examined in this study. Biologic DMARDs with the big-
gest increases included adalimumab ($1.5 billion increase), etan-
ercept ($813 million), ustekinumab ($211 million), and abatacept
($197 million). When time-varying manufacturers’ rebates were
applied, the 5-year increase in Part D spending still exceeded $2.5
billion. Prices for most biologic DMARDs increased substantially
over the period, with a median list price increase of 51% (mean
54%) and rebate-adjusted median price increase of 41% (mean
45%) (Table 1). With controlling for increases in dosage volume,
drug price increases accounted for 57% of the 5-year increase
in aggregate inflation-adjusted spending within Part D (Figure 1).
Growth in the number of recipients accounted for 37% of total
spending, while annual number of claims per recipient accounted
for 6%. After CBO-reported time-varying rebates were applied,
prices were still responsible for 54% of the aggregate Part D
spending increase (Figure 1); when larger time-varying rebate
amounts (20-30% of the list price) were applied, unit price hikes
still accounted for half of the 5-year 142% spending increase
(Supplementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
41138/abstract).

For most individual Medicare Part D drugs, drug prices
accounted for >50% of the increase in spending (Figure 1). Adal-
imumab and etanercept, 2 of the oldest biologic DMARDs, were
prescribed to the largest numbers of Part D beneficiaries (>47,000
in 2016) and had the biggest 5-year price increases: 84% for adal-
imumab and 88% for etanercept (72% and 75%, respectively, with
rebate adjustments) (Table 1). Total annual spending on the oral
targeted synthetic DMARD, tofacitinib, increased by $175 million
from 2013 to 2016. Forty-eight percent of this increase was from
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Figure 1. Component proportion of biologic disease-modifying antirheumatic drug (bDMARD) spending increases from 2012 to 2016 (ranked

by 2016 spending), by public program. SC = subcutaneous; IV = intravenous.

an increased number of recipients, with increases in drug price
and number of claims per recipient each responsible for 25% of
this overall increase.

Medicare Part B spending on biologic DMARDs. In
Medicare Part B, total annual spending increased by $1.2 bil-
lion from years 2012 to 2016, with abatacept and infliximab as
the biggest contributors to this increase ($300 million and $284
million increases, respectively). Compared to Medicare Part D,
drug price increases for biologic DMARDs covered under Part
B were much lower (median change 8%; mean 21%) (Table 2).

Yet, drug price increases accounted for 50% of the increase in
aggregate Part B spending, while growth in recipient numbers
contributed 33%, number of claims per person contributed
10%, and changes in treatment intensity (number of doses per
claim) contributed 8%. The majority of spending growth for the
2 oldest Part B drugs included in our primary analysis (abata-
cept and infliximab) was due to price increases (81% and 72%
of spending growth, respectively), whereas for the 5 newer
drugs (golimumab, ustekinumab, tocilizumab, certolizumab,
and belimumab), number of recipients was the main driver of
spending growth (63-81%) (Figure 1). When rituximab was

Table 2. Annual spending and utilization for biologic DMARDs covered under Medicare Part B fee-for-service program*

Change from 2012

No. of
Total spending recipients Total No. of No. of doses Drug
Biologic DMARD in 2016, dollars in 2016 spending, % recipients, % per claim, % prices, %
Infliximab IV 1,338,726,191 58,397 27 -2 6 20
Abatacept (IV or SC) 586,532,893 22,879 104 " 0 79
Certolizumab SCt 235,364,173 11,953 93 60 1 8
Golimumab IVt 186,707,915 10,521 195 144 1 0
Tocilizumab IV 184,202,071 11,167 102 56 4 8
Belimumab IV 76,797,133 2,922 124 84 -6 8
Ustekinumab SC 46,408,889 1,752 379 235 10 21
Al 2,654,874,949 = 80 = = 8%

* Percent changes are 5-year changes from year 2012, unless otherwise indicated. See Table 1 for definitions.
T Three-year changes in spending and dosage volume were calculated since no data were available for the years 2012 and 2013.
1 Median change across all biologic DMARDs covered under Medicare Part B.
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included, the 5-year increase in Part B spending exceeded $1.3
billion, with 64% from unit price increases, 30% from numbers
of recipients, and 6% from numbers of doses per claim. Unlike
abatacept, whose total spending increase was predominantly
driven by the 79% increase in its unit price, infliximab and ritux-
imab exhibited a different pattern, with modest increases in unit
price (20% and 18%, respectively) and even smaller changes
in dosage volume (6% increase for infliximab and 6% decrease
for rituximab) (Table 2).

Medicaid spending. As shown in Supplementary Table 3
(available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41138/abstract), prices and
total spending amounts were numerically lower under Medicaid
compared to Medicare Part D, but temporal trends were simi-
lar. With controlling for changes in dosage volume, drug price
increases were responsible for 36% of total spending growth
within Medicaid (Figure 1).

DISCUSSION

This study of Medicare and Medicaid data shows that
spending on biologic DMARDs more than doubled between 2012
and 2016, reaching $8.6 billion in 2016. Postmarket drug price
increases alone (e.g., increases in the prices of drugs already
being marketed) accounted for the majority of the increase in total
annual spending (i.e., $2.5 billion of the $4.8 billion increase), after
adjustment for changes in numbers of recipients and treatment
intensity. Moreover, the drug price increases were more prominent
in Medicare Part D than in Part B. These detailed decomposition
data suggest policy interventions targeting price increases, par-
ticularly under Part D plans, may help alleviate financial burdens
for patients and taxpayers.

Drug spending growth may be attributable to a range of
factors, each with different potential implications for the value of
the spending and for the viability of policy interventions aimed
at mitigating financial concerns. For example, biologic DMARD
spending growth attributable to increases in recipient numbers
could be desirable to the extent that it reflects better adherence
to effective treatments or reductions in underuse. For drugs that
gained new indications during the study period (e.g., ustekinumab
for psoriatic arthritis), the increased number of recipients in part
reflects patients switching from a therapy that may have been
less effective or poorly tolerated to one from which they may have
greater benefit. In other scenarios (e.g., belimumab for systemic
lupus erythematosus), the increased number of recipients reflects
patients’ gaining access to biologic treatment for the first time.
Alternatively, some growth in the number of drug recipients could
reflect overtreatment, e.g., early use of biologic agents versus
older nonbiologic DMARDs that might offer greater value (36),
or even extension of treatment to those with more questionable
indications.

The prominent biologic DMARD cost increases observed
in this study, which were substantially greater under Medicare
Part D than Part B, even when accounting for rebates, represent
a growing burden to taxpayers and beneficiaries. The magni-
tude of these increases is independent from any assessment
of value. Our findings are consistent with recent reports on US
wholesale drug expenditures, in which spending on adalimumab
and etanercept increased by 180% and 61%, respectively,
from 2012 to 2016 (12,37). Similarly, total spending and out-
of-pocket costs for biologic agents increased among ~14,000
privately insured RA patients in the US (38). It might be expected
that the price increases would be lower in Medicare Part D than
in Part B, given the ability to negotiate prices in Part D. How-
ever, these negotiations may not necessarily result in lower price
increases since PBMs, who negotiate on behalf of Part D plans,
retain a percentage of the negotiated rebates as compensation
(89), and because higher list prices can achieve higher rebates.
While these rebates accrue for insurance plans and PBMs (40),
they do not directly impact Part D beneficiaries’ out-of-pocket
costs, which are driven by pre-rebate (list) prices. Thus, many
patients end up paying higher out-of-pocket costs when the list
price increases, creating financial barriers to use and adherence
(41-43).

Furthermore, this greater accumulation of out-of-pocket
costs can also increase government spending by pushing more
beneficiaries into the catastrophic coverage phase (44), in which
Medicare itself pays 80% of prescription costs. As the patient
cost sharing burden for biologic agents tends to be greater under
Medicare Part D (45,46), ongoing shifts from Part B to Part D
could further exacerbate these concerns.

The recent introduction of biosimilars could foster more com-
petition and lower prices in theory, but as of August 2019, only
2 of 9 FDA-approved DMARD biosimilars (infliximab-dyyb and
infliximab-abda) were marketed in the US. The DMARD markets
also are potentially more complicated than basic theory may sug-
gest. For example, adalimumab and etanercept, 2 of the earliest
approved drugs to market, also experienced some of the largest
relative price increases, even as the number of other approved
biologic DMARDs increased.

A limitation of this analysis was our reliance on aggregated
data, which were more current and standardized than raw data,
but prevented us from assessing trends in treatment indications
that might be possible with individual-level data. The aggregated
data set, however, did include all biologic DMARD claims pro-
cessed for the entire Medicare Part D and Part B fee-for-service
populations (as opposed to the portions of data examined pre-
viously) and allowed us to examine the spending trends overall
and by component. While we could not incorporate proprietary
data on individual drug-specific manufacturers’ rebates, applying
time-varying manufacturers’ rebates of <30% did not meaningfully
impact our findings. Furthermore, our rebate-adjusted findings
expand on a recent analysis (47) that showed little impact from
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the incorporation of manufacturers’ rebates and other discounts
for adalimumab and etanercept when assessing their price hikes
from 2009 to 2015.

Fundamentally, there is a lack of transparency surrounding
the rebates paid for specific drugs and even classes of drugs.
While rebates for brand name specialty drugs tend to be smaller
than for nonspecialty drugs on the whole (e.g., 10.5% versus
28.4% of the list price, respectively, in 2015 [33]), this varies by
class. Reports suggest rebates are higher for specialty drugs that
are available from multiple manufacturers (e.g., insulin [40,47]
and hepatitis C therapies [40]), wherein insurance plans have
more negotiating power compared to specialty drugs with limited
competition or those in protected classes such as antineoplas-
tic agents (40,47,48). It is difficult to speculate about the rebates
for biologic DMARDs, though a third-party analysis of selected
biologic DMARDs (47) suggests they may be relatively low, with
total price discounts for etanercept, abatacept, and adalimumab
(inclusive of rebates, concessions given to wholesalers and dis-
tributors, and other discounts) averaging around 20%. As such,
while rebate pass-through at the point of sale (or similar propos-
als wherein rebates are converted to discounts off the list price)
may help lower out-of-pocket costs for patients prescribed highly
rebated medications (40), those taking biologic DMARDs may
reap fewer benefits. We echo notions that a multifaceted approach
(40,49) is needed to control prescription drug spending and out-
of-pocket costs, and potentially one that eliminates specialty tiers
(50), changes how PBMs are compensated (40), and increases
pricing transparency (49,50).

Inconclusion, postmarket drug price changes alone
accounted for the majority of recent multibillion-dollar increases
in biologic DMARD spending. Policy interventions that target price
increases, particularly under Medicare Part D plans, may help
lessen financial burdens for taxpayers and elderly and disabled
biologic DMARD recipients alike.
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Objective. Autoantibodies against citrullinated proteins are found in 64-89% of rheumatoid arthritis (RA) patients,
with 88-99% specificity. This study was undertaken to create an unbiased, comprehensive profile of serum antibod-
ies against the human proteome, including the citrullinome and the homocitrullinome, in RA patients, using a high-
density peptide array.

Methods. Our high-density peptide array, consisting of >4.6 million peptides, contained the entire annotated human
proteome. The 20,246 proteins were represented as overlapping 16-mer peptides. In addition to native peptides, citrulli-
nated and homocitrullinated peptides were included, as substitutions for arginine and lysine, and provided a comprehen-
sive screen against all possible epitopes. Twenty-six serum samples (from 8 controls and 18 RA patients) were profiled
on the high-density peptide array. Using RA-specific epitopes, we constructed an 8-epitope diagnostic biomarker on a
Gyrolab xPlore instrument with a cohort of 92 serum samples (from 29 controls and 63 RA patients). The diagnostic bio-
marker was further validated with an independent cohort of 181 serum samples (from 54 controls and 127 RA patients).

Results. In the initial cohort the diagnostic performance of the 8-epitope biomarker yielded 96.6% specificity
and 92.1% sensitivity. The overall diagnostic performance in the validation cohort was 94.4% specificity and 85%
sensitivity. In both cohorts, the performance of the 8-epitope diagnostic biomarker compared favorably against the
Abnova cyclic citrullinated peptide 2 (CCP2) assay. Using data from the peptide array, we identified novel RA-specific
epitopes and formed the basis of a new RA diagnostic assay.

Conclusion. Comprehensive antibody profiling using a high-density peptide array not only identified novel
RA-specific epitopes but also allowed us to construct a novel diagnostic biomarker that is as specific as and more

sensitive than the Abnova CCP2 assay.
INTRODUCTION

Rheumatoid arthritis (RA) is a progressive autoimmune dis-
ease characterized by inflammation and progressive erosion
of joint cartilage and bone tissue. In the seminal works by
Schellekens et al (1) and Shi et al (2), antibodies against citrullinated
and homocitrullinated proteins were isolated from RA patients and
are thought to contribute to RA pathogenesis. Anti—citrullinated
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protein antibody (ACPA) blood tests were then developed, and
ACPA status was included in the American College of Rheuma-
tology (ACR)/European League Against Rheumatism (EULAR)
2010 classification criteria for RA (3). ACPA-positive subsets of
RA patients typically have a more aggressive disease course (4),
thereby making early diagnosis critical for early intervention to min-
imize joint erosion and maintain subsequent joint motility for RA
patients.
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Increasingly, serum profiling using either protein or peptide
arrays is becoming commonplace in the study of various dis-
eases. Notable examples include systemic lupus erythematosus,
infectious diseases, cancer, and RA (5-11). While protein arrays
may have the advantage of retaining native 3-dimensional con-
formation, complete conversion of arginine and lysine to citrulline
and homocitrulline in recombinant proteins remains a challenge.
Peptide arrays, however, can circumvent these problems by in-
corporating the necessary monomer during the peptide synthesis
process. In the case of peptide arrays synthesized using mask-
less array synthesis, photoprotected citrulline and homocitrulline
were added to the catalog of canonical amino acids used during
the synthesis process. Substitution of arginine and lysine with cit-
rulline and homaocitrulline, respectively, is accomplished during the
array design process, and incorporation efficiency is limited only
by the efficiency of the coupling reaction. Thus, citrulline-specific
antibody reactivity detected on the peptide array is not conflated
by the incomplete conversion of arginine to citrulline in the case of
enzymatic conversion.

Antibody binding to its cognate antigen is achieved
through noncovalent interactions between the complementarity-
determining regions of the antibody against conformation
adopted by the antigen. While structural studies have illustrated
the importance of key residues at the interfaces, it is unclear what
proportion of the human antibody repertoire recognizes epitopes
derived from conformation adopted by contiguous amino acids
(linear epitopes) and discontinuous amino acid stretches (con-
formational epitopes) (12,13), especially in the context of RA. To
our knowledge, an unbiased and comprehensive profile of serum
antibodies in RA serum samples against the entire human pro-
teome, including the citrullinome and the homocitrullinome, has
not been reported in the literature. Using this comprehensive
serum antibody profile, novel epitopes that are RA specific can
be used to develop future diagnostic, prognostic, and theranostic
assays.

MATERIALS AND METHODS

Peptide array design, synthesis, and processing. Pep-
tide array design, synthesis, and processing were performed as
described in the study by Yan et al (14). The peptide array included
>4.6 million peptides and contained the entire annotated human
proteome. The 20,246 proteins were represented as overlapping
16-mer peptides.

Data analysis. All analyses were performed in the R statisti-
cal programming environment, version 3.2.3 (www.cran.r-project.
org) using an R package “RNGdat” that was developed in-house.
Briefly, raw array signal intensities were spatially corrected via a
2-dimensional loess smoother (15) and background was cor-
rected by deconvolution (16). A 1-sided Kolmogorov-Smirnov test
was used to assess whether the signal within an 8-mer sliding

window centered on a specific probe was above the sampled
background (17). A signal intensity exceeding 2" (or 4,096) flu-
orescence units with a sliding window significance of 0.05 was
used to categorize significant antibody reactivity. An epitope was
defined as >2 contiguous probes with significant reactivity.

Hierarchical clustering was performed on log-transformed
array signal intensities using peptide probe intensities belonging
to significant epitopes in >3 samples within the 26 serum sam-
ples profiled on the whole proteome array, using the R package
“hclust.” Hierarchical clustering was performed separately for cit-
rullinated, homocitrullinated, and native peptide probes.

All data graphics were created using the R package “ggplot2,”
version 2.2.1, and any additional statistical analyses were con-
ducted in R (including central tendency such as the mean). For
additional information, please refer to R documentation. Data
are available in the Gene Expression Omnibus database (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136052).

Gyros miniature immunoassay. Peptides were obtained
from Lifetein (www.lifetein.com) and synthesized with C-terminal
amidation and biotinylation via the side chain of the C-terminal
lysine. The Gyros 3-step Capture Analyte Detect (CAD) assay was
carried out according to the manufacturer’s instructions. During
the capture phase of the 3-step CAD assay, 1 pM peptide in 1x
phosphate buffered saline-Tween was used. Serum samples were
diluted to 10% in 1x HNmax buffer. Alexa Fluor 647—-conjugated
goat anti-human Fc secondary antibody (1 mg/ml stock) was
diluted to 3.6 pg/mlin 1x Rexxip F buffer. Quantification of signal
intensity was performed with Gyrolab Evaluator software using
signal at the 5% photomultiplier tube scan setting.

After signal extraction, signal specific to citrullinated or
homocitrullinated peptide was converted to a ratio against the
native peptide, which we termed the “signal-to-noise” ratio. For
signal not specific to citrullinated or homocitrullinated peptides,
the ratio was calculated against a no-peptide control.

Cyclic citrullinated peptide 2 (CCP2) assay. A CCP2
IgG enzyme-linked immunosorbent assay kit was purchased
from Abnova (www.abnova.com). The assay was conducted
according to the manufacturer’s instructions with one deviation: at
step 8, the reaction after adding chromogenic substrate solution
was stopped after 5 minutes. The resulting colorimetric intensity
was measured at 450 nm using a BioTek Synergy 2 Multi-Mode
Microplate Reader.

Patients and healthy controls. Serum samples were
obtained from healthy individuals and patients with RA who fulfilled
the ACR/EULAR 2010 classification criteria. Samples obtained
at the outpatient clinic of the Rheumatology Division at Mount
Sinai Hospital were collected after obtaining appropriate informed
consent and in accordance with the Institutional Review Board.
Commercial serum samples were purchased from Discovery
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Life Sciences. Samples were obtained under Institutional Review
Board—-approved protocols.

RESULTS

RA antibody reactome. The comprehensive human pro-
teome profiling of antibody reactivity against native, citrullinated,
and homocitrullinated linear peptide probes undertaken in this
study represents the first unbiased portrait of the RA serum anti-
body repertoire, which we term the “RA antibody reactome”. The
frequency of significant antibody reactivity (defined in Materials
and Methods) is shown in Figure 1. The peptide probes detected
at high frequency (=50%) in RA samples and control samples are
listed in Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41089/abstract. Overall, antibody reactivity against citrulli-
nated peptide probes was detected at high frequency within the
cohort of 18 RA serum samples, as shown by the preponderance
of bars in Figure 1 exceeding 50%, throughout the proteome. A
total of 14,953 citrullinated peptide probes (1.1% of total citrulli-
nated probes) had significant reactivity at high frequency in RA
samples and could potentially represent diagnostic biomarkers

(Supplementary Table 1). This was in contrast to antibody reac-
tivity for native and homocitrullinated peptide probes, which was
observed at substantially lower frequencies (Figure 1). Only 10
native and 2 homocitrullinated peptide probes showed significant
reactivity in >50% of the RA samples (Supplementary Table 1).

When a group comparison was made between all RA sam-
ples (including both ACPA-positive and ACPA-negative patients)
and control samples, the mean number of peptide probes with
significant reactivity was not significantly different for native or
homocitrullinated peptide probes (P = 0.997 for both) (Sup-
plementary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41089/
abstract). In contrast, a difference was detected for citrullinated
peptide probes (P = 0.020) (Supplementary Figure 1). Inter-
estingly, antibody reactivity against native peptide probes was
observed for control samples, which is consistent with the find-
ings of Nagele et al (18). Unexpectedly, reactivity against citrulli-
nated and homocitrullinated peptide probes was also observed
for control samples and was not restricted to specific individuals.
In fact, 2 homocitrullinated peptide probes showed reactivity in
up to 50% of controls but were absent in RA samples (Supple-
mentary Table 1).
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Figure 1.

Controls

Map of the rheumatoid arthritis (RA) antibody reactome for native peptides, citrullinated peptides, and homocitrullinated peptides

in RA samples (top) and control samples (bottom). Peptides are organized by their chromosomal locations. The height of the bar indicates
the proportion of samples for which significant antibody reactivity was detected on a high-density peptide array. To facilitate visualization, all
peptides are color coded and grouped by their chromosome. Color figure can be viewed in the online issue, which is available at http://

onlinelibrary.wiley.com/doi/10.1002/art.41089/abstract.
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Figure 2. Heatmaps of log-transformed array signals derived from a high-density peptide array for native, citrullinated, and homocitrullinated
peptides in rheumatoid arthritis (RA) and control samples. Red indicates low signals; blue indicates high signals. Peptides are organized in rows,
and serum samples are organized in columns. Plus signs indicate cyclic citrullinated peptide 2 (CCP2) positivity; minus signs indicate CCP2

negativity.

Within the RA antibody reactome, hierarchical clustering
analysis (as described in Materials and Methods) showed that
12 of 18 RA samples had consistent peptide level reactivity
against citrullinated peptide probes and readily formed a group
of RA patients distinct from controls (Figure 2). In contrast, anti-
body reactivity against native peptide probes did not show any
ability to distinguish between RA and control samples (Figure 2).
Interestingly, strong reactivity against homocitrullinated peptide
probes was seen in 4 RA samples, although those individuals also
showed reactivity against citrullinated peptide probes and did not
constitute a homocitrulline-positive/citrulline-negative subgroup
(Figure 2).

Miniature immunoassay validation of peptide array
findings in RA sera. Due to the overlapping nature of the Iin-
ear peptide array, antibody reactivity against a linear epitope is
expected to be represented by signals from multiple contiguous
peptide probes. As such, significant signals observed in contig-
uous peptide probes are summarized as “composite epitopes”
since some of these composite epitopes contain multiple citrulline
residues. As these composite epitopes may have potential impli-
cations for RA prognosis or diagnosis and are the bases of cur-
rent diagnostic assays, citrullinated composite epitopes frequently
observed in RA samples are listed in Table 1. These frequently
occurring composite epitopes against citrullinated peptide probes
ranged from 20 amino acids (2 contiguous peptides) to as long as
44 amino acids (7 contiguous peptides) in size, with a mean size
of 26.7 amino acids.

While the array detected antibody reactivity against citrulli-
nated peptide probes in proteins previously reported to be asso-
ciated with RA, such as filaggrin and fibrin (UniProt IDs P20930,
P02671, and P02675) (Supplementary Table 1), many of the pro-
teins detected had not previously been reported to be associated
with RA. As an illustrative example, we conducted a PubMed
search of the proteins listed in Table 1 with the search term “rheu-
matoid arthritis” (Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41089/abstract). Eleven of the 25 proteins yielded
no results. Additionally, for many of the proteins, a connection with
RA was established through either association studies or gene
expression analysis but not by the detection of ACPAs against
these proteins. These proteins may represent novel targets for
further investigation. However, epitopes against homocitrullinated
and native peptides occurring at 50% frequency were not seen
exclusively in RA serum samples (Supplementary Table 1).

To verify antibody reactivity findings for frequently occurring
composite epitopes, we used a Gyrolab xPlore miniature immu-
noassay instrument. The Gyrolab instrument uses microfluidics
to carry out an automated miniature enzyme-linked immuno-
sorbent assay. In some instances, frequently occurring compos-
ite epitopes are broken into multiple peptides depending on the
length of the region due to peptide synthesis limitations. Aniillustra-
tive example is shown in Figure 3A, where the peptide sequence
N’-CNTCIYTEGWKCMAG-R/citrulline-GTCIAKENELCS-C’,  cor-
responding to positions 29-56 of the protein prostate and testis
expressed protein 4 (POC8F1) and comprising 4 contiguous
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Table 1.
peptide array*

Citrullinated composite epitopes most frequently associated with RA in the high-density

Mean proportion

Start End of RA patients
UniProt ID Protein position position with reactivity
Q99470 SDF-2 65 92 0.64
P01185 AVP 13 36 0.64
Q9HCQ7 NPVF 37 60 0.63
PODJI8 SAA1 49 72 0.61
PODJI9 SAA2 49 72 0.61
Q9UMX5 NENF 69 12 0.58
Q9POM4 IL-17C 41 68 0.58
Q8WXF3 RLN-3 89 128 0.57
P49913 FALL-39 105 132 0.57
POC8F1 PATE-4 29 68 0.57
p78380 OLR-1 217 260 0.57
QONP84 TNFRSF12A 29 52 0.56
P0O1574 IFNBT 121 144 0.56
P32970 CD70 153 176 0.56
ABK4GO UNQ2530/PRO6029 53 76 0.56
QO9NPH9 IL-26 21 48 0.56
Q69YUS C120rf73 33 56 0.56
QS8NET1 DEFB108B 13 32 0.56
Q30KQ7 DEFB113 33 52 0.56
Q8NHW4 ccLaL2 61 80 0.56
Q99731 CCL19 57 76 0.56
Q96NZ9 PRAP1 69 96 0.56
p35542 SAA4 49 68 0.56
Q9BQY6 WFDG6 57 76 0.56
QINYY1 IL.-20 41 64 0.56

* Start and end positions refer to the first and last positions of the peptides found within the com-
posite epitopes. RA = rheumatoid arthritis; SDF-2 = stromal cell-derived factor 2; AVP = arginine
vasopressin; NPVF = neuropeptide VF precursor; SAA1T = serum amyloid A1; NENF = neudesin neu-
rotrophic factor; IL-17C = interleukin-17C; RLN-3 = relaxin 3; FALL-39 = cathelicidin antimicrobial
peptide; PATE-4 = prostate and testis expressed protein 4; OLR-1 = oxidized low-density lipoprotein
receptor 1; TNFRSF12A = tumor necrosis factor receptor superfamily member 12A; IFNB1 = inter-
feron-B1; UNQ2530/PRO6029 = CMRF35-like molecule 7; DEFB108B = B-defensin 108B; PRAP-1=
proline-rich acidic protein 1; WFDC-6 = WAP 4-disulfide core domain protein 6.

peptide probes on the array, was synthesized commercially as
a single peptide with C-terminal biotinylation via a terminal lysine
residue. In all 8 samples shown in Figure 3 (4 control samples
and 4 RA samples), little to no detectable antibody reactivity
was observed for the native peptides on the array. This finding is
consistent with the integrated signal obtained from the Gyrolab
instrument. In contrast, 3 of the 4 RA samples showed strong
reactivity on the array (Figure 3A), as well as when analyzed using
the Gyrolab instrument (Figure 3B), for the citrullinated peptides
within this epitope. A compilation of all validation experiments is
shown in Supplementary Figures 2 and 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41089/abstract.

While the overall concordance between the signal generated
from the Gyrolab instrument and our peptide array is high, due to
differences in surface properties between the peptide array sur-
face and the Gyrolab streptavidin-coated beads, as well as the
interaction kinetics differences between the 2 platforms, signal
between the 2 technologies cannot be quantitatively reproduced
perfectly (i.e., by regression coefficients and R? values). However,
a qualitative assessment comparing the array signal and the Gyro-

lab instrument output for the 13 epitopes in the validation experi-
ment showed concordance 86.4% of the time.

Construction of a novel RA diagnostic biomarker.
Given the large number of frequently occurring citrullinated com-
posite epitopes, as shown in Table 1, and peptides, as shown in
Supplementary Table 1, we explored the possibility of construct-
ing a novel RA diagnostic biomarker based on data derived from
the peptide array using the Gyrolab xPlore instrument. Peptides
were chosen based on the minimum number needed to non-
redundantly identify RA samples versus controls, and epitope
sequences are listed in Supplementary Table 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41089/abstract. In some instances, peptides
were chosen to maximize the number of RA samples identified
and were not necessarily picked from the frequently occurring cit-
rullinated composite epitopes listed in Table 1.

Using a signal threshold set at >95% specificity, signal-
to-noise ratios for each epitope derived from the Gyrolab xPlore
instrument are categorized as positive or negative. Overall
diagnostic performance of an 8-epitope biomarker was assessed
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Figure 3. Side-by-side comparison of the fluorescence signal derived from a high-density peptide array and results of a Gyros
miniature immunoassay. A, Peptide array signals for native and citrullinated peptides for prostate and testis expressed protein 4 (PATE-4)
in 4 representative control samples and 4 representative rheumatoid arthritis (RA) samples. Pink shading shows the epitope (sequences
N’-CNTCIYTEGWKCMAG-R/citrulline-GTCIAKENELCS-C’) that was included in subsequent validation studies. B, Gyros immunoassay signal
histograms for the same samples as in A. Strong reactivity with the citrullinated peptides within this epitope was seen for 3 of the 4 RA samples
on both the array and the miniature immunoassay. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.

wiley.com/doi/10.1002/art.41089/abstract.

in the initial cohort of 92 samples (from 29 controls and 63 RA
patients) (Figure 4A), yielding 96.6% specificity and 92.1% sensi-
tivity. For comparison, the same cohort was tested using a com-
mercially available CCP2 assay, which yielded 96.6% specificity
and 68.3% sensitivity.

In order to validate the diagnostic performance of our
8-epitope biomarker, an independent cohort of 181 serum sam-
ples (from 54 controls and 127 RA patients) was obtained from
a commercial source (Bioconversant) (Supplementary Table 4,
available on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41089/abstract), and the diag-
nostic performance of our 8-epitope biomarker was tested on the
Gyrolab xPlore instrument. The overall diagnostic performance in
the validation cohort was 94.4% specificity and 85% sensitivity. In
contrast, the CCP2 assay resulted in 96.3% specificity and 53.5%
sensitivity. A comparison of the diagnostic performance results for
the CCP2 assay and our 8-epitope biomarker for both the initial

and validation cohorts is shown in Table 2.

DISCUSSION

To our knowledge, an unbiased and comprehensive profile
of antibodies against the entire human proteome, including the
citrulinome and the homocitrullinome, in RA serum samples has
not been reported in the literature. As has been shown previously,
antibodies against citrullinated epitopes are readily seen in RA
serum samples and characterize ACPA-positive RA patients (1).
However, when screening was extended to the proteome, CCP2-
negative RA patients also showed antibody reactivity against cit-

rullinated peptides, at a frequency 2.5 times greater than controls,
indicating that CCP2-negative RA patients are not necessarily
lacking ACPA (19,20). To provide context, CCP2-negative RA
patients showed significant reactivity at ~2 orders of magnitude
lower than CCP2-positive RA patients (data not shown).

While a proteome-scale survey allows for an unbiased view,
it was not clear whether expanding the exploration landscape
would be helpful in identifying novel epitopes and proteins poten-
tially important to understanding RA biology. Notably, the data
presented in Figures 1 and 2 show extensive antibody reactivity
against the citrullinated proteome. While we observed reactivity
against citrullinated peptides in proteins known to be associated
with RA, such as filaggrin, fibrin, RA33, tenascin-C, and pepti-
dylarginine deiminase type 4 (PAD4), the majority of the reactiv-
ity reported in Supplementary Table 1 has not previously been
reported in the literature. To illustrate this, a PubMed search of the
proteins listed in Table 1 yielded O results for 11 of the 25 proteins.
Moreover, in the majority of the cases, establishment of an asso-
ciation with RA did not involve observing ACPAs against these
proteins. Thus, it seems likely that there is still a large amount of
unexplored territory in terms of identifying ACPA epitopes in RA.

Recent evidence (8,21) has demonstrated an ACPA prefer-
ence for binding to citrulline—glycine motifs in linear peptides. Addi-
tionally, work involving recombinant human PAD2 and PAD4 has
shown substrate preference for peptides containing a citrulline—
glycine motif, in addition to other surrounding residues (for review,
see ref. 22). As shown in Supplementary Table 1, we observed
that most (99.8%) of the citrullinated peptides with reactivity
occurring in >50% of the RA samples contained a citrulline—glycine
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Figure 4. Performance of an 8-epitope rheumatoid arthritis (RA) diagnostic biomarker, assessed on a Gyrolab xPlore instrument. A, Results
for the initial expanded cohort of 92 samples (from 29 controls and 63 RA patients). B, Results for the independent validation cohort of 181
samples (from 54 controls and 127 RA patients). Red indicates positivity; gray indicates negativity. CCP2 = cyclic citrullinated peptide 2. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41089/abstract.

motif. However, 30 of the peptide sequences did not contain
citrulline—glycine. Additionally, we observed statistical enrichment
of motifs that do not contain citrulline—glycine in specific RA sam-
ples (data not shown). Clearly, additional exploration is needed to
understand what other motifs may be important to ACPA binding.
As a continuation of this work, we plan on exploring the whole
proteome peptide array data, as well as performing systematic

substitution analysis for specific epitopes to identify critical binding
residues in a more comprehensive manner in the future.

Relative to ACPA reactivity, antibody reactivity against
homocitrullinated epitopes (anti-carbamylated protein [anti-CarP])
was seen less frequently in this cohort, which is consistent with
the findings of a seminal study by Shi et al (2). Interestingly, 4 of 18
RA serum samples in our whole-proteome array studies showed

Table 2. Comparison of the diagnostic performance of the CCP2 assay and an 8-epitope

biomarker for the initial and validation cohorts*

No. of No. of RA Specificity Sensitivity
controls patients (TN/N)* (TP/P)t

Initial cohort

CCP2 assay 29 63 0.966 (28/29) 0.683 (43/63)

8-epitope biomarker 29 63 0.966 (28/29) 0.921 (58/63)
Validation cohort

CCP2 assay 54 127 0.963 (52/54) 0.535 (68/127)

8-epitope biomarker 54 127 0.944 (51/54) 0.850 (108/127)

* TN represents the number of controls determined to be negative (not have rheuma-
toid arthritis [RA]) by the cyclic citrullinated peptide 2 (CCP2) assay or 8-epitope biomarker.
N represents the number of controls who were negative (did not have RA) according to the
American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR)

2010 classification criteria.

T TP represents the number of RA patients determined to be positive (have RA) by the CCP2
assay or 8-epitope biomarker. P represents the number of RA patients who were positive (had
RA) according to the ACR/EULAR 2010 classification criteria.
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extensive anti-CarP antibody reactivity (Figure 2B); however, these
individuals also showed ACPA reactivity and did not constitute an
anti-CarP—positive and ACPA-negative subgroup of RA patients.
This is also consistent with observations reported in a compre-
hensive meta-analysis by Verheul et al (23), in which the majority
of anti-CarP—positive patients were also ACPA positive.

Overall signal between the peptide array and Gyrolab instru-
ment was comparable despite differences in surface chemistry,
interaction kinetics, and incubation temperatures between the 2
platforms. Linear regression coefficients for signal log ratios of cit-
rullinated and homocitrullinated versus native peptides varied from
0.32 to 0.78 and were epitope dependent. Peptide array signals
had a higher dynamic range, as saturation effects were observed
in the Gyrolab instrument, coupled with regression coefficients
being less than 1 in all epitopes (Supplementary Figures 2 and 3,
available on the Arthritis & Rheumatology web site at http://onlin
elibrary.wiley.com/doi/10.1002/art.41089/abstract). Based on
these differences, treating array signal qualitatively yielded better
concordance. When qualitative calls were compared between the
2 platforms, the overall concordance rate was 86.4%.

While there is much debate as to the relative proportion of
human antibodies binding linear epitopes versus conformational,
or discontinuous, epitopes (9,10), we explored the question of
whether a comprehensive, whole-proteome screen of linear
epitopes can be potentially informative for RA diagnosis. After min-
ing the RA antibody reactome data from peptide arrays, candidate
epitopes were screened using a Gyros instrument with traditionally
synthesized peptides to avoid potentially spurious findings that are
peptide-array specific. When 8 epitopes were combined, the over-
all diagnostic performance of our biomarker was 96.6% specificity
and 92.1% sensitivity in our initial 92-sample cohort. To serve as
a direct comparison, a CCP2 assay was performed and yielded
96.6% specificity and 68.3% sensitivity. In addition to identifying all
serum samples that were CCP2-positive, the 8-epitope diagnos-
tic biomarker identified 14 CCP2-negative RA samples. As shown
in previous studies (17,18), the CCP2 assay does not identify all
ACPA-positive individuals with RA, and additional epitopes can be
used to improve sensitivity. By mining the peptide array data, we
were able to find a novel 8-epitope biomarker for an RA diagnostic
blood test that outperforms the CCP2 assay in terms of sensitiv-
ity while being comparable in terms of specificity. Finally, in order
to assess the robustness of the 8-epitope biomarker, we further
validated the diagnostic performance with an independent, com-
mercially purchased cohort of 181 serum samples. The 8-epitope
biomarker identified all but 1 CCP2-positive RA sample while addi-
tionally identifying 40 CCP2-negative RA samples. Overall, valida-
tion performance was 94.4% specific and 85% sensitive.

There are some notable limitations to our study (1). A pre-
vious study by Blachére et al (24) suggested that intermittent
citrullination may offer a more diverse assortment of citrulli-
nated epitopes in fibrinogen. Due to the nature of our peptide
synthesis technology, substitution of citrulline for arginine and

homocitrulline for lysine was complete. While this approach
may be superior from an experimental perspective, whether it
is physiologically relevant requires additional investigation (2).
There is no assurance that short linear peptides can adopt
native protein confirmation. Recently, we have shown that lin-
ear peptides can adopt the necessary conformation needed
for protein binding to occur (25). However, whether this confor-
mation resembles the native protein confirmation and to what
extent is unknown (3).

During the development of the 8-epitope biomarker, we
intentionally acquired 2 different cohorts of serum samples. The
initial cohort (29 controls and 63 RA patients), of which a small
number (8 controls and 18 RA patients) were profiled on the
whole-proteome peptide array, was used for whole-proteome
testing and biomarker development. The validation cohort (54
controls and 127 RA patients) was used specifically to test bio-
marker performance. The separation was intended to avoid a
well-known statistical problem with high-throughput screening
technologies, such as the peptide array, known as “the curse of
dimensionality,” where analysis of multiple analytes far exceeds
the number of samples profiled. Given the similarities between
the initial and validation cohorts in terms of the performance of
the 8-epitope biomarker, it is unlikely that our 8-epitope bio-
marker is a spurious finding. However, given the small number
of samples (i.e., 273 samples total) and the lack of other disease
controls, additional confirmation would be prudent. Finally, it is
unclear what the diagnostic performance of our 8-epitope bio-
marker would be in early RA or pre-RA cohorts since they were
not tested in this instance. As demonstrated by our 8-epitope
diagnostic biomarker, it is evident that whole-proteome profiling
of linear epitopes has potential utility in revealing novel insights
for disease prognosis and diagnosis.
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Timing of Elevations of Autoantibody Isotypes Prior to
Diagnosis of Rheumatoid Arthritis
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Objective. To evaluate patterns of elevations of isotypes of rheumatoid factor (RF) and anti—citrullinated protein
antibodies (ACPAs) pre—-rheumatoid arthritis (RA) diagnosis and post—RA diagnosis.

Methods. Using the Department of Defense Serum Repository we identified 214 RA cases and 210 matched
controls. Up to 3 pre-RA diagnosis and 1 post-RA diagnosis serum samples per subject were tested for RF and for
IgA, IgG, and IgM ACPAs. The timing and trajectories of elevations of autoantibodies were evaluated.

Results. Autoantibody levels were elevated in cases versus controls a mean of 17.9 years before RA diagnosis for
IgG ACPA, 14.2 years for IgA-RF, 7.2 years for IgM-RF, 6.2 years for IgA ACPA, and 5.0 years for both IgM ACPA and
IgG-RF (P < 0.01 for all comparisons). There were similar relationships for positive or negative autoantibody status,
with cases first showing positivity for IgG ACPA 1.9 years pre-RA and for IgA-RF 1.7 years pre-RA, followed by the
other isotypes. Only IgA ACPA positivity was significantly increased in post-RA diagnosis samples (19% 0-2 years
pre-RA versus 39% >2 years post-RA diagnosis; P = 0.04). All autoantibody levels demonstrated an early initial ele-
vation, a period of stability, then an increase immediately before RA diagnosis. A pre-RA endotype of early elevation
of autoantibodies was associated with increased use of biologic therapy, and a higher prevalence of sicca symptoms
and lung disease post-RA diagnosis.

Conclusion. Differences in patterns of elevations of autoantibody isotypes have implications for understanding
the pathophysiology of RA development. These include understanding what factors drive initial autoantibody eleva-
tions compared to what factors (including mucosal) drive later increases in autoantibody levels and a transition to

clinically apparent RA, and how pre-RA endotypes may influence post-RA diagnosis phenotypes.

INTRODUCTION

Serum levels of autoantibodies including rheumatoid fac-
tor (RF), anti—citrullinated protein antibodies (ACPAs), and other
autoantibodies (e.g., antibodies to carbamylated proteins), as well
as systemic inflammation, have been shown to be abnormal prior
to the development of clinically identifiable synovitis and a diagno-
sis of rheumatoid arthritis (RA) (1-11). Importantly, the discovery
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of this pre-RA diagnosis period has led to an improved under-
standing of the natural history and pathogenesis of RA, as well as
provided rationale for strategies for prevention (12).

Elevations of serum autoantibody levels prior to the onset of
clinically apparent synovitis also suggest that autoantibodies may
initially be generated outside of the joints and potentially related to
mucosal processes (13). Findings supporting an important role for
these processes in the early development of RA include elevations
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of serum levels of IgA-RF and IgA ACPA isotypes pre-RA diag-
nosis (9,14), and lung abnormalities in some individuals before
they develop RA (15,16). Furthermore, cross-sectional studies
of subjects at risk of future RA have demonstrated elevations of
serum levels of IgA ACPA and IgA-RF (17), and IgA-producing
plasmablast expansion (18). In addition, epidemiologic studies
have linked a risk of RA with factors, such as exposure to tobacco
smoke, that can drive mucosal inflammation (19).

The purpose of the present study was to evaluate serum lev-
els of RF and ACPA isotypes pre— and post-RA diagnosis using
multiple serial samples from a new large and well-characterized
cohort of subjects with RA and matched controls obtained from
the US military. Our findings highlight the timing and trajectories of
elevations of autoantibody isotype levels in RA development, with
a focus on the relationships between IgG and IgA isotypes.

PATIENTS AND METHODS

Study subjects. A case—control study was performed
using samples from the Department of Defense Serum Repos-
itory (DoDSR) from individuals pre— and post-RA diagnosis and
controls. The DoDSR is part of a program to monitor the health
of US military personnel, and samples are collected at enlistment,
deployment, and approximately every other year of service (20).
For research purposes, the DoDSR can be used to identify individ-
uals who develop incident RA with the availability of longitudinally
collected prediagnosis data and samples.

For this study, candidate RA cases were initially identified
based on documentation in the medical record of at least 2 Inter-
national Classification of Diseases (ICD) codes consistent with
RA over time, and at least 1 rheumatologist encounter. Medical
records for each candidate case were subsequently evaluated at
Walter Reed National Military Medical Center by a rheumatologist
and an experienced clinical rheumatology nurse with training in
research methodologies, and 346 RA cases were identified, all
of whom satisfied the American College of Rheumatology (ACR)
1987 classification criteria for RA (21) or were diagnosed as hav-
ing RA by a rheumatologist. Notably, none of these 346 cases
were included in an earlier evaluation of 83 individuals with RA
in the DoDSR by our group (3,5,6,22,23). Up to 4 DoDSR sam-
ples for each case were selected, including 3 samples obtained
pre-RA diagnosis, and 1 sample obtained post-RA diagnosis.
Up to 4 controls were identified per case, excluding individuals
with a diagnosis of RA or inflammatory arthritis, and matched to
cases based on age (at the time of RA diagnosis for their matched
cases), sex, race, region of enlistment, and duration of sample
storage. When fewer samples were available from controls than
cases, controls were matched by the overall time span covered
by the samples (i.e., oldest to newest) rather than the total number
of serum samples.

This analysis included a subset of 214 RA cases who were
diagnosed as having RA between 1995 and 2012, with 212 (99%)

meeting the ACR 1987 RA classification criteria. The 2 remaining
cases were diagnosed as having RA by a board-certified rheuma-
tologist. This subset of cases was selected because they had a
clear date of RA diagnosis available from chart review, sufficient
clinical information available to evaluate the clinical course of their
RA postdiagnosis, and 2 or more prediagnosis serum samples as
well as a postdiagnosis sample with adequate volume available
for autoantibody testing. Notably, the 214 RA cases selected for
analysis did not differ from the 132 remaining RA cases in terms
of age at diagnosis, sex, race, smoking status, or ACPA positivity
postdiagnosis (data not shown). We also analyzed a subset of
210 matched controls. The number of controls was fewer than the
214 RA cases because 4 controls were removed from the analysis
since after initial selection and prior to autoantibody testing, they
lacked sufficient information to exclude inflammatory arthritis.
Clinical data for each case were identified based on review of
medical reports and ICD codes, and abstracted onto a standard-
ized form by personnel who were blinded with regard to autoanti-
body status. Data included demographic characteristics, date of
RA diagnosis and symptom onset, comorbidities including ocular/
oral dryness, lung disease, use of disease-modifying antirheumatic
drugs, radiographic erosions, family history of RA (unavailable for
controls), and smoking status (never versus ever). Race/ethnic-
ity was categorized as non-Hispanic white, African American, or
other, with the “other” category including Asian, Hispanic, and
Native American. Material for genetic studies was not available.

Ethical considerations. The study protocol was approved
by the appropriate regulatory bodies at the DoDSR and Walter
Reed National Military Medical Center as well as by the Colorado
Multiple Institutional Review Board.

Autoantibody assays. Serum was tested in a blinded man-
ner at Exsera BiolLabs at the University of Colorado. To provide a
comparison with clinically available ACPA assays, we tested serum
for anti-cyclic citrullinated peptide 3.1 (CCP3.1) (IgG/A). In addi-
tion, we tested IgA-, IgG-, and IgM-RF (assays were supplied by
Inova Diagnostics). IgA, 1gG, and IgM ACPA isotype levels were
measured with kits using the same antigen plate as the commer-
cial CCP3.1 assay but that are only available in the isotype-specific
assay for research (Inova Diagnostics). For each assay, serum was
tested in duplicate and levels were determined using a standard
curve. The final level for analyses was determined from the mean
of the 2 wells. For all isotype assays, the mean difference between
wells was <15%.

Determination of autoantibody positivity. \We ran-
domly selected 156 (~75%) of the 210 DoDSR controls and used
their last available sample to set cutoff points for each antibody
that was present in <2% of these controls. A subset of 54 controls
(25%) was used to compare rates of positivity to those in cases.
Of note, there were no significant differences between these 156
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controls and the 214 cases with regard to age, sex, or race; fur-
thermore, there were no significant differences between the sets
of 156 controls and 54 controls with regard to age, sex, race, or
autoantibody levels (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41091/abstract). For the CCP3.1 assay, we used
a cutoff level of >20 units for positivity, which is the manufacturer’s
suggested cutoff and is commonly used in general clinical practice.

Statistical analysis. For descriptive analyses, continuous
data were analyzed by t-test, and categorical data were analyzed
by chi-square test. For analyses of autoantibodies as continu-
ous outcomes, levels were log (base 2) transformed, and values

Table 1. Characteristics of the RA cases and controls*

outside of the limit of detection for each assay were randomly
imputed within a window around the limit to avoid truncation. To
examine the timing of elevation of the isotype levels, a mixed-
model analysis was performed for each autoantibody isotype.
Time was included as a continuous variable and modeled using
cubic B-splines that were allowed to vary by group with internal
knots placed at the tertiles and boundary knots placed at the
extremes (24). The model included a random subject intercept
and slope, which were assumed to have a multivariate normal
distribution. Cholesky decomposition was used to constrain the
covariance matrix of the random effects to be positive-definite.
Isotype levels were compared at 1-month intervals to identify the
time at which levels differed significantly (P < 0.05) between cases

RA cases Controls
Characteristic (n=214) (n=210)t P
Samples
Number tested, mean (range) 4(3-4) 3(2-4) -
Pre-RA diagnosis 3(2-3) -
Post-RA diagnosis 101-1) -
Time span of pre-RA diagnosis samples, mean + SD (range) years -51+57(-22.8t0-0.1) - -
Time span of post-RA diagnosis samples, mean + SD (range) years 1.3+£0.9(0.1-5.6) - -
Time span, oldest to newest sample, mean + SD years 12.8+56 123+54 0.39
Age at time of diagnosis, mean + SD 37+79 37+£79 1.0
Female, % 48 48 1.0
Non-Hispanic white, % 58 55 0.93
Ever smoker, %% 32 23 0.06
Autoantibody positivity post-RA diagnosis, no. (%)
CCP3.1 162 (76) 2(4) <0.01
IgA-RF 86 (40) 1(2) <0.01
IgG-RF 35(16) 0(0) <0.01
IgM-RF 112 (52) 2 (4) <0.01
IgA ACPA 56 (26) 0(0) <0.01
IgG ACPA 150 (70) 1(2) <0.01
IgM ACPA 52 (24) 0(0) <0.01
Any RF isotype positive 129 (60) 3(6) <0.01
Any ACPA isotype positive 151 (71) 12 <0.01
Any RF or ACPA isotype positive 174.(81) 4(7) <0.01
No RF or ACPA isotype positive 40 (19) 50 (93) <0.01
Only RF isotype positive 23 (11) 3(6) <0.01
Only ACPA isotype positive 45 (21) 1(2) <0.01
Both ACPA and RF isotype positive 106 (50) 0(0) <0.01
Follow-up time post-RA diagnosis by medical record review, mean 6.9(3.6) 7.2(4.4) 0.54
+SDyears8
RA medications (ever used), %
MTX 87 - -
Anti-TNF inhibitor 73 = =
Radiographic erosions, % 45 - -
Self-reported first-degree relative with RA, %9 16 - -

* MTX = methotrexate; anti-TNF = anti-tumor necrosis factor.

T A total of 210 controls were available for analyses. They were split into 2 groups. Group 1 consisted of 156 controls (~75%) and
group 2 consisted of 54 controls (~25%). The last available sample for the controls in group 1 was used to set cutoff levels for positivity
for rheumatoid factor (RF) and anti-citrullinated protein antibody (ACPA) isotypes. The prevalence rates of positivity for the different
autoantibody isotypes was then compared in group 2. Demographic characteristics are for the entire group (n = 210). Autoantibody
positivity rates are for group 2 (n = 54) and were obtained using their last available sample. Additional comparisons between the 2
groups of controls are presented in Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://onlinelibrary.

wiley.com/doi/10.1002/art.41091/abstract.

¥ Data on smoking were missing for 5 (2%) of 214 cases and 89 (42%) of 210 controls.
§ For cases, this follow-up time refers to the time post-rheumatoid arthritis (RA) diagnosis that charts were available for review. For
controls, it refers to the time between the age they were at the time their matched case was diagnosed as having RA and final chart

information available for review.

9 Defined as a parent, sibling, or child with RA. This information was not available for controls.
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and controls. Comparisons were adjusted for multiple testing
using a step-down Holm-simulated method to control the family-
wise Type | error rate. Of note, a matched nested random effect
was evaluated and did not change the results; as such, analyses
of autoantibody levels do not include matched pair analyses.

Additionally, a proportional hazards frailty model was used to
compare differences in time to first positivity using dichotomous
outcomes for each isotype within cases (25). This model took into
account left censorship, and only included those cases whose
status changed from negative to positive for the isotype of interest.
Comparisons between survival curves were reported as hazard
ratios (95% confidence intervals) and accounted for within-patient
correlation, and Kaplan-Meier plots were generated. Contingency
tables and chi-square testing were used to evaluate fluctuations
in autoantibody positivity across the pre— and post-RA diagnosis
periods.

Finally, estimated subject-specific autoantibody trajectories
as levels from the mixed models were evaluated in an unsuper-
vised random forest with 10,000 trees to estimate a proximity
matrix. Partition around medoids clustering was performed on
the matrix and a silhouette plot was used to identify the num-
ber of clusters, which we defined as “endotypes” or subtypes
of a condition with distinct pathophysiologic mechanisms based
on biomarker patterns rather than clinically observable pheno-
types (e.g., sex) (26). The mixed-effects model was applied to
each isotype, allowing for different B-spline between clusters,
and compared between cases and controls. All analyses were
performed using SAS version 9.4 (SAS Institute) or SPSS version
25 (IBM).

RESULTS

Cases and controls. Study subjects included 214 RA
cases and 210 controls (Table 1). Overall, cases were similar to
controls in age, sex, and race, although cases had a nonsignifi-
cant increase in ever smoking compared to controls (32% versus

23%; P = 0.06).

Timing of elevations of autoantibody isotype levels
in cases compared to controls. In the mixed models, IgA-RF
levels in cases diverged significantly from those in controls 14.2
years prior to RA diagnosis (Figure 1A). This divergence was qual-
itatively earlier than the divergence for IgG-RF, which occurred 5.0
years prior to RA diagnosis (Figure 1B). IgM-RF levels diverged
between cases and controls 7.2 years prior to RA diagnosis (data
not shown).

For ACPA, 1gG levels in cases diverged significantly from
those in controls 17.9 years prior to RA diagnosis. This divergence
was qualitatively earlier than the divergence at 6.2 years prior to
RA diagnosis that was observed for IgA ACPA (Figures 1C and D).
IgM ACPA levels diverged between cases and controls 5.0 years
prior to RA diagnosis (data not shown).

Notably, the divergence times identified using the mixed
models described above can only be compared in a qualitative
manner. Therefore, we additionally used analytic approaches that
evaluated the differences between cases and controls on a subject
level to quantitatively compare the timing of divergence of autoan-
tibody levels between cases and controls. In these analyses, the
sequence of divergence was similar to that seen in the mixed
models and was as follows, from earliest to latest divergence from
controls pre-RA diagnosis: IgG ACPA, IgA-RF, IgM-RF, IgA ACPA,
IgM ACPA, and IgG-RF (P < 0.01 for all comparisons) (Supple-
mentary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41091/
abstract). There was no significant difference in the overall lev-
els of autoantibodies based on smoking status (Supplementary
Figure 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41091/abstract).
Furthermore, there was no significant difference in the timing of
autoantibody levels diverging from controls for any isotype based
on smoking status (data not shown).

Survival models to evaluate the relative timing of
autoantibody positivity prior to RA diagnosis. To comple-
ment the analyses of autoantibody levels, we performed survival
analyses to evaluate the relative timing of earliest positivity of each
autoantibody isotype, adjusting for age, sex, and smoking status.
In these analyses, the time of first positivity for IgG ACPA was ear-
liest, at a median of 1.9 years prior to diagnosis, followed by the
other autoantibodies closer to diagnosis (Table 2). The cumulative
probability for a positive test by autoantibody isotype is shown in
Supplementary Figures 3 and 4, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41091/abstract.

Fluctuations in autoantibody levels and positiv-
ity pre- and post-RA diagnosis. To evaluate changes in
autoantibody positivity in periods pre— and post-RA diagno-
sis, we analyzed positivity rates 0-2 years prior to RA diag-
nosis, 0-2 years immediately post-RA diagnosis, and >2
years post-RA diagnosis, using a single sample from each
case per time interval. There were no significant changes
across these time periods in the prevalence of positivity for
IgA-RF, IgM-RF, or IgG-RF, or for IgM ACPA or IgG ACPA
(Table 3). However, the prevalence of positivity for IgA ACPA
increased: 18.9% 0-2 years pre-RA, 23.4% 0-2 years post-
RA diagnosis, and 38.5% >2 years post-RA diagnosis (P =
0.04) (Table 3). There were no significant differences between
those who developed IgA ACPA across these time periods
in sex, age at diagnosis of RA, medication use, or smoking
history (data not shown).

In addition, subject-specific plots indicated that between-
subject variability over time was similar for IgA-RF and IgM-RF
(variance 0.001 for both) (Supplementary Figure 5, available on the
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Figure 1. IgA rheumatoid factor (IgA-RF), IgG-RF, IgA anti—citrullinated protein antibody (ACPA), and IgG ACPA levels in rheumatoid arthritis
(RA) cases and controls. A and B, Mixed model estimates of levels of IgA-RF (A) and IgG-RF (B) in RA patients and controls. Levels of IgA-RF
diverged significantly between cases and controls 14.2 years prior to RA diagnosis (mean + SEM log, level 1.02 + 0.12 U in cases versus 0.69 +
0.11 1U in controls; P < 0.05). Levels of IgG-RF diverged significantly between cases and controls 5.0 years prior to RA diagnosis (mean + SEM
log, level 2.62 + 0.08 IU in cases versus 2.36 + 0.07 IU in controls; P < 0.05). IgM-RF levels in RA cases diverged from those in controls 7.2
years prior to RA diagnosis (data not shown). G and D, Mixed model estimates of levels of IgA ACPA (C) and IgG ACPA (D) in RA patients and
controls. Levels of IgA ACPA diverged significantly between cases and controls 6.2 years prior to RA diagnosis (mean + SEM log, levels 3.67 +
0.14 units in cases versus 3.20 + 0.12 units in controls; P < 0.05). Levels of IgG ACPA diverged significantly between cases and controls 17.9
years prior to RA diagnosis (mean + SEM log, levels 1.81 + 0.19 units in RA cases versus 1.28 + 0.19 units in controls; P < 0.05). IgM ACPA
levels in RA cases diverged from those in controls 5.0 years prior to RA diagnosis (data not shown). Horizontal lines and shading show the
mean + SD; circles represent individual subjects. The gray horizontal lines represent the cutoff for positivity determined in 156 controls. Vertical
lines indicate the time point at which values diverged between cases and controls. * = P < 0.05.

Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41091/abstract). In contrast, there was greater
between-subject variability for IgA ACPA compared to IgG ACPA
(variance 0.03 versus 0.001). Additional findings regarding the var-
iability of autoantibody positivity in cases and controls where “rever-
sion” of autoantibody positivity was defined as positivity in one

sample followed by negativity in the next sample are presented in
Supplementary Table 2, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41091/
abstract. In summary, these analyses showed that reversion was
least common for IgG ACPA (19%) and most common for IgG-RF
(49%). Furthermore, a subset of cases were negative for a
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Table 2. Timing of autoantibody isotype positivity in RA cases prior to RA diagnosis*

Time between first positive sample and

Unadjusted HR Adjusted HR

Autoantibody isotype RA diagnosis, median (IQR) years (95% Cl) P (95% Cht P
IgG ACPA 1.92 (1.35-2.65) Referent - Referent -
IgA-RF 1.74(1.12-2.57) 1.72(1.17-2.53) <0.01 1.71 (1.16-2.53) <0.01
lgM-RF 1.66(0.83-2.29) 1.55(1.10-2.19) <0.01 1.59 (1.13-2.24) 0.01
lgM ACPA 1.59 (0.78-2.1) 1.934 (1.19-3.14) 0.01 1.974 (1.22-3.21) 0.01
lgG-RF 1.37(0.57-2.23) 2.82(1.51-5.26) <0.01 2.83(1.52-5.29) <0.01
IgA ACPA 1.35(0.83-2.56) 2.81(1.66-4.75) <0.01 2.83(1.68-4.77) <0.01

* The cutoff for positivity for each autoantibody was defined as the level at which <2% of 156 controls were considered positive. IQR = inter-
quartile range; 95% Cl = 95% confidence interval; IgA-RF = IgA rheumatoid factor.

T Adjusted for age at rheumatoid arthritis (RA) diagnosis, sex, and smoking history. A hazard ratio (HR) >1 indicates that the duration of autoanti-
body positivity was shorter (i.e., the first positive sample was obtained closer to RA diagnosis) than that for the referent autoantibody isotype IgG

anti-citrullinated protein antibody (ACPA).

particular isotype post—-RA diagnosis yet had been positive pre-RA.
The lowest rate of reversion to a negative finding post-RA diagno-
sis was for IgG ACPA (12%), and the highest was for IgG-RF (49%).

Endotype evaluation. Cluster analysis identified 2 endo-
types based on subjects with similar trajectories of autoantibody
level elevations in the pre-RA period (Figure 2). An “early endotype”
was characterized by autoantibody levels rising early in the pre-RA
period. In contrast, a “late endotype” was characterized by autoan-
tibody levels rising closer to RA diagnosis. There were no signifi-
cant differences between the 2 endotypes with regard to age at
RA diagnosis, year of diagnosis, history of smoking, or prevalence
of erosive disease assessed by review of radiologic reports from
throughout the duration of follow-up post-RA diagnosis (Table 4).
However, the early endotype group included more female subjects
(65% versus 39%; P = 0.02), and also had a longer mean dura-
tion of follow-up post—RA diagnosis (7.4 years versus 6.3 years;
P = 0.03). Post-RA diagnosis, patients with the early endotype
also more frequently exhibited sicca symptoms (35% versus 19%;
P = 0.04), lung disease (15% versus 4%; P = 0.01), and use of
anti~tumor necrosis factor (anti-TNF) inhibitors (81% versus 64%;
P = 0.01). The patients with the early endotype were also posi-

tive for a higher mean number of RF and ACPA isotypes post-RA
diagnosis (2.9 versus 1.6; P < 0.01). Notably, while the timing of
autoantibody elevations was different between the endotypes, the
overall relationships between isotypes remained similar to those

seen in other analyses, with IgG ACPA levels elevated earliest.

DISCUSSION

In one of the largest cohorts studied to date, we have shown
that IgG ACPA levels are elevated earlier pre-RA diagnosis than
levels of the other autoantibody isotypes, and there is an initial
early elevation of autoantibody levels, followed by a period of sta-
bility, and then an increase in levels immediately prior to a diag-
nosis of RA. We also demonstrated that rates of positivity of IgA
ACPA significantly increased post-RA diagnosis, and that there
appear to be 2 endotypes of autoantibody trajectories pre-RA
diagnosis that are associated with differences in post-RA diag-
nosis phenotypes.

Our a priori hypothesis for this study was that IgA ACPA
levels would be elevated earlier than IgG ACPA levels pre—
RA diagnosis; however, this was not the observed outcome.
Furthermore, in published studies, IgG ACPA has been shown

Table 3. Changes in autoantibody positivity in the periods before and after RA diagnosis*

0-2 years prior to

0-2 years after >2 years after

RA diagnosis RA diagnosis RA diagnosis
IgA-RF positive 41 39 5
|gM-RF positive 53 52 55
|gG-RF positive 19 16 18
IgA ACPA positivet 19 23 39
IlgM ACPA positive 25 25 23
1gG ACPA positive 67 68 80
CCP3.1 positive 73 75 82
Number of subjects 206 175 39
Time from diagnosis to when sample -0.7£05 1.0+£05 26+0.8

was obtained, mean + SD years

* Each interval contains only 1 sample per subject; if more than 1 sample per subject was available in an
interval, the sample obtained closest to the middle of the interval was selected for analysis; however, not
all subjects had a sample available in each time interval. Except where indicated otherwise, values are the
percentage of subjects. RA = rheumatoid arthritis; IgA-RF = IgA rheumatoid factor; ACPA = anti-citrullinated

protein antibody.

t P = 0.04 for the comparison of percentages of positivity across the 3 time intervals, by chi-square

analysis of contingency tables.
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Figure 2. |dentification of 2 endotypes among rheumatoid arthritis (RA) cases based on trajectories of autoantibody isotypes. A and B, Levels
of IgA rheumatoid factor (IgA-RF) (A) and IgG-RF (B) in controls, RA cases with the late endotype, and RA cases with the early endotype. C and
D, Levels of IgA anti—citrullinated protein antibody (ACPA) (C) and IgG ACPA (D) in controls, RA cases with the late endotype, and RA cases
with the early endotype. In RA cases with the early endotype (n = 116), IgA-RF, 1gG-RF, IgA ACPA, and IgG ACPA autoantibody levels began to
increase compared to those in controls early in the pre-RA period. In RA cases with the late endotype (n = 98), IgA-RF, IgG-RF, IgA ACPA, and
lgG ACPA autoantibody levels increased compared to those in controls just proximal to the diagnosis of RA. IgM-RF and IgM ACPA trajectories
are not pictured but were within the range of IgG and IgA autoantibodies for each endotype. Horizontal lines and shading show the mean + SD;
circles represent individual subjects. The gray horizontal lines represent the cutoff for positivity determined in 156 controls.

to be elevated pre-RA in more individuals than IgA ACPA, similar
to our findings in the present study (9). Taken together, these
findings suggest that IgG ACPA is indeed systemically elevated
earlier than IgA ACPA pre-RA diagnosis. This finding may sug-
gest that for ACPA, IgA processes are not the earliest drivers of
autoimmunity.

However, several lines of evidence suggest that IgA and
potentially mucosal responses are important in the evolution of RA,
and in particular in the transition from pre-RA to clinically apparent

RA. First, several cross-sectional studies of first-degree relatives
(FDRs) of RA patients have shown a higher prevalence of IgA
ACPA than IgG ACPA (17,27), although one study showed higher
rates of positivity for IgG ACPA than for IgA ACPA among FDRs
and non-FDR healthy controls (28). While mixed, these results may
support the notion that IgA-RF and IgA ACPA levels are higher
due to “natural” mucosal-related autoimmunity in individuals who
do not develop RA—and perhaps in a T cell-independent manner
(29). In contrast, in individuals who progress to RA, certain factors
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Table 4. Characteristics of 2 RA endotypes with different autoantibody isotype patterns prior to RA diagnosis*®

Early endotype Late endotype
Characteristic (n=116) (n=98) P

Duration of clinical follow-up available after RA 74+3.38 6.3+3.20 0.03

diagnosis, mean + SD years
Age, mean = SD years 375+£85 36.2+72 0.24
Female 55 39 0.02
Ever smoker 32 32 0.97
Current smoker 19 14 0.36
Radiographic erosionst 47 41 0.33
Lung disease 15 4 0.01
Dry eyes or mouth 32 19 0.04
Self-reported first-degree relative with RAT 18 14 0.29
Body mass index 0.75

Normal 21 22

Overweight 47 46

Obese 33 32
Medications (ever used)

Glucocorticoids 81 77 0.42

Methotrexate 9 83 0.06

Leflunomide 16 8 0.07

Anti-TNF inhibitors 81 64 0.01

Rituximab 7 8 0.73
RA nodules 8 7 0.86
No. of antibodies positive after RA diagnosis, mean + SD 29+17 16£16 <0.01
Time from RA diagnosis to when serum sample was 1.4+09 11+£09 0.05

obtained, mean + SD years

* Except where indicated otherwise, values are the percentage of patients. Anti-TNF = anti-tumor necrosis factor.
t Erosions were assessed by chart review of all available follow-up data for the rheumatoid arthritis (RA) cases;
there was no significant difference in the numbers of subjects who had radiographs performed, or the timing of

radiographs, between endotypes.
 Defined as a parent, sibling, or child with RA.

may lead to more pathogenic immune responses, including early
transition to IgG that may be facilitated through the presence of
the shared epitope (4).

Second, in the cases studied herein we may have missed
earlier elevations of IgA ACPA related to the greater fluctuations in
IgA ACPA levels than in IgG ACPA levels (Supplementary Figure 5,
available on the Arthritis & Rheumatology web site at http://onlin
elibrary.wiley.com/doi/10.1002/art.41091/abstract). This variability
may be due in part to a shorter circulating half-life of IgA versus
IgG (~5 days versus ~21 days) that could make it difficult to cap-
ture persistent elevation or positivity of IgA until higher levels are
sustained (30).

Third, prior work from our group has demonstrated that
IgA ACPA is present in sputum, but may not be simultaneously
detected in the blood (31,32). As such, our observation herein that
IgG ACPA was elevated in the blood before IgA ACPA could mean
that IgG more efficiently transfers from a mucosal surface to the
circulation and is therefore detected earlier (33).

Fourth, for ACPA and RF, we measured total IgA. However,
there are subtypes of IgA, including its secretory form, that may be
more indicative of direct mucosal generation, although bone mar-
row or other sites of generation of IgA are also possible (34-36);
future studies should evaluate these subtypes further. Finally, while
IgA is the dominant antibody response at most mucosal sites, cer-
tain sites such as the cervico-vaginal tract can generate IgG locally

(37), raising the possibility that even the early presence of serum
IgG may be indicative of mucosal responses.

There are additional factors that suggest that mucosal pro-
cesses play an important role in RA development. In particular, RF
and ACPA appear to be separate yet synergistic systems in RA,
with distinct processes that drive the development of each autoan-
tibody lineage (38-40). It is also known that these autoantibodies
may be generated in the joints of individuals with established RA
(41), although it is not yet fully understood how and where RF and
ACPA are generated pre-RA diagnosis when presumably there
is no synovitis. However, earlier elevation of IgA-RF levels com-
pared to IgM-RF and IgG-RF levels suggests that RF may initially
be generated due to mucosal responses. In addition, the later ele-
vations of IgA ACPA compared to IgG ACPA, and in particular the
increased prevalence of IgA ACPA positivity in the pre— to post-
RA diagnosis periods, suggest that IgA ACPA generation could
represent mucosal processes that facilitate a transition to clinically
apparent synovitis. This latter concept is supported in other studies
by the finding of circulating IgA ACPA plasmablasts in early RA (42),
as well as by findings in an animal model of inflammatory arthritis
where a systemic autoimmune response is initiated through sub-
cutaneous immunization yet there is a requirement for mucosal
interactions with bacteria for the development of arthritis (43).
Future studies can expand on these issues including by evaluating
mucosal interventions that are applied after the initial development
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of RA-related autoimmunity and which could halt propagation of
immunity and a transition to synovitis.

In our longitudinal analyses of samples, we saw pre-RA diag-
nosis increases in the levels of all autoantibody isotypes in the
cases compared to the controls; for example, IgG ACPA levels
in cases diverged from those in controls ~17 years prior to diag-
nosis (Figure 1). However, when autoantibodies were evaluated
as positive or negative, the times of elevation were much closer
to the time of diagnosis (Table 2). This supports the notion that
autoantibody positivity as defined by a cutoff value can be useful
for predicting near-term onset of clinically apparent RA. Indeed,
positivity for ACPA and RF is being used in RA prevention trials
that have the expectation of near-term development of clinically
apparent RA (12). However, when autoantibody levels were evalu-
ated, there was still a period of many years during which the levels
remained relatively low yet still higher than those seen in controls.
Importantly, for many cases, this level would be considered nega-
tive using standard cutoff values for RF or ACPA (Figure 1). Others
have suggested that there are “two hits” in the evolution of RA,
where there is an initial break in tolerance and early generation
of autoantibodies, followed by a later expansion of autoimmunity
and transition to clinically apparent RA (5,40,44), and the findings
of the present study strongly support this concept. The factors
associated with the initial increase in autoantibody levels and then
later expansion closer to the onset of clinically apparent RA need
further evaluation.

Also of interest was our finding that there were fluctuations
in autoantibody positivity within cases pre— and post-RA diagno-
sis (Table 3 and Supplementary Table 2, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41091/abstract). Fluctuation in autoantibody
positivity post-RA diagnosis is not a novel finding, although less
is known about the positive/negative states across the transition
from pre— to post-RA diagnosis (45). The findings postdiagnosis
are somewhat limited in that the mean time of collection of post—
RA diagnosis samples was ~1.3 years after diagnosis, and we
did not have serial post-RA diagnosis samples for each individ-
ual. However, these results are consistent with the concept that
there is continued evolution of autoantibodies across the span of
RA development, although the factors that contribute to it (e.g.,
genetic, environmental, medication, etc.) need to be evaluated in
the future.

There is an emerging understanding that in individuals with
established RA there can be a variety of “endotypes” defined by
a variety of features, including autoantibodies, that may have dif-
ferent clinical outcomes and response to therapy (46). Consistent
with this idea, we uniquely identified that there were early and late
endotypes among cases based on the temporal pattern of eleva-
tions of autoantibody isotype levels pre-RA diagnosis. This was
an observational study and there were differences in the duration
of post-RA diagnosis follow-up between endotypes. As such,
conclusions regarding the relationship between these endotypes

and clinical outcomes are limited. However, the differences in TNF
inhibitor use and extraarticular disease and similarities in erosive
disease suggest there are underlying differences in disease patho-
genesis between these endotypes. In addition, in prior work using
a different and smaller cohort of subjects (n = 83) we found that
an older age at RA diagnosis was significantly associated with a
longer duration of autoantibody positivity pre-RA diagnosis (22).
In this new cohort, we did not observe a significant relationship
between age and duration of autoantibody positivity pre-RA diag-
nosis. However, the mean age at RA diagnosis was nonsignificantly
higher for the patients with the early endotype versus those with the
late endotype (37.5 years versus 36.2 years), suggesting that there
may be a similar effect of age on duration of autoantibody elevation
pre-RA diagnosis. Age, genetic factors, inflammatory pathways, or
other unmeasured variables that may also explain the differences
between these endotypes will need further investigation (9,27).

There are several additional caveats. This is one of the largest
sample sets to date evaluated throughout the development of RA;
however, we performed multiple analyses, many resulting in novel
findings, and therefore we welcome replication in additional studies.
The military cohort may also represent a more severe form of RA
than is seen in other populations given that the age at RA diagnosis
was younger than in other RA cohorts (~37 years versus 50-60
years in other studies) (47), there was a high post-RA diagnosis
rate of RF and ACPA positivity, and a high percentage of individuals
were treated with biologic agents. In addition, the percentage of
patients who were men (~50%) was higher than the typical ~30%
seen in other RA cohorts (47). Our selection of cases who predom-
inantly met the ACR 1987 criteria may have led to the identification
of more severe phenotypes. Furthermore, some of these issues
may be inherent to the US military, whose members are typically
young and predominantly male, and a higher use of biologic agents
may be attributed to access to health care and the individual’s
desire to maintain active military status. However, given that our
analyses were adjusted for sex and age, it is likely that these find-
ings are still generalizable to patients with seropositive RA.

Furthermore, 67% of the samples were obtained 0-5 years
pre—RA diagnosis. More than 85% of autoantibody-positive sam-
ples were obtained in that 0-5-year window; therefore, we believe
that the analyses and findings regarding timing of elevations of
autoantibody levels are robust; however, this may limit our under-
standing of the behaviors of autoantibodies in earlier time peri-
ods. In addition, because of potential delays in individuals seeking
medical attention for joint symptoms, the actual time of onset of
clinically apparent synovitis may be earlier than the date of diag-
nosis, leading to a potential overestimation of the time between
autoantibody elevation and onset of synovitis. However, in the
present study the median duration of symptoms attributed to RA
was <6 months prior to diagnosis, and so we suspect this issue
is not a major confounder. These latter points can be addressed
in prospective studies with more frequent sample analyses as well
as joint evaluations.
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The inherent properties of each of the autoantibody isotypes
may also differ, which could lead to differences in the ability to
identify elevations in autoantibody levels. For example, IgA affinity
may be lower than IgG affinity, and therefore serum levels may be
more difficult to detect. However, the approaches that we have
taken using the same assays and cutoff values for positivity, and
the fact we observed a similar sequence of isotypes when exam-
ining both levels and dichotomous outcomes, strengthen our con-
clusions regarding the timing of elevations of autoantibody levels.
Finally, for ACPA testing we used an antigen plate that is pro-
prietary and therefore the specific antigens are unknown; there-
fore, the evolution of autoantibody isotypes and fine specificities
pre— and post-RA diagnosis should be evaluated further in future
studies (5,28).

In conclusion, there are differences in RF and ACPA iso-
type patterns during RA development. These findings have
implications for understanding the pathophysiology of disease
development.
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Disordered Antigens and Epitope Overlap Between
Anti-Citrullinated Protein Antibodies and Rheumatoid
Factor in Rheumatoid Arthritis

Zihao Zheng," Aisha M. Mergaert,' Lauren M. Fahmy," Mandar Bawadekar,' Caitlyn L. Holmes,' Irene M. Ong,*
Alan J. Bridges,® Michael A. Newton," and Miriam A. Shelef?

Objective. Anti—citrullinated protein antibodies (ACPAs) and rheumatoid factor (RF) are commonly present in
rheumatoid arthritis (RA) without a clear rationale for their coexistence. Moreover, autoantibodies develop against
proteins with different posttranslational modifications and native proteins without obvious unifying characteristics of
the antigens. We undertook this study to broadly evaluate autoantibody binding in seronegative and seropositive RA
to identify novel features of reactivity.

Methods. An array was created using a total of 172,828 native peptides, citrulline-containing peptides, and
homocitrulline-containing peptides derived primarily from proteins citrullinated in the rheumatoid joint. IgG and IgM
binding to peptides were compared between cyclic citrullinated peptide (CCP)-positive RF+, CCP+RF-, CCP-RF+,
and CCP-RF- serum from RA patients (n = 48) and controls (n = 12). IgG-bound and endogenously citrullinated pep-
tides were analyzed for amino acid patterns and predictors of intrinsic disorder, i.e., unstable 3-dimensional structure.
Binding to IgG-derived peptides was specifically evaluated. Enzyme-linked immunosorbent assay confirmed key
results.

Results. Broadly, CCP+RF+ patients had high citrulline-specific IgG binding to array peptides and CCP+RF- and
CCP-RF+ patients had modest citrulline-specific IgG binding (median Z scores 3.02, 1.42, and 0.75, respectively;
P < 0.0001). All RA groups had low homocitrulline-specific binding. CCP+RF+ patients had moderate 1gG binding to
native peptides (median Z score 2.38; P < 0.0001). The highest IgG binding was to citrulline-containing peptides, ir-
respective of protein identity, especially if citrulline was adjacent to glycine or serine, motifs also seen in endogenous
citrullination in the rheumatoid joint. Highly bound peptides had multiple features predictive of disorder. IgG from
CCP+RF+ patients targeted citrulline-containing IgG-derived peptides.

Conclusion. Disordered antigens, which are frequently citrullinated, and common epitopes for ACPAs and RF are

potentially unifying features for RA autoantibodies.
INTRODUCTION

In rheumatoid arthritis (RA), autoantibodies are both pathologic
(1-3) and diagnostic (4). Patients with RA produce a variety of
anti—citrullinated protein antibodies (ACPAs) with overlapping
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reactivity (5-8) that underlie the diagnostic anti—cyclic citrullinated
peptide (anti-CCP) antibody tests. They also generate rheuma-
toid factor (RF), antibodies of any isotype that bind to the Fc
portion of IgG, which is also used for diagnosis. In RA, autoanti-
bodies that target homocitrulline, known as anti-homocitrullinated
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protein antibodies (AHCPAs) or anti—carbamylated protein anti-
bodies, are produced (9). There appears to be some cross-
reactivity between AHCPAs and ACPAs (7, 10-12), but this issue
has not been completely resolved. Moreover, RA patients produce
autoantibodies against malondialdehyde-acetaldehyde adducted
proteins (13) and acetylated proteins (14), suggesting that autoan-
tibodies in RA may primarily bind posttranslationally modified pro-
teins (15). However, native proteins can also be targeted in RA
(16-18), and autoantibodies against posttranslationally modified
proteins often coexist with RF. It remains unclear why these seem-
ingly unrelated antigens are targeted in RA.

Although the majority of patients with RA generate ACPAs
and RF, ~25% are seronegative for both CCP and RF (19). RA
patients who are seronegative may lack autoantibodies in general
or common autoantibodies for this subset simply may not have
been discovered yet. Additionally, some patients are seropositive
for only RF or CCP. Little is known about autoantibody reactivity
in patients who are positive for one but not both of these antibod-
ies. However, an understanding of autoantibodies in these groups
could shed light on the spectrum of disease in RA. In this study,
we used a high-density peptide array to evaluate autoantibodies
against citrulline-containing peptides, homocitrulline-containing
peptides, and native peptides in seropositive and seronegative
patients in order to identify unifying and novel features of autoan-
tibody reactivity in RA.

MATERIALS AND METHODS

Human subjects. Human subject research was carried out
in compliance with the Helsinki Declaration and was approved by
the University of Wisconsin Institutional Review Board. Serum from
age- and sex-matched controls and RA patients were selected
from the University of Wisconsin (UW) Rheumatology Biorepos-
itory as described previously (20,21). Briefly, RA patients were
identified based on having >2 outpatient visits within 24 months
at which RA-associated International Classification of Diseases
codes were used (22), or 1 visit and a positive CCP test result. RA
diagnosis was confirmed by manual review of the 3 most recent
progress notes from a rheumatologist. Anti-CCP was assessed
by generation Il anti-CCP or anti-CCP3 enzyme-linked immuno-
sorbent assay (ELISA) (Inova), and RF was assessed by latex or
polystyrene agglutination in the UW clinical laboratory. RA patients
were included in the following groups if CCP and/or RF titers were
negative or were >2 times the upper limit of normal: CCP+RF+,
CCP-RF+, CCP+RF-, and CCP-RF-. Controls were excluded if
they had any of the following as determined by verbal screening
and manual review of the medical record: RA, lupus, Sjogren’s
syndrome, scleroderma, multiple sclerosis, type 1 diabetes melli-
tus, psoriasis, spondyloarthropathy, inflammatory bowel disease,
or hematologic malignancy. A total of 48 RA patients and 12 con-
trols were included in array studies, and 40 CCP+RF+ RA patients
and 40 controls were included in confirmatory ELISAs.

High-density peptide array. Twelve-amino acid pep-
tides from 224 UniProt sequences (see Supplementary Table 1,
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41074/abstract) for 122 unique pro-
teins (including variants) were tiled at a 1-amino acid interval to
generate an array (Roche NimbleGen), as previously described
(28). The majority of selected proteins were previously found
to contain >1 citrulline in the rheumatoid joint (24-26), with
some family members of the proteins included as well as a few
known targets of ACPAs (3,8,27). Peptides containing arginine
or lysine were included as native peptides and as peptides
with all arginines replaced with citrullines or all lysines replaced
with homocitrullines. Redundant peptides (found in >1 protein)
were included once. Peptides from 5 proteins were included in
duplicate. Each chip contained 12 copies of the array, which
included 172,828 peptides: 35,459 citrulline-containing pep-
tides, 41,608 homocitrulline-containing peptides, and 95,761
native peptides. Sera were sent to Roche NimbleGen for pro-
cessing in order to apply to the array for analysis to detect IgA,
IgM, and IgG that bound to each peptide (23), with sera diluted
1:100 in binding buffer (0.01M Tris HCI [pH 7.4], 1% alkali-
soluble casein, 0.05% Tween 20). Six serum samples were run
in duplicate on different chips. Roche NimbleGen provided raw
signal intensities and a key for placing redundant peptides into
the appropriate proteins.

ELISA. High-binding ELISA plates (Costar 3590; Corning)
were coated with 5 pg/ml of streptavidin (Thermo Scientific) in
phosphate buffered saline (PBS), incubated overnight at 4°C,
washed 3 times with 0.2% Tween 20 in PBS (wash buffer), and
incubated overnight at 4°C with 20 pg/ml of C-terminal biotinylated
peptides (Peptide 2.0) in PBS. Peptides were EIFDSRGNPTVEK-
biotin and EIFDScitGNPTVEK-biotin derived from a-enolase,
and VFPLAPCSRSTSK-biotin, VFPLAPCScitSTSK-biotin, KPR
EEQYNSTYRK-biotin, KPcitEEQYNSTYcitK-biotin, FLYSRLTVDK
SRK-biotin, and FLYScitLTVDKScitK-biotin derived from IgG
heavy chain. Next, at room temperature, plates were washed
3 times, blocked with 5% nonfat dry milk for 2 hours, incubated
for 2 hours with serum diluted 1:100 in wash buffer with 5% milk,
washed 4 times, incubated for 2 hours with horseradish peroxi-
dase—conjugated goat anti-human IgG (SouthernBiotech) diluted
1:5,000 in wash buffer with 5% milk, washed 3 times, devel-
oped with 3,3',5,5'-tetramethylbenzidine, and read at 450 nm
with 540 nm correction. Absorbance values were normalized to
blank wells and sample-specific uncoated wells. Positive results
were in the linear range.

Statistical analysis. Computations on peptide array
data were performed using built-in functions and custom
scripts within the R system for statistical computing (28). Raw
intensity levels were transformed using a double logarithm
(logllog(x)]) to stabilize variation and improve sensitivity (29).
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Comparisons between RA patients and control subjects were
conducted using a novel distribution analysis that considers all
quantitative scores and does not threshold to identify “positive”
peptides. First, for the signal intensity of each peptide or
peptide-matched pair (i.e., signal from citrulline-containing
peptide minus signal from corresponding arginine-containing
peptide), we computed the Student’s t statistic to measure
differential abundance between an RA group and controls. We
converted each t statistic to a Z score, which is essentially the
number of standard deviations for the RA group from controls,
using the probability integral transform, and then presented
each set of Z scores as an empirical cumulative distribution
function (ecdf).

Statistical significance was determined by sample-label per-
mutation followed by repeated regeneration of Z score ecdfs;
a measure of distributional distance was computed each time
between the synthetic ecdf and the null integrated bell curve
(>10,000 permuted data sets). The same inference results were
obtained for different distance measures: mean difference,
Kullback-Leibler divergence, and Hellinger distance. Using the
Monte Carlo testing on sets of peptides, we could infer large-
scale differential antibody abundance between RA and con-
trol groups, while respecting potential dependencies between
abundance measures in the same subject without heavy
multiple-comparison penalties associated with single-peptide

A 1.0

1.0/ Citrulline
ligM

Citrulline 7

testing. Comparisons between ELISA data and array data or
between the proportion of arginine or lysine and average bind-
ing were made using distance covariance (30). ELISA data
were compared between groups using a Mann-Whitney test
or Wilcoxon’s matched pairs signed rank test, with P values
less than 0.05 considered significant.

RESULTS

Broad evaluation of autoantibody binding in RA.
A peptide array was designed with overlapping peptides pri-
marily from proteins with >1 citrulline detected in the rheuma-
toid joint (24-26), including native peptides, peptides with all
arginines replaced by citrullines, and peptides with all lysines
replaced by homocitrullines. Sera from controls and RA patients,
categorized into CCP+RF+, CCP+RF-, CCP-RF+, and CCP-
RF— groups, were subjected to the array in order to quantify
IgM and IgG binding to each peptide. As shown in Supple-
mentary Table 2 (http://onlinelibrary.wiley.com/doi/10.1002/
art.41074/abstract), subjects were similar across groups.
Additionally, the array methodology was accurate and repro-
ducible as determined by cluster analysis, duplicate sam-
ple analysis, duplicate peptide analysis, and confirmatory
ELISA (Supplementary Figures 1 and 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.41074/abstract).
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Figure 1. Broad patterns of antibody reactivity against peptides in rheumatoid arthritis (RA). IgG and IgM binding were measured in all samples
for each peptide and the Z score for each peptide calculated for each RA group (cyclic citrullinated peptide—positive [CCP+] rheumatoid factor—
positive [RF+], CCP+RF-, CCP-RF+, and CCP-RF-), compared to controls. The proportion of Z scores less than the specific Z value was
graphed as an empirical cumulative distribution function (ecdf) plot. The median Z score for each RA group is where its ecdf curve crosses the
dotted line at 0.5. Statistical significance was assessed by permutation analysis. A, Citrulline-containing peptides and citrulline-specific binding
(binding values for citrulline-containing peptides minus corresponding arginine-containing peptides) (n = 35,459 peptides or peptide pairs). B,
Homocitrulline (homocit)-containing peptides and homocitrulline-specific binding (binding values for homocitrulline-containing peptides minus
corresponding lysine-containing peptides) (n = 41,608 peptides or peptide pairs). C, All native peptides and native peptides excluding peptides
with arginine or lysine (n = 95,761 native peptides, n = 18,694 native peptides without arginine or lysine). For all panels, n = 12 samples per
group; P < 0.0001 for all comparisons despite some small visual differences (except citrulline-specific IgM binding for CCP—RF+ versus control,

which was not significant).
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Following these confirmatory tests, we evaluated general
antibody binding patterns in the 4 RA groups, first focusing on
citrulline. As expected, CCP+RF+ patients had very high IgG
binding to citrulline-containing peptides (Figure 1A). CCP+RF-
and CCP-RF+ groups showed modest IgG binding. For IgM,
the CCP+RF+ group had high binding to citrulline-containing
peptides, with modest binding in the CCP-RF+ group. We next
quantified citrulline-specific binding (binding to citrulline-containing
peptides minus corresponding arginine-containing peptides) and
found very high citrulline-specific IgG binding in the CCP+RF+
patients and modest citrulline-specific IgG binding in CCP-RF+
and CCP+RF- groups. For IgM, there was modest citrulline-
specific binding in the CCP+RF+ group. We also performed similar
analyses of IgA binding (Supplementary Figure 3, http://onlinelibr
ary.wiley.com/doi/10.1002/art.41074/abstract). Although there
appeared to be a small increase in citrulline-specific IgA binding in
CCP+RF+ subjects, we could detect only low IgA binding in gen-
eral, limiting our analyses. Notably, similar to most studies evalu-
ating antibody binding in RA, in CCP+RF+ patients we could not
determine how much detected binding was direct binding of Ig to
citrulline-containing peptides versus indirect binding of RF to IgG
that was bound to citrulline-containing peptides.

We next evaluated reactivity with homocitrulline-containing
peptides (Figure 1B). CCP+RF+ subjects showed increased
IgG binding to homocitrulline-containing peptides, with small
increases in binding for the other 3 groups. For IgM binding, the

CCP+RF+ group had an increase in binding, with a small increase
in the CCP-RF+ group. Overall, there was low homocitrulline-
specific IgM and 1gG binding in all RA groups (i.e., binding to
homocitrulline-containing peptides minus corresponding lysine-
containing peptides).

Finally, we assessed binding to native peptides (Figure 1C).
Moderate binding of IgG to native peptides in the CCP+RF+ group
was observed, as well as modest IgM binding to native peptides in
both RF+ groups. To reduce the possibility of cross-reactivity with
citrulline- and homocitrulline-containing peptides, antibody binding to
native peptides that did not contain arginine or lysine was assessed.
Again, we observed moderate IgG binding to native peptides only in
the CCP+RF+ group and modest IgM binding in both RF+ groups.

Collectively, these data suggest that citrulline is a major driver
of autoantibody reactivity in our RA patients who were positive
for both RF and CCP, as expected, with little specific reactivity
against homocitrulline and moderate binding to native peptides.
Moreover, seronegative subjects had little antibody binding in gen-
eral, and RA patients with seropositivity for only RF or only CCP
showed intermediate binding, primarily with citrulline.

A dominant target of IgG in RA is citrulline, irre-
spective of protein identity, particularly if citrulline is
adjacent to glycine or serine. We next evaluated whether
peptides from specific proteins were preferentially targeted in
RA. We identified peptides bound by IgG at a level 10 times
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Figure 2. Amino acids that correlated with increased IgG binding in rheumatoid arthritis (RA). A, The average fold increase in IgG binding for
RA versus control sera was determined for each peptide (including native, citrulline-containing, and homocitrulline-containing peptides) and was
then averaged for each protein to generate the average fold increase of IgG binding per protein. The percentage of amino acids in each protein
encoded as arginine was then compared to the average fold increase of IgG binding per protein (r = 0.74, P < 0.0001, by Pearson’s correlation).
B, The average fold increase of IgG binding per protein was compared to the percentage of amino acids in each protein encoded as lysine.
C, The percentage of peptides that contain each indicated amino acid next to citrulline was determined for all citrulline-containing peptides for
which there was >10 times more IgG binding in RA compared to control. D, The percentage of peptides that contain each indicated amino acid
next to citrulline was determined for citrulline-containing peptides reported in the rheumatoid joint. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41074/abstract.
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greater in RA than in controls (Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41074/abstract) and
found that every protein whose peptides were included in the
array had >1 peptide that met this criterion. Moreover, every
peptide with >10 times increased binding in RA (9,098 unique
peptides) contained citrulline except for 2 native peptides from
fibrinogen, which lacked arginine. Some proteins had more
peptides highly bound by IgG than others. Given the high
reactivity with citrulline overall in our subjects (Figure 1), we
determined whether the amount of arginine in a protein (cit-
rullines in our array) correlated with the level of IgG binding for
its peptides. We assessed the fold increase in IgG binding for
each peptide in the RA group versus controls. We then aver-
aged the fold increase in IgG binding for all peptides in each
protein and compared this average to the percent of amino
acids in each protein encoded as arginine. There was a strong
correlation between the proportion of encoded arginines
and the binding of serum IgG in RA (Figure 2A). In contrast,
there was no positive correlation between the proportion of
encoded lysines and the binding of IgG in RA (Figure 2B).
Taken together, these data suggest that a major determinant
of IgG binding in RA is citrulline, not protein identity, similar to

findings on monoclonal antibodies derived from patients with
RA (7).

We then determined whether there was a motif related to
high IgG binding in our RA sera. Using MEME software (31) and
the highly bound citrulline-containing peptides mentioned above,
no strong motifs could be identified. Rather, certain amino acids
appeared frequently in multiple minimal motifs. Thus, we verified
how often each amino acid was adjacent to citrulline in the highly
bound peptides. Some amino acids, most strikingly glycine and
serine, were frequently next to citrulline in highly bound peptides
(Figure 2C), suggesting either a preference for antibody develop-
ment against citrullines next to these amino acids or preferred
citrullination of arginines next to these amino acids. Of note,
these amino acids were not simply more commonly encoded
next to arginine, since the lowest bound citrulline-containing
peptides by IgG did not have a high frequency of glycine or ser-
ine next to citrulline.

To differentiate between antibody development and cit-
rullination preference, we evaluated 451 citrulline-containing
peptides detected in rheumatoid synovial fluid (24-26) and
determined the percentage of peptides that contained each
amino acid next to citrulline. The citrullinome peptides differed

Table 1. Native peptides (without arginine or lysine) with >2 times higher IgG binding in rheumatoid arthritis sera than in

control sera

Peptides (distance from disorder,

Disordered
amino acids/total

Protein

no. of amino acids)

amino acids (%)

Apolipoprotein B-100

Ceruloplasmin

Collagen a2 (I) chain
Complement C4a/b

Complement C5

Complement C7
Complement C8 a chain

Complement factor B
Coronin-1A

Fibrinogen y chain

Fibronectin
High mobility group protein B1

High mobility group protein B2

Histone H2A

IgM heavy chain

Inter-a trypsin inhibitor heavy
chain H4

Myeloid cell nuclear
differentiation antigen

Plasminogen

Tenascin

Vinculin

Zinc a2-glycoprotein

IPDFDVDLGTIL (23), VGINGEANLDFL (8), GINGEANLDFLN (9),
INGEANLDFLNI (10), NGEANLDFLNIP (11)

SSTVTPTLPGET (0)

SGGGYDFGYDGD (0)

PMPQAPALWIET (1), EANEDYEDYEYD (0), QLNDFLQEYGTQ (0),
LNDFLQEYGTQG (0)

DLGCGAGGGLNN (0), LGCGAGGGLNNA (0), GCGAGGGLNNAN
(0), CGAGGGLNNANV (0)

INNDFNYEFYNS (3), NNDFNYEFYNST (2), INNNPEFLQLAE (16)

DAQSVYDASYYG (24), GISSEFYDNAND (3), ISSEFYDNANDL (2),
SSEFYDNANDLL (1)

ETIEGVDAEDGH (0)

YPPTAGPDPALT (22)

CEIDGSGNGWTV (67), GDAFDGFDFGDD (98), DAFDGFDFGDDP
(97), AFDGFDFGDDPS (96), FDGFDFGDDPSD (95)

TSLSAQWTPPNV (15)

EDEEDEEDEEEE (0), EDEEDEEEEEDE (0), EDEEEEEDEEDE (0),
EDEEDEDEEEDD (0)

EDEDEEEEDEDE (0)

GGVLPNIHPELL (4)

SILTVSEEEWNT (8)

APPATSNPDPAV (0)

SSVSDFENQNFEV (52)

QGEPLDDYVNTQ (13)

VEWDPLDIAFET (9), LDGPSGLVTANI (2)

DDYEPELLLMPS (0)

DIVEYYNDSNGS (36), VVVAVPPQDTAP (16), VVAVPPQDTAPY
(15), VAVPPQDTAPYS (14), AVPPQDTAPYSC (13),
VPPQDTAPYSCH (12)

371/4,563 (8)

183/1,065 (17)
471/1,366 (34)

219/1,744 (13)
217/1,676 (13)

88/843 (10)
115/584 (20)

24/764 (3)
52/461 (11)
63/453 (14)

487/2,386 (20)
74/215 (34)

70/209 (3
87/372 (2
54/453 (1
268/930 (29)

3)
3)
2)

143/407 (35)

35/810 (4)
486/2,201 (22)
294/1,134 (26)

17/298 (6)
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from the array peptides in that the citrullinome included all
peptides with detected endogenous citrullines, whereas the
highly bound array peptides were derived from a subset of pro-
teins identified in the citrullinome with all arginines replaced by
citrullines. We found that the overall pattern of amino acids fre-
quently found next to endogenous citrulline was roughly similar
to the pattern of amino acids frequently found next to citrul-
line in highly bound peptides (Figure 2D). Again, both glycine
and serine were commonly next to citrulline. Taken together,
these data suggest that arginine next to serine or glycine is
frequently citrullinated and frequently targeted by IgG in RA.

Multiple features of intrinsic structural disorder
in peptides bound by IgG in RA. Given the moderate bind-
ing of native peptides observed in our RA subjects, we fur-
ther evaluated these peptides. We identified native peptides
that were >2 times more highly bound by IgG in RA patients
as compared to controls, excluding peptides with arginine or
lysine to reduce potential effects from cross-reactivity with
citrulline- or homocitrulline-containing peptides. As shown
in Table 1, a total of 49 peptides met these criteria. Interest-
ingly, several of the proteins from which the peptides were
derived were related to complement. Additionally, many of the

peptides contained repeated amino acids or repeated short
motifs, hallmarks of intrinsically disordered regions of proteins,
i.e., regions that lack stable 3-dimensional structure. We
were intrigued by this observation, since arginine-glycine and
arginine-serine, which we determined were minimal motifs for
both citrullination and autoantibody binding in RA (Figure 2),
are found in intrinsically disordered regions of proteins (32,33).
Thus, we verified whether bound native peptides were located
in disordered regions by identifying regions of predicted dis-
order in the parent proteins, using the Protein DisOrder pre-
diction System (PrDOS) (34). Thirty-five percent of the native
peptides that were bound >2 times more in RA patients than
in controls were predicted to be within disordered regions. In
contrast, only 18% of the 49 native peptides with the least
binding in RA were in disordered regions.

We also calculated the median distance from disorder
for the 49 highest binding and lowest binding native peptides,
resulting in 4 and 32 amino acids, respectively (P = 0.0003).
Finally, PrDOS predicted that 67% of the 100 highest bound
citrulline-containing peptides were in regions of disorder com-
pared to only 38% of the lowest bound citrulline-containing pep-
tides, with median distances from disorder of O and 12 amino
acids, respectively (P < 0.0001).
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Number of Citrulline

IgG in rheumatoid arthritis (RA) targets peptides with amino acids associated with intrinsic disorder. Peptides were grouped by the

number of specific amino acids present, and the average fold increase in binding for all RA patients compared to controls was plotted for each
peptide group. Results are shown for amino acids in native peptides (n = 95,761) that demonstrated a real increase (A) or reduction (B) in IgG
binding or a real increase in IgG binding for citrulline-containing peptides (C) (n = 35,459) with an increasing number of that amino acid, in RA
patients (n = 48) compared to controls (n = 12). The difference in binding for each peptide group was compared to peptides in which that amino
acid was not present (i.e., the 0 group), or in the case of citrulline-containing peptides, compared to a single citrulline present (i.e., the 1 group).
Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and

the lines outside the boxes represent the 10th and 90th percentiles.

*=P<0.05

=P <0.01; " =P <0.001; ™ = P < 0.0001, by t-test.

Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41074/abstract.
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Intrinsically disordered regions also tend to contain argi-
nine, glycine, lysine, glutamine, serine, glutamic acid, aspartic
acid, and proline (32,35). To evaluate whether specific amino
acids in peptides correlated with IgG binding in RA, we quanti-
fied the average binding of IgG in RA patients versus controls for
native peptides with different amounts of each amino acid. We
found that with increased representation of most amino acids
in peptides, there was no real change in IgG binding in RA.
However, higher IgG binding to peptides in RA was observed
with increasing numbers of aspartic acid, glutamic acid, and
glutamine (Figure 3A). Smaller increases in IgG binding in RA
were seen with increasing numbers of glycine or proline (data
not shown). Interestingly, increasing representation of isoleu-
cine, which is associated with ordered protein regions (35), was
associated with reduced IgG binding in RA (Figure 3B). We per-
formed a similar analysis with citrulline-containing peptides. We
found a dramatic increase in IgG binding in RA patients, com-

CCP-RF+

pared to controls, with increasing citrulline content (Figure 3C),
which vastly overshadowed the effects of any other amino
acid. Considered together, these data suggest that peptides in
regions of intrinsic structural disorder are targeted in RA.

1gG binding of citrulline-containing peptides derived
from IgG in patients with CCP+RF+ RA. One of the most well-
known antigens in RA is the Fc portion of IgG, the target of RF.
Native peptides derived from IgG heavy chain were not identified
as bound by IgG >2 times more in RA patients than in controls
(Table 1), potentially because known RF epitopes are discontinu-
ous (36) and not included in our array, or because bound epitopes
contain arginine or lysine, which were excluded from the analy-
sis. Therefore, we examined the recognition of peptides derived
from IgG more closely. RF+ patients showed modest IgM bind-
ing to all peptide types derived from the constant region of IgG1
heavy chain (Figure 4A), with similar binding to peptides derived
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Figure 4. InRA, IgM binds IgG-derived peptides at a low level, and IgG binds primarily citrulline-containing IgG peptides at a high level. A and
B, Binding of IgM (A) and IgG (B) in RA patients, in relation to controls, is shown for each peptide according to its position in the constant region
of IgG1. RA patients were categorized as CCP-RF-, CCP-RF+, CCP+RF-, and CCP+RF+ (n = 12 per group). C, IgG binding in CCP+RF+
RA patients, in relation to controls, is shown for each peptide of the constant regions of IgG2, IgG3, and IgG4 (n = 12). Peptides (native and
citrulline-containing versions) circled in B and C were evaluated by enzyme-linked immunosorbent assay as described in Figure 5. See Figure 1

for definitions.
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Figure 5.

IgG binds to citrulline-containing peptides of IgG in RA. Peptides (native [nat] and citrulline-containing [cit] versions) circled in

Figure 4 were used in an enzyme-linked immunosorbent assay to detect IgG binding in CCP+RF+ RA patient sera (n = 40) and control
sera (n = 40). A, Results in RA patients versus controls were compared. B, Results for native versus citrulline-containing peptides were
compared. C, For each subject, IgG binding is shown for the citrulline-containing peptide versus the native peptide. * = P < 0.05; ** = P < 0.01;
=P <0.001; *** = P <0.0001, by Mann-Whitney test (A) or Wilcoxon’s matched pairs signed rank test (B). 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.41074/abstract.

from IgG2, IgG3, and IgG4 (data not shown). IgG binding in CCP—
RF+ RA patients compared to controls was modestly greater for
homocitrulline-containing than citrulline-containing or native pep-
tides derived from IgG1 (P < 0.0001; Figure 4B), similar to IgG2,
lgG3, and IgG4 (data not shown). More dramatically, the CCP+RF+
group demonstrated very high IgG binding predominantly to
citrulline-containing peptides in the constant region of IgG1
(Figure 4B), with similar results for peptides derived from IgG2,
lgG3, and IgG4 (Figure 4C).

Next, we selected 3 highly bound IgG-derived peptides with
strong sequence homology across IgG isoforms and quantified IgG
binding to those peptides by ELISA using a larger number of sub-
jects. For 1 native and 2 citrulline-containing peptides, CCP+RF+
sera showed increased IgG binding compared to controls (Fig-
ure 5A). For the 1 native peptide with increased IgG binding in
CCP+RF+ sera, binding to the citrulline-containing peptide was >3
times greater than the native version in RA (Figure 5B). Additionally,
for individual RA patients, IgG binding to 2 of the 3 IgG-derived
peptides appeared to favor citruline (Figure 5C). Interestingly,
although there was overall low binding to IgG-derived peptides
in controls, controls had slightly higher binding to native peptides
than citrulline-containing peptides (Figure 5B). Collectively, these
data suggest that IgG can target citrulline-containing peptides of

lgG in RA, identifying epitopes that could be bound by an antibody
defined as an ACPA or an RF.

DISCUSSION

Using a high-density peptide array and 4 serogroups of RA,
we revealed interesting features of RA autoantibody reactivity.
First, and not surprisingly, we found that citrulline was a dominant
autoantibody target in the polyclonal repertoire of RA. The highest
level of IgG binding in RA was to citrulline-containing peptides,
and the encoded arginine content (citrullines on our array) directly
correlated with average peptide IgG binding for each protein. Also,
>1 citrulline-containing peptide from every protein on the array
was bound by IgG. These findings are consistent with a similar
lack of protein specificity reported for monoclonal autoantibodies
in RA using a different set of peptide antigens (7), as well as with
observations that ACPAs are cross-reactive (5-8) and recognize
citrulline largely independently of surrounding peptides (37). Thus,
our data support the theory that citrulline itself is a major driver of
IgG reactivity in RA.

Our evaluation of homocitrulline reactivity revealed primarily
nonspecific homocitrulline binding, and none of the peptides that
were most highly bound by IgG contained homocitrulline. These
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results suggest that homocitrulline may not be targeted to as great
an extent as citrulline, consistent with the finding that AHCPAs
have lower avidity than ACPAs (38). However, any homocitrulline-
specific binding dependent on a nearby citrulline or other modified
amino acid would not have been detected, since our peptides con-
tained either citrulline or homocitrulline, but not both. Additionally,
if homocitrulline-containing epitopes are primarily discontinuous,
they would not have been detected using our array of linear pep-
tides. However, homocitrulline-containing peptides were bound
by rheumatoid monoclonal antibodies using a similar array (7).
Also, homocitrullination increases structural disorder (39) and thus
increases the likelihood of linear epitopes. Importantly, homocitrul-
line reactivity may change over time in subjects (7), causing vari-
ability among studies. Future experiments with additional subjects,
modifications, and time points may clarify this issue.

We also observed moderate IgG binding to native peptides
in CCP+RF+ patients. Unlike IgM binding, which was increased
against native peptides in both RF+ groups, moderate IgG bind-
ing of native peptides was absent in CCP-RF+ patients and
was thus unlikely due to promiscuity of RF. Furthermore, the IgG
binding was unlikely due to cross-reactivity against citrulline- and
homocitrulline-containing peptides, given a similar increase in
lgG binding in CCP+RF+ patients when peptides with arginine
or lysine were excluded. IgG binding to native peptides could be
due to an unknown endogenous posttranslational modification
resulting in cross-reactivity with native peptides in the array. For
example, increased glutamic acid, which can mimic phosphoser-
ine, was associated with increased IgG binding to native peptides
in our array (Figure 3). If rheumatoid autoantibodies target phos-
phoserine in vivo, we might have simply detected cross-reactivity
with glutamic acid with our array peptides. Alternatively, autoan-
tibodies in RA may commonly target a host of native antigens as
part of a polyclonal response and/or polyreactive autoantibodies.

Upon further characterization of citrulline reactivity in our
experiments, we detected a preference for glycine or serine next
to citrulline in highly bound peptides as well as next to endog-
enous citrullines in the rheumatoid joint, suggesting that these
amino acid pairs may be commonly targeted by autoantibodies
due to their common presence in antigens. There were some dif-
ferences between the patterns of amino acids next to citrulline in
the citrullinome and highly bound peptides that could reflect differ-
ences in the efficacy of major histocompatibility complex, B cell,
or T cell receptor binding, other factors in generating an immune
response, or simply sample size. However, our findings related to
glycine are consistent with the findings of others. The presence
of glycine next to citrulline has been observed in the citrullinome
of 30 human tissues (40), in motifs targeted by the citrullinating
peptidylarginine deiminases 2 and 4 (41-43), and in autoanti-
body binding in RA (7,44,45). The preference for citrullination of
or IgG binding to peptides with citrulline next to serine has not
been previously described. Perhaps the unique features of our
subject groups, analyses, or array allowed for this novel finding.

Interestingly, arginine-serine and arginine-glycine-glycine repeats
are commonly found in disordered regions of proteins (32,33).
Moreover, disordered regions of proteins are citrullinated to a
higher degree than ordered regions, and citrullination increases
disorder (39). Taken together, these observations suggest that dis-
order, citrullination, and the highest affinity autoantibodies in RA
are profoundly linked.

We obtained additional evidence that autoantibodies in RA
target regions of intrinsic disorder. Native and citrulline-containing
peptides bound by IgG in RA were more likely to be found in regions
of disorder than poorly bound peptides. Moreover, increased
content of amino acids associated with intrinsic disorder (32,35)
correlated with increased IgG binding in RA. Similarly, in lupus,
approximately one-third of characteristic autoantigens contain
stretches of charged amino acids (46), which is common in dis-
ordered regions, and nuclear autoantigens are often disordered
proteins (47). Furthermore, although many examples of struc-
tured epitopes exist, epitopes predicted to be within regions of
disorder were slightly more likely to be recognized by antibodies,
compared 1o epitopes in ordered regions in a wide range of nor-
mal and pathologic conditions (48,49). We were unable to directly
compare the binding in disordered versus ordered regions, since
ordered epitopes are often discontinuous and thus were not pres-
ent on our array. However, our findings provide a body of evidence
that autoantibodies in RA bind intrinsically disordered regions,
which are frequently citrullinated (39), a concept that has potential
importance regarding to the basis of autoantibody development in
RA. Of note, it has been hypothesized that repetition and charge
lead to autoantibody reactivity (50). However, in RA, the charge
may not be the driving factor as charge is reduced with citrullina-
tion. Perhaps disorder is the main driver due to the high degree
of accessibility of intrinsically disordered regions of proteins (51) or
due to bound DNA or RNA activating Toll-like receptors.

Since the binding of citrulline-containing and native peptides
was predominantly seen in CCP+RF+ RA, many of our findings
related to targeting disordered regions may predominantly apply to
this group. However, our subject selection also allowed for an eval-
uation of antibody binding in seronegative RA and in RA patients
positive for only CCP or RF. Despite our evaluation of 178,828
peptides, seronegative patients showed little binding to citrulline-
containing or native peptides, suggesting minimal autoantibody
presence. Interestingly, IgG binding to homocitrulline-containing
peptides was greater in CCP-RF- patients than controls, sug-
gesting that homocitrulline could be the basis for an improved
diagnostic test for seronegative RA. However, despite using mul-
tiple models, we have not yet identified any peptides predictive
of an RA diagnosis in seronegative patients. At least a subset
of seronegative RA may be truly seronegative, lacking autoanti-
bodies in general. An absence of autoantibodies in seronegative
disease might suggest a different disease pathophysiology than
seropositive disease, given evidence that RF and ACPAs are
pathologic (1,2). Alternatively, RA may exist on a continuum.
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In support of this idea, we observed that levels of citrulline-specific
IgG in CCP+RF- and CCP-RF+ disease fell between levels in
CCP+RF+ and CCP-RF- disease. Future studies with even larger
arrays that are not limited by protein selection bias or by linear
epitopes, or perhaps arrays incorporating additional posttransla-
tional modifications, combinations of posttranslational modifica-
tions, or full-length proteins, may resolve these issues

Our final observation was that IgG from CCP+RF+ sera
targets citrulline-containing peptides of IgG. This finding raises
the possibility that IgG-RF (IgG that binds IgG) could also be
an ACPA, making citrullinated IgG, which has been reported in
humans (24,26,52), a linchpin connecting ACPAs and RF in RA.
IgM did not preferentially target citrulline-containing peptides
of 1gG. IgM-RF, which also occurs in healthy individuals, may
arise independently of citrulline due to smoking or pathogens,
whereas the development of IgG-RF, which requires a break
in tolerance and T cell help, may be driven by targeting citrul-
line, like other ACPAs (53). However, it is not known whether
the IgG we detected originally developed against citrullinated
IgG, or whether the observed targeting of citrulline-containing
lgG peptides was due to cross-reactivity of ACPAs. Also, not
all IgG that bound IgG-derived peptides targeted citrulline (Fig-
ure 5), potentially indicating different mechanisms for the break
in tolerance for generating IgG-RF (53). Finally, despite having a
unique name for its autoantibody, IgG may be similar to other
proteins in RA, with native epitopes targeted, but less so than
citrulline-containing epitopes. It will be important for future work
to clearly define the reactivity of RF in RA and diseases with RF
that do not have a citrulline bias, in order to shed light on disease
pathophysiology as well as to fully understand and optimize RF-
based diagnostic tests.

In summary, using the 4 serogroups of RA and a high-density
peptide array, we demonstrated very strong autoantibody target-
ing of citrulline, particularly if adjacent to glycine or serine, as well
as a moderate binding to native peptides primarily in CCP+RF+
RA and very little antibody binding in seronegative disease
Furthermore, we identified disorder as a feature of IgG-targeted
peptides and epitope overlap between ACPAs and RF.
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Five-Year Outcome of Operative and Nonoperative
Management of Meniscal Tear in Persons Older Than
Forty-Five Years
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Objective. To determine the 5-year outcome of treatment for meniscal tear in osteoarthritis.

Methods. We examined 5-year follow-up data from the Meniscal Tear in Osteoarthritis Research trial (METEOR) of
physical therapy versus arthroscopic partial meniscectomy. We performed primary intent-to-treat (ITT) and secondary
as-treated analyses. The primary outcome measure was the Knee Injury and Osteoarthritis Outcome Score (KOOS)
pain scale; total knee replacement (TKR) was a secondary outcome measure. We used piecewise linear mixed mod-
els to describe change in KOOS pain. We calculated 5-year cumulative TKR incidence and used a Cox model to
estimate hazard ratios (HRs) for TKR, with 95% confidence intervals (95% Cls).

Results. Three hundred fifty-one participants were randomized. In the ITT analysis, the KOOS pain scores were
~46 (scale of 0 [no pain] to 100 [most pain]) at baseline in both groups. Pain scores improved substantially in both
groups over the first 3 months, continued to improve through the next 24 months (to ~18 in each group), and were
stable at 24-60 months. Results of the as-treated analyses of the KOOS pain score were similar. Twenty-five partic-
ipants (7.1% [95% CI 4.4-9.8%]) underwent TKR over 5 years. In the ITT model, the HR for TKR was 2.0 (95% CI
0.8-4.9) for subjects randomized to the arthroscopic partial meniscectomy group, compared to those randomized
to the physical therapy group. In the as-treated analysis, the HR for TKR was 4.9 (95% CI 1.1-20.9) for subjects ulti-
mately treated with arthroscopic partial meniscectomy, compared to those treated nonoperatively.

Conclusion. Pain improved considerably in both groups over 60 months. While ITT analysis revealed no statisti-
cally significant differences following TKR, greater frequency of TKR in those undergoing arthroscopic partial menis-

cectomy merits further study.
INTRODUCTION

Knee pain in the setting of meniscal tear and damage to
cartilage, bone, and other intraarticular knee structures is com-
mon in middle-aged and older adults. Patients with these findings
are typically treated nonoperatively with medications, physical
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therapy, and corticosteroid injections. When these measures falil,
patients are often offered arthroscopic partial meniscectomy as a
surgical option.

Several randomized controlled trials (RCTs) have addressed
the short-term (1-2 years) outcomes of nonoperative and surgi-
cal treatments for meniscal tear in this patient population (1-8).
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These trials demonstrated clinically important improvements
in pain and function from baseline to 1-2 years of follow-up in
patients receiving nonoperative treatment and those undergo-
ing surgical treatment. In intent-to-treat (ITT) analyses, one trial
showed an advantage of arthroscopic partial meniscectomy over
physical therapy (6,7), while several other trials did not reveal clin-
ically important differences in the outcomes of these 2 strategies
(1-5). In some trials, as-treated analyses were also performed,
in which participants randomized to treatment with physical
therapy who then elected to have an arthroscopic partial menis-
cectomy were analyzed within the arthroscopic partial meniscec-
tomy group (1-3). These as-treated analyses suggest a benefit
in crossing over to arthroscopic partial meniscectomy among
those not responding to physical therapy (1-3). In summary, the
literature suggests that, regardless of treatment, middle-aged
and older patients presenting with knee pain, osteoarthritis (OA)
changes, and meniscal tear are likely, on average, to improve
considerably over a 1-2-year period. These short-term trials indi-
cate that nonoperative therapy is a sensible initial treatment strat-
egy. Arthroscopic partial meniscectomy appears to be effective in
those who do not respond to initial physical therapy (9).

Relatively little is known about the effects of treatment on
outcomes beyond 1-2 years in patients with meniscal tear and
OA changes. To address this gap in the literature, we used
data from the 5-year follow-up of patients who participated
in the Meniscal Tear in Osteoarthritis Research (METEOR) trial
to evaluate the effect of treatment on pain, functional status,
and frequency of total knee replacement (TKR) over 5 years of
follow-up.

PATIENTS AND METHODS

Study population and design. This study was a longitu-
dinal 5-year follow-up of participants in the METEOR trial, a mul-
ticenter RCT. The METEOR investigators are listed in Appendix
A. Participants were at least 45 years of age and had knee pain
for at least 1 month, which was diagnosed by their treating phy-
sician to be due to a meniscal tear. Additional inclusion criteria
were evidence of meniscal tear and either one or more cartilage
defects seen on magnetic resonance imaging (MRI), or the pres-
ence of osteophytes or joint space narrowing on radiography. We
excluded individuals with greater than 50% joint space narrowing.
This criterion is often used to define Kellgren/Lawrence (K/L) grade
4 on radiographs, as the precise definition of K/L grade 4 has not
been established (10,11). Full details are reported elsewhere (1,12).

Participants were randomized 1:1 to undergo either a
standardized, strengthening-based, 12-week physical therapy
regimen or arthroscopic partial meniscectomy followed by the
physical therapy regimen. Participating surgeons performed
arthroscopic partial meniscectomy in a standardized manner,
with resection of the tear to achieve a stable edge and no
osteochondral drilling.

Groups for analysis. \We adopted an ITT approach for
the primary analysis, in which all subjects were analyzed in their
assigned group at randomization, regardless of the treatment(s)
they actually received. Because some subjects randomized to
receive physical therapy later underwent an arthroscopic partial
meniscectomy over the follow-up period, we also performed an as-
treated analysis in which we categorized participants into 3 groups:
randomized to and underwent an arthroscopic partial meniscec-
tomy; randomized to physical therapy without crossover to arthro-
scopic partial meniscectomy; and randomized to physical therapy
with crossover to arthroscopic partial meniscectomy. Ten subjects
were randomized to arthroscopic partial meniscectomy but did
not undergo the procedure. This group was too small to examine
meaningfully and was excluded from the as-treated analysis.

Outcome measures. Participants completed question-
naires prior to randomization, at 3 and 6 months postrandom-
ization, and every 6 months thereafter through 60 months of
follow-up. The primary outcome measure for this analysis was the
Knee Injury and Osteoarthritis Outcome Score (KOOS) pain scale
(13,14), which was assessed in each follow-up questionnaire. The
KOOS pain scale consists of 9 items that ask about the severity of
pain related to a range of activities. We transformed the score to a
0-100 scale, with 100 representing the most pain and O represent-
ing no pain. We used the KOOS pain scale rather than the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
pain scale (15) as the primary outcome measure because the
WOMAC pain scale asks about pain with largely sedentary activ-
ities, while the KOOS pain scale includes the WOMAC pain items
and 4 additional items regarding knee pain with bending, straight-
ening, twisting, or pivoting, and knee pain frequency. A secondary
outcome measure was the WOMAC functional status scale (15),
which is also scored on a scale of 0-100, with 100 representing
worst functional status.

We evaluated the occurrence of TKR in the index knee in all
participants as an additional outcome measure. Participants were
asked about TKR in the questionnaires, and we examined the
medical records of each subject to verify that they received TKR.
Since the procedures could have occurred at a different hospital
from the one at which the subject was enrolled in the METEOR
trial, we used both self-reported and medical record review data.
If the date of the TKR procedure was self-reported by the par-
ticipant in the questionnaire with only the month and year, we
assigned the first day of the reported month as the TKR date. In
subjects undergoing TKR of the index knee, any data collected
following the date of TKR were not included in our analyses.

Baseline covariates. \We collected data on several base-
line factors, including age, sex, body mass index (BMI), K/L grade,
musculoskeletal comorbidity index (painful sites other than the
index knee) (16), 5-item mental health index (17), and baseline
measures of the primary and secondary outcome metrics.



FIVE-YEAR OUTCOME OF TREATMENT FOR MENISCAL TEAR

275

Statistical analysis. We conducted the statistical analyses
in 2 parts: evaluation of pain and function, and evaluation of TKR
rates. Our principal analyses used an ITT approach and second-
ary analyses used an as-treated approach. Hazard ratios (HRs)
with 95% confidence intervals (95% Cls) were calculated.

Pain and function. We used descriptive statistics and a
piecewise linear mixed model to describe the trend in the KOOS
pain and WOMAC function outcome over time. Piecewise linear
models, or spline models, describe nonlinear trends well when
the mean change in response varies over some duration (18).
Points at which the slope changes are referred to as knots. We
evaluated models with knots at 3, 6, 12, 24, 36, and 48 months,
and chose the final model based on the goodness of fit assessed
by the Bayesian Information Criterion (BIC) (18). These models
were adjusted for baseline age, BMI, sex, musculoskeletal co-
morbidity index, and mental health index. We included covariate-
by-time interactions for treatment group, baseline K/L grade, and
treatment group and K/L grade. These interactions show whether
the trend in outcomes over time differs by each level of covariate.

We used pattern mixture models to investigate the potential
effect of dropout on longitudinal estimates of self-reported out-
comes. Pattern mixture modeling is a technique used to account
for potentially informative dropouts; the models stratify the popu-
lation by the pattern of dropout and then separately model each
group (19). The final estimate is a weighted average of these
patterns. We stratified the population into 3 mutually exclusive
groups: subjects undergoing TKR prior to 60 months, study com-
pleters (defined as participants who completed either the 48-,
54-, or 60-month questionnaire), and study noncompleters (those
who did not complete questionnaires at 48, 54, or 60 months
and who did not have TKR). This analysis assesses whether the
trend in outcome over time is different for different dropout groups
(suggesting that dropout may be not at random), and evaluates
whether these potentially not-at-random dropouts bias the overall
estimate of longitudinal pain and function trajectory.

While we incorporated pre-TKR KOOS pain scores in the lon-
gitudinal model, we did not follow up these subjects post-TKR. To
address the concern that subjects dropping out of the study to
undergo TKR may have worse pain and not be missing at random,
we performed a sensitivity analysis to examine the effect of TKR
dropout on the KOOS pain score across the 2 randomized groups.
First, we performed multiple imputation under a missing-at-random
assumption, using baseline covariates associated with outcomes
and observed KOOS pain values. Next, we assumed that subjects
dropping out to undergo TKR would have worse KOOS pain val-
ues than predicted by the multiple imputation model (i.e., a not-
at-random dropout mechanism). We increased the attributed
KOOS pain in subjects who dropped out to undergo TKR by either
33% or 50% at all time points. We chose these increases in pain
score based on the results of the pattern mixture models suggest-
ing that TKR dropouts had worse pain and function and because
they are clinically plausible. We then fit a mixed-effects model on

the imputed data set with knots at 3, 12, and 24 months to esti-
mate the effect of treatment groups on KOOS pain scores.

Total knee replacement. We calculated the 5-year cumulative
incidence of TKR overall and stratified by the 2 randomized groups.
In a secondary, as-treated analysis, we stratified by the 3 treatment
groups (randomized to and underwent arthroscopic partial menis-
cectomy; randomized to and underwent physical therapy; random-
ized to physical therapy and crossed over to arthroscopic partial
meniscectomy). We fit Cox proportional hazard models to evaluate
the association between group (randomized group in the primary
analysis, and underwent arthroscopic partial meniscectomy ver-
sus did not undergo arthroscopic partial meniscectomy in the as-
treated analysis) and time to TKR, adjusting for baseline covariates
including K/L grade. We examined associations between model
residuals and time to confirm the proportional hazards assumption.

RESULTS

Three hundred fifty-one participants were randomized to
undergo arthroscopic partial meniscectomy (n = 174) or physi-
cal therapy (n = 177). These subjects were included in the ITT
analyses. In the as-treated analyses, we excluded the 10 random-

Table 1. Characteristics of the patients in the 2 randomized
meniscal tear treatment groups*

Physical Arthroscopic partial
therapy meniscectomy
Age, mean = SD years 572+6.70177) 58.6+79(174)
(n)
Body mass index, 30.2+6.1(168) 30.2+6.2(164)

mean * SD (n)

KOQOS pain, mean £SD 474 +16.2(175) 46.4+16.1(172)

(n)
WOMAC function, 37.6 +18.2 (176) 37.5+18.2(173)
mean + SD (n)
MHI-5 index, 73.6 +14.2 (176) 74.8+12.8(171)
mean + SD (n)
Sex
Male 75 (42) 75 (43)
Female 102 (58) 99 (57)
Race
White 145 (82) 151 (87)
Black 19 (11) 15(9)
Hispanic 5(3) 2
Other or missing 8(5) 6(3)
Index knee
Left 106 (60) 96 (55)
Right 71 (40) 78 (45)
Kellgren/Lawrence
grade
0 (normal) 14.(8) 14(8)
1 (questionable 43 (24) 33(19)
osteophyte)
2 (definite osteophyte) 59 (33) 69 (40)
3 (<50% joint space 61 (34) 58 (33)
narrowing)

* Except where indicated otherwise, values are the number (%).
KOOS = Knee Injury and Osteoarthritis Outcome Score; WOMAC =
Western Ontario and McMaster Universities Osteoarthritis Index;
MHI-5 = 5-item mental health index.
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ized to receive arthroscopic partial meniscectomy who never
underwent surgery. The as-treated groups included 164 subjects
randomized to and receiving arthroscopic partial meniscectomy;,
109 randomized to receive physical therapy who did not cross
over to arthroscopic partial meniscectomy, and 68 who were ran-
domized to receive physical therapy and crossed over to arthro-
scopic partial meniscectomy. Seventy-nine percent of crossovers
occurred in the first 6 months following randomization, 12%
between 6 and 12 months, and 9% after 12 months.

Baseline features. Participants in the 2 randomized groups
were similar in age (mean 57.2 years and 58.6 years in the 2
groups), sex (~43% male in each group), BMI (~30 in each group),
and K/L grade (approximately one-third of subjects in each group
had K/L grade 3 radiographs). The mean KOOS pain score at
baseline was 47.4 and 46.4 in the 2 groups (Table 1). The baseline
characteristics of the as-treated groups are shown in Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41082/abstract.

Subject retention. Among the 351 participants in the pri-
mary analysis cohort, 4 subjects (1%) died, 25 (7%) underwent
TKR, 65 (19%) discontinued participation over 5 years, and 18 (5%)
were lost to follow-up. In both the arthroscopic partial meniscec-

tomy and physical therapy groups, 66% of participants completed
at least 9 of the 12 questionnaires. Detailed data on questionnaire

60

50

40

30

KOOS Pain

20

10

completion by time point are presented in Supplementary Table 2
(http://onlinelibrary.wiley.com/doi/10.1002/art.41082/abstract).

KOOS pain. The unadjusted data on KOOS pain over
the 60-month follow-up period in the 2 randomized groups are
shown in Figure 1. We evaluated piecewise linear mixed models
with knots at 3, 6, 12, 24, 36, and 48 months. The best fit based
on BIC (18) was the model with knots at 3, 12, and 24 months
(Figure 2), defining 4 distinct pain slopes: baseline to 3 months,
3-12 months, 12-24 months, and 24-60 months.

The slope for the first 3 months for those randomized to
undergo arthroscopic partial meniscectomy was —7.4 points/
month, while the slope for those randomized to receive physical
therapy was —5.90 points/month. The slope for the 3-12-month
period was —0.41 in the arthroscopic partial meniscectomy group
and —0.96 in the physical therapy group. For the 12-24-month
period, the slopes were —0.29 and —0.18 in the arthroscopic partial
meniscectomy and physical therapy groups, respectively, while the
slopes for the 24-60-month period were 0.038 and 0.027 in the
arthroscopic partial meniscectomy and physical therapy groups,
respectively. The interaction effect between randomization group
and time on the degree of KOOS pain was statistically significant,
due largely to less robust improvement in the physical therapy
group in months 0-3. The effect of randomized group on pain did
not change significantly after adjustment for age, BMI, sex, K/L
grade, musculoskeletal index, and mental health index.

0O 3 6 12 18 24 30 36 42 48 54 60
Months

---APM  ——FPT

Figure 1. Crude KOOS Pain Scores in the two randomized groups over time.
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Figure 2. Piecewise linear mixed model of KOOS pain scores in subjects randomized to undergo arthroscopic partial meniscectomy or
physical therapy. Slopes are estimated in 4 time periods: 0-3 months, 3-12 months, 12-24 months, and 24-60 months. See Figure 1 for

definitions.

The crude, unadjusted data on KOOS pain in the as-treated
group is shown in Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.41082/abstract, and the piecewise lin-
ear model with knots at 3, 12, and 24 months in the as-treated
groups is shown in Supplementary Figure 2 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41082/abstract). These as-treated
analyses highlight the less rapid improvement in pain from base-
line to 3 months in the group that crossed over from physical
therapy to arthroscopic partial meniscectomy. By 12 months, pain
scores in all 3 of the as-treated groups were similar.

The pattern mixture models separately modeled each drop-
out pattern and indicated that participants ultimately undergoing
TKR started with the highest KOOS pain scores and experienced
the slowest improvement in pain over the first 3 months postran-
domization. The TKR group improved from 50 to 41 points, on
average; the noncompleters improved from 48 to 28, on aver-
age; and the study completers improved from 46 to 22, on aver-
age (Figure 3). The overall combined estimate using the pattern
mixture model approach was similar to the combined estimate
obtained using the piecewise linear mixed model (Figure 3). The
similarity in these estimates reflects that only 7% of the subjects
underwent TKR.

In the sensitivity analysis, we imputed KOOS pain scores for
subjects who dropped out, and then increased the KOOS pain
scores by 33% in one model and by 50% in a second model,

for those who dropped out due to TKR (see Supplementary
Figures 3 and 4, http://onlinelibrary.wiley.com/doi/10.1002/art.
41082/abstract). The effect of treatment group on the KOOS pain
score over time in these models changed little compared with the
original piecewise mixed model that used data without imputation
(Figure 2).

WOMAC function. Results of analyses of WOMAC func-
tion scores were largely similar to those of KOOS pain scores,
with substantial improvements in the first year in both randomized
groups. Improvements achieved in the first year were largely main-
tained in the 2 randomized groups over the 5-year follow-up (Sup-
plementary Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.41082/abstract).

Total knee replacement. Twenty-five participants (7.1%
[95% Cl 4.4-9.8]) underwent TKR of the index knee over the
course of follow-up. From an ITT perspective, 9.2% (95% CI
4.9-13.5) of those randomized to the arthroscopic partial menis-
cectomy group underwent TKR, as compared with 5.1% (95%
Cl 1.9-8.3) of those randomized to the physical therapy group
(Figure 4A). The ITT Cox regression model included K/L grade
and randomized group. TKR occurred more often in those ran-
domized to undergo arthroscopic partial meniscectomy than in
those randomized to undergo physical therapy (HR 2.0 [95% ClI
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Figure 3. Estimated Knee Injury and Osteoarthritis Outcome Score (KOOS) pain scores in 3 groups: those who had total knee replacement
(TKR), those who dropped out of the study for reasons other than TKR (noncompleters), and those who completed the study (completers).
The pattern mixture model (PMM) shows the weighted average of the TKR, noncompleter, and completer groups. The non-PMM trace shows
the results of the piecewise linear mixed model. The PMM and non-PMM traces are very similar (since only 7% of subjects had TKR). Slopes for
the TKR and noncompleter groups were generated from data obtained before subjects in these groups left the cohort.

0.84-4.9]). The model also showed that subjects with K/L grade
3 radiographs had greater risk of TKR than those with K/L grade
0-2 radiographs (HR 3.0 [95% CI 1.3-6.9]). As the 95% Cls sug-
gest, the TKR risk in this ITT model did not reach statistical signif-
icance (P =0.11).

From an as-treated perspective, TKRs were performed in
1.8% of subjects treated with physical therapy alone (95% ClI
0-4.4), 9.8% of those treated with arthroscopic partial meniscec-
tomy alone (95% CI 5.2-14.3), and 10.3% of those who crossed
over from physical therapy to arthroscopic partial meniscectomy
(95% CI 3.1-17.5) (Figure 4B). In the as-treated analysis, with
adjustment for K/L grade, the HR of TKR was greater in those
who underwent arthroscopic partial meniscectomy (either imme-
diate or crossover) than in those treated with only physical therapy
(HR 4.9 [95% CI 1.1-20.9]).

DISCUSSION

We found that participants in the METEOR trial experienced
considerable pain relief in the first year, which was maintained over
5 years. These generally favorable results were observed in sub-
jects randomized to the arthroscopic partial meniscectomy group
and those randomized to the nonoperative therapy group. TKR

rates were generally low (7.1% in the whole cohort), and greater
among those who were randomized to undergo arthroscopic par-
tial meniscectomy. As-treated analyses also documented favorable
5-year outcomes regardless of treatment received, with greater
TKR risk in those treated with arthroscopic partial meniscectomy.

Qur findings are consistent with those of Herrlin et al, who con-
ducted a smaller single-center trial of arthroscopic partial meniscec-
tomy with physical therapy versus physical therapy alone (3). Those
authors followed up the subjects for up to 5 years and observed con-
siderable improvement in pain and function in both the arthroscopic
partial meniscectomy and physical therapy groups, with improve-
ment sustained over 5 years. Herrlin and colleagues observed, as
we did, that those randomized to undergo physical therapy who
crossed over to arthroscopic partial meniscectomy had 5-year out-
comes similar to those randomized to undergo arthroscopic par-
tial meniscectomy. These findings are also consistent with cohort
data that show favorable long-term pain outcomes of arthroscopic
partial meniscectomy (20,21). There are relatively few studies of
outcomes of nonoperative therapy beyond 1-2 years.

The less robust reduction in pain over the first 3 months in
the physical therapy group in the ITT analysis reflects that some
subjects randomized to undergo physical therapy crossed over to
arthroscopic partial meniscectomy due to the persistence of pain
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Figure 4. Kaplan-Meier plots of time to total knee replacement (TKR) in 2 intent-to-treat groups and in 3 as-treated groups. A, Subjects
randomized to undergo arthroscopic partial meniscectomy and those randomized to undergo physical therapy. B, Subjects randomized to and
receiving arthroscopic partial meniscectomy, those randomized to undergo physical therapy only, and those randomized to undergo physical
therapy and crossing over to arthroscopic partial meniscectomy. See Figure 1 for other definitions.

in the first several months. By 12 months, pain levels in subjects The greater likelihood of TKR in those who ultimately
who crossed over to arthroscopic partial meniscectomy were sim- underwent arthroscopic partial meniscectomy merits comment.
ilar to pain levels in those who underwent immediate arthroscopic The as-treated analysis suggested a 5-fold increased TKR risk

partial meniscectomy. among those exposed to arthroscopic partial meniscectomy
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over the follow-up period, as compared to those treated non-
operatively. The ITT analysis of the 5-year TKR risk in the 2
randomized groups showed a 2-fold increased hazard of TKR
among those randomized to undergo arthroscopic partial
meniscectomy, though this HR was not statistically significant.
Our analyses of TKR use were adjusted for baseline K/L grade,
suggesting that the findings are not due to greater radiographic
severity prior to arthroscopic partial meniscectomy. The group
that crossed over had severe symptoms at baseline and phys-
ical therapy was unsuccessful. These factors may underlie the
decision to ultimately undergo TKR. Arthroscopic partial menis-
cectomy may be associated with greater progression of OA, and
increased risk of TKR on that basis. Our analyses of 18-month
progression in MRI-documented cartilage damage support this
hypothesis (22). Finally, subjects who undergo arthroscopic par-
tial meniscectomy become more familiar and comfortable with
the process of undergoing surgical therapy and may be more
inclined to undergo TKR. These potential explanations require
further examination.

We acknowledge several limitations of the present study.
Participants enrolled in the METEOR trial may not be representa-
tive of the larger population of persons with degenerative menis-
cal tear, as just 26% of eligible participants agreed to participate
in the METEOR trial (1). Of the participants in the trial, 30%
crossed over from physical therapy to arthroscopic partial menis-
cectomy, and dropout was substantial over 5 years, potentially
disturbing the matching of baseline characteristics across ran-
domized groups. Because of these postrandomization events,
we performed both an ITT analysis and an as-treated analysis
to address potential selection bias with adjustment for potential
confounders. We recognize that unmeasured variables could
create residual confounding. While losses to follow-up occurred
at a similar rate across the randomized groups, the rate of drop-
out due to TKR differed. We used pattern mixture models and
multiple imputation to account for potentially informative drop-
outs due to TKR. Finally, we acknowledge that the pre-TKR pain
scores may have been recorded up to 6 months before the TKR
and thus may have underestimated actual pain levels at the time
of surgery.

In summary, patients in the METEOR cohort experienced,
on average, substantial symptom relief in the first year following
treatment, which was maintained over 5 years, with a relatively low
cumulative incidence of TKR (7.1%). These findings provide reas-
surance that both strategies—early treatment with arthroscopic
partial meniscectomy and physical therapy with the opportunity
for delayed arthroscopic partial meniscectomy—are associated
with generally favorable outcomes in middle-aged and older per-
sons presenting with knee pain, OA changes, and degenerative
meniscal tear. While we did not observe statistically significant dif-
ferences in TKR use in the [TT analysis, the greater TKR utilization
observed in those undergoing arthroscopic partial meniscectomy
merits further study.
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Population-Specific Patterns of Epigenetic Defects in
the B Cell Lineage in Patients With Systemic Lupus
Erythematosus

Megan E. Breitbach,' “ Ryne C. Ramaker,” 2’ Kevin Roberts,’ Robert P. Kimberly,* and Devin Absher’

Objective. To determine the stage of B cell development at which a systemic lupus erythematosus (SLE)-
associated DNA methylation signature originates in African American (AA) and European American (EA) subjects, and
to assess whether epigenetic defects in B cell development patterns could be predictive of SLE status in individual
and mixed immune cell populations.

Methods. B cells from AA patients (n = 31) and EA patients (n = 49) with or without SLE were sorted using
fluorescence-activated cell sorting into 5 B cell subsets. DNA methylation, measured at ~460,000 CpG sites, was
interrogated in each subset. Enrichment analysis of transcription factor interaction at SLE-associated methylation
sites was performed. A random forests algorithm was used to identify an epigenetic signature of SLE in the B cell
subsets, which was then validated in an independent cohort of AA and EA patients and healthy controls.

Results. Regression analysis across all B cell stages resulted in identification of 60 CpGs that reached genome-
wide significance for SLE-associated methylation differences (P < 1.07 x 107). Interrogation of ethnicity-specific
CpGs associated with SLE revealed a hypomethylated pattern that was enriched for interferon (IFN)-regulated genes
and binding of EBF1 in AA patients (each P < 0.001). AA patients with SLE could be distinguished from healthy
controls when the predictive model developed with the transitional B cell subset was applied to other B cell subsets
(mean receiver operating characteristic [ROC] area under the curve [AUC] 0.98), and when applied to CD19+ pan-B
cells (mean ROC AUC 0.95) and CD4+ pan-T cells (mean ROC AUC 0.97) from the independent validation cohort.

Conclusion. These results indicate that SLE-specific methylation patterns are ethnicity dependent. A pattern of
epigenetic changes near IFN-regulated genes early in B cell development is a hallmark of SLE in AA female subjects.
EBF1 binding sites are highly enriched for significant methylation changes, implying that this may be a potential

regulator of SLE-associated epigenetic changes.
INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease that is characterized by a dysregulated immune
system leading to chronic inflamsmation, and the underlying mech-
anisms of pathogenesis and effective treatments remain elusive
(1,2). African American (AA) women are the population most at
risk for developing SLE, and they also have the most severe SLE-
associated symptoms, often including acute and irreversible organ
damage (3-8). The majority of SLE genomic studies to date have
focused on European and Asian ethnicities but have left out this
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most at-risk population (9). We therefore focused on AA female
subjects in this study.

A commonly cited hypothesis regarding the origin of SLE is
that an environmental trigger, such as an infection or drug expo-
sure, elicits T lymphocytes (T cells) to recognize self antigens
and induce B lymphocytes (B cells) to produce autoantibodies
(10). B cells play an essential role in adaptive immunity through
their ability to produce and present antigens, proinflammatory
cytokines, and costimulatory factors to T cells. Dysregulation
of B cell function, signaling, or development can lead to exces-
sive autoantibody production and B cell hyperactivity (11).
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Epigenetic dysregulation of B cell differentiation may be an
important mechanism underlying the pathogenesis of SLE, as
we know the epigenome plays a significant role in the etiology
of several autoimmune diseases, but the exact nature of the
relationship has not been established (12-14). Studies of asso-
ciations between DNA methylation and SLE reveal widespread
hypomethylation of CpGs within interferon (IFN)-related genes
in SLE patients relative to controls in European and Asian
populations (12,15-18). Yet, population-specific risk loci have
recently been identified, and therefore different ethnic popu-
lations must be studied independently to fully understand the
genetic mechanisms of SLE (19,20).

Our study was designed to analyze whole-genome DNA
methylation data from B cell subsets in a cohort of female
patients with or without SLE to ascertain the stage of B cell
development at which aberrant epigenetic patterns arise and to
identify a multivariate epigenetic signature of SLE. To accomplish
these tasks, we sorted B cell subsets from AA female patients
with SLE (n = 24) and those without SLE (n = 25), as well as
B cell subsets from European American (EA) female patients with
SLE (n = 18) and those without SLE (n = 13). The B cell subsets
analyzed included transitional, naive, unswitched, switched, and
IgD—-/CD27—- double-negative B cells. We used regression anal-
ysis to test for associations between single CpGs within each
B cell subset and SLE. Regression analysis was also used to
identify ethnicity-specific SLE-associated CpGs across B cell
types. The single CpGs showing the strongest association were
used in machine-learning approaches to build a multivariate
model of SLE. The models were tested across ethnicity groups
in an independent validation cohort of AA and EA subjects, in
which both CD19+ pan-B cells and CD4+ pan-T cells were
tested to determine whether this signature could be predictive of
SLE status in broader cell populations.

Our results demonstrate that epigenetic defects in female
AA patients with SLE are already present in immature B cells
emerging from bone marrow (transitional B cells), whereas
epigenetic defects in EA female patients with SLE appear to
develop later during B cell development. We observed that AA-
specific CpG sites associated with SLE are enriched for IFN-
regulated genes and are located near EBF1 regulatory sites,
and that AA-specific SLE-associated CpGs are predictive of
SLE status in mixed immune cell populations from AA female
subjects.

PATIENTS AND METHODS

Discovery set participants. The discovery cohort was
obtained through recruitment to the rheumatology outpa-
tient clinic at the University of Alabama at Birmingham (UAB).
Patients’ blood samples were collected following provision
of informed consent and in compliance with the UAB Institu-
tional Review Board. A total of 80 blood samples were used,

among which 49 samples were from patients of self-reported
AA ancestry and 31 were from patients of self-reported EA
ancestry (see Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41083/abstract). Age, sex, self-reported eth-
nicity, and smoking status were recorded for each subject
regardless of SLE status. Additional clinical data were obtained
from SLE patients, including the following: the SLE Disease
Activity Index (SLEDAI) score (determined using the American
College of Rheumatology guidelines [21]), flare status, body
mass index, presence and stage of nephritis, creatinine level,
proteinuria, glucose level, and prednisone usage and dose
(Supplementary Table 1).

Validation set. For validation, methylation data in sorted
CD19+ pan-B cells and CD4+ pan-T cells were obtained from
an independent cohort of AA and EA subjects in the outpatient
rheumatology clinic at UAB; this cohort has been previously
described in detail in a study by Absher et al (12) (charac-
teristics of both cohorts are listed in Supplementary Table 1
[http://onlinelibrary.wiley.com/doi/10.1002/art.41083/abstract]).
The independent validation cohort consisted of 45 AA female
subjects (23 with SLE, 22 healthy controls) and 24 EA female
subjects (11 with SLE, 13 healthy controls). CD4+ pan-T cells
were sorted from all 45 samples from the AA subjects and all
23 samples from the EA subjects. CD19+ pan-B cells were
sorted from 43 samples from the AA subjects and all 24 sam-
ples from the EA subjects.

Cell and DNA isolation. Individual B cell subsets from the
discovery cohort were sorted using flow cytometry. Antibodies
particular to lineage-specific cell surface receptors were used to
separate 5 individual B cell subsets. The number of samples in
the discovery set extracted for a specific cell type ranged from
42 samples (for IgD—/CD27- double-negative B cells) to 72
samples (for naive B cells) (see Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.41083/abstract). Cells were
then lysed and DNA was extracted using Qiagen DNeasy kits
according to the manufacturer’s protocol.

Methylation450 assays, quality control, and batch
normalization. The Infinium HumanMethylation450 array (lllu-
mina) was used for measurement of DNA methylation levels. In
total, 500 ng of each sample was bisulfite converted (Zymo EZ
DNA), amplified, hybridized, and imaged. Raw data intensity files
were processed using GenomeStudio. CpG probes with detec-
tion P values of >0.01 and those affected by common variants
were filtered out. ComBat was used to correct for batch effects, in
which a single array (12 samples) was used to describe a batch.
Infinium chemistry corrections were performed to correct for dif-
ferences between probe types. Genome-wide data methylation
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analysis was then performed using the R statistical suite (version
3.5.1).

Regression analysis. Multivariate linear regression was
performed to identify CpG methylation changes associated with
SLE status, both independent of and dependent on self-reported
ethnicity. A simpler model was performed first for the interrogation
of single CpGs associated with SLE status, incorporating age and
smoking status as covariates (Equation 1), calculated as follows:

B ~ Age + Smoking + Ethnicity + SLE

A second, more complex model was then performed for the dis-
covery of CpGs associated with the interaction of SLE status and
ethnicity, including age, sex, self-reported ethnicity, and smoking
status as covariates (Equation 2), calculated as follows:

B ~ Age + Smoking + Ethnicity + SLE + Ethnicity x SLE

Both models were performed on samples from AA and EA female
subjects across all 5 B cell lineages, resulting in a total of 10
regression models in this stage of analysis.

Predictive modeling. Random forests (RFs) regression
was performed on the transitional B cell samples from AA female
subjects (n = 38), since that was the first B cell stage for which
aberrant methylation associated with SLE status was detected.
We tested various P value cutoffs for association with SLE (P =5 x
107?10 5 x 1079 resulting from multivariate linear regression, as well
as various variance cutoffs (ranging from 0.02 to 0.1), with m-try
parameters ranging from 1 to 20 and 1,000 trees. RF regression
analyses were carried out using the RandomForest package in R
(22). For each iteration, a random sample comprising 25 samples
was used for the training set, and the remaining samples were
used as the test set. Using the same approach, multivariate linear
regression using L1 penalized log partial likelihood (LASSO) was
performed via the glmnet package in R (23). Three-fold cross-
validation using an alpha parameter of 1 was performed to find
the optimal lambda value. The lambda value plus 1SD, and an
alpha of 1, was then used to build the model. Ridge regression
using samples from AA female subjects was performed in a man-
ner similar to LASSO, with the only difference being that the alpha
parameter was 0 instead of 1.

An optimal prediction cutoff value for separation of SLE
from controls was determined for the model based on the
training set, and this optimal value was used to calculate the
misclassification percentage in the test set. Model prediction
accuracy was assessed in individual B cell lineages from EA
and AA patients in the discovery set, as well as in CD19+ pan-B
cells and CD4+ pan-T cells from the independent data set of
EA and AA subjects. The mean receiver operating character-
istic (ROC) area under the curve (AUC) was used to assess
the model’s sensitivity and specificity in each of the test sets
described, in addition to the misclassification percentage as

defined based on the optimal prediction cutoff from the train-
ing set. Top-performing classifiers from each RF model were
determined based on their Gini coefficient, a function unique
to the RF algorithm that assigns the coefficient based on ability
to accurately separate cases from controls during the model
training phase, so that the higher the coefficient, the better the
CpG is at separating SLE cases from controls in the model.
RF, LASSO, and Ridge regression analyses were also per-
formed on sorted B cell samples from all EA subjects combined,
using one-third of the samples (n = 24) for the training set and the
rest as a test set. The same P value cutoffs and m-try values tested
in the modeling using AA samples were applied in the modeling
using EA samples. Modeling was performed using the switched B
cell stage, since that was the B cell stage for which substantial dif-
ferences in methylation associated with SLE status was detected
in EA samples. The top-performing model was then determined
using the same approach as was used for analysis of AA samples.

Transcription factor enrichment. GM12878 chromatin
immunoprecipitation sequencing (ChlP-seq) from the ENCODE
data portal was used for genome-wide interrogation of transcrip-
tion factor binding sites (TFBS) (24). Using BEDtools, intersection
between the Methyl450 annotation file and the ChIP-seq bed
file was performed (25). Permutation testing was then carried
out to allow for the determination of whether specific transcrip-
tion factors showing binding within 500 bp of the top CpGs were
enriched compared to all other sites assayed. Orthogonal analysis
was conducted on the top TFBS enriched using ChiP-seq data.
Position frequency matrices for the most enriched transcription
factors were obtained from JASPAR, and the FIMO package
within the MEME suite was used for analysis of motifs within 500
bp of the CpGs of interest (26-28). Permutation testing allowed
us to determine whether top CpGs were enriched for a specific
binding motif compared to the other sites assayed.

RESULTS

Altered CpG methylation in immature B cells from
SLE patients. To identify loci at which DNA methylation lev-
els were associated with SLE, we performed epigenome-wide
regression analysis in sorted B cells for which we found sta-
tistically significant methylation differences in SLE patients
compared to controls (see Supplementary Figures 2A-E and
Supplementary Table 2, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41083/abstract). Across all 5 B cell subsets, we found 60
CpGs that reached genome-wide significance for methylation
differences in SLE patients compared to controls (P < 1.07 x
107), among which 13 occurred in transitional B cells, which
was the earliest B cell stage assayed, indicating that epigenetic
defects in SLE patients are already present as immature B cells
emerge from the bone marrow.
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The most significant CpGs were found in multiple genes,
particularly near IFN-regulated genes (Figure 1). The top SLE-
associated CpGs from regression analyses of transitional B cells
displayed a distinct hypomethylation pattern within AA patients
with SLE compared to controls, which was less apparent in EA
patients with SLE and controls (Figure 2).

The epigenetic defects observed indicated that those indi-
viduals carrying severe epigenetic defects tended to carry severe
defects across all of the significant CpGs, and that those with mild
defects tended to carry mild defects across all loci, suggesting that
the epigenetic pattern behaves as a correlated module, rather than
a set of independent, heterogeneous effects at each CpG.

Further interrogation revealed that methylation specifically
within the top 15 CpGs (based on transitional B cell regres-
sion analyses) was highly correlated in AA patients with SLE
and in AA controls, but there was a clear negative correlation
between the 2 groups, indicating that the strong differences in
methylation at these sites were correlated with the presence of
SLE in AA subjects, a trend that was not seen in EA subjects
(see Supplementary Figures 3 and 4, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41083/abstract).

To further examine the population-specific nature of these
epigenetic defects, we ran additional regression models using an
interaction term between SLE and ethnicity. The results revealed
numerous sites across all 5 B cell subsets that approached and/or
reached genome-wide significance for methylation differences
in SLE patients compared to controls (see Supplementary
Figures 5A-E, available on the Arthritis & Rheumatology web

abstract). Most of those top CpGs resulted from regression anal-
yses of early (transitional and naive) B cells and were near IFN-
regulated genes. The highest AA-dependent SLE association
(at cg17980508; P = 1.12 x 10°°) originated from transitional B
cells and was located near the IFI44L gene (see Supplementary
Table 3, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41083/abstract).
The highest EA-dependent SLE association (at cg137106183;
P = 8.13 x 10®) originated from naive B cells and was located
near the EHMT1 gene (see Supplementary Table 4, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41083/abstract).

Analysis of methylation at top individual AA- and EA-specific
sites (cg17980508, cg21549285, and cg13710613) across B cell
development in both AA and EA patients and controls revealed
that methylation differences strongly distinguished AA patients with
SLE, but not EA patients with SLE, from controls (see Supplemen-
tary Figures 6, 7, and 8, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41083/
abstract). We observed that the difference in the percentage of
methylation between AA patients and controls was broader earlier
during B cell development and decreased in later B cell stages, fur-
ther suggesting that aberrant hypomethylation occurs at the ear-
liest stages of B cell development in SLE patients of AA ancestry.

Evidence of DNA methylation patterns in transitional
B cells as a predictor of SLE status in AA female
subjects. The modular nature of the epigenetic defects
observed in immature B cells from SLE patients suggested that

site at http://onlinelibrary.wiley.com/doi/10.1002/art.41083/ a multivariate predictive model could be used to distinguish
10 1 @0CAFS
] DDX60 NRXN2
8 PLSCR1 ® IFIT1 o e psc3 @_G6T1
. PARP14 @ PDE?: LY6E @®iFmm1 e ®
® ®
]
=
=
o))
ke
1
1 2 3 4 5 6 7 8 9 10 11 12 13 15 17 19 21
Chromosome
Figure 1. Manhattan plots of regression P values (—log,) are shown for the association of multiple CpGs across the genome with systemic

lupus erythematosus in transitional B cells. Significant CpGs (green symbols) are indicated according to a P value cutoff for genome-wide

significance of P = 1.07 x 107" (horizontal red line).
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Figure 2. Heatmaps of the methylation status are shown for the top 15 CpGs associated with systemic lupus erythematosus (SLE) (based on
P value) in transitional B cells. Each column represents an individual subject, grouped by ethnicity (African American [AA] or European American
[EA]) and disease status (SLE or control). Each row shows a top SLE-associated CpG (interferon-regulated gene), with color scale based on
methylation status. Hierarchical clustering of CpGs resulted in groupings that were representative of the methylation change in SLE patients

compared to controls.

patients from controls, and that a machine-learning optimiza-
tion approach would identify the most informative genes that
carry these aberrant epigenetic states. We tested multiple
machine-learning approaches using methylation levels in tran-
sitional B cells, the B cell developmental stage for which the
largest difference in methylation between patients and controls
was observed, to predict SLE in AA subjects. The mean ROC
AUCs across the discovery and validation cohorts for AA female
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subjects was highest for the top-performing ridge regression
model (cutoff P = 1 x 107, mean ROC AUC 0.97), and yet the
mean standard error (MSE) was lowest in the RF regression
model (MSE 0.02) (see Supplementary Table 5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41083/abstract).

When performance of the RF regression model for SLE
prediction was tested across individual B cell subsets, the
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Figure 3. Machine learning in transitional B cells identifies an epigenetic signature that can predict SLE in AA subjects. Performance of the
random forests regression model for prediction of SLE using transitional B cells was assessed in AA and EA female subjects according to
misclassification percentages across B cell stages (A) and according to validation receiver operating characteristic curves for CD19+ pan-B
cells and CD4+ pan-T cells (B). Neg. = negative (see Figure 2 for other definitions).


http://onlinelibrary.wiley.com/doi/10.1002/art.41083/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41083/abstract

POPULATION-SPECIFIC PATTERNS OF SLE B CELL EPIGENETIC DEFECTS

287

model performed well in B cells from AA subjects at both the
early stages and later stages of B cell development (mean ROC
AUC 0.98, misclassification errors in 2% of naive B cells, 3% of
unswitched B cells, 3% of switched B cells, and 6% of double-
negative B cells). Applying the same model to EA B cell stages
produced poor predictive success, indicating that the AA SLE
signature is distinct from that in EA (Figure 3A). For validation,
we tested each model’s ability to distinguish SLE patients from
controls using previously published data on broader cell popu-
lations, comprising CD4+ pan-T cells and CD19+ pan-B cells.
The top AA-specific RF regression model accurately predicted
SLE status in AA subjects, with mean ROC AUCs of 0.967 and
0.945 for CD4+ pan-T cells and CD19+ pan-B cells, respec-
tively (Figure 3B).

Unlike pure regression analysis, for which top results are often
within correlated regions of the genome, RF regression results
present unique and highly predictive sites across the genome.
Most of our top predictors (based on Gini coefficients of impor-
tance) were associated with various genes scattered throughout
the genome (see Supplementary Table 6, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41083/abstract). The top predictor, cg07839457,
was near the transcription start site of NLRC5. Methylation anal-
ysis at cg07839457 across the stages of B cell development
revealed perpetuation of the hypomethylated state in AA patients
with SLE compared to controls, but not in EA patients with SLE
compared to controls (see Supplementary Figure 9, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41083/abstract). Further interrogation of the
methylation status at other highly predictive sites in transitional B
cells revealed consistent hypomethylation in SLE cases for aimost
every CpG regardless of the SLEDAI score.
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In EA subjects, the optimal data reduction method for predic-
tive modeling utilized a cutoff P value of 1 x 107 for CpGs asso-
ciated with SLE status, which was dependent on EA ethnicity in
the switched B cell subset. This model modestly distinguished EA
patients with SLE from controls, with <45% misclassification error
across all B cell subsets, and proved to have poor performance in
AA B cells, resulting in misclassification percentages ranging from
42% to 68% across the 5 B cell stages assayed (Figure 4A).

With regard to its performance in the validation cohort,
the top EA-specific model had mean ROC AUCs of 0.571 and
0.755 for CD19+ pan-B cells and CD4+ pan-T cells, respec-
tively (Figure 4B). For mixed immune cells from AA subjects in
the validation cohort, the model performance was much lower,
showing mean ROC AUCs of 0.539 and 0.537 for CD19+ pan-B
cells and CD4+ pan-T cells, respectively. Predictors in the top
EA-specific RF regression model had Gini coefficients ranging
from 0.299 to 0.009 (see Supplementary Table 7, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41083/abstract). There was a lack of meth-
ylation differences between SLE patient samples and controls in
the EA population (see Supplementary Figure 10, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41083/abstract), in contrast to predictors in the
AA population, for which severe differences in methylation were
observed.

Enrichment for EBF1 binding in SLE-associated CpGs
near IFN-regulated genes. To determine whether the CpGs
significantly associated with SLE based on methylation status
resided in regulatory regions of the genome, we performed an
enrichment test of TFBS status near the top 100 CpGs showing
an association with SLE (based on P valug), revealing enrichment
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Figure 4. Machine learning in switched B cells modestly predicts SLE in EA subjects. Performance of the random forests regression model for
prediction of SLE using switched B cells was assessed in AA and EA female subjects according to misclassification percentages across B cell
stages (A) and according to validation receiver operating characteristic curves for CD19+ pan-B cells and CD4+ pan-T cells (B). Neg. = negative

(see Figure 2 for other definitions).
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for POLR2A, EBF1, CHD1, WRNIP1, MTA3, STAT3, and IZKF1. A
similar analysis of the ethnicity-specific SLE-associated sites iden-
tified enrichment of CpGs in binding sites for POLR2A (P < 5 x
107, EBF1 (P < 8 x 107, POU2F2 (P < 3.27 x 107"), and RELA
(P < 4.46 x 107") (Figure 5).

Among the most enriched transcription factors, EBF1 is of
particular interest, as it is a pioneer transcription factor essen-
tial for B cell development (29). Further interrogation of EBF1
binding using a bioinformatics-based approach to identify
EBF1 motifs (5-TCCCNNGGGA-3") within the DNA sequence
surrounding those top SLE-associated CpGs strengthened this
hypothesis, as hypermethylated sites significantly associated
with SLE in transitional B cells were enriched for EBF1 motifs.
Among the top 100 SLE-associated population-specific CpGs
(based on P value), 36 were near (+250 bp) an EBF1 binding
motif, which was much greater than expected based on analy-
sis of EBF1 motifs near CpGs on a random subset of 100,000
CpGs covered by the Methyl450 array (P < 0.015). Genes
associated with CpGs near both an EBF1 ChIP-seq peak and
an EBF1 motif included IFN-regulated genes (NLRCS5, IFITM1)
and HCP5, among others, further strengthening the hypoth-
esis that EBF1 regulation is actively involved in the biologic
processes of SLE.

POLR2A
TAF1

*** p<0.001
* P<0.05

TBL1XR1 [

[ T T T T 1

0 10 20 30 40 50
Percentage of CpGs overlapping with TFBS

Figure 5. Systemic lupus erythematosus (SLE)-associated CpGs are
enriched for EBF1 binding. Transcription factor enrichment within the
top 100 ethnicity-dependent SLE-associated CpGs was determined
using ENCODE chromatin immunoprecipitation-sequencing data.
Transcription factors that were statistically significantly more enriched
compared to the rest of the CpGs assayed are indicated (empirical
P values marked by asterisks). TFBS = transcription factor binding
sites.

DISCUSSION

In this study, we used various statistical and machine-learning
methods to better understand the biologic changes that occur
throughout B cell development in SLE patients and to discern any
differences in these effects between AA and EA subjects. Our ini-
tial analysis was focused on following up previous studies that
performed linear regression analysis in mixed cell populations. To
identify CpG methylation differences associated with SLE status,
we first implemented a simple regression model for SLE status
across all 5 purified B cell subsets within our cohort, regardless
of ethnicity. Several CpGs reached genome-wide significance
(P =.07 x 107) for SLE-associated methylation differences across
B cell subsets, including many that had been previously found
to be associated with the disease (12-14,16,30-32). We showed
that CpGs near IFN-regulated genes are hypomethylated in AA
patients with SLE from the earliest circulating B cell stage, indi-
cating that B cells might be epigenetically “primed” for an aber-
rant immune response prior to maturation in SLE patients of AA
ancestry. When analyzing EA patients with SLE, we observed
methylation changes in mature B cell stages, revealing potential
differences in etiology between these 2 ethnicities. These epige-
netic differences may explain the differences in disease presenta-
tion and severity between the ethnic groups as well.

Epidemiology studies have revealed that SLE risk and bur-
den are significantly higher in AA women compared to other
affected populations, which could potentially be explained by
the more severe epigenetic signature observed in AA female
patients with SLE in the present study. To further interrogate
the ethnicity-specific methylation changes, we also performed
a more complex regression model to identify ethnicity-specific
SLE-associated CpGs. We noted that many genes associated
with our top AA-specific CpGs (based on P value) are IFN-
regulated and/or have previously been associated with SLE in
other cohorts of various ancestral background (10,33,34). How-
ever, the same observation was not made for EA-specific CpGs.

The observed high level of within-patient correlation across
genes suggests that there is a modular epigenetic defect in SLE
patients, prompting us to build multivariate predictive models of
disease using machine-learning optimization. Our AA-specific
predictor was extremely effective at distinguishing SLE patients
from controls, with high sensitivity and specificity (mean ROC AUC
0.94). Of the 34 CpGs used in the top-performing AA SLE predic-
tion model, 7 had a statistically significant association with SLE
(P < 1.07 x 107) and were near 6 different IFN-related genes, pro-
viding ancillary evidence that IFN plays a major role in SLE biology.
A CpG at the transcription start site of NLRC5, and near a TFBS
for EBF1 among multiple other transcription factors, had the high-
est predictive power for SLE status (Gini coefficient 0.461).

NLRCS5 is 1 of 22 NLR family proteins, is highly expressed in
the cytoplasm and nucleus of lymphocytes, and is a known reg-
ulator of major histocompatibility complex (MHC) class molecules
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(85,36). In an analysis by Coit et al assessing genome-wide
methylation in naive CD8+ T cells, hypomethylation at this same
site near NLRC5 was observed (13). We hypothesize that hypo-
methylation in SLE patients at this site might alter regulation of
MHC class | molecules in response to up-regulated IFN expres-
sion, which is characteristic of SLE. The next highest predictor
(Gini coefficient 0.453) is near IFIT1, an IFN-stimulated gene that
activates the innate immune system in response to inflammatory
stimulation (37). IFIT1 not only contains known risk alleles for SLE,
but also has been repeatedly noted for having both decreased
methylation and increased expression in SLE patients compared
to controls (16,37,38).

A CpG near the 5-untranslated region of MX1 (cg21549285)
was also within the top predictors. This site is near a TFBS for
RUNX3, MAX, and STAT3, and is characterized by hypometh-
ylation across B cell development in AA cases compared to
controls. MX1 is activated by IFIT1, another top gene from our
analysis, indicating that our model successfully identified biolog-
ically relevant relationships between CpGs to build a superior
predictive model of disease. MX1 is downstream in the type |
IFN pathway and is an important component of the early innate
immune system, as it plays a role in the IFN-induced antiviral
response against various viruses, but its role in response to IFN
stimulation in the absence of virus has yet to be determined
(89-41). MX1 hypomethylation, increased RNA expression, and
higher protein concentrations are consistently observed in SLE
patients (20,42-44). Multiple CpGs associated with MX1 were
observed to be highly associated with SLE status in this anal-
ysis, and methylation at 2 MX1 CpGs revealed almost perfect
separation of AA patients with SLE from controls, leading us to
hypothesize that a targeted assay for MX1 methylation would be
fruitful in diagnosing SLE.

To assess whether SLE-associated CpG sites were in regu-
latory regions of the genome, we interrogated TFBS near those
regions using publicly available ChiP-seq data. We identified an
increased number of binding sites for POL2RA, EBF1, POU2F2,
and RELA in the top SLE-associated CpGs compared to all other
CpG sites assayed. Of particular interest is the enrichment of
EBF1 interaction at highly associated IFN sites, as this transcrip-
tion factor is known as a pioneer transcription factor, especially
in the B cell lineage (29). Through a distinct DNA binding domain
at the N-terminus, EBF1 binds DNA as a homodimer at a palin-
dromic recognition site consisting of 18 bp (5"-TCCCNNGGGA-3’)
stabilized by an a—a motif, referred to as a zinc knuckle (45). EBF1
operates as an epigenetic regulator that induces demethylation,
nucleosome remodeling, and active chromatin modifications to
target genes (46). Binding sites for EBF1 that are poorly meth-
ylated are enriched for enhancer sites that undergo transcription
factor-mediated changes in methylation (29).

A limitation to ChIP-sequencing is the inability to distin-
guish between direct and indirect protein-DNA interactions. To
supplement the EBF1 enrichment observed in ChiP-seq data,

we performed a motif enrichment analysis of the top 100 SLE-
associated CpGs, in which we observed an increased occur-
rence of EBF1 motifs (P < 0.015) within 500 bp of the top 100
CpGs associated with SLE status in comparison to the rest of
the CpG sites assayed. From these observations, we hypothe-
size that EBF1 plays a role in the immune response through reg-
ulation of IFN-regulated gene expression. A possible mechanism
in which this might occur is that hypomethylation at or near the
EBF1 motif of IFN-regulated genes, as frequently observed in our
data, increases chromatin accessibility at those regions, allowing
for higher affinity of EBF1 binding. This would allow for increased
expression of downstream genes involved in the IFN pathway and
dysregulation of the immune response in AA patients with SLE.
ChIP-polymerase chain reaction experimentation in conjunction
with methylation analysis in patient-derived B cells allowing for
interrogation of the methylation status at EBF1 binding regions
should be performed to further investigate this hypothesis.

Thus, we have identified an aberrant epigenetic signature that
developed early in B cell development in AA patients with SLE.
This observation is consistent with the findings from a recently
published study in which an SLE-specific epigenetic signature
was identified in a cohort of AA female subjects, with epigenetic
defects found in the resting naive B cell stage and persisting
throughout B cell development (42). Many genes highly associ-
ated with SLE in our cohort were enriched for IFN regulation, such
as MX1, IFl44L, USP18, and IFITM1, indicating that B cells might
be epigenetically “primed” for an aberrant immune response to
IFN stimulation in AA patients with SLE. We also found that the
AA-specific SLE signature defined herein was enriched for EBF1
interaction and served as an effective multivariate predictor of
disease when validated in mixed immune cell populations from
AA, but not EA, female patients with SLE and healthy controls,
indicating epigenetic differences between the 2 populations with
respect to disease.

A limitation of this study is the lack of genetic variant anal-
ysis. The presence of an SLE-related epigenetic signature, with
a population-specific severity, could indicate either a shared set
of methylQTLs in each of the genes that are only carried by AA
patients with SLE, or alternatively, a defective signaling pathway
that leads to correlated epigenetic effects at multiple genes. Given
that the effects are seen at many unlinked genes and given the
unlikelihood of shared genetic variants at each of these unlinked
genes among AA patients with SLE, the former hypothesis is more
likely. To add confirmation to this hypothesis, we analyzed the P
values for CpGs within genes with known AA-specific SLE genetic
associations and found a lack of association with methylation and
SLE status for those sites (47,48). If known SLE-related genetic
risk factors were drivers of epigenetic effects, we would expect an
overlap between these loci.

In addition, another limitation of this study was the number
of EA patients included. The vast difference in methylation (effect
size) observed in AA patients compared to controls allowed for the
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determination of several CpGs highly associated with SLE status,
and yet the observed effect size was much lower in EA patients
compared to controls. While our EA sample size should have
been sufficient to detect effects (if they exist) similar to those seen
in AA patients, power calculations indicate that our study was well
powered to detect an effect size of 0.09 (i.e., a 9% change in
methylation). We also point out that many of the AA patients with
SLE in our cohort were affected by nephritis, whereas none of
the EA patients with SLE had nephritis, which raises the ques-
tion as to whether nephritis contributes to the population-specific
SLE signatures. Additional regression analyses identified a lack of
overlap between SLE-associated CpGs specific to nephritis and
the CpGs determined to be associated with SLE and specific to
either population (see Supplementary Table 8, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41083/abstract).

Despite the limitations addressed, this study was the first
to interrogate genome-wide methylation across individual B cell
developmental stages in both AA and EA patients with SLE. Over-
all, the epigenetic patterns appeared to be different between AA
and EA patients, suggesting that there are some mechanistic dif-
ferences in etiology that may be related to the different clinical
paths that these patient populations experience.
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Development of Murine Systemic Lupus Erythematosus in
the Absence of BAFF

William Stohl," & Ning Yu,' Samantha Chalmers,” Chaim Putterman,” and Chaim O. Jacob’

Objective. To determine whether systemic lupus erythematosus (SLE) can develop in the absence of BAFF in an
SLE-prone host.

Methods. Starting with C57BL/6 mice that express a human BCL2 transgene (Tg) in their B cells (thereby
rendering B cell survival largely independent of BAFF-triggered signals), we introgressed this Tg into NZM 2328
mice genetically deficient in BAFF (NZM.Baff ") to generate NZM.Baff’~.Bc/2™ mice. Expression of human Bcl-2 and
lymphocyte profiles were assessed by fluorescence-activated cell sorting, and serologic profiles were determined by
enzyme-linked immunosorbent assay. Immunofluorescence and histologic analyses were performed to assess renal
immunopathologic features in the mice, and clinical disease was assessed according to the outcomes of severe
proteinuria and death.

Results. In comparison to their non-Tg NZM.Baff”~ littermates (n > 7), NZM.Baff”’~.Bcl2™ mice (n > 8) overex-
pressed Bcl-2 in their B cells and developed significantly increased percentages and numbers of B cells and plasma
cells, serum levels of IgG autoantibodies, glomerular deposition of IgG and C3, and severity of glomerular and tub-
ulointerstitial inflammation, culminating in severe proteinuria and death (all P < 0.05 versus NZM.Baff "' littermates).
The time course for development of SLE-like features in NZM.Baff”~.Bc/2™ mice was more rapid than has been previ-
ously observed in NZM 2328 wild-type mice (median age at death 4.5 months versus 7.5 months). NZM.Baff”~.Bcl2™
mice remained responsive to BAFF, since reintroduction of the Baff gene into these mice further accelerated the
course of disease (median age at death 3 months).

Conclusion. The role of BAFF in the development of SLE-like disease may be dispensable as long as B cell sur-
vival is preserved via a BAFF-independent pathway. This may help explain the limited and variable clinical success
with BAFF antagonists in human SLE. Thus, NZM.Baff'~.Bcl2™ mice may serve as a powerful murine model for the

study of BAFF-independent SLE.
INTRODUCTION

One of the classic hallmarks of systemic lupus erythematosus
(SLE) is B cell hyperactivity. Studies in murine SLE have conclu-
sively demonstrated that B cells are an indispensable component
of disease development, in that otherwise SLE-prone MRL.Jor/lpr
or NZM 2328 (NZM) mice fail to develop SLE when genetically
rendered B cell deficient (1,2).

BAFF (also known as B lymphocyte stimulator [BLyS]) is a
vital survival and differentiation factor for B cells (3-6). In non—
SLE-prone mice, antagonism of BAFF results in considerable,
albeit subtotal, reduction in the number of B cells (7), and genetic
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disruption of the Baff gene results in even greater, albeit still sub-
total, reduction in B cells (8). Comparable observations have been
made in SLE-prone mice, in which pharmacologic neutralization
with either of 2 BAFF antagonists or genetic elimination of BAFF
leading to substantial (subtotal) reduction in the number of B cells
have been tested with clinical efficacy (9-11).

In human SLE, treatment with any of 4 different BAFF antago-
nists also results in subtotal reduction in the number of circulating
B cells (12-16). However, clinical efficacy has not always been
achieved. Whereas the primary end point was met in each of the
4 phase |l clinical trials with the anti-BAFF monoclonal antibody
(mAb) belimumab in patients with SLE (17-20), the phase Il trials
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in SLE with either blisibimod or atacicept did not achieve their
primary end point (13,21), and only 1 of the 2 phase Il trials with
tabalumab met its primary end point (15,16). Even treatment with
belimumalb, which is approved by the US Food and Drug Admin-
istration for the treatment of SLE (for review, see ref. 22), failed
to elicit a clinical response in >40% of subjects in the phase Il or
phase Il SLE clinical trials (17,18,20,23).

The heterogeneity in clinical response to BAFF antago-
nism raises the possibility that incomplete B cell depletion
may be a contributing factor to the clinical resistance to BAFF
antagonist therapy in some patients; that is, pathogenic B
cells that survive pharmacologic neutralization of BAFF may
continue to promote disease in some patients. Accordingly,
the degree of (pathogenic) B cell depletion induced by a BAFF
antagonist may be sufficient to ameliorate disease activity in
some SLE patients, whereas the degree of (pathogenic) B
cell depletion induced by the same BAFF antagonist may be
insufficient to ameliorate disease activity in other SLE patients.

To test whether an SLE-prone host otherwise clinically
responsive to BAFF elimination would remain clinically respon-
sive if B cells are preserved in the face of elimination of BAFF, we
turned to a murine model of SLE in which mouse B cells harbor
a human BCL2 transgene (Tg). In such mice, survival of B cells,
which constitutively overexpress Bcl-2, largely does not depend
on BAFF-triggered signals (24,25).

Accordingly, we introgressed the BCL2 Tg into NZM mice
genetically deficient in BAFF (NZM.Baff”") (11), to generate
NZM.Baff”".Bcl2™ mice. Our studies demonstrate that these
mice, despite the life-long absence of BAFF, develop the immuno-
logic, pathologic, and clinical features of SLE over a time course
even more rapid than that seen in NZM wild-type (WT) mice. Thus,
BAFF is a dispensable factor in the development of SLE-like dis-
ease in NZM mice under conditions in which B cell survival is pre-
served via a BAFF-independent pathway. By inference, some SLE
patients may be inherently resistant to BAFF-directed therapies
by virtue of the fact that they have pathogenic B cells whose sur-
vival is independent of BAFF. Therefore, NZM.Baff’~.Bcl2™ mice
may serve as a powerful murine model in the study of this BAFF-
independent component of SLE.

MATERIALS AND METHODS

Mice. All reported studies in mice were approved by the Uni-
versity of Southern California Institutional Animal Care and Use
Committee. NZM WT and NZM.Baff”~ mice (11) were maintained
inasingle specific pathogen—free room. B6.Cg-Tg(BCL2)22\Wehi/J
mice (on a C57BL/6 background and bearing a human BCL2 Tg
expressed only in B-lineage cells) (B6.Bcl2™) (26) were obtained
from The Jackson Laboratory and housed in the same spe-
cific pathogen—-free room. NZM.Baff”~.Bcl2™ mice were gener-
ated by introgressing the Bcl2™ genotype from B6.8cl2™ mice
into NZM.Baff”~ mice using a marker-assisted selection proto-

col (27,28) with 47 microsatellite markers. These markers were
chosen to include those regions identified as susceptibility loci
in NZM mice (29). The N7 backcross generation was fully con-
genic. NZM.Baff”~.Bcl2™ and non-Tg NZM.Baff" littermate mice
were generated by mating NZM.Baff”~.Bcl2™ mice with NZM WT
(Baff”*) mice. Results are reported for female mice only.

For the purpose of identifying Foxp3+ Treg cells in NZM WT
mice, NZM™*39" mice were generated by introgressing the Foxp3-
gfo knockin genotype from B6™*%9" mice (obtained from Dr. Song
Guo Zheng, Ohio State University Medical Center, Columbus) into
NZM WT mice. For the purpose of identifying Foxp3+ cells in
NZM.Baff”~.Bcl2™ mice, NZM™*39" mice were first crossed with
NZM.Baff”~ mice to generate NZM***9, Baff’~ mice. The Bcl2™
genotype was then introgressed from B6.8¢l2™ mice into NZM-
ow39b Baff’~ mice, to yield NZM™*¥9P, Baff’~. Bcl2™ mice.

Cell surface staining. Spleen mononuclear cells were
stained with combinations of fluorochrome-conjugated mAb
specific for CD1d, CD3, CD4, CD8, CD19, CD44, CD62L,
CD69, CD138, soluble IgD, or soluble IgM (from BiolL.egend or
BD Biosciences) to identify total B cells (CD19+), follicular (FO)
B cells (CD3-CD19+IgM°“IgD"®"), marginal zone (MZ) B cells
(CD3-CD19+IgM""gD**CD1d""), plasma cells (CD3-CD138+
CD19°"), total CD4+ T cells, total CD8+ T cells, activated
memory T cells (CD4+CD44"™"CD62L"""), and recently activated
CD4+ T cells (CD4+CD69+). Data were analyzed with FlowdJo
software (version 7.6.1; Tree Star).

Intracellular staining for Bcl-2. Spleen mononuclear
cells were first stained for surface CD3 and CD19, as described
above. Following treatment with Fix/Perm buffer (BioLegend),
the cells were stained for intracellular Bcl-2 using phycoerythrin-
conjugated anti-human Bcl-2 mAb or isotype control mAb
(BioLegend) and analyzed as described above.

Serum levels of total IgG and IgG autoantibodies.
Serum levels of total IgG and IgG autoantibodies were determined
by enzyme-linked immunosorbent assay (2). Autoantibody opti-
cal density (OD) values were normalized to the mean OD value
of serum from 5-month-old MRL-jpor mice, the latter arbitrarily
assigned a value of 100 units/ml.

Kidney histology. Sections of formalin-fixed kidneys were
stained with hematoxylin and eosin and assessed by light micros-
copy for histologic features (30).

Kidney immunofluorescence analysis. Sections of
snap-frozen kidneys were stained for IgG or C3 deposition using
fluorescein isothiocyanate—conjugated goat F(ab’), fragment anti-
mouse IgG or C3 antibodies (MP Biomedicals) (2).

Assessment of clinical disease. Mice were monitored for
the development of severe proteinuria or death; each outcome
was recorded separately. To assess proteinuria, reagent strips
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for urinary protein (Albustix; Bayer) were dipped in mouse urine,
and the extent of proteinuria was assigned a score (on a scale of
0-4) by visual color comparison to the supplied standard color
key. Severe proteinuria was defined as >3+ on 2 consecutive
examinations, either prior to natural death or at the time of eutha-
nasia. Since the death of some NZM.Baff"~.Bcl2™ mice was very
precipitous and resulted in the absence, at the moribund state,
of assessment of proteinuria (which, presumably, would have
been severe), severe clinical disease in these mice was defined
as development of either severe proteinuria or death.

Assessment of in vitro Treg cell function. T responder
cells (CD4+Foxp3-) from NZM®**9° WT mice and Treg cells
(CD4+Foxp3+) from NZM™*9P \WT or NZM™**9% Baff '~ Bcl2™
mice were isolated by fluorescence-activated cell sorting of spleen
CD4+ T cells. T responder cells were stained with the proliferation
dye eFluor 670 (eBioscience), and then stimulated with anti-CD3
mAD (0.025 mg/ml; BioLegend) and with irradiated B6 WT mouse
non-T cells (30 Gy, 1:1 ratio) in the presence of graded ratios
of Treg cells. On day 3, cells were harvested, and the division
index (DI) (total number of T responder cell divisions divided by
original number of T responder cells), the proliferation index (Pl)
(total number of T responder cell divisions divided by number of
T responder cells undergoing at least 1 division), and percentage

Gated on CD19

of dividing cells (number of T responder cells undergoing at least
1 division divided by original number of T responder cells) were
evaluated using a FACSCalibur (BD Biosciences). Results are
expressed as the percentage suppression, calculated as (value
in cultures with T responder cells only — value in cultures with T
responder cells and Treg cells) divided by value in cultures with T
responder cells only.

In vitro responsiveness of B cells to BAFF. Spleen
B cells were isolated using an autoMACS separator with anti-
mouse CD19 microbeads (Miltenyi). To assess B cell survival,
B cells were cultured (2 x 10°%/0.2 ml) in triplicate in 96-well flat-
bottomed plates in RPMI 1640 medium-10% fetal calf serum,
with or without the addition of exogenous recombinant BAFF
(100 ng/ml; R&D Systems). The viability of the cells was deter-
mined at 48 hours of culture, by staining with annexin V and
propidium iodide (BioLegend).

Statistical analysis. All analyses were performed using
SigmaStat software (SPSS). Parametric testing for compari-
sons between 2 groups was performed using unpaired t-tests,
and comparisons among 3 or more groups were performed
using one-way analysis of variance (ANOVA). When the data
were not normally distributed or the equal variance test was

Gated on CD3

cD19

|
NZM WT
NZM.Baff+*
NZM.Baff*.Bcl2Te

cD3

v

BCL-2

Figure 1. Selective overexpression of Bcl-2 in B cells from NZM.Baff”~.Bcl2™ mice. Spleen cells from NZM 2328 wild-type (WT), NZM.Baff ",
and NZM.Baff’~.Bcl2™ mice were stained for surface CD19 and CD3 expression and then for intracellular Bcl-2. Left, Dot plots illustrate CD19
versus CD3 staining. Values are the percentage of CD19+ and CD3+ cells. Center and right, Histograms illustrate intracellular Bcl-2 staining
in CD19+ cells (center) and CD3+ cells (right). Open areas outlined by black lines indicate staining with anti-Bcl-2, and solid red-filed areas
indicate staining with the isotype control. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/

doi/10.1002/art.41097/abstract.
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not satisfied, nonparametric testing was performed using RESULTS
Mann-Whitney rank sum tests for comparison of 2 groups, and . -
Kruskal-Wallis one-way ANOVA tests on ranks for comparison Selective overexpression of Bcl-2 in NZM.Baff".Bcl2®
of 3 or more groups. Survival data were analyzed by the log- mouse B cells. To confirm at the protein level that Bcl-2 is selec-
rank test. tively overexpressed in the B cells of NZM.Baff’~.Bcl2™ mice, B
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Figure2. Spleenlymphocyte profiles. Plots show the distributions of spleen total B cells (CD19+) (A and B), follicular B cells (CD19+IgM™"IgD"**)
(C and D), marginal zone B cells (CD19+IgM™"IgD"**CD1d"") (E and F), plasma cells (CD3-CD138+CD197°") (G and H), CD4+ T cells (), CD8+
T cells (J), CD4+ activated memory T cells (CD4+CD44""CD62L°") (K), and CD4+ recently activated T cells (CD4+CD69+) (L) from 2-month-
old NZM 2328 wild-type (WT) mice (n = 4), NZM.Baff”’~ (BAFFKO) mice (n = 7), and NZM.Baff ~.Bcl2™ (BAFFKO.BCL2) mice (n = 8). Results
are expressed as the percentage based on numbers of total spleen mononuclear cells (A and G), total B cells (C and E), total T cells (I and J),
or total CD4+ T cells (K and L) or as the absolute number (B, D, F, and H). Each circle represents an individual mouse. Composite results are
presented as box plots, where the lines inside the box indicate the median, and the outer borders indicate the 25th and 75th percentiles. * =
P <0.05; =P <0.01; " =P <0.005; *** = P < 0.001 versus WT mice.
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cells (CD19+) and T cells (CD3+) from NZM WT, NZM.Baff”~, and
NZM.Baff”~.Bcl2™ mice were analyzed for intracellular expression
of Bcl-2. Expression of Bcl-2 in NZM WT mouse B cells was similar
to that in NZM WT mouse T cells (Figure 1). Expression of Bcl-2 in
B and T cells from NZM.Baff”~ mice was lower than that in the cor-
responding cells from NZM WT mice, whereas, conversely, Bcl-2
expression was previously reported to be increased in C57BL/6
mice bearing a Baff transgene (31). In contrast, in NZM.Baff~.Bcl2™
mice, expression of Bcl-2 in T cells was similar to that in NZM
WT mouse T cells, but expression of Bcl-2 in B cells was greatly
increased compared to that in B cells from NZM WT mice.

B-lineage cell profiles. In non-SLE-prone mice, BAFF defi-
ciency results in dramatic reductions in the number of B cells at or
beyond the T2 stage, including FO B cells and MZ B cells (7,8).
Introduction of a BCL2 Tg into the B cells of such BAFF-deficient
mice restores all B cells other than MZ B cells (24). We observed a
similar pattern in NZM mice. Consistent with our previous observa-
tions (11), NZM.Baff’~ mice at age 2 months harbored decreased
percentages and numbers of total B cells (CD19+), FO B cells
(CD19+IgM°“IgD""), and MZ B cells (CD19+IgM"®"IgD**CD1d"")
as compared to those in age-matched NZM WT mice. In
NZM.Baff”’~.Bcl2™ littermates of the NZM.Baff”~ mice, the percent-
ages and numbers of total B cells and FO B cells were restored to at
least the levels seen in WT mice, whereas essentially no restorative
effect on the MZ B cell population was observed (Figures 2A-F).

Consistent with the reductions in mature B cells, we previ-
ously documented that NZM.Baff’~ mice harbor fewer plasma
cells than do NZM WT mice (30). Accordingly, 2-month-old
NZM.Baff”~ mice harbored decreased percentages and num-
bers of plasma cells compared to age-matched NZM WT mice.
Strikingly, the percentages and absolute numbers of CD3-
CD138+CD19°"" plasma cells in the NZM.Baff”".Bcl2™ litter-
mates of the NZM.Baff’~ mice surpassed the levels seen in WT
mice (Figures 2G and H).

T cell profiles. As opposed to the stark differences in the
distribution of spleen B-lineage cells across the 3 mouse cohorts,
no differences were noted in the percentages of CD4+ and CD8+ T
cells within the total spleen T cell population (Figures 2l and J). Nev-
ertheless, differences in activated CD4+ T cell subsets were noted.
Within the CD4+ T cell subset, the percentages of activated mem-
ory T cells (CD4+CD44""CD62L"") were reduced in NZM.Baff”’~
mice but were restored in their NZM.Baff"".Bcl2™ littermates
(Figure 2K). Moreover, the percentages of recently activated T cells
(CD4+CD69+) within the CD4+ T cell subset were similar between
NZM WT and NZM.Baff”~ mice, whereas they were increased in
NZM.Baff”~.Bcl2™ mice (Figure 2L).

Serologic profiles. BAFF deficiency in non-SLE-prone
mice not only leads to marked reductions in mature B cells but
also leads to marked reductions in baseline serum Ig levels and Ig

responses to T cell-dependent and T cel-independent antigens
(7,8). We previously demonstrated that, compared to NZM WT
mice, the serum levels of total IgG and some IgG autoantibodies in
NZM.Baff”~ mice are substantially reduced through age 6 months,
although the levels “catch up” by ages 7-9 months (11). Con-
sistent with the increases in B cells, plasma cells, and activated
CD4+ T cells, serum levels of total IgG and IgG autoantibodies
were significantly higher in 2-month-old NZM.Baff”.Bcl2™ mice
than in their NZM.Baff”~ littermates (Figure 3). Serum levels of IgG
antichromatin and IgG anti-double-stranded DNA continued to
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Figure 3. Serologic profiles. Blood samples were obtained
longitudinally from NZM.Baff”~.Bcl2™ mice (n = 18) and NZM.Baff~
littermate mice (n = 12) at the indicated ages. Serum levels of total
IgG (top), IgG antichromatin (middle), and IgG anti-double-stranded
DNA (anti-dsDNA) (bottom) were determined. Results are the mean +
SD. Due to accelerated mortality among NZM.Baff”~.Bcl2™ mice,
blood was collected from 9 NZM.Baff"~.Bcl2™ mice at age 4 months,
7 NZM.Baff”~.Bcl2™ mice at age 5 months, and 4 NZM.Baff”’~.Bcl2™
mice at age 6 months. ** =P <0.01; ** =P < 0.005; *** = P < 0.001
between the 2 groups.
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Figure 4. Renal immunopathology. Kidney sections from NZM 2328 wild-type (WT) mice (a, d, g, j, m, p, s, and v), NZM.Baff”~.Bcl2™
mice (b, e, h, k, n, g, t, and w), and NZM.Baff”~ mice (c, f, i, I, 0, r, u, and x) at the indicated ages (in months [mo]) were stained for IgG
or C3 immunofluorescence analyses or stained with hematoxylin and eosin (H&E) for histologic evaluation. Blue arrows indicate interstitial/
perivascular infiltrates, and black arrows indicate swollen/hypercellular glomeruli. In immunofluorescence micrographs (left and right panels),
original magnification x 100. In H&E-stained micrographs, original magnification x 200 in left panels, x 400 in right panels.

rise in NZM.Baff”~.Bcl2™ mice through age 4 months, and the
declines in serum total IgG and IgG autoantibody levels at ages
5-6 months was reflective of the premature death (discussed in
more detail below) of those mice that harbored high serum levels
of total IgG and IgG autoantibodies at earlier time points.

Glomerular IgG and C3 deposition. NZM WT mice
develop considerable glomerular deposition of IgG and C3
by age 6 months, with such deposition being substantially
reduced in NZM.Baff’~ mice (11). To assess the age at onset of
glomerular IgG and C3 deposition, we first examined the mice
at age 2 months. At this young age, glomerular deposition of
IgG was already evident in each of the 8 NZM.Baff”".Bcl2™

mice examined. In contrast, glomerular IgG deposition was
detected in none of the 7 NZM.Baff”’~ littermate mice exam-
ined and in only 1 of the 4 age-matched control NZM WT mice
examined (Figures 4a—c).

Glomerular deposition of C3 lagged behind glomerular
deposition of IgG in 2-month-old mice, with unequivocal depo-
sition observed in 1 of the 8 NZM.Baff’~.Bcl2™ mice examined
and in none of the 7 NZM.Baff”~ littermate mice examined and
none of the 4 age-matched control NZM WT mice examined
(Figures 4d-).

In older mice (ages 5-7 months), the disparity between
NZM.Baff”~.Bcl2™ and NZM.Baff”~ mice was more appar-
ent. Glomerular deposition of both IgG and C3 in each of the 5
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Figure 5. Clinical disease. NZM.Baff”~ mie (n = 22) and NZM.Baff"~.Bcl2™ mice (n = 23) were monitored up to age 8 months for the
development of severe proteinuria (left) and survival (right). Data are plotted as the fraction of mice over time that did not develop severe
proteinuria or that remained alive. Diamonds and squares indicate censored data. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.41097/abstract.

NZM.Baff"~.Bcl2™ mice examined at ages 5-7 months was at
least as robust as that in age-matched NZM WT mice. In con-
trast, glomerular deposition of IgG in NZM.Baff”~ mice was con-
siderably weaker, with such deposition not being detectable in 4
of the 12 mice examined at ages 5.5-8 months and being only
weakly detectable in 6 of these mice. Moreover, no glomerular
deposition of C3 was detected in any of these 12 NZM.Baff”’~
mice (Figures 4g-l).

Renal histopathologic features. \When mice were
examined for renal histopathologic features at age 2 months,
occasional interstitial/perivascular infiltrates were observed in
a minority of the NZM.Baff’~.Bcl2™ mice. No such infiltrates
were appreciable in NZM.Baff”~ littermate mice or in age-
matched control NZM WT mice. Glomeruli appeared normal in
all 2-month-old mice studied, including NZM.Baff’~.Bcl2™ mice
(Figures 4m-).

In contrast, marked glomerular swelling and hypercellularity,
along with widespread interstitial/perivascular infiltrates, were the
rule in NZM.Baff”~.Bcl2™ mice by age 5 months. These patho-
logic changes were at least as severe as those in 7-month-old
NZM WT mice. Conversely, evaluation of kidney sections from
NZM.Baff”~ mice as old as age 8 months revealed no appreciable
histologic disease (Figures 4s—x).

Clinical disease. \We have previously shown that NZM WT
mice start to develop severe proteinuria at ages 5-6 months,
with 50% of the mice being affected by age 7 months and >90%
being affected by age 10 months. In contrast, development of
severe proteinuria in NZM.Baff”~ mice is markedly attenuated,
with no mice being affected at age 8 months, and only 20% being
affected by age 12 months (11). Consistent with this latter obser-
vation, NZM.Baff’~ mice in the present study failed to manifest
severe proteinuria by age 8 months (the oldest age at which the
mice were euthanized). In sharp contrast, development of severe

proteinuria among NZM.Baff"~.Bcl2’™® mice was appreciable as
early as age 3 months, with 50% of the mice being affected by age
4 months (P < 0.001 in comparison to NZM.Baff’~ mice) (Figure 5).
Mortality patterns paralleled the proteinuria patterns. We
previously reported that NZM WT mice begin dying at age 6
months, with 50% dying at ages 7-8 months and 90% dying
at ages 1011 months, whereas all NZM.Baff”~ mice remained
alive at age 9 months, with only 10% dying at age 12 months
(11). In the present study, all NZM.Baff”~ mice remained alive
through age 8 months, whereas NZM.Baff~.Bcl2™ mice died as
early as age 3 months, with 50% dying at age 4.5 months (Fig-
ure 5). In other words, full-blown (accelerated) SLE-like clinical
disease developed even in the life-long absence of BAFF.

Relative decrease in Treg cell numbers in
NZM.Baff.BcI2™ mice. Given the importance of Treg cells
to immune homeostasis and the prevention of autoimmunity in
general (32) and the suppression of SLE specifically (33), the
accelerated onset of disease in NZM.Baff”~.Bcl2™ mice raised
the possibility that Treg cell numbers and/or function were
altered in NZM.Baff”~.Bcl2™ mice relative to that in NZM WT
mice. To address this possibility, we generated NZM WT and
NZM.Baff’~.Bcl2™ mice that bore a Foxp3-gfo knockin geno-
type (NZMPP39P gnd NZM™*39% Baff’~.Bcl2™ mice, respec-
tively), thereby permitting not only identification of Foxp3+ (Treg)
cells but also elucidation of their functional capacities.

As observed with NZM WT and NZM.Baff”~.Bcl2™ mice not
bearing the Foxp3-gfio knockin genotype, B cells (CD19+) were
greatly expanded in NZM™*9P Baff "~ Bcl2™ mice relative to that
in NZM®*%9% mice (see Supplementary Figure 1A, available on
the Arthritis & Rheumatology web site at http://onlineliorary.wiley.
com/doi/10.1002/art.41097/abstract). In contrast, these mice har-
bored similar numbers of CD3+ cells, CD4+, and Foxp3+ cells.
Whereas the slopes of the regression lines for Foxp3+ cells com-
pared to CD3+ cells and for Foxp3+ cells compared to CD4+ cells
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Figure 6. Responsiveness of NZM.Baff”~.Bcl2’™® mice to BAFF. A, Spleen B cells from from NZM 2328 wild-type (WT), NZM.Baff”~, and
NZM.Baff”~.Bcl2™ mice were cultured in medium only or in medium along with exogenous recombinant BAFF (100 ng/ml), and viability of the
cells was determined at 48 hours by identifying those cells that did not stain with annexin V and propidium iodide. Results are the mean +
SD percentage of live cells from a representative experiment. ** = P < 0.01; ** = P < 0.005. B, NZM.Baff”".Bcl2™ mice (n = 23),
NZM.Baff”~.Bcl2™ mice (n = 10), and NZM.Baff”~ mice (n = 9) were monitored up to age 8 months for the development of severe clinical
disease (severe proteinuria or death). Data are plotted as the fraction of mice over time that did not develop severe clinical disease. Circles
indicate censored data. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/

art.41097/abstract.

were close in NZM™¥9 and NZM™*9P, Baff "~ Bcl2™ mice (0.057
versus 0.116, respectively and 0.086 versus 0.110, respectively),
the slope for Foxp3+ cells compared to CD19+ cells was much
shallower in NZM®*59 Baff”~ Bcl2™ mice than in NZM®**9% mice
(0.0185 versus 0.0779) (see Supplementary Figure 1B [http://online
library.wiley.com/doi/10.1002/art.41097/abstract]), pointing to a
relative inability of NZM™#*9P Baff”~.Bcl2™ mice to generate Treg
cells in response to the degree of B cell expansion.

To determine whether Treg cell function was also altered
in NZM®®59 Baff"~ Bcl2™ mice, we tested Treg cells from
NZM@#59% and NZM©**9% Baff’~. Bcl2™ mice for in vitro sup-
pressor activity against NZM™**9% WT mouse T responder cells.
Regardless of whether suppression was assessed according to
the DI, PI, or percentage of cells that underwent division, the in
vitro suppressor activity of NZM®*¥9% Baff"~. Bcl2™ mouse Treg
cells was virtually identical to that exhibited by NZM®*¥9% WT
mouse Treg cells (see Supplementary Figure 1C [http://online
library.wiley.com/doi/10.1002/art.41097/abstract]).

Sensitivity of NZM.Baff ".Bc/2" mice to restoration of
BAFF. The fact that full-blown (accelerated) SLE-like clinical dis-
ease developed in BAFF-deficient NZM.Baff”~.Bcl2™ mice raised
the possibility that the disease in these mice might be insensitive
to BAFF; that is, the constitutive overexpression of Bcl-2 in the
B cells of these mice may have maximally stimulated their inherent
autoimmune diathesis and rendered them unresponsive to further
BAFF-generated “autoimmunogenic” signals.

To determine whether B cells from NZM.Baff”~.Bcl2’™ mice
remained responsive to BAFF, we cultured B cells from NZM
WT, NZM.Baff”’~, and NZM.Baff’~.Bcl2™ mice in the absence or
presence of exogenous BAFF. In all cases, survival of B cells was

enhanced when BAFF was added to the cultures (Figure 6A). Not
surprisingly, survival of B cells from NZM.Baff”~.Bcl2™ mice, by
virtue of their overexpression of Bcl-2, was greater than that of
B cells from either NZM WT or NZM.Baff”~ mice regardless of
whether or not exogenous BAFF was present.

To establish that restoration of BAFF to NZM.Baff”~.Bcl2™
mice would also have an in vivo effect, these mice were mated to
BAFF-sufficient NZM WT (Baff”*) mice. All resulting offspring were
genetically Baff”~, with each pup having a 50% chance of bearing
the BCL2 Tg.

Ten NZM.Baff”".Bcl2™ mice and 9 littermate non-Tg
NZM.Baff"~ mice were generated. In stark contrast to non-Tg
NZM.Baff”~ mice that remained clinically healthy for their entire
8-month observation period, NZM.Baff”".Bcl2™ mice developed
clinical disease very quickly. Eight NZM.Baff"~.Bcl2™ mice were
either dead or moribund by age 3 months, and the other 2 mice
succumbed by age 4 months and age 5 months, respectively
(P < 0.001 in comparison to non-Tg NZM.Baff"~ mice). Impor-
tantly, development of clinical disease in NZM.Baff”~.Bcl2™ mice
was more robust than that in NZM.Baff’~.Bcl2™ mice, in that only
40% of the latter had developed severe clinical disease by age 3
months, of which 13% continued to remain free of severe protein-
uria even at age 6.5 months (P = 0.02) (Figure 6B).

DISCUSSION

Not only does pharmacologic neutralization of BAFF or its
genetic elimination effectively treat “natural” SLE in SLE-prone mice
(9-11), but also their life-long deficiency of BAFF protects against
the development of interferon-a (IFNa)-accelerated disease (2),
and short-term neutralization of BAFF with TACI-Ig at the time of
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IFNa challenge delays IFNa-accelerated disease (34). Thus, even
the explosive disease promoted by IFNa is highly sensitive to BAFF
elimination/neutralization. Notwithstanding this profound sensitivity
of SLE disease to loss of BAFF, we have herein documented that
full-blown SLE can develop in a BAFF-deficient SLE-prone host in
which B survival is not critically dependent on BAFF.

Given that NZM.Baff’~.Bcl2™ mice harbor more B cells,
plasma cells, and activated CD4+ T cells than do NZM WT mice, it
may not be surprising that development of serologic autoimmunity,
renal immunopathologic features, and clinical disease is acceler-
ated in these mice compared to that in BAFF-sufficient NZM WT
mice. The blunted expansion of Treg cells relative to the degree of
B cell expansion in NZM.Baff"~.Bcl2™ mice as compared to that
in NZM WT mice, consistent with a role for BAFF in promoting
Treg cells (35), may be a contributing factor. B cell expansion may
be more limited (and, hence, disease onset may be delayed) in
NZM WT mice compared to NZM.Baff”~.Bcl2™ mice, due to the
relative abundance of Treg cells in NZM WT mice. In any case, the
early expansions of B cells, recently activated CD4+ T cells, and
activated memory CD4+ T cells in NZM.Baff”’~.Bcl2™ mice paral-
lel similar expansions in other genetically modified NZM mice that
develop accelerated disease, including NZM mice doubly defi-
cient in both tumor necrosis factor receptors, NZM mice doubly
deficient in the BAFF receptors BCMA and TACI, and NZM mice
deficient in neutrophil cytosolic factor 2 (36-38).

Although our studies do not address the critical quantita-
tive threshold for B cells, plasma cells, and/or activated CD4+ T
cells needed for BAFF-independent disease, our studies do raise
the plausibility of SLE patients maintaining such threshold levels
despite treatment with a BAFF antagonist and, thereby, remaining
resistant to BAFF antagonist therapy. BAFF is certainly not the
only clinically relevant B cell survival factor, as evidenced by the
persistence of substantial numbers of circulating B cells in SLE
patients treated with the BAFF antagonists belimumab (12), blisi-
bimod (13), atacicept (14), or tabalumab (15,16). Activities of such
non-BAFF B cell survival factors (not neutralized by belimumalb)
may help explain why >39% of SLE patients failed to achieve the
predefined clinical response in each of the successful phase |lI
belimumab trials (17-20).

One factor that may importantly contribute to B cell sur-
vival in SLE is Bcl-2. Bcl-2 is up-regulated in B cells (and T
cells) that infiltrate the tubulointerstitium in human SLE nephri-
tis, and the Bcl-2 inhibitor venetoclax (previously known as
ABT-199) prolonged survival and prevented proteinuria and
development of tubulointerstitial inflammation in the (NZB x
NZW)F1 mouse SLE model (39). The relationship between the
degree of up-regulation of Bcl-2 and clinical responsiveness
to a BAFF antagonist (i.e., belimumab) in human SLE remains
unknown and should be assessed. Of note, acceptable safety
and tolerability of venetoclax has been documented in a phase
| trial in human SLE (40). Given that restoration of BAFF to

NZM.Baff’~.Bcl2™ mice results in further aggravation of dis-
ease, the addition of a Bcl-2 inhibitor might be a useful ther-
apeutic option, especially in SLE patients who are clinically
unresponsive to BAFF antagonism.

[t must be stressed that the clinical efficacy seen with BAFF
antagonists may not solely be attributable to their effects on B
cells. In both murine and human SLE, the reduction in B cells fol-
lowing treatment with anti-CD20 mAb is much greater than that
following treatment with BAFF antagonists (41-45). However,
despite good clinical efficacy with this approach in murine SLE,
the 2 phase Il/phase Ill SLE trials with the anti-CD20 mAb ritux-
imab failed to achieve their primary end points (44,45), and the
phase Il SLE trial with the anti-CD20 mAb ocrelizumab also did
not meet its end point (46).

Given that greater levels of B cell depletion do not neces-
sarily translate into better clinical responses, it is possible that
the (variable) success of BAFF antagonists in their clinical trials
versus the failure of anti-CD20 mAb in their clinical trials may,
at least in part, be related to non-B cells. Whereas CD20 (the
target of anti-CD20 mADb) is expressed only on B cells (47), BAFF
receptors (the targets of BAFF) are expressed not only on B cells
but also (weakly) on certain non-B cells as well (48-52). Indeed,
we recently demonstrated that BAFF has a B cell-independent
effect in experimental autoimmune encephalomyelitis (53), and
therefore BAFF may be contributing to SLE not only through its
agonist effects on B cells but also through its effects on non-B
cells as well. In any case, the present study demonstrates in the
NZM murine SLE model that, regardless of the putative non-B
cell-mediated contribution of BAFF to SLE, BAFF is a dispens-
able factor in the processes of disease development as long as
B cell survival is preserved via a BAFF-independent pathway.
Importantly, the BAFF-independent disease that develops in
NZM.Baff”~.Bcl2™ mice is aggravated by reintroduction of BAFF,
thereby showing that SLE disease can be effected via BAFF-
independent and BAFF-dependent pathways in the same host.

To our knowledge, NZM.Baff”~.Bcl2™ mice represent the first
and only mouse model of SLE that is fully independent of BAFF.
Whereas a large percentage of SLE patients do not clinically
respond to BAFF antagonist therapy (13,15-19,21,23), thereby
pointing to a substantial BAFF-independent component to human
SLE, the clinical responses to BAFF neutralization or elimination
are highly robust among commonly utilized murine SLE models
(9-11), thereby pointing to a very limited (if any) BAFF-independent
component in these models. NZM.Baff"~.Bcl2™ mice could there-
fore serve as a valuable model in the investigation of the in vivo
BAFF-independent component to SLE.
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Targeting Mechanistic Target of Rapamycin Complex 1
Restricts Proinflammatory T Cell Differentiation and
Ameliorates Takayasu Arteritis

Jifeng Zhang," Lei Zhao,” Jing Wang,? Zhihua Cheng,* Mengyao Sun,* Jiayi Zhao,” Bin Liu,” Xiyu Liu,°®
Zhenke Wen,” & and Zhibo Li*

Objective. Takayasu arteritis (TAK) is a progressive autoimmune large vessel vasculitis with infiltration of proin-
flammatory T cells, with a largely unknown etiology. This study was undertaken to explore the involvement of mech-
anistic target of rapamycin (mTOR) in proinflammatory T cell differentiation and disease progression in TAK.

Methods. Ninety-five patients with TAK, 26 patients with small vessel vasculitis, and 40 healthy donors were
enrolled. Naive and memory CD4+ T cells were activated with anti-CD3/CD28 beads and analyzed for lineage differ-
entiation. The mTORC1 activity was determined by quantifying intracellular phospho-S6 kinase 1 and phospho-S6
ribosomal protein. Rapamycin and lentiviral regulatory-associated protein of mTOR short hairpin RNA were used to
block mTORC1 activity. Human artery-NSG mouse chimeras representing human TAK were established for targeting
mTORC1 in disease treatment.

Results. TAK CD4+ T cells were selectively prepositioned with hyperactivity of mTORC1 (P < 0.001), resulting in
spontaneous maldifferentiation of Th1 and Th17 cells (P < 0.001). Activity of mMTORC1"®" in circulating CD4+ T cells
predicted elevated frequencies of proinflammatory T cells and active disease in TAK patients (P < 0.001). Blockade of
mTORC1 with rapamycin efficiently abrogated the maldifferentiation of Th1 and Th17 cells (P < 0.01) and ameliorated
vasculitis in humanized TAK chimeras (P < 0.001). Inhibition of mTORC1 using RNA interference technology is suffi-
cient to reduce proinflammatory T cell frequencies (P < 0.01) and restrict TAK disease progression in vivo (P < 0.01).

Conclusion. Our findings indicate that hyperactivity of mTORCH1 is a critical cell-intrinsic mechanism underly-
ing spontaneous maldifferentiation of proinflammatory T cells in TAK patients. Targeting mTORC1 is a promising

therapeutic strategy against TAK.
INTRODUCTION

Takayasu arteritis (TAK) is a chronic and progressive autoim-
mune large vessel vasculitis that preferentially targets the aorta and
its major branches (1,2). TAK can affect individuals of any ethnicity,
but especially affects young Asian women. Its etiology is unknown
(1,3). Patients with TAK have a high morbidity rate, and the 5-year
incidence of death and vascular complication is nearly 50% among
those with high-risk factors (progressive clinical course, thoracic
aorta involvement, and retinopathy) (4). Half of all TAK patients will

Supported in part by the National Nature Science Foundation of China
(grant 31300722).

'Jifeng Zhang, PhD: Jilin University School of Pharmaceutical Sciences,
Changchun, China; *Lei Zhao, MD, PhD, Bin Liu, MD, PhD, Zhibo Li, MD,
PhD: Second Hospital of Jilin University, Changchun, China; 3Jing Wang, MD:
Changchun Central Hospital, Changchun, China; “Zhihua Cheng, MD, PhD,
Mengyao Sun, MD: First Hospital of Jilin University, Changchun, China; Jiayi
Zhao, MD, PhD: General Hospital of Jilin Chemical Group Corporation, Jilin,
China; 6Xiyu Liu, MD, PhD: China-Japan Union Hospital of Jilin University,
Changchun, China; ’Zhenke Wen, MD, PhD: Soochow University, Suzhou,
China.

experience a relapse and vascular complication within 10 years of
disease diagnosis (4,5). Meanwhile, the first-line and mainstay treat-
ment of TAK in clinical practice is restricted to nonspecific glucocorti-
coids (3,6). There are significant gaps between the understanding of
disease pathogenesis and the development of therapies for TAK (6).

TAK'is a granulomatous arteritis with inflammatory infiltrates
composed of T cells and macrophages accumulated in the ves-
sel wall, predominantly in the adventitial layer (2,7). Interleukin-6
(IL-6) and tumor necrosis factor (TNF) are involved in TAK disease
progression, reflecting disease activity (8,9). Proinflammatory Th1
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and Th17 cells are dominant infiltrates in the vascular walls, pro-
ducing interferon (IFN) and IL-17 to drive systemic and vascular
manifestations of TAK (7,10,11). Accordingly, Th1 and Th17 cells
are expanded in the circulation in TAK patients (10-12). Gluco-
corticoid treatment suppresses Th1 cytokines but spares Th17
cytokines in patients with TAK (10,13). Alternative therapies for
clinical management of TAK are urgently needed. However, cell-
intrinsic mechanisms underlying the differentiation of proinflamma-
tory T cells in TAK patients are essentially unknown.

The mechanistic target of rapamycin (MTOR) is a conserved
kinase that critically regulates cell differentiation, proliferation, and
metabolism (14,15). It forms 2 distinct protein complexes, mTOR
complex 1 (MTORC1) and mTORC2 (16). While mTORC1 contains
the scaffolding protein regulatory-associated protein of mTOR
(RAPTOR) and is sensitive to rapamycin, mTORC2 has another
scaffolding protein, rapamycin-insensitive companion of mTOR
(RICTOR) and is relatively resistant to rapamycin (17,18). Previous
studies have pinpointed a crucial role of MTOR in determining T cell
fate (15). For differentiation of Th1 and Th17 cells mTORCH1 is criti-
cal, and mTORC?2 controls the differentiation of Th2 cells (19,20). In
patients with autoimmune inflammatory diseases such as rheuma-
toid arthritis (RA), blocking mTORC1 with rapamycin abrogates the
maldifferentiation of proinflammatory Th1 and Th17 cells, reducing
the number of synovial tissue resident inflammatory cells (21). Inhi-
bition of mMTORC1 also blocks the maldifferentiation of Th1 and
Th17 cells in patients with giant cell arteritis (GCA) (19). These find-
ings implicate mTORC1 in the proinflammatory T cell differentiation
and disease progression of autoimmune inflammatory diseases.

In the present study, we explored the potential role of mTOR
in the spontaneous differentiation of proinflammatory T cells in
patients with TAK and evaluated the therapeutic strategy of tar-
geting mTOR using a humanized model representing human TAK.
We observed spontaneous maldifferentiation of CD4+ T cells into
proinflammatory Th1 and Th17 cells in TAK patients under
cytokine-unbiased conditions. This maldifferentiation was licensed
by hyperactivity of mTORC1 in CD4+ T cells from TAK patients. In
support of this notion, MTORC1 hyperactivity in circulating CD4+
T cells portended expanded proinflammatory T cells and active dis-
ease in TAK patients. Inhibition of mMTORC1 using rapamycin and
RNA interference (RNAI) strategy was sufficient to correct the maldif-
ferentiation of TAK CD4+ T cells and to ameliorate the large vessel
vasculitis mediated by immune cells from TAK patients in human
artery-NSG mouse chimeras. These findings shed new light on the
critical role of mMTORC1 in disease progression in TAK patients and
provide a novel therapeutic strategy for clinical practice.

MATERIALS AND METHODS

Patients and tissues. The study included 95 patients with
TAK, 40 age-matched healthy controls, and 26 patients with the
small vessel vasculitis granulomatosis with polyangiitis (GPA) as
disease controls. The characteristics of the TAK patients and

GPA patients are shown in Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41084/abstract. Human aortic arteries were
obtained from patients undergoing aortic surgery. Informed con-
sent was obtained from all participants, and experiments were
approved by the Institutional Review Board of the Second Hos-
pital of Jilin University.

Cell isolation and culture. Peripheral blood mononuclear
cells (PBMCs) were isolated from healthy individuals and patients
by density-gradient centrifugation using Lymphocyte Separation
Medium (Corning). Naive and memory CD4+ T cells were purified
from PBMCs using an EasySep human naive CD4+ T cell enrich-
ment kit (StemCell Technologies) and Human Memory CD4+ T cell
enrichment kit (StemCell Technologies), respectively. The purity of
cell populations was consistently >95%. Cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(ThermoFisher Scientific) plus penicillin—streptomycin—glutamine
(ThermoFisher Scientific).

Reagents. The mTORC1 inhibitor rapamycin was purchased
from Sigma-Aldrich. Human lentiviral RAPTOR short hairpin RNA
(shRNA) and control shRNA were from Santa Cruz Biotechnology.
A Human IL-6 Quantikine enzyme-linked immunosorbent assay
(ELISA) kit and human TNF Quantikine ELISA kit were obtained
from R&D Systems. All reagents were used according to the man-
ufacturer’s instructions.

Cell differentiation. CD4+ T cells were stimulated with
anti-CD3/CD28 beads (cell-to-bead ratio 2:1; ThermoFisher Sci-
entific) for 4 days, and the lineage-determining transcription fac-
tors T-bet, retinoic acid receptor—related orphan nuclear receptor
(RORyt), and GATA-3 were then analyzed by flow cytometry. The
intracellular cytokines IFNy, IL-17, and IL-4 were detected in
CD4+ T cells by flow cytometry on day 6 after activation with
anti-CD3/CD28 beads.

Flow cytometric analysis. CD4+ T cells were fixed
with Fix Buffer | (BD Biosciences), permeabilized with Perm
Buffer Il (BD Biosciences), and stained with the following anti-
bodies: phycoerythrin (PE)-Cy7—-conjugated anti-CD45 (clone
2D1; Biolegend), allophycocyanin (APC)-Cy7-conjugated
anti-CD3 (clone HIT3a; BiolLegend), fluorescein isothiocy-
anate (FITC)-conjugated anti-CD4 (clone OKT4; BiolLegend),
PE-conjugated anti-T-bet (clone eBio4B10; ThermoFisher
Scientific), APC-conjugated anti-RORyt (clone AFKJS-9;
ThermoFisher Scientific), Brilliant Violet 421-conjugated anti—
GATA-3 (clone 16E10A23; BioLegend), PE-conjugated anti—
phospho-S6 ribosomal protein (anti-phospho-SBRP; Ser?**/2%)
(clone D57.2.2E; Cell Signaling), Alexa Fluor 647-conjugated
anti-phospho-S6 kinase 1 (anti-phospho-S6K1) (catalog no.
sc-377529; Santa Cruz Biotechnology), rabbit anti-RAPTOR
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(catalog no. 42-4000; ThermoFisher Scientific) plus Pacific
Blue—conjugated anti-rabbit IgG (catalog no. P-10994;
ThermoFisher Scientific), and PE-conjugated anti-phospho-
Akt (Ser*’®) (catalog no. 5315S; Cell Signaling Technology). For
quantification of CD4+ T cells expressing IFNy, IL-17, or IL-4,
cells were pretreated with phorbol myristate acetate (PMA) (50
ng/ml; Tocris) and ionomycin (500 ng/ml; Tocris) plus brefel-
din A (5 pyg/ml; BioLegend) for 6 hours, fixed, permeabilized,
and stained with FITC-conjugated anti-CD4 antibody (clone
OKT4; BioLegend), PE-conjugated anti-IFNy antibody (clone
4S.B3; BiolLegend), APC-conjugated anti-IL-17 antibody
(clone BL168; BioLegend), and PE-Cy7-conjugated anti-IL-4
antibody (clone MP4-25D2; BioLegend). Cells were stained for
45 minutes at 4°C. Flow cytometry was performed on an LSRII
flow cytometer (BD Biosciences). All data were analyzed using
FlowdJo software (Tree Star).

Immunofluorescence. Expression of human CD3 and
IFNy protein in arterial tissue sections were detected by immu-
nostaining as previously described (19,21). Briefly, frozen sec-
tions of arterial tissues were stained with mouse anti-human
CD83 antibody (1:100) (clone SPV-T3b; ThermoFisher Scientific)
and visualized with Alexa Fluor 594-conjugated anti-mouse
IgG (1:200) (catalog no. A-11032; ThermoFisher Scientific). For
some experiments, rabbit anti-human IFNy antibody (1:50) (cat-
alog no. ab9657; Abcam) and Alexa Fluor 488-conjugated anti-
rabbit IgG (1:200) (catalog no. A-11034; ThermoFisher Scientific)
were used to stain human IFNy protein in the arterial tissue sec-
tions. Images for the stained sections were acquired using an
LSM710 confocal microscope (Carl Zeiss) with a Plan neofluar
oil objective lens (40x; 1.3 numerical aperture).

Histologic analysis and blinded scoring. Hematoxylin
and eosin (H&E) staining of arterial tissue sections was performed
using an H&E Stain Kit from Abcam. Adventitial inflammation
was graded on a scale of 1-4, where 1 = rare, 2 = multifocal,
3 = coalescing, and 4 = diffuse (22), by a pathologist who was
blinded with regard to test sample group.

Real-time polymerase chain reaction (PCR). RNA was
extracted using an RNeasy Mini Kit (Qiagen). Complementary
DNA (cDNA) was synthesized with a Maxima First Strand cDNA
synthesis kit (ThermoFisher Scientific). Quantitative PCR was
performed with SYBR Green gPCR Master Mix (ThermoFisher
Scientific). Primers were used as previously described (19,21).
Gene expression was normalized to 18S ribosomal RNA.

Humanized TAK model. Human artery-NSG mouse
chimeras representing human TAK were generated by mod-
ifying previously described humanized GCA chimeras (19,23).
NSG mice (Biocytogen) were housed in institutional pathogen-
free animal facilities and used at the age of 8 weeks. To

generate human artery-NSG mouse chimeras, human arte-
rial pieces were engrafted into a subcutaneous pocket on the
backs of NSG mice. Buprenorphine (0.125 mg/kg body weight)
was used for postsurgical pain control. Human artery-NSG
mouse chimeras were intraperitoneally injected with lipopoly-
saccharide (10 pg/mouse) (Sigma) on day 9 and reconstituted
with PBMCs (15 x 10° cells/mouse) from patients with active
TAK on day 10. PBMCs (15 x 10° cells/mouse) from healthy
donors were injected into chimeras as a control. Chimeras
implanted with arterial pieces from the same donor were ran-
domly assigned to control and treatment groups. Chimeras
were treated with rapamycin as previously described (21).
For some experiments, TAK PBMCs were transfected with
RAPTOR shRNA or control shRNA prior to the immune recon-
stitution of human artery-NSG mouse chimeras. Otherwise,
CD4+ T cells were isolated from TAK PBMCs, transfected with
RAPTOR shRNA or control shRNA, and injected into the chi-
meras together with the CD4+ T cell-depleted TAK PBMCs
for immune reconstitution. The human arterial grafts were
explanted on day 25 for the detection of vasculitis. All ani-
mal experiments were approved by the Animal Care and Use
Committee of the Second Hospital of Jilin University.

Statistical analysis. Data are presented as the mean +
SEM. Student’s t-test was used for comparisons between 2
groups as appropriate, followed by the Bonferroni method to
adjust for multiple comparisons. Analysis of variance was used
for comparison of more than 2 groups, and multiple compari-
sons were conducted with Tukey’s method. Pearson’s correla-
tion analysis was used for testing correlations. Statistical analysis
was performed using GraphPad Prism, version 8.0. P values
less than 0.05 were considered significant.

RESULTS

Spontaneous maldifferentiation of proinflammatory
T cells in TAK patients. To detect the spontaneous dif-
ferentiation of Th1 and Th17 cells, naive CD4+ T cells from
healthy individuals, TAK patients, and GPA patients were
stimulated with anti-CD3/CD28 beads. Such naive CD4+ T
cells were essentially negative for CD45RA- memory cells,
CD45RA+CD95+ TSCM cells and CD45RA+CD28- TEMRA
cells (Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41084/abstract). Compared with healthy
donors, naive CD4+ T cells from TAK patients showed mul-
tiple folds higher frequencies of T-bet— and RORy-expressing
T cells after activation (Figures 1A-C). Intracellular IFNy and
IL-17 were increased along with T-bet and RORy in TAK CD4+
T cells (Figures 1A-F). Such maldifferentiations were selective
for proinflammatory Th1 and Th17 cells, sparing GATA-3- and
IL-4—expressing Th2 cells (Figures 1A-G). Of note, spontaneous
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Figure 1. Maldifferentiation of proinflammatory T cells in patients with Takayasu arteritis (TAK). Naive CD4+ T cells or memory CD4+ T
cells were isolated from healthy donors, patients with TAK, and patients with granulomatosis with polyangiitis (GPA) and stimulated with anti-
CD3/CD28 beads. T cell lineage—-determining transcription factors (T-bet, retinoic acid receptor-related orphan nuclear receptor yt [RORvt],
and GATA-3) were analyzed on day 4, while intracellular cytokines (interferon-y [IFNy], interleukin-17 [IL-17], and IL-4) were detected on day 6.
A, Proportion of naive CD4+ T cells positive for the indicated transcription factors or intracellular cytokines in healthy controls (HC), patients with
TAK, and patients with GPA. Fluorescence Minus One (FMO) was used as a control. Representative results are shown. B—G, Proportion of naive
CD4+ T cells positive for T-bet (B), RORyt (C), GATA-3 (D), IFNy (E), IL-17 (F), and IL-4 (G) in healthy controls, patients with TAK, and patients
with GPA. Bars show the mean + SEM. Symbols represent individual subjects (n = 6 per group). H and I, Proportion of memory CD4+ T cells
positive for T-bet, RORyt, and GATA-3 (H) and for IFNy, IL-17, and IL-4 (I). Bars show the mean + SEM. Symbols represent individual subjects
(n = 5 per group). ** = P < 0.001 by analysis of variance with Tukey’s test. NS = not significant.
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maldifferentiation of Th1 and Th17 cells in TAK patients was
not shared by patients with GPA (Figures 1A-G).

When memory CD4+ T cells were isolated from healthy
donors, TAK patients, and GPA patients, stimulated with
anti-CD3/CD28 beads, and evaluated for cell differentiation, we
found results similar to those for naive CD4+ T cells. Memory
CD4+ T cells from TAK patients showed higher expression of
T-bet, IFNy, RORYy, and IL-17 than those from healthy individuals
and GPA patients, while GATA-3 and IL-4 expression in CD4 T
cells were similar (Figures 1H and I). Thus, CD4+ T cells from
TAK patients spontaneously differentiate into proinflammatory
Th1 and Th17 cells, implicating CD4+ T cell~intrinsic abnormali-
ties in driving TAK pathologic disease progression.

Hyperactivity of mTORC1 in CD4+ T cells from TAK
patients. To evaluate mTORC1 activity in CD4+ T cells from
TAK patients, naive CD4+ T cells were isolated from healthy
donors, TAK patients, and GPA patients and stimulated with
anti-CD3/CD28 beads for 3 days, and the levels of phospho-
S6K1 and phospho-S6RP, 2 critical targets of mTORC1 sig-
naling, were determined (Figures 2A-D). We found robust
phospho-S6K1 and phospho-S6RP expression in TAK CD4+
T cells, while phospho-S6K1 and phospho-S6RP levels were
similar and low in CD4+ T cells from healthy donors and GPA
patients (Figures 2A-D).

Memory CD4+ T cells were isolated from healthy donors,
TAK patients, and GPA patients and stimulated with anti-CD3/
CD28 beads for 3 days, and mTORC1 activity was deter-
mined. CD4+ T cells from TAK patients also showed enhanced
mTORC1 activity, expressing higher levels of phospho-S6K1
and phospho-S6RP (Figure 2E). Taken together, these findings
show that CD4+ T cells from TAK patients exert mTORC1 hyper-
activity compared with those from healthy donors and patients
with small vessel vasculitis, suggesting cell-intrinsic reprogram-
ming of the mTOR pathway in TAK CD4+ T cells.

The hyperactivity of mTOR in TAK CD4+ T cells was
restricted to mTORC1. The activity of mTORC2 in TAK CD4+
T cells was indistinguishable from that in healthy and GPA
CD4+ T cells (Supplementary Figure 2, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41084/abstract). Expression of RICTOR mes-
senger RNA (mRNA) and phospho-Akt (Ser*”®) protein were
generally comparable in CD4+ T cells from TAK patients, GPA
patients, and healthy individuals.

Hyperactivity of mTORC1 drives the maldifferenti-
ation of proinflammatory T cells in TAK. To determine the
function of MTORC1 hyperactivity in driving spontaneous maldif-
ferentiation of proinflammatory T cells in TAK patients, naive
CD4+ T cells were isolated and stimulated with anti-CD3/CD28
beads in the presence or absence of rapamycin. Administration
of rapamycin efficiently abrogated the increased expression of
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Figure 2. Hyperactivity of mechanistic target of rapamycin complex
1in CD4+ T cells from patients with Takayasu arteritis (TAK). Naive
CD4+ T cells or memory CD4+ T cells were isolated from healthy
controls (HC), patients with TAK, and patients with granulomatosis
with polyangiitis (GPA) and stimulated with anti-CD3/CD28 beads
for 3 days. Phospho-S6 kinase 1 (phospho-S6K1) and phospho-S6
ribosomal protein (phospho-S6RP) levels were determined by flow
cytometry. A and C, Results of flow cytometric analysis of phospho-
S6K1 (A) and phospho-S6RP (C) in naive CD4+ T cells from healthy
controls, patients with TAK, and patients with GPA. Representative
results are shown. B and D, Levels of phospho-S6K1 (B) and
phospho-S6RP (D) in naive CD4+ T cells from healthy controls,
patients with TAK, and patients with GPA. E, Levels of phospho-S6K1
and phospho-S6RP in memory CD4+ T cells from healthy controls,
patients with TAK, and patients with GPA. In B, D, and E, bars show
the mean + SEM. Symbols represent individual subjects (n = 5 per
group). “* = P < 0.001 by analysis of variance with Tukey’s test.
FMO = Fluorescence Minus One; MFI = mean fluorescence intensity.

T-bet, IFNy, RORy, and IL-17 in TAK CD4+ T cells (Figures 3A-
D). Further, rapamycin reduced the robust accumulation of
Th1 and Th17 cells from memory CD4+ T cells in TAK patients
(Figure 3E).

To avoid the nonspecific function of rapamycin, we
used RNAI technology to knock down the mTORC1-specific
component RAPTOR in TAK CD4+ T cells using lentiviral
RAPTOR shRNA (Supplementary Figure 3, available on the
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Figure 3. Blocking mechanistic target of rapamycin complex 1 corrects the maldifferentiation of CD4+ T cells from patients with Takayasu
arteritis (TAK). Naive CD4+ T cells or memory CD4+ T cells were isolated from TAK patients and stimulated with anti-CD3/CD28 beads in the
presence or absence of rapamycin (rapa; 10 um) or isolated from TAK patients and transfected with control short hairpin RNA (shRNA) or
regulatory-associated protein of mechanistic target of rapamycin (RAPTOR) shRNA. T cell lineage—determining transcription factors (T-bet and
retinoic acid receptor—related orphan nuclear receptor yt [RORyt]) were analyzed on day 4, while intracellular cytokines (interferon-y [IFNy] and
interleukin-17 [IL-17]) were detected on day 6. A-D, Proportion of naive CD4+ T cells positive for T-bet (A), IFNy (B), RORyt (C), and IL-17 (D)
after treatment with vehicle or rapamycin. E, Proportion of memory CD4+ T cells positive for T-bet, IFNy, RORyt, and IL-17 after treatment with
vehicle or rapamycin. F and G, Proportion of naive CD4+ T cells (F) and memory CD4+ T cells (G) positive for T-bet, IFNy, RORyt, and IL-17
after transfection with control shRNA or RAPTOR shRNA. Bars show the mean + SEM. Symbols represent individual subjects (n = 8 per group
in A-D and 5 per group in E-G). ** = P < 0.01; ** = P < 0.001 by Student’s paired t-test in A-D; by Student’s paired t-test with Bonferroni
correction in E-G.

Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41084/abstract) and analyzed the sub-
sequent cell differentiation under cytokine-unbiased conditions.
RAPTOR knockdown in naive CD4+ T cells from TAK patients
effectively reduced the intracellular expression of T-bet, IFNy,
RORy, and IL-17 upon stimulation (Figure 3F). RAPTOR knock-
down in memory CD4+ T cells also abrogated the abnormal
expansion of proinflammatory T cells upon activation (Figure 3G).

The mTORC1 was critically involved in the differentiation
of proinflammatory T cells but not Th2 cells. Blocking mTORC1
activity using rapamycin and RNAI technology exerted no sig-
nificant effect on the expression of GATA-3 in TAK CD4+ T cells

(Supplementary Figure 4, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41084/abstract). Taken together, these findings show that
CD4+ T cell-intrinsic mTORC1 hyperactivity allows the spontane-
ous maldifferentiation of proinflammatory T cells in TAK patients.

Correlation of CD4+ T cell-intrinsic mTORC1 activity
with proinflammatory T cell expansion and disease
progression in TAK patients. To analyze the direct in vivo
relevance of mMTORC1 hyperactivity and spontaneous maldif-
ferentiation of proinflammatory T cells, we detected CD4+ T
cell-intrinsic mMTORC1 activity by quantifying phospho-S6RP in
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circulating CD4+ T cells and circulating frequencies of Th1 and
Th17 cells in patients with TAK. Compared to healthy individuals
and GPA patients, phospho-S6RP expression was higher in circu-
lating CD4+ T cells from TAK patients, especially those with active
disease (Figures 4A and B). In parallel, circulating frequencies of
T-bet- and RORy-expressing CD4+ T cells were increased in
patients with active TAK (Figures 4C and D). Of note, the expres-
sion level of phospho-S6RP in circulating CD4+ T cells was closely
correlated with the frequencies of T-bet and RORy-expressing
CD4+ T cells in patients with active TAK (Figures 4E and F). In con-
trast, mMTORC1 hyperactivity in CD4+ T cells was not significantly
correlated with the circulating frequency of GATA-3-expressing
Th2 cells in patients with active TAK (Figure 4G), pinpointing an in

vivo relevance of CD4+ T cell-intrinsic mTORC1 hyperactivity to
proinflammatory T cell expansion in TAK patients.

The hyperactivation of mTORCT in circulating CD4+ T cells
was positively associated with a higher erythrocyte sedimentation
rate and C-reactive protein levels in TAK patients, predicting an
acute-phase TAK in such patients (Figures 4H and I). In essence,
hyperactivity of mTORC1 in CD4+ T cells correlates with progres-
sive disease in human TAK.

Establishment of a humanized model of TAK.
Humanized murine models are valuable in representing realistic
conditions for human patients and have been widely used in
translational studies (24,25). While TAK and GCA are both large
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Figure 4. Hyperactivity of mechanistic target of rapamycin complex 1 predicts proinflammatory T cell expansion and active disease in patients
with Takayasu arteritis (TAK). A, Levels of phospho—-S6 ribosomal protein (phospho-S6RP) in circulating CD4+ T cells from healthy controls (HC;
n = 6), patients with granulomatosis with polyangiitis (GPA) (n = 6), and patients with TAK (n = 30). B, Levels of phospho-S6RP in circulating
CD4+ T cells from patients with stable TAK (n = 7) and patients with active TAK (n = 23). C and D, Frequencies of T-bet-expressing (C)
and retinoic acid receptor-related orphan nuclear receptor yt (RORyt)—expressing (D) circulating CD4+ T cells from healthy controls (n = 6),
patients with GPA (n = 6), and patients with active TAK (n = 23). In A-D, bars show the mean + SEM. Symbols represent individual subjects.
=P <0.01; ™ = P < 0.001 by analysis of variance with Tukey'’s test in A, C, and D; by Student’s unpaired t-test in B. NS = not significant.
E-l, Correlation of phospho-S6RP levels in circulating CD4+ T cells with the frequency of T-bet-expressing CD4+ T cells (E), the frequency
of RORyt-expressing CD4+ T cells (F), the frequency of GATA-3-expressing CD4+ T cells (G), the erythrocyte sedimentation rate (ESR) (H),
and the C-reactive protein (CRP) level (l) in patients with active TAK (n = 23). Correlations were determined by Pearson’s correlation analysis.

MFI = mean fluorescence intensity.
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vessel arteritis, human artery-NSG mouse chimeras represent-
ing human GCA have been well documented for exploring GCA
pathogeneses and therapeutics (19,23,26,27), in contrast to
the lack of such a model representing human TAK. We modified

human artery-NSG mouse chimeras and generated a human-
ized large vessel vasculitis model in which inflammation was
induced in human arterial tissue by immune cells from patients
with active TAK (Supplementary Figure 5, available on the
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Figure 5. Development of a humanized large vessel vasculitis model mediated by immune cells from patients with Takayasu arteritis (TAK).
A and B, Results of flow cytometric analysis (A) and proportion of CD45+ human immune cells (B) in human arterial explants from human
artery-NSG mouse chimeras without reconstitution with human immune cells (control), human artery-NSG mouse chimeras reconstituted with
healthy control (HC) peripheral blood mononuclear cells (PBMCs), and human artery-NSG mouse chimeras reconstituted with TAK PBMCs.
In A, representative results are shown. Values are the percent of CD45+ cells. In B, bars show the mean + SEM. Symbols represent individual
grafts (n = 6 per group). *** = P < 0.001 by analysis of variance with Tukey’s test. C, Quantification of CD3+ and CD4+ cells among tissue-
resident CD45+ human immune cells. Representative results from 6 arterial tissues in chimeras reconstituted with TAK PBMCs are shown.
Values are the percent of cells. D, Immunostaining of human CD3 protein in human arterial tissues from chimeras reconstituted with healthy
control or TAK PBMCs. Representative results from 6 grafts are shown. Bars = 20 um. E-J, Transcriptional analysis of the Th1-related genes
TBX21 (E) and IFNG (F), the Th17-related genes RORC (G) and IL17A (H), the Th2-related gene GATAS (l), and the innate inflammatory genes

IL6 and TNF (J) in human arterial explants from chimeras reconstituted with healthy control or TAK PBMCs. Bars show the mean + SEM.
Symbols represent individual grafts (n = 6 per group). ™ = P < 0.01; ** = P < 0.001 by Student’s paired t-test with Bonferroni correction.

Rel. exp. = relative expression; NS = not significant.
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Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41084/abstract).

When immune-deficient NSG mice were engrafted with
human arteries and reconstituted with PBMCs from patients with
active TAK, significant inflammatory infiltrates were observed in
the human arterial tissue, evidenced by increased frequency of
tissue-resident human CD45+ immune cells (Figures 5A and
B). While human arterial tissues from chimeras without immune
reconstitution, which served as the control group, were negative
for human CD45+ inflammatory infiltrates, PBMCs from healthy
donors also exerted minimum effect in inducing the inflammatory
infiltrates (Figures 5A and B), indicating a selective strong capacity
of TAK PBMCs in inducing large vessel vasculitis.

Flow analyses of human grafts showed a significant pro-
portion of CD3+ T cells in the chimeras reconstituted with TAK
PBMCs (Figure 5C). Tissue-resident human CD3+ T cells were
predominantly CD4+ T cells (Figure 5C). Immunostaining of
human grafts showed the adventitial infiltration of CD3+ T cells in
chimeras reconstituted with TAK PBMCs (Figure 5D), which was
confirmed by H&E staining (Supplementary Figure 6, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41084/abstract). These findings implicate a
crucial role of T cells in driving human TAK.

Transcriptional analyses of human grafts revealed higher
expression of proinfammatory Th1- and Th17-related genes,
including TBX21, IFNG, RORC and IL17A, in chimeras recon-
stituted with TAK PBMCs than in chimeras reconstituted with
healthy PBMCs (Figures 5E-H). GATA-3 mRNA expression in
human grafts was similar in the chimeras reconstituted with TAK
PBMCs and those reconstituted with healthy PBMCs (Figure 5I).
These findings were confirmed by intracellular staining for IFNy
and IL-17 in tissue-resident CD4+ T cells after pretreatment with
PMA plus ionomycin (Supplementary Figure 6B), and the immu-
nostaining of IFNy+CD3+ T cells in the adventitial layer of tissue
sections (Supplementary Figure 6C). These results demonstrate a
predominant infiltration of proinflammatory Th1 and Th17 cells in
the human grafts, mimicking the vascular lesions in TAK patients.

Reconstitution of human artery-NSG mouse chimeras with
TAK PBMCs resulted in robust expression of IL6 and TNF in human
grafts (Figure 5J), indicating an infiltration of innate lymphocytes such
as macrophages in the inflammatory tissue. Again, such proinflam-
matory gene expression was much lower in the tissue explants from
human artery-NSG mouse chimeras injected with healthy PBMCs
(Figure 5J). Taken together, these data strongly demonstrate the
successful establishment of human artery-NSG mouse chimeras
in which human large vessel vasculitis is mediated by immune cells
from TAK patients and thus represents human TAK.

Amelioration of large vessel vasculitis in humanized
TAK chimeras by targeting mTORC1 in TAKimmune cells.
To evaluate the therapeutic application of targeting mTORC1 for
TAK disease progression, immune cells from TAK patients were

transfected with lentiviral RAPTOR shRNA or control shRNA prior
to injection into human artery-NSG mouse chimeras, followed
by the detection of inflammatory infiltrates using immunostain-
ing, flow cytometry, and quantitative PCR. Additional chimeras
were treated with rapamycin in order to evaluate the function of
mTORC1 activity in TAK disease progression.

Blockade of mTORC1 activity using RNAi technology and
rapamycin efficiently reduced the frequencies of tissue-resident
human CD45+ immune cells and CD3+ T cells in arterial grafts
(Figures 6A-D). Tissue-resident infiltration of CD3+ T cells was
diminished by mTORC1 knockdown of TAK PBMCs (Figure 6B).
Accordingly, inflammatory infiltration of the arterial adventitial layer
was significantly reduced by mTORC1 knockdown (Figure 6C).
In addition, mTORC1 inhibition by rapamycin restricted the tis-
sue infiltration of human CD3+ T cells (Figure 6D). Further, tissue-
resident Thi-related and Th17-related genes (TBX21, IFNG,
RORC, and IL17A), and innate inflammatory genes (IL6 and TNF),
were fundamentally decreased by blocking mTORC1 (Figures 6E—
Q). The tissue-resident IL-6 and TNF were evidenced by detecting
the cytokine levels in tissue lysates with ELISA, showing dimin-
ished levels upon mTORC1 inhibition (Supplementary Figure
7A, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41084/abstract). The effi-
ciency of RNAI technology was generally comparable to that of
rapamycin in restricting vasculitis (Figures 6A-G), while avoiding
unwanted off-target effects (28,29). Both RAPTOR shRNA and
rapamycin failed to affect the Th2-related gene GATAS in human
grafts (Figure 6H).

To pursue a CD4+ T cell-specific therapeutic strategy, CD4+
T cells were isolated from TAK PBMCs, transfected with RAP-
TOR shRNA or control shRNA, and added back with CD4+ T
cell-depleted PBMCs for the subsequent immune reconstitution
of human artery-NSG mouse chimeras. Application of RNAi tech-
nology targeting mTORC1 in CD4+ T cells ameliorated the vascu-
litis in human grafts (Figures 6l-K and Supplementary Figure 7B).
Compared with control shRNA, RAPTOR shRNA transfection of
CD4+ T cells diminished the tissue infiltrates of human immune
cells (Figure 6l and Supplementary Figure 7B), consistent with
reduced tissue-resident CD3+ T cells (Figure 6J) and decreased
expression of proinflammatory T cell-related genes (Figure 6K).
These findings demonstrate that targeting mTORC1 is an effective
strategy in restricting human TAK.

DISCUSSION

TAK is a critical large vessel vasculitis with unknown etiology
and poor prognosis (4,5,7). While multiple studies have shown
that proinflammatory T cells are a crucial driver of TAK disease
progression (10,12), molecular mechanisms underlying spontane-
ous proinflammatory T cell differentiation are largely unknown. In
this study, we identified a critical mechanism for the spontane-
ous maldifferentiation of proinflammatory T cells in TAK patients.
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Figure 6. Targeting of mechanistic target of rapamycin complex 1 is sufficient to restrict vasculitis in human TAK. A-H, Human artery-NSG
mouse chimeras were generated and reconstituted with either TAK or healthy control peripheral blood mononuclear cells (PBMCs). For some
experiments, TAK PBMCs were transfected with RAPTOR shRNA or control shRNA prior to immune reconstitution of the chimeras. Otherwise,
chimeras were treated with rapamycin. Arterial grafts were explanted 2 weeks after immune reconstitution. A, Frequencies of CD45+ immune
cells in human grafts from chimeras treated as indicated. B, Immunostaining for human CDS3 in the adventitia of arterial grafts from the chimeras
treated as indicated. Bars = 20 um. C, Left, Hematoxylin and eosin (H&E) staining of arterial adventitial tissue from the chimeras treated as
indicated. Bars = 50 pm. Right, Histology index for the chimeras treated as indicated. D, Immunostaining for human CD3 in the adventitia of
arterial grafts from the chimeras treated as indicated. Bars = 20 um. E-H, Expression of mRNA for the proinflammatory genes TBX21 and IFNG
(E), RORC and IL17A (F), and IL6 and TNF (G) and the Th2-related gene GATAS (H) in human grafts from the chimeras treated as indicated.
I-K, CD4+ T cells from TAK PBMCs were transfected with RAPTOR shRNA or control shRNA and injected into human artery-NSG mouse
chimeras for immune reconstitution. I, Left, H&E staining of arterial adventitial tissues from the chimeras treated as indicated. Bars = 50 pm.
Right, Histology index for the chimeras treated as indicated. J, Immunostaining for human CD3 in the adventitia of arterial grafts from the
chimeras treated as indicated. Bars = 20 pm. K, Quantitative polymerase chain reaction analysis of the proinflammatory genes TBX21, IFNG,
RORC, and IL17A in human grafts. In B, the left panel of D, the left panel of I, and J, results are representative of 6 grafts. In the left panel of C,
results are representative of 5 grafts. In A, the right panel of C, E-H, the right panel of I, and K, bars show the mean + SEM. Symbols represent
individual grafts (n = 6 per group in A, E-H, the right panel of I, and K and 5 per group in the right panel of C). ** = P < 0.01; ** = P < 0.001 by
Student’s paired t-test with Bonferroni correction in A and K; by Student’s paired t-test in the right panel of C and the right panel of I; by analysis
of variance with Tukey'’s test in E-H. Rel. exp. = relative expression; NS = not significant (see Figure 3 for other definitions).

Specifically, CD4+ T cells from TAK patients have cell-intrinsic TAK and GCA are 2 major types of large vessel arteritis, nar-
hyperactivity of mTORC1, driving the spontaneous and selec- rowing the aorta and its major branches with or without aneurysm
tive differentiation of Th1 and Th17 cells. Accordingly, circulating formation (7,30). While TAK mainly affects young individuals, GCA
mTORC1""CD4+ T cells predict proinflammatory T cell expansion affects patients >50 years old (31). Although often present in
and active disease in TAK patients. We established a humanized different frequencies, both disorders share similar clinical symp-
large vessel vasculitis model that represents human TAK, provid- toms, signs, and imaging abnormalities (32,33), showing strong
ing an optimal platform for elucidating disease pathogenesis and similarities and subtle differences in the distribution of arterial dis-
exploring novel therapeutics. Targeting mTORC1 with rapamycin ease (34). These findings support an assumption that TAK and

and RNAI technology was sufficient to limit TAK development. GCA may represent skewed phenotypes within the spectrum of
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the same disorder. Mechanistically, Th1 and Th17 cells are the
major vascular infiltrates for both TAK patients and GCA patients
(10,33,35,36). Treatment with glucocorticoids efficiently reduces
the tissue infiltration of Th1 cells but not Th17 cells in both
vasculitides (10,35,36). Previous studies pinpoint hyperactivity of
mTORC1 in CD4+ T cells from GCA patients, permitting the dif-
ferentiation of Th1 and Th17 cells in such patients (19). Herein,
we identify mTORC1 hyperactivity as a cell-intrinsic mechanism of
spontaneous maldifferentiation of proinflammatory T cells in TAK
patients, mechanistically connecting TAK and GCA, and, at least
in part, accounting for their strong similarities in arterial lesions and
clinical manifestations.

A master regulator of cell proliferation and differentiation,
mTORC1 plays critical roles in autoimmune inflammatory dis-
eases (37-39). Activation of mTORC1 determines T cell fate,
promoting the differentiation of Th1 and Th17 cells while inhib-
iting the differentiation of FoxP3+ Treg cells (20,21,40,41).
In addition, mTORC1 controls CD8+ T cell differentiation as
CD8+ T cells deficient in mTORC1 activity are resistant to dif-
ferentiation into effector cells but retain memory cell charac-
teristics (42). Given the crucial functions of Th1 and Th17 cells
in autoimmune inflammatory diseases, mMTORC1 hyperactivity
is widely shared in autoimmune diseases such as GCA, RA,
systemic lupus erythematosus (SLE), and multiple sclerosis
(19,21,43). The mTORC1"" phenomenon in CD4+ T cells
from TAK patients reinforces the critical function of mMTORC1
in autoimmune inflammatory diseases. Consistent with our
findings that blocking mTORC1 activity efficiently ameliorates
large vessel vasculitis in humanized TAK chimeras, targeting
mTORC1 is also effective in restricting disease progression in
RA and SLE (21,44). To avoid the unwanted effects of small
chemical molecules, we applied RNAi technology by trans-
fecting immune cells from TAK patients with lentiviral RAPTOR
shRNA for to explore therapeutic options using human-
ized TAK chimeras. Genetic knockdown of mTORC1 in TAK
immune cells is sufficient to abrogate TAK vasculitis. Selective
knockdown of mMTORC1 in CD4+ T cells of TAK patients is also
efficient in the treatment of large vessel vasculitis in humanized
TAK chimeras. These findings provide novel therapeutic strat-
egies for targeting mTORC1 to control TAK and other autoim-
mune inflammatory diseases.

While mTORC1 hyperactivation is a central pathway for auto-
immune inflammatory diseases (39), this characteristic spares
patients with GPA, who have mTORC1 activity similar to that of
healthy individuals, indicating the existence of distinct pathologic
mechanisms for different autoimmune inflammatory diseases. In
support of this notion, CD4+ T cells from patients with psoriatic
arthritis also have mTORC1 activity similar to that of healthy indi-
viduals and are fundamentally different from RA CD4+ T cells in
metabolic reprogramming (21,45). Of interest, although patients
with RA and those with SLE both have mTORC1 hyperactivity in
CD4+ T cells, protein N-myristoylation is deficient in RA but not

in SLE, leading to AMP-activated protein kinase inactivation and
mTORC1 hyperactivity in RA patients (21). Meanwhile, patients
with GCA but not those with RA have robust levels of circulating
vascular endothelial growth factor, inducing Jagged-1-expressing
endothelial niche in the adventitia and Notch-1-mTORC1 activation
in CD4+ T cells, which results in the expansion of proinflammatory
T cells (19). Those studies assign distinct molecular mechanisms
underlying mTORC1 hyperactivity in various autoimmune inflam-
matory diseases. In this study, while mTORC1 hyperactivity is a
critical mechanism underlying the spontaneous maldifferentiation
of Th1 and Th17 cells in TAK patients, the precise mechanisms
for mTORC1 hyperactivity in TAK CD4+ T cells still remain unclear.
Successive studies are required to further the understanding of
mTORC1 hyperactivity in TAK patients, which would expand the
promising therapeutic targets for clinical practice.

Given the central role of pathogenic CD4+ T cells in TAK,
CD4 T cell-intrinsic mechanisms that drive their spontaneous
differentiations and functions are relevant for disease treatment.
Although previous studies have reported mTORC1 activation
in vascular endothelial cells and in activated T effector cells of
patients with large vessel vasculitis including TAK (46,47), those
studies did not explore the function of MTORC1 in the spontane-
ous differentiation of CD4+ T cells. To our knowledge, this is the
first study to demonstrate spontaneous maldifferentiation of Th1
and Th17 cells using purified naive CD4+ T cells or memory CD4+
T cells from TAK patients. Further, we showed that mTORC1
activity is selectively higher in TAK CD4+ T cells, driving the spon-
taneous differentiation of proinflammatory T cells in TAK patients.
Such findings are previously unknown, implicating a fundamen-
tally reprogrammed mTOR pathway in TAK patients. Finally, we
established a new humanized vasculitis model that represents
human TAK, providing strong evidence that targeting mTORCA
using small chemical inhibitors or specific genetic knockdown is
sufficient to restrict arterial inflammation in vivo.

In essence, patients with TAK have cell-intrinsic mTORCH1
hyperactivity in CD4+ T cells, leading to spontaneous maldiffer-
entiation of proinflamsmatory Th1 and Th17 cells and disease pro-
gression. Inhibiting MTORC1 activity is efficient in reducing the
maldifferentiation of proinflammatory T cells and in restricting vas-
culitis in humanized TAK chimeras. Targeted therapeutic strategy
by genetic knockdown of mMTORC1 works well for TAK treatment
in vivo. These findings were obtained with primary cells from TAK
patients and humanized chimeras that represent human TAK,
reflecting realistic conditions in patients and shedding new light on
disease pathogenesis. Targeting mTORC1 could be a promising
therapeutic strategy in controlling human TAK in clinical practice.
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Clinical Images: Teenaged boy with lipoma arborescens of the knee and elbow and presumed
juvenile idiopathic arthritis

The patient, a 16-year-old boy with severe obesity, presented to the pediatric rheumatology clinic with a 1.5-year history of right knee
swelling. Laboratory findings were unremarkable other than mild elevations of inflammation markers (C-reactive protein [CRP] and erythro-
cyte sedimentation rate). Results of a Lyme screen were negative. Previous magnetic resonance imaging (MRI) of the knee showed a large
joint effusion with synovitis and some punctate foci of low signal intensity throughout the synovium, suggesting possible pigmented villon-
dodular synovitis. Physical examination demonstrated a large right knee effusion, guarding with wrist flexion, and reduced elbow exten-
sion (assessment for effusions was difficult due to obesity). MRI of the knee showed fronds of lipomatous tissue surrounded by joint fluid
that followed fat signal on all pulse sequences, consistent with macroscopic intraarticular fat seen in lipoma arborescens. Synovial biopsy
and synovectomy were performed. Histopathologic analysis revealed focal hyperplasia of the synovial lining, dense lymphoplasmacytic
inflammation, and diffuse infiltration by mature adipose tissue that reached the synovial lining, consistent with lipoma arborescens. Marked
chronic inflammation suggested underlying inflammatory synovitis. MRI of the elbow revealed synovitis with macroscopic intraarticular fat,
consistent with lipoma arborescens (arrows in A and B), which is usually monoarticular, affecting the knee; however, it may be associated
with inflammatory arthritis (1,2). Given the histopathologic findings, polyarticular involvement, and elevated levels of inflammation markers,
underlying juvenile idiopathic arthritis (JIA) was presumed, and naproxen and methotrexate were prescribed. Six weeks later, knee pain
and swelling had improved, and the CRP level had decreased. However, the patient was lost to follow-up. After 1 year he returned with
large effusions in both knees, unchanged wrist and elbow examination findings, and elevated levels of inflammation markers. These wors-
ening features while the patient was not being treated supported the presumption of underlying JIA. Systemic therapies were restarted.
The finding of lipoma arborescens in a child affecting at least 2 joints and associated with JIA is unique.
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Benefit of Anakinra in Treating Pediatric Secondary
Hemophagocytic Lymphohistiocytosis

Esraa M. Eloseily,' Peter Weiser,” Courtney B. Crayne,” '’ Hilary Haines,” Melissa L. Mannion,” Matthew L. Stoll,?
Timothy Beukelman,” T. Prescott Atkinson,” and Randy Q. Cron?

Objective. To assess the benefit of the recombinant human interleukin-1 receptor antagonist anakinra in treat-
ing pediatric patients with secondary hemophagocytic lymphohistiocytosis (HLH)/macrophage activation syndrome
(MAS) associated with rheumatic and nonrheumatic conditions.

Methods. A retrospective chart review of all anakinra-treated patients with secondary HLH/MAS was performed
at Children’s of Alabama from January 2008 through December 2016. Demographic, clinical, laboratory, and genetic
characteristics, outcomes data, and information on concurrent treatments were collected from the records and ana-
lyzed using appropriate univariate statistical approaches to assess changes following treatment and associations
between patient variables and outcomes.

Results. Forty-four patients with secondary HLH/MAS being treated with anakinra were identified in the electronic
medical records. The median duration of hospitalization was 15 days. The mean pretreatment serum ferritin level was
33,316 ng/ml and dropped to 14,435 ng/ml (57% decrease) within 15 days of the start of anakinra treatment. The
overall mortality rate in the cohort was 27%. Earlier initiation of anakinra (within 5 days of hospitalization) was asso-
ciated with reduced mortality (P = 0.046), whereas thrombocytopenia (platelet count <100,000/pl) and STXBP2 mu-
tations were both associated with increased mortality (P = 0.008 and P = 0.012, respectively). In considering patients
according to their underlying diagnosis, those with systemic juvenile idiopathic arthritis (JIA) had the lowest mortality
rate, with no deaths among the 13 systemic JIA patients included in the study (P = 0.006). In contrast, those with an
underlying hematologic malignancy had the highest mortality rate, at 100% (n = 3).

Conclusion. These findings suggest that anakinra appears to be effective in treating pediatric patients with
non—-malignancy-associated secondary HLH/MAS, especially when it is given early in the disease course and when

administered to patients who have an underlying rheumatic disease.

INTRODUCTION

Secondary hemophagocytic lymphohistiocytosis (HLH) is
a life-threatening condition that is diagnosed among severely i,
febrile patients who require hospitalization (1). Familial, or primary,
HLH presents in infancy and often is attributed to homozygous
or compound heterozygous mutations in lymphocyte cytolytic
pathway genes (2). Secondary HLH, also termed macrophage
activation syndrome (MAS), when associated with rheumatic dis-
orders (3), affects children and can also affect adults with vari-
ous disorders. Secondary HLH and MAS can be associated with
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heterozygous defects in primary HLH genes, and thus the distinc-
tion between primary HLH and secondary HLH/MAS seems to be
blurred (4,5). Secondary HLH is often associated with conditions
in which chronic immune dysregulation occurs, such as in rheu-
matic diseases and certain hematologic malignancies. Infectious
agents, particularly members of the herpesvirus (Herpesviridae)
family, may also serve as a trigger to overcome a “threshold”
of disease (6). Thus, secondary HLH/MAS is not a diagnosis of
exclusion, and many investigators have considered MAS, primary
HLH, and secondary HLH to be on the same spectrum of disease
1,2).
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Initial symptoms of secondary HLH/MAS are usually non-
specific. The cardinal feature is unremitting high fever, although
it is not an absolute finding in all cases (7). Other features include
hepatomegaly, splenomegaly, central nervous system involvement
(e.g., seizures, coma), rash, hepatic dysfunction, pancytopenia,
and, ultimately, multiorgan failure (7). Features of disseminated
intravascular coagulopathy are often present, and this can be
partly explained by the presence of liver dysfunction, fibrinogen
consumption, and thrombocytopenia (8). To combat this highly
fatal disorder, both primary HLH and secondary HLH are frequently
treated with etoposide-based protocols, which are associated
with significant toxicity and mortality (9). Alternative therapies that
are less toxic and more targeted are currently being explored for
secondary HLH/MAS.

In terms of its pathologic origins, secondary HLH/MAS
develops as part of a “cytokine storm” (10). The proinflammatory
cytokines that have been associated with secondary HLH/MAS
include interferon-y, interleukin-1 (L-1), IL-6, IL-12, IL-18, and
tumor necrosis factor (11). Anakinra is a recombinant human IL-1
receptor antagonist that blocks IL-1 function. While the safety and
benefits of IL-1 blockade in the inflammatory process have been
demonstrated in many diseases, including in the treatment of sys-
temic juvenile idiopathic arthritis (JIA) and systemic JIA—related
MAS (12-15), its role in treating non-systemic JIA-related MAS
has not been widely explored. Nevertheless, anakinra has been

reported to improve survival in several cases of MAS associated
with non—systemic JIA rheumatic disorders (16), including sys-
temic lupus erythematosus (SLE) (14).

In the present study, we retrospectively analyzed the benefit
of anakinra in treating a cohort of pediatric patients with secondary
HLH/MAS associated with various underlying diseases, including
both rheumatic and nonrheumatic conditions. Our findings show
that 1) the recombinant human IL-1 receptor antagonist anak-
inra appears effective in the treatment of pediatric patients who
have secondary HLH/MAS in conjunction with non-malignancy-
associated diseases, 2) thrombocytopenia is a risk factor for mor-
tality in children with secondary HLH treated with anakinra, 3) the
presence of an STXBP2 heterozygous mutation is a risk factor for
mortality in children with secondary HLH treated with anakinra, 4)
children with systemic JIA—associated MAS have good outcomes
with anakinra therapy, and 5) in the absence of malignancy, early
initiation of anakinra therapy for secondary HLH is associated with
decreased mortality.

PATIENTS AND METHODS

Patients. An institutional review board-approved retro-
spective chart review was conducted to identify consecutive
pediatric patients with secondary HLH/MAS (defined as Inter-
national Classification of Diseases, Ninth Revision [ICD-9] code

Table 1. Demographic and clinical characteristics at presentation and outcomes after treatment start in all patients and according to those

who survived and those who died”

Total Survived Died P, survived
(n=44) (n=32) (n=12) vs. diedt
Male 19 (43) 13 (41) 6 (50) 1
Age, mean = SD years 10357 9.6+53 123+£6.5 0.165
Clinical presentation
Persistent fever 43(98) 31(97) 12 (100) 1
Hepatomegaly 13 (30) 10 (31) 3(25) 1
Splenomegaly 15 (34) 12 (38) 3(25) 0.5
Leukopenia <1,000/pl 24 (55) 15 (47) 9(75) 0173
Hemoglobin <9 gm/liter 30 (68) 20 (63) 10 (83) 0.282
Platelets <100,000/ul 31(71) 19 (59) 12 (100) 0.008
Trigylcerides >3 mmoles/liter 30/41 (73) 20/29 (69) 10(83) 0.456
Fibrinogen <1.5 gm/liter 16/43 (37) 9(28) 7/11 (64) 0.092
Hemophagocytosis 14/35 (40) 11/26 (42) 3/9(33) 1
Low NK cell function 13/24 (54) 10/18 (56) 3/6 (50) 1
Elevated sCD25 (>1,105 units/ml) 31/35(89) 22/24.(92) 9/11 (82) 1
Hepatitis 43(98) 31 (94) 12 (100) 1
Ferritin level, mean + SD ng/ml 33,316 £ 56,514 28,480.8 + 48,582 48,803.8 £ 79,565 0.309
Outcome
Hospitalization, mean + SD days 30 £40 18 £ 16 62 + 62 0.0005
Ferritin level
Within 15 days of start of anakinra, mean + 14,435 + 79,842 1,651 + 2,967 51,511 £ 157,590 0.075
SD ng/ml
Change at 15 days, mean + SD ng/ml 19,256 + 66,334 -26,830 + 47,078 +2,707 £ 104,703 0.201
Decrease at 15 days, mean + SD % 72 +£62 85+ 17 35+ 115 0.0202
Defervescence after anakinra start, mean + SD 1.7 £1.1 16+ 1 2+14 0.297

days

* Except where indicated otherwise, values are the number (%) of patients. NK = natural killer; sCD25 = soluble interleukin-2 receptor a-chain.

t By t-test or Fisher's exact text.
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288.4 or ICD-10 code D76.1 in the electronic medical record
[EMR]) who were older than age 1 year (to exclude patients with
primary HLH) and who were treated with anakinra at Children’s
of Alabama from January 2008 through December 2016. There
were no patients older than age 1 year who were identified as
having homozygous HLH mutations.

A diagnosis of secondary HLH or MAS was confirmed using
at least 1 of 6 different sets of criteria: the HLH-2004 criteria (9),
the HLH-2009 criteria (17), the criteria for SLE-associated MAS
(18), the 2016 criteria for systemic JIA—associated MAS (19), the
HScore for diagnosis of reactive hemophagocytic syndrome (20),
or the MAS/primary HLH (MH) score (21). Data on demographic,
clinical, laboratory, and genetic characteristics, concurrent treat-
ments, and outcomes were collected and analyzed using appro-
priate univariate statistical approaches (as described below).

Tests. Soluble IL-2 receptor a-chain (sCD25) and natural
killer (NK) cell function assays were performed at Cincinnati Chil-
dren’s Diagnostic Immunology Laboratory and tested by chro-
mium release assay. Four different effector-to—target cell ratios
were analyzed, and normal NK cell function was defined as >2.6
lytic units. Genetic analysis for primary HLH-associated genes
was performed at Cincinnati Children’s Genetics, and results from
a subset of these patients have been reported previously (5).

Statistical analysis. Data analysis was performed using
SAS software version 9.3, and descriptive statistics were used
as appropriate. Patients’ demographic, clinical, and laboratory
data and the day of starting anakinra treatment were examined
against outcome measures (duration of hospital stay, days to
defervescence, drop in ferritin level, and mortality) to identify any
predictors of outcome. Paired t-tests were used to compare
changes in laboratory measurements before and after anakinra
treatment. Chi-square analysis and ordinal univariate regres-
sion analysis were used to determine the association between
patient variables and outcomes. Group comparisons (as shown
in Tables 1 and 2) were considered hypothesis-generating, and
no adjustment for multiple comparisons was made. Chi-square
analyses (as shown in Table 4) were performed to assess corre-

lations with outcomes.

Table 2. HLH genetic testing results*

Total tested  Survived Died

Test result (n=38) (n=28) (n=10)
No HLH gene mutation 25 (66) 20 (80) 5(20)
Any HLH heterozygous 13 (34) 8 (62) 5(38)
gene mutation

UNC13D 6 (16) 5(83) 1(17)
STXBPZ2 5(13) 1(20)t 4(80)
PRFT 1(3) 1(100) 0
RAB27A 103 1.(100) 0

* Values are the number (%) of patients. HLH = hemophagocytic

lymphohistiocytosis.
t P=0.012 versus patients who died.

RESULTS

Diagnoses. Forty-four pediatric patients with secondary
HLH/MAS treated with anakinra at Children’s of Alabama were
identified on the basis of ICD-9 and ICD-10 codes in the EMRs
over the 9-year span. Forty-two children (95%) met the classi-
fication criteria for systemic JIA—associated MAS (see Supple-
mentary Table 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41103/
abstract). The more restrictive 2004 and 2009 criteria for HLH
were met by 70% and 75% of patients, respectively. Applying the
HScore for secondary HLH/MAS (selecting a probability score
of >90%) identified 66% of patients, and the discriminatory MH
score identified only 27% of the patients as not having primary
HLH. All patients, including all 8 with SLE or mixed connective
tissue disease (MCTD), met the criteria for SLE-associated MAS,
but these criteria were not specific to either SLE or MCTD.

The underlying diseases of the secondary HLH cohort were
systemic JIA (n = 13), SLE (n = 5), MCTD (n = 3), malignancy/
acute lymphoblastic leukemia (n = 3; 2 with pre-B celland 1 with
T cell malignancies), gastroparesis (n = 3, of whom 1 also had
systemic JIA), uveitis with spondyloarthritis (n = 2) (both being
previously reported [22,23]), other autoimmune conditions
(n=5;Sjégren’sdisease, vasculitis, Crohn’sdisease, sarcoidosis,
antiphospholipid antibody syndrome), mitochondrial disorder
(n = 1), and unknown (n = 10). Thus, 16 (36%) of the patients
with secondary HLH did not have an identifiable rheumatic dis-
ease. Six (60%) of the 10 patients without any known under-
lying disease had identified infections, while infections were
present in 13 (38%) of the 34 patients with underlying dis-
orders (see Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.41103/abstract). Nine (47%) of the 19
infections that occurred in patients were members of the her-
pesvirus family.

Demographics and clinical presentation. The cohort
as a whole included 25 female patients and 19 male patients,
and the mean age was 10 years (range 1-19 years) (Table 1).
Clinical presentations in patients with secondary HLH/MAS
(using the HScore criteria for HLH diagnosis) included per-
sistent fever in 43 (98%) of 44 patients, hepatomegaly in 13
(80%) of 44 patients, and splenomegaly in 15 (34%) of 44
patients. Laboratory features (among those tested) included
leukopenia (leukocytes <1,000/ul) in 24 (55%) of 44 patients,
anemia (hemoglobin <9 gm/liter) in 30 (68%) of 44 patients,
thrombocytopenia (platelet count <100,000/ul) in 31 (71%) of
44 patients, hypertriglyceridemia (>3 mmoles/liter) in 30 (73%)
of 41 patients, hypofibrinogenemia (<1.5 gm/liter) in 16 (44%)
of 43 patients, low NK cell function in 13 (54%) of 24 patients,
elevated sCD25 level (>1,105 units/ml) in 31 (89%) of 35
patients, and hepatitis (aspartate aminotransferase >30 [U/liter)
in 43 (98%) of 44 patients (20). Thirty-five of 44 patients
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underwent bone marrow biopsy, of whom 14 (40%) had hemo-
phagocytosis (Table 1).

Treatments other than anakinra that the patients had been
receiving either during their secondary HLH/MAS presentation or
prior to the secondary HLH/MAS diagnosis are listed in Supple-
mentary Table 2 (available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41103/abstract).
Concomittant therapies included glucocorticoids (73%), cyclo-
sporin A (25%), intravenous immunoglobulin (9%), etoposide (9%),
tocilizumab (5%), and abatacept, rituximab, cyclophosphamide,
and plasmapheresis in 1 patient each.

HLH genetics. Genetic testing for 5 of the primary HLH-
associated genes (UNC13D, STXBP2, STX11, PRF1, and
RAB27A) was carried out in 38 of the 44 patients. A hetero-
zygous mutation was noted in 13 (34%) of the 38 patients
tested (Table 2). Six patients (16%) had a mutation in UNC13D
(MUNC183-4), and 1 of these patients died. Five of the 6
UNC13D mutations resulted in amino acid substitutions (only
1 being considered benign), and 1 was a predicted splice
variant. Five patients (13%) had at least 1 STXBP2 muta-
tion (MUNC18-2) (see Supplementary Table 3, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41103/abstract). Two patients had
STXBP2 amino acid substitutions, and 3 had at least 1 non-
coding nucleotide mutation (intron, 3’-untranslated region,
and just upstream of the transcription start site), some result-
ing in splice variants. Four (80%) of the 5 patients with STXBP2
mutations died. One patient had a perforin gene (PRF1) muta-
tion, and 1 other patient had an RAB27A mutation; both of
these patients survived, and amino acid substitutions were
present in the mutation in both patients.

With regard to associations of the demographic and baseline
clinical, genetic, and laboratory features of the patients with

Table 3. Causes of death*

mortality, thrombocytopenia at a platelet count of <100,000/pl
and presence of an STXBP2 mutation were each associated
with increased mortality (P = 0.008 and P = 0.012, respectively)
(Tables 1 and 2). There were no other significant differences in
any other measures between the patients who survived and those
who died.

Hospital course and mortality. The overall mortality rate
in all patients was 27%, and the median duration of hospitalization
was 15 days. Presumed causes of mortality are listed in Table 3.
Five of 12 patients died with the diagnosis of septic shock, and 6
of 12 patients died with the diagnosis of multiorgan system failure.
Six of the 12 patients who died had confirmed systemic infections,
and 5 of these patients had positive fungal cultures. Of the 12
patients who died, 11 had been receiving concurrent immunosup-
pressive therapy, which included glucocorticoids (Table 3). There
was no association with the timing of anakinra administration and
infection.

The survival rate in patients with rheumatic/autoimmune dis-
eases was 86% (100% in those with systemic JIA and 70% in
those with SLE and related conditons), whereas it was 50% in all
other patients with secondary HLH, including those with cancer.
The survival rate in patients with nonrheumatic conditions or those
with non-leukemia-associated conditions was 62%.

Not surprisingly, an earlier start to treatment with anakinra
(<5 days of hospitalization) was associated with a reduction
in the frequency of mortality (P = 0.046) (Table 4). In consid-
ering patients according to the underlying diagnosis, those
with systemic JIA had the lowest mortality rate, with no deaths
among the 13 patients with systemic JIA included in the study
(P = 0.006 by chi-square test). In contrast, patients with an
underlying malignancy had the highest rate of mortality, at
100% (n = 3). In 2 of these patients, remission was achieved
during treatment with dexamethasone, but was complicated

Patient Diagnosis Cause of death Concurrent immunosuppression

16 SLE Septic shock IVMP (x 3), CYC

19 SLE/MCTD MOSF None

22 EBV Septic shock Prednisolone, rituximab

24 EBV MOSF IVMP (x 3), dexamethasone, CsA, etoposide

27 HHV6 Fungemia, MOSF Prednisolone, CsA, dexamethasone,
etoposide

32 Sjogren’s syndrome MOSF, septic shock IVMP (x 3), IVIG, plasmapheresis

34 Crohn's disese Clostridium difficile colitis, septic shock IVMP (x 3)

35 Pre-B cell ALL/Esherichia coli Septic shock, pancreatitis, MOSF CsA, dexamethasone, induction
chemotherapy

36 T cell ALL Disseminated Fusarium fungal infection (BMT) Dexamethasone, etoposide

37 Pre-B cell ALL Disseminated mucormycosis Dexamethasone

38 TPN-dependent gastroparesis/  Aspergillus central line infection, MOSF IVMP (x 3), CsA, abatacept, tocilizumab

CMV
41 Unknown GVHD, fungemia (after BMT) Dexamethasone, etoposide, BMT

* SLE = systemic lupus erythematosus; IVMP = intravenous methylprednisolone; CYC = cyclophosphamide; MCTD = mixed connective tissue
disease; MOSF = multiorgan system failure; EBV = Epstein-Barr virus; CsA = cyclosporin A; HHV6 = human herpesvirus 6; IVIG = intravenous immu-
noglobulin; ALL = acute lymphoblastic leukemia; BMT = bone marrow transplantation; TPN = total parenteral nutrition; CMV = cytomegalovirus;

GVHD = graft-versus-host disease.
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Table 4. Predictive factors correlated with outcomes*

Outcome, predictive factor P

Increased mortality rate

Thrombocytopenia 0.025

HScore cell lineage 0.033

STXBP2 mutation 0.004
Decreased mortality rate

Earlier start to anakinra treatment 0.046

Systemic JIA 0.006
Improvement in ferritin level

Earlier start to anakinra treatment 0.001

* JIA = juvenile idiopathic arthritis.

by disseminated fungal infection, and 1 patient who was
undergoing induction therapy died of multiorgan system fail-
ure, presumably attributable to secondary HLH. Nevertheless,
1 of the patients with pre-B cell leukemia (patient 37 in Table 3)
had a presenting diagnosis of MAS and was effectively treated
with anakinra. It was only on the third bone marrow evalua-
tion of this patient that the leukemia was identified (6 months
after presentation, long after the patient had been discharged
from the hospital), although there was a heightened concern
for the diagnosis of leukemia from the time of presentation.
Once the patient had been diagnosed as having leukemia,
treatment with anakinra was stopped, and the patient quickly
succumbed to infection upon initiation of induction chemo-
therapy for leukemia.

In comparison, 3 of the 6 patients with an underlying infec-
tious etiology died from septic shock or multiorgan system fail-
ure. Of the 28 patients with a rheumatic or autoimmune disease,
only 4 (14%) died following anakinra administration. One of these
patients, who had underlying Crohn’s disease, had confirmed
Clostridium difficile infection, and the other 3 died of multiorgan
system failure and/or septic shock (Table 3).

Four patients who died (3 from systemic fungal infections)
also received concurrent etoposide as part of the HLH-04 proto-
col (10). In terms of timing, 2 patients received the HLH-04 proto-
col at the time of secondary HLH diagnosis. One patient (patient
24 in Table 3) received anakinra as a last-ditch effort during the
last 4 days of her life and 4 months into the diagnosis. The other
patient (patient 27 in Table 3) received anakinra 4 days after the
HLH-04 protocol, as adjunctive therapy, because the patient’'s
condition dramatically worsened. Another patient (patient 41 in
Table 3) received anakinra 1 day after diagnosis and started the
HLH-04 protocol the next day. He eventually died 7 months later,
following stem cell transplantation. The fourth patient (patient 36
in Table 3) who was receiving etoposide had received the HLH-
04 protocol previously, and then the disease relapsed with the
emergence of T cell leukemia and secondary HLH. Dexameth-
sone was started but treatment with etoposide was withheld due
to the occurrence of severe cytopenia from recent chemother-
apy. Anakinra was added 11 days after hospital admission, and
etoposide was added 2 days later. In this retrospective study, all

patients who received etoposide as part of the HLH-04 protocol
died.

Thrombocytopenia at any point was also significantly
associated with mortality, as all patients who died had platelet
counts of <100,000/ul (P = 0.025). Having a higher HScore for
the cytopenia lineage was also associated with higher mortality
(P =0.033).

In terms of a biomarker, the mean pretreatment serum
ferritin level was 33,316 ng/ml and dropped to 14,435 ng/ml
(57% decrease) within 15 days of the start of anakinra treat-
ment (Table 1). An increased serum ferritin level was closely
associated with death (P = 0.075), whereas a drop in the fer-
ritin level within 15 days of hospitalization was significantly
associated with survival (P = 0.0202) (Table 1). Regarding the
drop in ferritin level, an earlier start to the anakinra treatment
(<5 days of hospitalization) was associated with a greater drop
in ferritin level (P = 0.001) (Table 4). Specifically, anakinra given
within 5 days of the secondary HLH/MAS diagnosis led to a
mean reduction in ferritin level of 90%, compared to a mean
reduction of 54% if anakinra was given after the first 5 days
of hospitalization. Anakinra given within 3 days of the start of
hospitalization did not show further benefits. However, an ear-
lier start to the anakinra treatment was associated with earlier
defervescence (P = 0.004).

DISCUSSION

The recombinant human IL-1 receptor antagonist anak-
inra has been shown to be highly effective for the treatment
of systemic JIA (12). MAS and systemic JIA flare share many
clinical and laboratory features. Moreover, in addition to the
10% risk of developing overt MAS as part of systemic JIA,
another 30-40% of systemic JIA patients may have occult or
subclinical MAS during a disease flare that can eventually lead
to overt MAS (24). This association of MAS with systemic JIA
suggested that anakinra would also be a valuable treatment
for systemic JIA—associated MAS. There are several reports of
dramatically successful use of anakinra in cases of systemic
JIA—associated MAS (12,13,15), in addition to its use in other
rheumatic conditions such as SLE with or without antiphos-
pholipid antibody syndrome (14,25), acute rheumatic fever,
antineutrophil cytoplasmic antibody—positive vasculitis, eosin-
ophilic granulomatosis with polyangiitis, Kawasaki disease
(16,26), and autoinflammatory conditions (13).

MAS and severe sepsis also share many clinical and lab-
oratory features, such as elevated serum ferritin levels, hepatic
dysfunction, cytopenias, coagulopathy, central nervous sys-
tem dysfunction (27), tissue hemophagocytosis, and elevated
expression of CD163+ macrophages in the reticuloendothelial
system (28,29). These shared features are initiated and per-
petuated by a cytokine storm in which IL-1 plays a major role
(80,31). IL-1 receptor blockade was associated with significant
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improvement in survival of patients with sepsis and concurrent
hepatobiliary dysfunction/disseminated intravascular coagula-
tion (82), and also in a series of patients with a clinical picture of
secondary HLH/sepsis/multiple organ dysfunction syndrome/
MAS that occurred in the setting of a variety of rheumatic and
nonrheumatic diseases (33). Thus, based on the association
of IL-1 signaling pathway dysfunction in these diverse condi-
tions, we were encouraged to use anakinra for treating cases
of MAS complicating a variety of rheumatic and nonrheumatic
conditions. However, we should acknowledge that our study
is limited by its retrospective nature, nonuniform approach
to therapy, lack of treatment controls, and variable follow-up
period. In particular, selection bias in terms of use of anakinra
in those who were less severely ill may have played a role.

In this study, anakinra treatment of pediatric patients
with secondary HLH/MAS was associated with improved
overall survival (73%) in comparison to that in patients with
primary HLH and those with secondary HLH who received
etoposide-based protocols (survival rate of 55%, of whom
82% had secondary HLH) (9), perhaps due in part to its more
acceptable safety profile relative to chemotherapy. Moreover,
the earlier initiation of anakinra (<5 days of hospitalization)
was associated with further reduced mortality in all patients
(Table 4). Of note, it worked best in patients with underly-
ing rheumatic conditions, particularly systemic JIA (Table 5),
but it has also been shown to be beneficial in other condi-
tions, such as infection-related secondary HLH/MAS (32,33).
Patients with an underlying malignancy showed poor survival,
regardless of remission status, suggesting that IL-1 blockade
may be ineffective in treating patients with a history of cancer
and related conditions. Survival rates within this cohort were
also lower in those patients who had Epstein-Barr virus (EBV)-
induced secondary HLH/MAS, similar to a recent report of
44% survival in a pediatric secondary HLH cohort, with the
worst survival in those with both EBV and cytomegalovirus

infections (34).

Table 5. Survival based on diagnosis

Survival rate,

Diagnosis No. of patients no. (%)
SystemicJIA 13 13 (100)*
Malignancy (leukemia) 3 0 (0)
Lupus and related 10 7(70)

conditionst
Infection alone 6 3(50)
Other/unknowni 12 9 (75)

* The survival rate in patients with systemic juvenile idiopathic
arthritis (JIA) was significantly different compared to the other groups
(P =0.006).

t Includes systemic lupus erythematosus (n = 5), mixed connective
tissue disease (n = 3), Sjogren’s syndrome (n = 1), and antiphospho-
lipid syndrome (n=1).

¥ Includes gastroparesis (n = 2), spondyloarthritis with uveitis (n = 2),
sarcoidosis (n = 1), Crohn's disease (n = 1), mitochondrial disorder
(n = 1), undefined vasculitis (n = 1), and unknown (n = 4).

The survival rate in the present study cohort was 73%,
in contrast to survival rates of 53% and 65% in other stud-
ies (35,36). In a nationwide registry of pediatric patients with
HLH in Korea, the 5-year overall survival rate was 68% (38%
in the familial group and 81% in the presumed secondary HLH
group). The 5-year overall survival rate among 32 patients
who underwent allogeneic hematopoietic stem cell transplan-
tation was 64% (37). Similar or even higher mortality rates
were reported in adults with secondary HLH (38). This could
potentially be explained by the safety profile of anakinra and
the avoidance of the need for bone marrow transplantation
and the pretransplantation myeloablative regimen, both of
which have their own associated significant morbidity and
mortality. Nevertheless, if a patient does not have a marked
response to high-dose anakinra, then cytotoxic agents are
probably warranted. Interestingly, prior to the introduction of
anakinra, systemic JIA-related MAS was previously reported
to have a mortality rate as high as 28% (39); nevertheless,
all of the patients with systemic JIA in our cohort did well,
being likely attributable to the use of IL-1 inhibitors (40). In this
study, patients with MAS associated with systemic JIA had the
best outcome, with 100% survival, while those with secondary
HLH associated with malignancy had the worst outcome, with
100% mortality. This is consistent with a reported mortality
rate of 85% in adults with hematologic malignancy—associated
secondary HLH (41).

In addition to the underlying disease—-associated mortality,
other features associated with outcomes were explored. In this
study, the mean serum level of ferritin within the first 15 days
of treatment was higher in patients who died, a difference that
approached statistical significance (P = 0.075). Moreover, the per-
centage drop in ferritin level at 15 days was significantly associ-
ated with survival (P = 0.0202) in this cohort (Table 1). This is in
accordance with the findings from other studies, in which the rate
of decrease in ferritin concentration was associated with differ-
ences in mortality rates in children (42).

A more compelling laboratory feature from the current
study was the platelet count. In total, 71% of the patients had
clear thrombocytopenia (platelet count <100,000/ul) at presenta-
tion, and this was associated with the mortality rate (P = 0.008)
(Table 1). This is comparable to studies in adult patients, in which
disseminated intravascular coagulation (in 40% of cases) was
reported to be associated with high mortality rates, especially in
patients with severe thrombocytopenia (43). In the current study,
thrombocytopenia at any point during hospitalization was also
associated with a significantly higher rate of mortality, such that
all patients who died had platelet counts of <100,000/ul at some
point (P = 0.025). Thus, thrombocytopenia in the setting of an
inflammatory state that often leads to thrombocytosis is a poor
prognostic finding.

In addition to laboratory findings in the peripheral blood,
pathologic specimens can be informative in the setting of
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secondary HLH/MAS. Hemophagocytosis observed on bone
marrow biopsy, although considered a halmark of secondary
HLH, was found in only 14 (40%) of the 35 patients who were
tested in the present cohort. Other studies have reported hemo-
phagocytosis in 64% (44) to 84% (45) of patients with secondary
HLH/MAS who had a bone marrow aspirate assessed or a reticu-
loendothelial organ biopsy performed. Our results emphasize the
fact that bone marrow hemophagocytosis is not essential for the
diagnosis of secondary HLH/MAS, since it might be absent, par-
ticularly early on in the disease course (46). Moreover, patients
with secondary HLH/MAS are usually critically ill and might not be
stable enough to undergo bone marrow biopsy, which might lead
to a delay in an urgently needed diagnosis.

Although it is a potential diagnostic tool that has only
recently been utilized, HLH genetics were also explored as
prognostic factors. Of the 5 HLH genes analyzed, 34% of
those tested were found to possess at least 1 heterozygous
mutation (Table 2). This is very much in keeping with what has
been reported in cohorts of patients with secondary HLH/
MAS whose genetic profiles have been explored (4,5). Spe-
cifically, in the current cohort, STXBP2 mutations were found
in 5 (13.2%) of the 38 patients who were tested. The high-
est mortality rate among those with HLH gene mutations was
associated with STXBP2 (P = 0.012), as 4 of 5 patients with
an STXBP2 mutation died. These results are similar to those
in a study by Cetica et al, who identified 4 patients (14%) with
a positive STXBP2 mutation among patients with HLH who
lacked mutations in PRF1, UNC13D, and STX71 genes, and
of these 4 patients, 2 (50%) died (47).

Taken together, these findings suggest that possess-
ing a heterozygous mutation in STXBP2 represents a sig-
nificant risk factor for mortality in the setting of secondary
HLH/MAS. Indeed, we previously showed that 1 of these
fatality-associated STXBP2 mutations (¢.1298 C>T, p.A433V)
(see Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.41103/abstract) acts in a partially dominant-
negative manner to inhibit NK cell cytolytic activity (5). STXBP2
is also important for apical trafficking in epithelial cells, as it is
necessary for fusion of vesicles with the plasma membrane,
and lack of STXBP2 function results in villous atrophy and
intestinal atresia critical for gut barrier protection (48-50). Per-
haps the association of STXBP2 mutations with enteropathy
also puts these patients at greater risk of intestinal border bac-
terial translocation and sepsis.

In summary, our findings indicate that anakinra (a recom-
binant human IL-1 receptor antagonist) appears to be effec-
tive in the treatment of non-malignancy-related secondary
HLH/MAS in children, notably those with systemic JIA, but
also in patients with underlying SLE, MCTD, other autoim-
mune diseases, and/or infections. Anakinra was less effective
in treating those with hematologic malignancies and those
with STXBP2 mtuations. Based on these results, we recom-

mend the use of anakinra as a safe and promising treatment
for non—-malignancy-related secondary HLH/MAS, especially
when given early in the disease course. Anakinra is cur-
rently being studied in a randomized, double-blind, placebo-
controlled trial (ClinicalTrials.gov identifier: NCT02780583) to
test its safety and efficacy in the treatment of secondary HLH/
MAS in children and adults.
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Genetic Deficiency of Interferon-y Reveals
Interferon-y-Independent Manifestations of Murine
Hemophagocytic Lymphohistiocytosis

Thomas N. Burn,' Lehn Weaver,” Julia E. Rood," Niansheng Chu,” Aaron Bodansky,” Portia A. Kreiger,” and
Edward M. Behrens'

Objective. Familial hemophagocytic lymphohistiocytosis (FHLH) is a complex cytokine storm syndrome caused
by genetic abnormalities rendering CD8+ T cells and natural killer cells incapable of cytolytic killing. In murine models
of FHLH, interferon-y (IFNy) produced by CD8+ T cells has been identified as a critical mediator of disease, and an
IFNy-blocking antibody (emapalumab) has recently been approved by the Food and Drug Administration. However,
development of hemophagocytic lymphohistiocytosis (HLH)/macrophage activation syndrome (MAS) in patients who
are genetically unresponsive to IFNy questions the absolute necessity of IFNy in driving disease. This study was un-
dertaken to determine the necessity of IFNy in driving HLH.

Methods. IFNy”"Prf1~~ mice were infected with lymphocytic choriomeningitis virus (LCMV), and HLH immuno-
pathologic features, including survival, weight loss, cytopenias, cytokine profiles, and immune cell phenotypes, were
assessed. Mixed bone marrow chimeras were created to determine the immune cell-intrinsic role of IFNy receptor
signaling. CD8+ T cell depletion and interleukin-33 (IL-33)/ST2 blockade were performed using monoclonal antibodies.

Results. LCMV infection of IFNy”"Prf1”~ mice resulted in severe HLH-like disease. CD8+ T cells and the IL-33/
ST2 axis remained essential mediators of disease; however, IFNy-independent HLH immunopathology correlated
with a 10-15-fold increase in neutrophilia (P < 0.001) and an altered cytokine milieu dominated by IL-6, IL-1[3, and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (P < 0.05). Furthermore, IFNy regulated CD8+ T cell
expression of GM-CSF and neutrophil survival.

Conclusion. IFNy is not necessary for the development of fulminant HLH, requiring physicians to consider case-
by-case treatment strategies. Use of therapies that target upstream activators of CD8+ T cells, such as IL-33/ST2 sig-
naling, may be more universally applicable treatment options that ameliorate both IFNy-dependent and -independent
manifestations of HLH/MAS.
INTRODUCTION and most frequently identified genetic lesions occur in the
perforin gene (Prf1) and define a group of patients known as
FHL2 patients. The inability to clear antigen through perforin-
dependent cytolysis by CD8+ T cells leads to protracted

Hemophagocytic lymphohistiocytosis (HLH) is a life-
threatening cytokine storm syndrome, characterized by over-

abundance and overactivation of CD8+ T cells (1). The genetic
abnormalities that underlie familial forms of HLH (FHLH) have
been traced to genes involved in the cytolytic capabilities of
cytotoxic lymphocytes (2). Currently, the only effective cure for
FHLH is bone marrow transplantation. The best characterized
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antigen exposure, increased CD8+ T cell proliferation and
activation, and exaggerated inflammatory cytokine produc-
tion, thought to drive immunopathology (3,4).

Studies utilizing the perforin-knockout mouse (Prf17") have
implicated the excessive production of interferon-y (IFNy) by
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hyperactive CD8+ T cells as the primary driver of disease (3).
Antibody-mediated depletion of CD8+ T cells and antibody-
mediated blockade of IFNy are effective in preventing disease
in multiple murine models of FHLH (3,5). Additionally, we have
recently identified interleukin-33 (IL-33) signaling through ST2 as
an additional upstream activator of CD8+ T cells that is essen-
tial in driving CD8+ T cell hyperactivation (6,7). These data have
spurred a clinical trial investigating antibody-mediated blockade
of IFNy (emapalumab) in human HLH patients that has recently
resulted in approval by the Food and Drug Administration (8).

HLH diagnoses in the absence of obvious genetic lesions
in known FHLH genes are defined by a set of clinical criteria,
leaving scope for many causative triggers and pathologic effec-
tors (9). Despite the precedence that HLH disease pathogene-
sis is dependent on IFNy, several murine models have shown
that HLH disease can be driven by alternative cytokines (10,11).
Additionally, a number of patients have developed HLH-like or
macrophage activation syndrome (MAS)-like disease in the set-
ting of mutations in the IFNy receptor (IFNyR), rendering them
unresponsive to IFNy (12-14). This suggests that HLH/MAS
physiology can result independent of IFNy, or that IFNy can sig-
nal through an alternative receptor to drive disease in these set-
tings. Other preclinical models of murine HLH in mice that lack
IFNy or a functional IFNyR have not been adequately incorpo-
rated into most explanations of disease pathogenesis (15,16).

To query the absolute necessity of IFNy in driving HLH, we
infected IFNy”"Prf1”" double-knockout mice with lymphocytic
choriomeningitis virus (LCMV). Herein, we demonstrate that LCMV
infection is sufficient to drive HLH-like pathology in the absence
of IFNy. LCMV-infected IFNy~"Prf1~~ double-knockout mice have
disease of equal lethality to Prf1”~ mice. A modified qualitative
response is highlighted by an altered serum cytokine signature and
extensive neutrophilia, reminiscent of that seen in systemic juvenile
idiopathic arthritis (JIA)-associated MAS (17). Despite loss of IFNy
production, CD8+ T cells and ST2 signaling remain essential in the
pathogenesis of IFNy-independent HLH-like disease. Additionally,
in the absence of IFNy signaling, CD8+ T cells have heightened
granulocyte-macrophage colony-stimulating factor (GM-CSF)-
producing capacity, unveiling an unrecognized method of GM-
CSF regulation. These results highlight important regulatory roles
for IFNy under inflammatory conditions, which may be informa-
tive for diseases in which neutrophilia and/or aberrant GM-CSF
production are pathogenic. Furthermore, this study addresses a
clinically relevant and underappreciated aspect of HLH biology by
defining IFNy-independent cytokine storm pathology.

MATERIALS AND METHODS

Mice. C57BL/6 (wild-type), perforin-deficient (C57BL/6-
Prf1"™8%/J, Prf17"), IFNy-deficient (B6.129S7-Iing™™/J, IFNy™),
IFNyR-deficient  (B6.129S7-Iingr1"™9/J, IFNyR™), and B6-
CD45.1(B6.SJL-Ptprc® Ptprc®/BoydJ) mice were purchased from

The Jackson Laboratory and bred in our facility. Prf1”~ mice were
crossed with IFNy™~ mice, IFNyR™”" mice, and B6-CD45.1 mice.
Al animal studies were performed with approval from The
Children’s Hospital of Philadelphia Institutional Animal Care and
Use Committee.

Induction of FHLH. Mice (6-8 weeks old) were infected
intraperitoneally with 2 x 10° plaque-forming units of LCMV
(Armstrong strain) and killed upon development of significant
morbidity or weight loss. Peripheral blood cell counts were
performed on a Sysmex XT-2000iV Automated Hematology
Analyzer in the Translational Core Laboratory at The Children’s
Hospital of Philadelphia. Serum ferritin (Alpco), soluble CD25
(sCD25; R&D Systems), IL-6, GM-CSF, IL-13, and IFNy (BD
Biosciences) were measured by enzyme-linked immunosorbent
assay. Plaque assay was performed on Vero cells as previously
described (18).

Histologic analysis. All slides were stained with hematoxy-
lin and eosin. Images were acquired on an Eclipse 90i microscope
(Nikon) using NIS-elements software.

Analysis of human gene expression. The published data
set (GEO accession no. GSE26050) (19) was accessed through
the National Center for Biotechnology Information Gene Expres-
sion Omnibus. The IFNy gene set (HALLMARK_INTERFERON_
GAMMA_RESPONSE) was downloaded from the Molecular
Signatures Database (MSigDB; Broad Institute). Hierarchical clus-
tering was performed and heatmaps were created using Morpheus
(Broad Institute).

Flow cytometric analysis. Peripheral blood leukocytes,
splenocytes, intrahepatic leukocytes, and bone marrow leuko-
cytes were stained with Live/Dead Fixable Viability dye (Life Tech-
nologies), anti-CD90.2, CD19, NK1.1, CD11b, Ly6G, Ly6C, CD4,
CD8a, CD44, CD62L, CD45.2, and CD45.1 (from BD PharMin-
gen, eBioscience, and BiolLegend). H-2D°GP,, ,, major histocom-
patibility complex (MHC)-peptide complexes were provided as
fluorophore-conjugated tetramers by Dr. E. J. Wherry (University
of Pennsylvania). Samples were acquired on a MACSQuant flow
cytometer (Miltenyi Biotec) and analyzed using FlowJo software
version 10.4.2.

Intracellular cytokine staining. Splenocytes (10° were
stimulated with 50 ng/ml phorbol myristate acetate (PMA; Sigma),
1 pg/ml ionomycin (Cell Signaling Technology), 2 pg/ml brefeldin
A (Sigma), and 2 uM monensin (eBioscience) for 5 hours at 37°C.
After staining with Live/Dead viability dye and surface antigens
as described above, cells were stained for IFNy (clone XMG1.2;
BD Biosciences) and GM-CSF (clone MP1-22E9; BD Biosciences)
using a Cytofix/Cytoperm kit (BD Biosciences).
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In vivo antibody and recombinant IFNy adminis-
tration. Antibodies were administered to mice intraperitoneally
beginning on day 3 after infection and every other day thereafter.
Dosing and antibodies used were as follows. For CD8 depletion,
500 pg clone 2.43 (Bio X Cell) and IgG2b isotype control (clone
LTF-2; Bio X Cell) were used. ST2 blockade was carried out as
previously described using antibody provided by Amgen (20,21).
For cytokine blockade, 500 pg anti-IFNy (clone XMG1.2; Bio X
Cell), 200 pg anti-IL-6 receptor (clone15A7; Bio X Cell), 200 pg
anti-IL-1(3 (clone B122; Bio X Cell), 100 pg anti-GM-CSF (clone
MP1-22E9; Bio X Cell), and the same dose of respective isotype
controls (Bio X Cell) were used. For recombinant IFNy give-back
experiments, 10 pg recombinant IFNy (PeproTech) was adminis-
tered to mice every other day beginning either on day 0 or on day
6 after infection.

In vitro CD8+ T cell GM-CSF production assay. Naive
(CD44-) CD8+ T cells were enriched from naive IFNy™~ mice
using Naive CD8a+ T cell isolation kits (Miltenyi Biotec). Purity was
consistently >90%. Cells were cultured on plate-bound anti-CD3
(2 pg/ml; BioLegend) and anti-CD28 (2 pg/ml; BiolLegend) in
96-well flat-bottomed plates with 10 ng/ml recombinant murine
IL-12 (PeproTech) and 50 units/ml human IL-2 (PeproTech) for 2
days. Cells were removed from anti-CD3/28 and cultured a further
2 days with IL-2 and IL-12, before being cultured for 1 day with
IL-2 alone. CD8+ T cells were restimulated with PMA and iono-
mycin and stained for intracellular GM-CSF as described above.

Generation of bone marrow chimeras. Host mice
(Prf1”"IFNyR**CD45.1** mice) ages 6-8 weeks old were
lethally irradiated (950 rad on an X-RAD irradiator). Bone marrow
was isolated from donor strains (Prf1”-IFNyR"*CD45.1"* and
Prf17"IFNyR™"CD45.2"%), mixed 1:1, and 5 x 10° bone marrow
cells were injected intravenously to host mice 6 hours after irra-
diation. Chimeras were reconstituted for 8 weeks before LCMV
infection.

Apoptosis assay. Bone marrow obtained from chimeric
mice on day 10 after infection was incubated at 37°C. Cells were
stained for active caspase 3/7 using a Vybrant FAM caspase 3/7
assay kit (ThermoFisher) according to the manufacturer’s instruc-
tions. Cells were then stained with Live/Dead viability dye and sur-
face antigens as described above.

Statistical analysis. Weight loss data were analyzed with
linear mixed-effects models using R (R Core Team, 2014), and
Ime4. Visual inspection of residual plots did not reveal any obvi-
ous deviations from homoscedasticity or normality. P values were
obtained by likelihood ratio tests of the full model with the effect in
question against the model without the effect in question. All other
data were analyzed in GraphPad Prism 7 using the statistical tests
indicated in the figure legends.

RESULTS

Development of HLH-like disease in IFNy” Prf1”"
mice. To determine whether IFNy was necessary for fuminant
HLH development in the murine FHL2 model, we generated
IFNy~Prf1~~ double-knockout mice and evaluated them for HLH
clinical characteristics following LCMV  infection. IFNy~Prf1~"
and Prf1™~ mice experienced equivalent mortality (Figure 1A) and
significant weight loss, despite this not being quite as severe in the
Prf1~~ mice (Figure 1B). Wild-type and IFNy~~ mice cleared LCMV
(Armstrong strain) (22), displayed no mortality or weight loss, and
were used as controls throughout. While IFNy™Prf1™~ mice did
not experience anemia (Figure 1C), suggesting an IFNy-dependent
effect, both IFNy~"Prf1~~ and Prf1”~ mice had severe thrombocy-
topenia (Figure 1D). Interestingly, while leukopenia is a common
feature in HLH pathology, IFNy~"Prf1™~ mice had elevated leuko-
cyte counts (Figure 1E). IFNy™"Prf1™”~ mice had extremely elevated
sCD25 levels (Figure 1F), suggesting the presence of highly acti-
vated T cells, had serum ferritin levels equivalent to those in Prf1~~
mice (Figure 1G), and had hepatosplenomegaly equivalent to that
in Prf1~~ mice (Figures 1H and I). Finally, hemophagocytes were
readily identified in the spleens of IFNy™"Prf1™~ mice (Figure 1J).
Given that natural killer cell function is defective by virtue of the
absence of perforin, IFNy~"Prf1~~ mice fuffill 5 criteria required for
HLH diagnosis and partially fulfill a sixth in terms of cytopenia (9).
Importantly, splenic viral titers did not differ between Prf1~~ and
IFNy~~Prf1~"~ mice on day 10 postinfection (Supplementary Figure
1, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract).

Unlike genetic deficiency, antibody-mediated blockade of
IFNy protects against most disease features in Prf1™~ mice. We
suspected that such blockade is not 100% efficient, explaining
this difference. We therefore compared expression of the IFNy-
induced gene MHCII on inflammatory monocytes in Prf1”~ mice
treated with anti-IFNy blocking antibody to that in IFNy™ Prf1~"
mice. Incomplete IFNy blockade by antibody was suggested
based on incomplete reduction in MHCII expression (Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract).
Taken together, these data indicate that many clinical features of
HLH pathology can arise independent of IFNy, and that low level
IFNy signaling correlates with protection against disease.

Extensive neutrophilia in IFNy”Prf1”" mice. Leuko-
cyte counts were extremely high in IFNy~~Prf1”~ mice compared
to Prf1™~ and wild-type/IFNy™~ controls and were predominantly
neutrophils (Figure 2A). Increased numbers of neutrophils were
also seen in the spleens and livers of IFNy”"Prf1~~ mice follow-
ing LCMV infection (Figures 2B and C and Supplementary Figure
3, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract).
Histologic analysis of livers from IFNy”"Prf1”~ mice revealed


http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract

BURN ETAL

A g B
‘_g 100 E” —Oo— WT
S 801 “é
"
@ 60 3 —eo— Prfl
S 40 @ —e— IFNy* Prfl*
o £
& 207 Yos S —o— IFNy*
0 . . . —Or ! X 70+ T T T T r s
0 5 10 15 20 25 30 5 10 15 20 25 30
Days P.I. Days P.l.
C s ok D 2 s E 30 ek
— *kkk
3 O 2 154 O 5
£ 104 R o° o 2 o S 20
=1 :Qp: Coco S S 00 2 &
Z ean® Z 10 )
» S » o I8} °
Q 5 ° 5 —T © @ 10 e
@ ® a 5%, o ° = S, o
o
o ? 22 ©
0 T T T T C T T T
WT  Prfl* IFNy* IFNy" WT  Prfl* IFNy* IFNy* WT  Prfl* IFNy* IFNy*
Prfl* Prf1* Prf1-+
kkkk  dkkkk
F 6 kkkk G 15 dekkok Hkk
— oo =
S 4 ° S 10 ° oo
g oo g
q ® jé # e
a 2 [ X ) = 5 (@)
Q N ° 2 & o0
C’ T T T T C T T T Q‘E&
WT  Prfl* IFNy* IFNy* WT  Prfl* IFNy* IFNy"
Prf1* Prf1*
H | -
of 3 pherscion = 0,006 @ 15 pinteracion = 0 56 OUninfected
S poenove = 0,66 ° 8 poerewe = 0.68 g o ® |nfected
> E Emlecuon =0.0002 Q E Emlecnon < 0.0001
Ez2q © ° =210
o|g ‘e 22
. .8
2| 1 (] 28 & %
82| o 5|@
5 o & 3
L T T 0 T T
Prfl* IFNy” Prfl* Prf1* IFNy”- Prf1+

Figure 1. Hemophagocytic lymphohistiocytosis-like disease in IFNy~"Prf1~~ mice. A and B, Survival (A) and weight loss (B) in wild-type
(WT) mice (n = 8), Prf1™ mice (n = 10), IFNy”"Prf1”~ mice (n = 27), and IFNy~~ mice (n = 5) infected with lymphocytic choriomeningitis virus
(LCMV) (Armstrong strain). Results are shown for the indicated days postinfection (Pl). Data were combined from 2 independent experiments.
Values are the mean + SEM. Survival curves in A were analyzed by log rank (Mantel-Cox) test. Weight loss in B was analyzed with a linear
mixed-effects model to allow for missing data due to mouse mortality. Treatment and body weight were modeled as fixed effects, and
individual mice were treated as a random effect to account for baseline variability between animals (e.g., intercept only). ** =P < 0.001. NS =
not significant. C-E, Numbers of red blood cells (RBCs) (C), platelets (PLTs) (D), and white blood cells (WBCs) (E) in a complete blood cell
count in the indicated mouse strains 10 days after infection with LCMV. F and G, Serum levels of soluble CD25 (sCD25) (F) and ferritin (G) in
the indicated mouse strains 10 days after infection, measured by enzyme-linked immunosorbent assay. In C-G, data were combined from
2 independent experiments. Symbols represent individual mice; horizontal lines show the mean. * = P < 0.05; ** = P < 0.01; ™ = P < 0.001;
= P < 0.0001, by one-way analysis of variance (ANOVA) with Tukey’s honest significant difference post test. H and I, Weight of spleen
(H) and liver (I) from mice 10 days after infection or uninfected controls. Weights were normalized to body weight preinfection. Symbols
represent individual mice; horizontal lines show the mean. P values were determined by two-way ANOVA. J, Hematoxylin and eosin-stained
splenic touch preparations from IFNy~~Prf1~~ mice 10 days after infection, showing the presence of hemophagocytes. Original magnification
x 600. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract.

the presence of mature neutrophils as determined by observa-
tion of ringed/multilobed nuclei (Figure 2D). Neutrophils were
not observed in any significant quantity in Prf1”~ mouse livers.
Additionally, liver histology showed that while Prf1”~ mice had
extensive hepatosteatosis (Figure 2D), this finding was absent in

IFNy™"Prf1~~ mice, suggesting an IFNy-dependent phenomenon.
IFNy~"Prf1~~ mice also had large amounts of periportal inflamma-
tion, surpassing that of Prf1™~ mice. Taken together, these find-
ings indicate that extensive neutrophilia is a predominant feature
of HLH in the absence of IFNy.
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Figure 2. Elevated neutrophil counts in IFNy™"Prf1™~ mice. A=C, Quantification of neutrophils in the blood (A), spleen (B), and liver (C) in wild-
type (WT), Prf1~"~, IFNy”"Prf1~, and IFNy~~ mice 10 days after infection with lymphocytic choriomeningitis virus, determined by flow cytometry.
Neutrophils were designated as live, singlets, CD90.2—, CD19—, CD11b+, or Ly6G+ (see Supplementary Figure 3, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract, for gating strategy). Data were combined from 2
independent experiments. Symbols represent individual mice; horizontal lines show the mean. * = P < 0.05; ** = P < 0.01; ** = P < 0.001;
** = P < 0.0001, by one-way analysis of variance with Tukey’s honest significant difference post test. D, Representative hematoxylin and
eosin-stained liver sections from a Prf1~~ mouse (left) and an IFNy~"Prf1~~ mouse (right) 10 days after infection. Insets, Higher-magnification
views. Arrows indicate ringed/multilobed nuclei typical of murine neutrophils. Original magnification x 100; original magnification in insets x
200. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract.

Comparison of altered cytokine milieu in IFNy” Prf1™" healthy controls (Figure 3E). While it was previously reported that
mice with cytokine expression in human HLH patients. this data set did not show a significant difference in expression of
Serum IL-6, GM-CSF, and IL-1[3 levels were all significantly elevated IFNy-induced transcripts between HLH patients and controls, we
in IFNy~"Prf1™~ mice compared to Prf1™~ mice and control mice were curious to examine whether such an IFNy signature could be
(Figures 3A-C), while Prf1~~ mice had extremely high levels of serum used to discriminate between patients and controls, and the extent
IFNy (Figure 3D). Individual blockade of IL-6, IL-1[3, or GM-CSF did to which patients might have differing IFNy signatures. To do this,
not provide major protection against disease in IFNy~Prf1 " mice we filtered on IFNy-stimulated genes (MSigDB; Broad Institute) and
(Supplementary Figure 4, available on the Arthritis & Rheumatology performed unsupervised hierarchical clustering (Figure 3E). It was
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/ clear that HLH patients clustered separately from controls, some-
abstract) despite dosing of blocking antibodies that was equivalent thing not interpretable in gene set enrichment analyses.
to that used in other settings (23-25). In addition, the HLH patients separated into 2 major groups,

We next made use of a publicly available data set that profiled cluster i, which has a high IFNy signature, and cluster ii, which
gene expression from peripheral blood mononuclear cells (PBMCs) has a lower IFNy signature. Cluster i is a clear and closely
of patients with active HLH to compare their cytokine profiles to related cluster, while cluster ii is more diverse and probably best
this mouse model (19). This data set included both HLH patients described as “other.” These 2 major clusters are defined by 3

with identified perforin mutations or no identified genetic cause and main groups of genes. Group a shows high expression in both
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Figure 3. Altered cytokine milieu in IFNy”"Prf1”~ mice corresponding with cytokine expression in human patients with hemophagocytic
lymphohistiocytosis (HLH). A-D, Serum interleukin-6 (IL-6) (A), granulocyte—macrophage colony-stimulating factor (GM-CSF) (B), IL-1(3 (C), and
interferon-y (IFNy) (D) levels in wild-type (WT), Prf1~~, IFNy~"Prf1~", and IFNy~~ mice 10 days after infection with lymphocytic choriomeningitis
virus, measured by enzyme-linked immunosorbent assay. Data were combined from 2 independent experiments. Symbols represent individual
mice; horizontal lines show the mean. * = P < 0.05; ™ = P < 0.01; ™ = P < 0.0001, by one-way analysis of variance with Tukey’s honest
significant difference post test. E, Top, Unsupervised hierarchical clustering of gene expression data set from patients with HLH and controls
(GEO accession no. GSE26050 [19)]) filtered on the curated IFNy gene set (Molecular Signatures Database; Broad Institute). Bottom, Expression
of additional selected cytokines shown according to clustering based on the IFNy gene set. Columns represent individual patients. TNF = tumor
necrosis factor; G-CSF = granulocyte colony-stimulating factor; M-CSF = macrophage colony-stimulating factor.

patient clusters and includes IL6, TNFAIP6, TNFAIP3, SOCSS3,
and STAT3, which are up-regulated by a number of cytokines
including IL-6 and tumor necrosis factor. Group b shows elevated
expression in patient cluster i, depression in cluster i, and includes
the genes STAT1, CXCL10, IFIT3, and MX1, which are classic
IFNy response genes. Finally, group ¢ indicates genes depressed
in both patient clusters. Group ¢ includes BANKT, suggesting

selective absence of B cells from the PBMCs of all patients, and
CIITA, indicating down-regulation of MHCII or absence of B cells
or other antigen-presenting cells. Overall, these findings are con-
sistent with a previous study suggesting the absence of a strong
IFNy signature among HLH patients (19), yet the present analysis
makes it clear that the gene expression changes are more com-
plicated than a wholesale absence of an IFNy response. It may
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rather highlight that some patients may have very strong IFNy sig- We then examined the expression of other cytokines. Patients
natures, and others may have weaker signatures. It is important to falling within the high IFNy signature cluster tended to have higher
note that perforin-deficient patients did not cluster separately from expression of other cytokines (Figure 3E), but expression of key
patients with no identified mutation. cytokines such as IL-13, TNF, and IL6- remained elevated in all
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Figure 4. Elevated expression of granulocyte-macrophage colony-stimulating factor (GM-CSF), regulated by interferon-y (IFNy), in CD8+
T cells (CD8s) from IFNy™"Prf1—/— mice. A, Representative flow cytometry plots of live, singlet, CD90.2+, CD8+ cells in wild-type (WT), Prf1™",
IFNy”"Prf1~~, and IFNy”~ mice 10 days after infection with lymphocytic choriomeningitis virus (LCMV). LCMV-specific CD8+ T cells were
identified by H-2DP-gp33 tetramer staining. B, Total number of H-2D°-gp33+CD44+CD8+ T cells in the spleens of mice 10 days after infection.
Data were combined from 2 independent experiments. C, Representative flow cytometry plots of live, singlet, CD90.2+, CD8+, CD44"" cells
in the splenocytes of mice 10 days after infection. Mouse splenocytes were stimulated with phorbol myristate acetate and ionomycin, and
IFNy and GM-CSF expression were analyzed as described in Materials and Methods. (See Supplementary Figure 4, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract, for gating strategy.) D, Total GM-CSF+CD44""CD8+
T cells in the spleens of mice 10 days after infection. Data were combined from 2 independent experiments. E, Representative flow cytometry
plots of live, singlet, CDY0.2+, CD8+, CD44"" cells in IFNy " Prf1~~ mice and IFNy* Prf1™" littermate controls infected with LCMV. IFNy~Prf1 ™"
mice were treated with either phosphate buffered saline (PBS), recombinant IFNy beginning on day 6 (rIFNy short), or recombinant IFNy
beginning on day 0 (rIFNy long) by intraperitoneal injection every other day. Mice were killed 10 days after infection, and GM-CSF expression
was analyzed as described in Materials and Methods. F, Frequency of GM-CSF-expressing CD44""CD8+ T cells in mice treated as indicated
in the IFNy give-back experiment. G, Representative flow cytometry plots of live, singlet, CD90.2+, CD8+, CD44™" cells among naive CD8+
T cells from uninfected IFNy~~ mice (purity >90%) cultured in vitro in the presence or absence of rlIFNy for 5 days and then analyzed for GM-CSF
expression as described in Materials and Methods. H, Frequency of GM-CSF+CD44""CD8+ T cells. Data were combined from 3 independent
experiments (Exp). In B, D, F, and H, symbols represent individual mice; horizontal lines show the mean. ** = P < 0.01; *** = P < 0.0001, by
one-way analysis of variance (ANOVA) with Tukey’s honest significant difference post test in B and D, by ANOVA with test for linear trend in F,
and by Student’s unpaired 2-tailed t-test in H. NS = not significant.
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patients compared to controls despite partially divergent IFNy sig-
natures among patients. Thus, there exist a set of patients with
weak IFNy signatures, but overexpression of non-IFNy cytokines,
consistent with the idea of non-IFNy HLH.

Exogenous IFNy regulation of elevated GM-CSF ex-
pression by CD8+ T cells from IFNy ™ Prf1”~mice. CD8+ T cells
are appreciated to be central mediators of pathology in other murine
models of HLH, including the Prf1™~ model (3). We asked whether
CD8+ T cells were expanded in LCMV-infected IFNy™"Prf1™~ mice
using H-2D°-gp33 tetramers to examine the expansion of LCMV-
specific CD8+ T cells. Virus-specific IFNy”"Prf1™~ CD8+ T cells
expanded to frequencies and total numbers in the spleen equiva-
lent to those in Prf1~~ mice (Figures 4A and B).

Because of the elevated serum levels of GM-CSF observed
in the IFNy™"Prf1™~ mice, the expansion of IFNy""Prf1”~ CD8+ T
cells, and the fact that CD8+ T cells are known to make GM-CSF
in other settings (26,27), we asked whether CD8+ T cells made
GM-CSF in LCMV-infected IFNy”"Prf1”~ mice. We observed
that GM-CSF—producing CD8+ T cells were elevated in both fre-
quency and number in LCMV-infected IFNy™"Prf1™”~ mice com-
pared to wild-type, Prf1™"~, and IFNy™ mice (Figures 4C and D and
Supplementary Figure 5, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/
abstract). Similar trends were seen for CD4+ T cells; however,
CD8+ T cells in LCMV-infected IFNy~"Prf1~~ mice outnumbered
CD4+ T cells by 10 fold (data not shown).

Given these findings, we hypothesized that IFNy negatively
regulates the expression of GM-CSF by CD8+ T cells. We there-
fore infected IFNy”Prf1™~ mice with LCMV and provided exoge-
nous, recombinant IFNy to these mice every other day from either
day 6 postinfection (rIFNy short) or for the entirety of the 10-day
experiment (rIFNy long) and compared the expression of GM-CSF
in CD8+ T cells from these mice to LCMV-infected IFNy*Prf1~~
littermate controls. The addition of rIFNy was sufficient to restore
systemic IFNy signaling, as the IFNy-stimulated gene, MHCII,
was induced on inflammatory monocytes in IFNy”"Prf1™~ mice
treated with rlFNy (Supplementary Figure 6, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41076/abstract). Consistent with our hypothesis,
rIFNy inhibited the expression of GM-CSF by CD8+ T cells in a
dose-dependent manner (Figures 4E and F). Additionally, we cul-
tured naive IFNy™~ CD8+ T cells in vitro for 5 days with or without
the addition of exogenous IFNy and showed that CD8+ T cells
exposed to IFNy have decreased GM-CSF expression (Figures 4G
and H). These data support the notion that IFNy negatively regu-
lates the expression of GM-CSF by CD8+ T cells.

Regulation of neutrophilia by neutrophil-intrinsic
IFNy signaling through enhanced cell death. In many HLH
patients where IFNy is thought to drive disease, neutropenia cor-
relates with disease severity (28), contrasting with the extensive

neutrophilia observed in IFNy~"Prf1~~ mice. This led us to ques-
tion whether IFNy has a direct effect on neutrophilia. First, we
asked if restoration of recombinant IFNy to IFNy~~Prf1™" mice
would blunt neutrophilia during LCMV infection. IFNy~"Prf1~
mice were infected with LCMV and recombinant IFNy was given
every other day for the full 10-day infection (rIFNy long) or begin-
ning on day 6 after infection (rlFNy short), and blood neutrophil
counts were compared to those in controls. Blood neutrophil
counts were decreased in a dose-dependent manner when IFNy
was restored, suggesting that IFNy suppresses neutrophilia in
LCMV-infected IFNy™"Prf1™~ mice (Figure 5A).

To determine whether this effect was a neutrophil-intrinsic
phenomenon, we made IFNyR™Prf1~~:IFNyR**Prf1~~ mixed bone
marrow chimeras and subsequently infected them with LCMV. The
ratio of IFNyR™Prf1”~ to IFNyR"*Prf1™~ leukocyte populations
was determined, and we showed that IFNy-unresponsive T cells,
neutrophils, and inflammatory monocytes outcompeted IFNy-
responsive cells (Figures 5B-D and Supplementary Figure 7, avail-
able on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.41076/abstract). IFNyR™Prf1 ™" B cells
outcompeted IFNy-responsive cells in the spleen and blood, but
interestingly not in the bone marrow. The most profound effects
occurred on the myeloid-derived cell population, suggesting that
the IFNy-mediated suppression of neutrophilia occurs in a myeloid
cell-intrinsic manner. Accordingly, common myeloid progenitors,
granulocyte-monocyte progenitors, and monocyte—dendritic cell
progenitors all were selectively enriched in the IFNyR™™ genotype
(Supplementary Figures 8A and B, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41076/abstract). Staining with the proliferation marker Ki-67
indicated no difference in the proliferation of myeloid precursors
between donor genotypes (Supplemental Figure 8C).

Neutrophils are typically a short-lived cell type, with a
lifespan in mice of ~12.5 hours (29). Therefore, alterations in
the lifespan of neutrophils can have profound downstream
effects on their accumulation. We sought to determine whether
neutrophil-intrinsic IFNy signaling impacted the survival of
neutrophils. Bone marrow from IFNyR™"Prf1~=:IFNyR**Prf1~/~
mixed bone marrow chimeras 10 days after infection was
assayed for active caspase 3/7 and plasma membrane per-
meability directly ex vivo (at O hours), or after 6 or 24 hours in
vitro. Neutrophils unable to respond to IFNy displayed notable
protection against apoptosis (Figures 5E and F), suggesting
that IFNy limits the lifespan and therefore total accumulation of
mature neutrophils in a cell-intrinsic manner.

CD8+ T cells and IL-33 signaling as pathologic drivers
of disease in the absence of IFNy. Hyperactivation of CD8+
T cells is closely linked to HLH immunopathology in IFNy-
sufficient murine models of disease (3,21). To determine whether
CD8+ T cells are necessary for disease in the absence of IFNy,
IFNy~Prf1~~ mice were infected with LCMV before CD8 depletion
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Figure 5. Neutrophil-intrinsic interferon-y (IFNy) signaling through enhanced cell death in the regulation of neutrophilia. A, Quantification of
neutrophils by flow cytometry in IFNy~"Prf1~~ mice and IFNy*”"Prf1~~ and IFNy**Prf1~"~ littermate controls 10 days after infection with lymphocytic
choriomeningitis virus (LCMV). IFNy™"Prf1”~ mice were administered either phosphate buffered saline (PBS), recombinant IFNy beginning on
day 6 (FNy short), or recombinant IFNy beginning on day O (fIFNy long) by intraperitoneal injection every other day. Data were combined from
2 independent experiments. B-D, Bone chimeras reconstituted from a 50:50 ratio of Prf1™7IFNyR”* to Prf1”-IFNyR™~ donor bone marrow were
generated. Chimeras were infected with LCMV and killed 10 days after infection. The ratio of specific cell types derived from Prf1 ™7 IFNyR™"CD45.2+
versus Prf1™"IFNyR**CD45.1+ donor bone marrow was determined and normalized to preinfection ratios in the blood (B), spleen (C) and bone
marrow (D). Data were combined from 3 independent experiments (Exp). E and F, Bone marrow from chimeras on day 10 postinfection was
cultured ex vivo and measured for cell permeability and active caspase 3/7 in neutrophils cultured for the indicated times. E, Representative flow
cytometry plots of neutrophils from Prf1~IFNyR** (left) or Prf1”IFNyR™" (right) donors from the same chimeric mouse, cultured for 24 hours. F,
Percent apoptotic neutrophils at the indicated time points. Lines connect cells from the same chimeric mouse. In A=D, symbols represent individual
mice; horizontal lines show the mean. Broken lines in B-D represent the null ratio of 1. *= P < 0.05; ** =P < 0.01; ** =P < 0.001; *** =P < 0.0001,
by one-way analysis of variance (ANOVA) with Tukey’s honest significant difference post test in A, Student’s 1-sample t-test in B-D, and two-way
repeated-measures ANOVA with Sidak’s multiple comparison post test in F. iMonos = inflammatory monocytes; LD = Live/Dead; IR = infrared.

increasing survival, by chi-square analysis of total survival on
day 10 after infection (7 of 12 mice that received isotype control

was initiated beginning on day 3 after infection. IFNy”Prf1~"
mice depleted of CD8+ T cells were protected against death (Fig-

ure 6A) and weight loss (Figure 6B) compared to isotype-treated
controls. CD8+ T cell depletion also resulted in protection against
neutrophilia (Figure 6C), suggesting that IFNy”"Prf1”~ CD8+ T
cells provide a signal that enhances neutrophil differentiation, sur-
vival, and/or persistence in the bloodstream.

Given our previous work showing that the IL-33/ST2 axis
is a crucial upstream mediator of CD8+ T cell effector function
leading to their pathologic role in LCMV-infected Prf1™~ mice
(7,21), we sought to determine whether IL-33 is required for
HLH in the absence of IFNy. IFNy~"Prf1”~ mice were infected
with LCMV, and ST2 was blocked beginning day 3 postinfec-
tion. ST2 blockade remained effective in IFNy~"Prf1™~ mice,
providing significant protection against weight loss (Figure 6D);

versus 11 of 11 mice that received anti-ST2 blockade survived;
P = 0.037 by Fisher’s exact test); as well as reducing serum
sCD25 levels (Figure 6E) and serum ferritin levels (Figure 6F).
The frequency of effector phenotype CD8+ T cells correlated
with the total weight loss observed in mice that received ST2
blockade and mice that received isotype control, suggesting
a link between decreased CD8+ T cell activation and disease
activity (Figure 6G and Supplementary Figure 9, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.41076/abstract). Given the role of CD8+ T
cells in driving disease in IFN\/’/’PrH “~ mice, we speculate that
IL-33/ST2 signaling drives effector differentiation of IFNy~"Prf1~"~
CD8+ T cells and that this differentiation is essential for driving
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Figure 6. Role of CD8+ T cells (CD8s) and interleukin-33 (IL-33) signaling in driving disease in the absence of interferon-y (IFNy). A and B,
Survival (A) and weight loss (B) in IFNy”"Prf1”~ mice infected with lymphocytic choriomeningitis virus (LCMV) and administered isotype control
or CD8-depleting antibody (CD8 Dep) every other day beginning on day 3 postinfection (Pl). C, Quantification of neutrophils in the blood 10
days after infection in IFNy~"Prf1~~ mice administered isotype control or CD8-depleting antibody. Data were combined from 2 independent
experiments. D-F, Weight loss (D), serum soluble CD25 (sCD25) level (E), and serum ferritin level (F) in IFNy~"Prf1~~ mice infected with LCMV and
administered isotype control or ST2 blocking antibody (anti-ST2) beginning on day 3 after infection and every other day thereafter. Serum sCD25
and ferritin were measured 10 days after infection. In D, representative data from 1 of 3 experiments are shown. In E and F, data were combined
from 3 independent experiments. G, Frequency of CD44+CD62L-CD8+ T cells (live, singlets, CD90.2+, CD8+) (see Supplementary Figure 8,
available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41076/abstract, for gating strategy) plotted
against total weight loss 10 days after infection. Data were combined from 3 independent experiments. H, Quantification of neutrophils in the
blood 10 days after infection in IFNy~"Prf1~~ mice administered isotype control or anti-ST2. Data were combined from 3 independent experiments.
* =P <0.01; ™ =P <0.001; ** = P <0.0001, by log-rank (Mantel-Cox) test in A, linear mixed-effects model in B and D, Student’s unpaired
2-tailed t-test in C, E, F, and H, and linear regression using a single curve for all data sets in G. In B and D values are the mean + SEM (n =9
mice per group in B and 4 mice per group in D). In C, E, F, and H symbols represent individual mice; horizontal lines show the mean.

disease. In addition, ST2 blockade completely ameliorated neu-
trophilia in IFNy~™"Prf1~~ mice (Figure 6H). We hypothesize that

agents, under many genetic and pathologic conditions, with a
range of mortality-inducing end-stage effectors. We now provide

this is due to reduced CD8+ T cell activation, which we know is
needed for neutrophilia; yet it is also known that IL-33 signaling
can act directly on neutrophils to exacerbate inflammation (30).
Overall, these data show that IFNy is not necessary for develop-
ment of a CD8-driven HLLH-like disease in a novel murine model.

DISCUSSION

While much effort has been exerted in targeting the effects
of IFNy signaling in treating HLH/FHLH, a growing body of litera-
ture suggests that HLH is a diverse disease triggered by various

additional support to this notion by showing that HLH-like patho-
genesis can occur in the genetic absence of IFNy. Our study
of doubly deficient IFNy~”"Prf1~~ mice showed that IFNy is not
absolutely necessary for disease, identified IFNy-dependent fac-
ets of HLH, and allowed important observations of the regulatory
roles of IFNy in the regulation of neutrophil survival and CD8+ T
cell responses to viral infection.

We showed that HLH can develop in the genetic absence
of IFNy. Consistent with our data, infection of IFNy™"Prf1~~ mice
on a mixed B6/129SV background with LCMV (Traub strain) (16)
and infection of IFNy™"Prf1”~ mice with murine y-herpesvirus 68
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caused significant mortality (31). In a model of secondary HLH,
BALB/c mice infected with cytomegalovirus succumbed to HLH-
like disease, and genetic absence of IFNy enhanced disease
severity (32). Multiple studies have shown a suppressive role of
IFNy in a murine model of systemic JIA, a disease well known
to be prone to MAS (17,33). Additionally, the findings of a recent
study investigating mechanisms of HLH in IFNyR™"Prf1~~ mice are
consistent with our findings and showed development of HLH-like
disease in the absence of IFNy signaling. Interestingly, that study
detailed the role of CD25 signaling in the propagation of disease,
and showed that IFNyR™Prf1”~ mice had higher serum levels
of sCD25 than Prf1™~ mice (34). This difference in sCD25 levels
may be a result of the increased activation state of the CD8+ T
cells in the absence of IFNy (data not shown) (34). Thus, our data
contribute to a growing body of literature indicating that IFNy is
not absolutely required for HLH disease manifestation. This study
is the first complete description of primary HLH disease in the
genetic absence of IFNy and advances the clinical description of
IFNy-independent HLH pathology. Importantly, diagnostic and
clinical features of HLH, such as hepatosplenomegaly, thrombo-
cytopenia, elevated serum ferritin levels, elevated sCD25 levels,
hemophagocytosis, and hepatitis remained present despite the
absence of IFNy, highlighting the need to expand the model of
pathogenesis beyond this cytokine.

While Prf1™~ and IFNy”"Prf1”~ mice do not present with
identical disease, the most important indicators of mortality
and morbidity are not different. Of note, anemia is not a signif-
icant problem in the IFNy”"Prf1”~ mice, supporting the notion
that anemia is absolutely driven by IFNy in HLH. This is con-
sistent with other work from our laboratory showing that in a
murine model of the related disease MAS, IFNy is absolutely
required for anemia (35), previous work using LCMV infection
of IFNy™"Prf1™~ mice showing anemia is IFNy dependent (36),
and a study showing that IFNy signaling is also required for
anemia in IFNyYR™"Prf1™~ mice (34). No other features of HLH
were reported on in IFNy™Prf1”~ mice by Zoller et al (36). The
mechanism of how IFNy causes anemia remains elusive. It has
been established that anemia and hemophagocytes can be con-
currently induced by administration of IFNy (36), yet we showed
here that IFNy is not required for the induction of hemophago-
cytes, consistent with our previous findings in a different model
(85), and the study by Humblet-Baron et al (34). These findings
suggest that while excessive IFNy is sufficient to induce hemo-
phagocytosis, it is not necessary.

Why antibody-mediated blockade of IFNy protects against
HLH disease features, yet genetic absence exacerbates them in
some cases is an interesting conundrum. Multiple studies have
shown that blockade of IFNy in murine models of HLH is extremely
effective in protecting mice against disease (3,5). We have also
reproduced those findings in our laboratory (data not shown).
Taken together, these studies provide significant support for the
investigation of IFNy blockade as a treatment for patients with

active HLH, yet it seems contradictory that patients lacking the
ability to respond to IFNy can develop disease. We showed that
IFNy blockade is not 100% efficient in preventing IFNy signaling,
suggesting that low levels of IFNy signaling constrain alternative
pathologic responses, and therefore absolute blockade could be
detrimental to outcomes.

While we showed that CD8+ T cells remain important in the
manifestation of disease in LCMV-infected IFNy~"Prf1~~ mice,
specific effector cytokines that mediate the downstream immuno-
pathology are the subject of continued investigation. Interestingly,
we showed that an alternative cytokine signature predominates
when IFNy is absent. IL-6, IL-1(3, and GM-CSF were all elevated
in the absence of IFNy, suggesting IFNy regulation of either pro-
duction, and/or accumulation of cell types that produce these
cytokines. Individual blockade of these cytokines did not yield sig-
nificant protection against immunopathology. It remains possible
that these cytokines do not act in isolation, and that combination
blockade may be effective.

Given the differences between IFNy-sufficient and -deficient
immunopathology, this model allowed the identification of some
important IFNy-driven immunoregulatory networks. The elevated
GM-CSF was of particular interest to us given the extensive
neutrophilia, the role of CD8+ T cells in driving disease, and the
fact that GM-CSF is made by CD8+ T cells (26,37). Indeed, we
showed that IFNy”"Prf1™~ mouse CD8+ T cells expressed ele-
vated levels of GM-CSF, and that exogenous administration of
IFNy regulated this production. Given the paucity of data on GM-
CSF regulationin T cells, and the fact that T cell-derived GM-CSF
plays an important role in other inflammatory conditions such as
multiple sclerosis (MS), and the murine model of MS, experimen-
tal autoimmune encephalitis (26,38), there remains a need for a
better understanding of this regulation. There are 2 major pos-
sibilities as to how IFNy regulates the expression of GM-CSF:
either GM-CSF production by CD8+ T cells is a default state in
the absence of IFNy signaling, or other compensatory signaling
pathways that promote GM-CSF production are up-regulated in
the absence of IFNy. Interestingly, there have been case reports
of patients who, while receiving myeloablative chemotherapy, had
been administered recombinant GM-CSF or the related granulo-
cyte colony-stimulating factor and developed HLH (39-41), sug-
gesting a possible causative role of myeloid-specifying cytokines
in the pathogenesis of some subsets of HLH patients.

Our study demonstrated that HLH features can occur inde-
pendent of IFNy in a murine model, challenging the dogma that
HLH pathogenesis requires IFNy to drive disease. While IFNy
blockade may be effective in treating many cases of HLH, our
study suggests that clinicians should be cognizant that HLH can
occur independent of IFNy, particularly rheumatologists who
may see more of the nonclassical familial forms. Differences
in therapeutic response in HLH/MAS patients are likely, since
HLH/MAS can be initiated by diverse triggers, on heterogenous
genetic backgrounds, resulting in various downstream mediators



346

BURN ETAL

of disease. This is consistent with a recent study in which whole-
exome sequencing of HLH patients revealed a diverse set of
potential disease-associated genes (42). IFNy signatures are not
always present in patients with active HLH (19), and we have
shown that distinct groups of patients exist that can be divided
based on the presence or absence of a robust IFNy signature.
Cytokines such as IL-13 and IL-6 remain up-regulated in both
patients with a high IFNy signature and those with a low IFNy
signature, and in the IFNy-independent murine model of HLH
presented in this study. It is intriguing to note that while not effec-
tive in the murine system presented here, IL-13 blockade has
been reported to be effective in other human forms of HLH/MAS
(43). Clearly, the central cytokines controling MAS/HLH vary in
different scenarios, with continued work needed to dissect all of
these nuances.

Even in the absence of IFNy, we showed that CD8+ T cells
remain critically important for disease. This suggests that mod-
ulators of CD8+ T cell activation such as IL-33/ST2 (21), rather
than blockade of downstream effector molecules, may be a more
universally effective way to treat HLH. The effectiveness of this
blockade in other models (7), including the IFNy~"Prf1™~ mouse
model used in this study, suggests that this may be an effective
treatment for HLH patients, and warrants further investigation.
Taken together, the findings of this study demonstrate that HLH
can occur independently of IFNy, offering insights into poten-
tial alternative disease mechanisms and alternative treatment
strategies that may be effective in clinical scenarios when IFNy
blockade is insufficient to ameliorate clinical manifestations of life-
threatening HLH.
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Neutrophil Extracellular Traps in Tissue and Periphery in
Juvenile Dermatomyositis

Bhargavi Duvvuri,' Lauren M. Pachman,” Gabrielle Morgan,” Amer M. Khojah,” "2 Marisa Klein-Gitelman,’
Megan L. Curran,* Stephen Doty,” and Christian Lood'

Objective. Neutrophils are key immune cells participating in host defense through several mechanisms, including
the formation of neutrophil extracellular traps (NETs). This study was undertaken to investigate the role of neutrophils
in juvenile dermatomyositis (JDM).

Methods. Electron microscopy was used to identify neutrophils in tissue. NETs were also imaged using fluores-
cence microscopy and quantified using a myeloperoxidase-DNA enzyme-linked immunosorbent assay (ELISA) in
plasma obtained from healthy children (n = 20), disease controls (n = 29), JDM patients (n = 66), and JDM patients
with history of calcifications (n = 20). Clinical data included disease activity scores and complement C4 levels. Levels
of immune complexes (ICs) and calprotectin were analyzed using ELISA.

Results. Using electron microscopy, neutrophils were found to infiltrate affected muscle tissue, engulfing deposit-
ed calcium crystals. Uptake of the crystals led to neutrophil activation (P < 0.01) and subsequent phosphatidylinositol
3-kinase- and NADPH oxidase-dependent but peptidylarginine deiminase 4-independent formation of NETs, which
contained mitochondrial DNA (P < 0.05), as confirmed in vivo (P < 0.001) and in vitro (P < 0.01). Peripheral NET levels
were associated with calcinosis (P = 0.01), ICs (P = 0.008), and interleukin-8 levels (P = 0.004). Children with JDM
had impaired NET clearance (P = 0.01), associated with autoantibody profiles including melanoma differentiation—
associated protein 5 (P = 0.005), and depressed complement C4 levels (r = -0.72, P = 0.002). Furthermore, children
with JDM showed evidence of neutrophil activation, with elevated levels of peroxidase activity (P = 0.02) and calpro-
tectin (P < 0.01), which were associated with disease activity (P = 0.007), and dyslipidemia (odds ratio 4.7, P < 0.05).

Conclusion. We found novel mechanisms of both calcium crystal-mediated neutrophil activation and cell death in
JDM pathophysiology. Targeting this pathway may reduce the frequency and extent of calcinosis, as well as prevent

long-term development of comorbidities, including atherosclerosis.

INTRODUCTION

Juvenile dermatomyositis (JDM) is a rare vasculopathic
disease with an incidence of 3.2 cases per million children
each year in the United States (1). Our lack of knowledge con-
cerning disease pathophysiology is accompanied by adverse
outcomes: adults who have had JDM in childhood have evi-
dence of premature cardiovascular damage (2). One debilitat-
ing manifestation of chronic JDM is calcinosis, the formation of
calcium deposits/crystals in soft tissue, which occurs in ~30%
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of children with JDM (8). Of note, calcifications are most likely
to be present in children who experienced a delay in the ini-
tiation of therapy and/or cutaneous inflammation, which sug-
gests a critical association between chronic inflammation and
calcifications (4).

Neutrophils are key immune cells participating in host
defense through several mechanisms, including the formation
of neutrophil extracellular traps (NETs), a cell death process in
which DNA is extruded together with cytoplasmic and gran-
ular content to trap and eliminate extracellular pathogens.
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Although beneficial from the perspective of host—pathogen
interaction, exaggerated neutrophil activation and NET for-
mation have been linked to inflammation, cardiovascular dis-
ease, and autoimmunity, including rheumatic diseases (5-9). It
was recently found that immune complexes (ICs), commonly
found in autoimmune conditions, induce NET formation (5).
NETs are inflammatory, and they induce interferon (IFN) pro-
duction through the cyclic GMP-AMP synthase/stimulator of
IFN genes (cGAS/STING) pathway and propagate disease in
lupus-prone mice (5,10). IFNs are clearly involved in JDM (11),
but the potential role of NETs has yet to be determined.

Neutrophils have received very little attention in JDM patho-
genesis, likely due to the lack of their identification in JDM muscle
biopsies, despite careful scrutiny (12). However, a recent proteo-
mics study showed a “tumor necrosis factor hub” present in JDM
neutrophils as compared to those in healthy children, suggest-
ing that neutrophils are affected by the inflammatory environment
(13). Further, elevated levels of the neutrophil-derived alarmin
calprotectin have been reported in JDM (14). Cell-free DNA has
been seen in adult DM in association with interstitial lung disease,
though it is not known whether this corresponds to NETs (15,16).
Furthermore, whether children with JDM have elevated levels of
NETs has not been investigated.

Inasmuch as calcinosis (e.g., calcium crystals) are involved
in the pathophysiology of JDM, it is noteworthy to recognize
that other crystals, including cholesterol and monosodium urate
monohydrate (MSU) crystals, have the capacity to induce NETosis
(17,18), and foster the development of atherosclerosis and gout,
respectively. Whether calcium crystals could activate neutrophils
to undergo NETosis is not known.

In this report, we describe the presence of calcium crys-
tal-mediated NETosis in children with JDM. Briefly, tissue-
infiltrating neutrophils engulfed deposited crystals, triggering
a phosphatidylinositol 3-kinase (PI3K)- and reactive oxygen
species (ROS)-dependent but peptidylarginine deiminase 4
(PAD4)-independent cell death process leading to NETosis.
Evidence of neutrophil activation and cell death was also pres-
ent in the circulation, particularly in patients with calcinosis,
and they were associated with markers of disease activity
and dyslipidemia. Our results show several novel mechanisms
through which neutrophils may contribute to JDM pathogen-
esis, suggesting possible new therapeutic targets, as well as
biomarkers to monitor and potentially predict the development
of severe disease outcomes.

PATIENTS AND METHODS

Patients. Children with JDM (n = 66), healthy children
(n = 20), and age-matched disease controls (n = 29) were
included in the study after age-appropriate informed consent
was obtained (Institutional Review Board #2008-13457 and
#2001-11715). For patient characteristics, see Supplementary

Tables 1-2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41078/
abstract. Myositis-specific autoantibodies (MSAs) were
assessed at the Oklahoma Medical Research Foundation
Clinical Immunology Laboratory. Calcifications were confirmed
by radiography or computed tomography (19). Calcifications
were removed surgically and stored at —80°C after removal
of adherent connective tissue. Disease activity scores (DAS)
(20) were obtained at the time of the physical examination.
Neopterin levels were measured as previously described (21).
Fasting lipid levels were measured by an enzymatic method
using a Cobas instrument.

Electron microscopy. Tissue samples were preserved in
2% paraformaldehyde and 0.5% glutaraldehyde in 0.05M caco-
dylate buffer (pH 7.4) at 4°C for 4-18 hours. Following fixation, the
tissues were treated with reduced osmium tetroxide followed by
dehydration in ethyl alcohol. The Spurr’s resin (Electron Microscopy
Sciences) was prepared and mixed 1:1 with propylene oxide and
incubated overnight on a rotator. A change of Spurr’s resin:propyl-
ene oxide at 3:1 was made, and samples were infiltrated overnight.
The final embedding was completed in pure Spurr’s resin (hard
mixture) for 12—18 hours and polymerized at 60°C. Embedded
samples were thin-sectioned (60-80 nm thickness) for electron
microscopy using a diamond knife (Diatome) on a Reichert Ultra-
cut E and analyzed using a Philips CM-12 transmission electron
microscope at 80 kV accelerating voltage. Mineral crystal size and
arrangement were studied by tilting the specimen stage through
0-20 degrees of tilt and/or by darkfield imaging (22). Individual
crystals could be measured in the darkfield mode and by using the
002 diffraction line from selected-area diffraction.

Neutrophil biomarker assays. Peroxidase activity
was analyzed as previously described (5). Levels of calprotec-
tin (S100A8/A9) were analyzed in plasma using a commercial
enzyme-linked immunosorbent assay (ELISA) kit according to
the instructions of the manufacturer (R&D Systems).

NET assays. Human neutrophils were isolated from
heparinized blood using PolymorphPrep, according to the
instructions of the manufacturer (Axis-Shield). Isolated neutro-
phils (1 x 10° cells/ml) were incubated in poly-L-lysine-coated
tissue culture plates with or without the following inhibitors:
diphenyleneiodonium (25 pM; Sigma), thenoyltrifluoroacetone
(1 uM; Sigma), LY294002 (10 uM; Invitrogen), cytochalasin B
(5 pM; Sigma), and Cl-amidine (200 pM; Calbiochem). They
were incubated for 1 hour prior to addition of the stimuli,
e.g., calcium crystals and phorbol myristate acetate (PMA)
(20 nm). After incubation with agonist for 4 hours, NETs were
detached with micrococcal nuclease (0.3 units/ml; Fisher Sci-
entific) diluted in nuclease buffer containing 10 mM TrisHCI
(PH 7.5), 10 mM MgCl,, 2 mM CaCl,, and 50 mM NaCl.
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Detached NETs were quantified by Sytox green staining (Life
Technologies). In addition, NETs were quantified using a mye-
loperoxidase (MPO)-DNA ELISA, as described previously (5).
For fluorescence microscopy, cells were fixed with 4% para-
formaldehyde, permeabilized with saponin (Alfa Aesar), and
blocked with 1% bovine serum albumin (BSA) in phosphate
buffered saline (PBS), prior to staining with detection antibod-
ies. DNA was detected using Sytox green, whereas neutro-
phil elastase was detected using a polyclonal rabbit antibody
(ab21595; Abcam) followed by a secondary Cy5-conjugated
goat anti-rabbit antibody (Jackson ImmunoResearch). The
cells were visualized using an EVOS cell imaging system (Life
Technologies).

NET degradation. To detect NET degradation (23),
PMA-induced NETs were stained with Sytox green and sub-
sequently incubated with serum (10%) in nuclease buffer for
60 minutes at 37°C. Varying concentrations of micrococcal
nuclease were used as positive controls. NETs were washed
between each step. NET degradation was calculated as the
relative loss of NETs (Sytox green signal) in each well, using the
standard curve as a reference.

Calcium crystals. Basic calcium phosphate (BCP) crys-
tals were synthesized according to published protocols (24).
Briefly, 15 ml 0.2M NaH,PO, was mixed with 12.5 ml 0.2M
CaCl, for 1 hour to form calcium precipitates. The precipi-
tates were washed in water with low-speed centrifugation,
followed by incubation overnight with 0.5N HCI at a final pH
of 9.0 overnight. The precipitates were washed with water 4
times, followed by 70% ethanol and additional water washes.
The crystals were resuspended in water and stored at 4°C
until used. The surgically removed calcium crystals were frag-
mented using a mortar and pestle and then washed in water
and ethanol, as described above, prior to use.

ELISAs for interleukin-8 (IL-8) and ICs. A 96-well
microtiter plate (Corning Clear Polystyrene flat-bottomed,
medium binding) was coated with 100 pl of capture antibody
(4 pg/ml anti-human IL-8; BioLegend) diluted in PBS and incu-
bated overnight at 4°C. After blocking (1% BSA in PBS), sam-
ples were added and incubated overnight at 4°C. For detection,
plates were incubated with biotinylated detection antibody
(1 pg/ml in blocking buffer), followed by the addition of horse-
radish peroxidase—streptavidin (BioLegend) for an additional 2
hours at room temperature. The reaction was visualized by the
addition of tetramethylbenzidine. The reaction was stopped by
addition of 2N sulfuric acid, and absorbance at 450 nm was
measured with a plate reader. Wells were washed thoroughly
2 times in PBS-Tween between every step. Levels of ICs were
assessed using a MicroVue CIC-C1q ELISA according to the
instructions of the manufacturer (Quidel).

Mitochondrial and nuclear DNA analysis. DNA was
isolated from cell culture supernatants using a Plasma/Serum
Cell-Free Circulating DNA Purification Micro Kit (Thorold). The
StepOnePlus Real-Time PCR System was used to perform
quantitative polymerase chain reaction (PCR). Primer sequences
for nuclear gene targets (ribosomal protein lateral stalk sub-
unit PO [RPLPOQ]: forward 5’-GGAATGTGGGCTTTGTGTTC-3’,
reverse 5’-CCCAATTGTCCCCTTACCTT-3’) and mitochondrial
gene targets (cytochrome c oxidase subunit 2, cytochrome
¢ oxidase subunit Il [COXII]: forward 5’-CCCCACATTAGGCTT
AAAAACAGAT-3, reverse 5-TATACCCCCGGTCGTGTAGC-3)
were reported previously (25). All components of PCR except
for primers were provided in Power SYBR Green PCR Master
Mix (ThermoFisher). PCR was set up in a volume of 20 pl that
had a 1x final concentration of Power SYBR Green PCR Master
Mix, 1 pair of primers directed against nuclear or mitochondrial
genes at a final concentration of 100 nM, 5 pl of DNA, and 3 ul
of PCR-grade water. Each PCR was set up using the following
thermoprofile: incubation for 2 minutes at 50°C followed by a
first denaturation step of 10 minutes at 95°C, and 40 cycles of
95°C for 15 seconds, 55°C (COXIl) or 60°C (RPLPO) for 1 min-
ute, and then 60°C for 1 minute. Absolute quantification of gene
targets is derived from standard curves built by serial dilution of
synthesized nuclear and mitochondrial genes.

Statistical analysis. The Mann-Whitney U test and Spear-
man’s correlation test were used when applicable. For compar-
isons of frequencies, a chi-square test was used. P values less
than 0.05 were considered significant. The Bonferroni-Holm
correction for multiple comparisons was applied when required.

RESULTS

Neutrophil infiltration in JDM tissue. We readily
observed infiltrating neutrophils in inflamed JDM tissue, in par-
ticular adjacent to calcified muscle tissue (Figures 1A and B),
which suggests chemotactic recruitment to the site of calcifi-
cation. The neutrophils contained phagocytosed crystals within
intracellular vesicles (Figure 1C), as did other infiltrating phago-
cytes, including macrophages (Figure 1D). The crystalized min-
erals were fairly homogeneous, 80-120 nm in size, similar to
the bone components described previously (26), although the
tissue-deposited crystals also formed larger aggregates of con-
siderable size (Figures 1A and B).

NETosis induction by calcium crystals through a
ROS- and PI3K-dependent pathway. Given that neutrophils
were seen phagocytosing calcium crystals in vivo (Figures 1C
and D), we investigated whether such crystals could acti-
vate neutrophils to undergo NETosis. Assessing cell surface
levels of CD66b, a known neutrophil activation marker, exper-
iments demonstrated the capacity of BCP crystals to activate
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Figure 1. Neutrophil infiltration in the tissue of patients with juvenile dermatomyositis (JDM). A and B, Muscle tissue (from 2 children with

JDM) illustrating calcium deposits (orange arrows) and infiltrating neutrophils (red arrows). Original magnification x 5,000. C and D, High-
magnification views of a neutrophil engulfing individual and aggregated crystals (magnified view of a portion of A) (C) and of a macrophage
with mineral crystals within vacuoles (D). Original magnification x 10,000. Red arrows indicate neutrophil lobulated nucleus, yellow arrows
indicate neutrophil granules, and orange arrows indicate calcium crystals. Results are representative of >3 independent experiments. E and F,
Surface expression of CD66b analyzed by flow cytometry (n = 4-6) (E) and neutrophil extracellular trap (NET) formation analyzed by fluorimetry
(n = 13-15) (F). Human primary neutrophils were incubated with synthetic calcium crystals (Ca crystal), Toll-like receptor 7 (TLR-7)/TLR-8
agonist R848, or phorbol myristate acetate (PMA). Bars show the mean + SEM. G and H, Fluorescence microscopy staining for DNA using
Sytox green (G) and CD66b (H). Calcium crystals are illustrated with orange boxes and arrows. Results are representative of 3 experiments.

Bars = 100 pm. * =P < 0.05; * =P < 0.01; ™ = P < 0.001. MFI = mean fluorescence intensity.

neutrophils (P < 0.01; Figure 1E). R848, a Toll-like receptor
7 (TLR-7)/TLR-8 agonist, was used as a positive control. To
determine whether neutrophil activation proceeded to cell
death, we quantified the DNA release using a fluorimetry assay
(5,6,10). BCP crystals induced DNA release (P < 0.001; Fig-
ure 1F), and NETs were apparent when using fluorescence
microscopy (Figures 1G and H). Interestingly, only neutrophils
in close proximity to the calcium crystals underwent NETosis,
whereas neutrophils further away retained a nonactivated phe-
notype (Figures 1G and H).

NETs can be induced through several distinct signaling
pathways, including generation of ROS- and PAD-mediated cit-
rullination of histone H3. PISK-mediated signaling has previously
been shown to be essential in NET formation, acting upstream
of NADPH oxidase in generating ROS (10). To investigate the
signaling requirements for BCP-mediated NETosis, neutrophils
were preincubated with inhibitors blocking pathways known
to be involved in NET formation, including PAD2/PAD4, ROS,

PI3K signaling, or actin polymerization. Calcium crystal-medi-
ated NETosis was insensitive to PAD inhibition, though PISK-
mediated ROS production was required. This is similar to what
has been described for ICs (10), in contrast to neutrophil activa-
tion via MSU crystals (found in adult gout patients), which also
required PAD activity to induce NET formation (27). Furthermore,
neutrophils required actin cytoskeleton activity to undergo cal-
cium crystal-mediated NETosis (Figure 2A). It has recently been
shown that NETs contain inflammatory mitochondrial DNA (5,6),
which can activate type | IFNs. To determine if calcium crystals
induced extrusion of mitochondrial DNA, we analyzed the con-
tent of NETs using a quantitative PCR method that assessed lev-
els of nuclear (RPLPO) and mitochondrial (COXIl) DNA. Calcium
crystals induced the release of both genomic and mitochon-
drial DNA in a ROS- and PI3K-dependent process (P < 0.05;
Figures 2B and C). Selective inhibition of mitochondrial ROS
reduced mitochondrial DNA release but not that of nuclear DNA
(Figures 2B and C). Thus, calcium crystals induced NETosis with
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Figure 2. Calcium crystal-mediated NETosis. A, Neutrophils were preincubated with inhibitors (inh.) of peptidylarginine deiminase 2
(PAD2)/PAD4 (Cl-amidine; n = 6), reactive oxygen species (ROS) (diphenyleneiodonium [DPI]; n = 8), phosphatidylinositol 3-kinase (PISK) (n =
8), and cytoskeleton (cytochalasin B [CytoB]; n = 8), prior to addition of calcium crystals and assessment of NETosis by fluorimetry. Bars show
the mean + SEM. ** = P < 0.01; ** = P < 0.001 versus Ca2+ crystals with no inhibitor added, by Mann-Whitney U test. B and C, Nuclear
ribosomal protein lateral stalk subunit PO (nc-RPLPO) (B) and mitochondrial cytochrome ¢ oxidase subunit I (mt-COXIl) (C) DNA release, upon
calcium crystal-mediated NETosis in the presence of inhibitors targeting ROS (DPI), mitochondrial ROS (thenoyltrifluoroacetone [TTFA]), and
the PI3K signaling pathway (n = 6), was assessed by quantitative polymerase chain reaction analysis. Symbols represent individual samples.
Bars show the median. D, Human primary neutrophils were incubated with crystals that were surgically removed from juvenile dermatomyositis
(JDM) patients and analyzed for NETosis by fluorescence microscopy. As a positive control, neutrophils were activated with phorbol myristate
acetate (PMA). Results are representative of 3 independent experiments. Bars = 100 um. E, Neutrophils were incubated with crystals that
were surgically removed from JDM patients and analyzed for the release of myeloperoxidase (MPO)-DNA (neutrophil extracellular trap [NET])
complexes (n = 6). Bars show the mean + SEM. F, Crystals from JDM patients were either left untreated or treated with micrococcal nuclease
(MNase) and analyzed for the release of MPO-DNA complexes by enzyme-linked immunosorbent assay (n = 8). InB, C, E, and F, * = P < 0.05;
** = P < 0.01, by Mann-Whitney U test. No stim = no stimulation.

lyze the crystals by microscopy. Thus, in an attempt to answer
this question, purified JDM crystals were treated with micrococcal
nuclease to release crystal-bound NETs. As evident in Figure 2F,
MPO-DNA complexes were released upon nuclease treatment
(P < 0.01), which supports the hypothesis that JDM patients
developed crystal-bound NETs in vivo.

the release of both mitochondrial and nuclear DNA, in a ROS-
and PI3K-dependent but PAD4-independent process.

Crystals isolated from JDM patients are potent NET
inducers and contain NET remnants. Given that the BCP
crystals could induce NETs in vitro, we next investigated whether
tissue-deposited calcium crystals isolated from JDM patients

were capable of inducing NETosis. Similar to the BCP crystals, No evidence of NETosis in the periphery in children

JDM-derived crystals from surgically removed deposits induced
NETosis, as was evident by the release of DNA colocalized with
neutrophil elastase, as well as MPO-DNA complexes (Figures 2D
and E). We then explored whether JDM crystals also induced
NETosis in vivo. However, given the difficulty of processing calci-
fied material for immunohistochemistry, we were unable to ana-

with JDM. We examined whether children with JDM showed
evidence of NETs in the circulation or in tissues. To investigate
this, we analyzed plasma levels of MPO-DNA complexes, a
well-established marker of NETosis, in children with JDM and in
controls. Though levels of NETs were increased in patients with
pediatric systemic lupus erythematosus (SLE) (P = 0.007), none
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Figure 3. Association of NETosis with calcinosis in JDM. A, MPO-DNA complexes (NETs) were measured in different patient groups and
compared to the values in healthy children (HC). B, NET levels were analyzed in patients without calcinosis (n = 43), patients with calcinosis
(n = 18), and healthy children. C, NET degradation was assessed in all subjects by in vitro enzymatic assay. D, Correlation between levels of
complement component C4 and NET degradation (n = 17) was determined using Spearman’s correlation test. E, Levels of interleukin-8 (IL-8)
in all subjects were analyzed by enzyme-linked immunosorbent assay. F, IL-8 levels were assessed in patients without circulating NETs (n = 44)
and patients with circulating NETs (n = 6). In A-C, E, and F, symbols represent individual samples. Bars show the median. The dotted line in A
represents the 90th percentile of the relevant levels in healthy children, and in € and E, the dotted lines represent the 10th percentile of these
levels. * = P < 0.05; ** = P < 0.01 versus healthy children or as indicated, by Mann-Whitney U test. SLE = systemic lupus erythematosus; PM =
polymyositis; RNP = RNP+ polymyositis; MDA-5 = melanoma differentiation—associated protein 5 (see Figure 2 for other definitions).

of the juvenile myositis groups had elevated levels of NETs (Fig-
ure 3A). Given the large variability in NET levels, we investigated
whether NETs were associated with certain disease features,
including calcinosis. We found that patients with calcinosis had
increased levels of NETs compared to JDM patients without cal-
cinosis (P = 0.009) and compared to healthy children (P = 0.02;
Figure 3B).

It was previously shown that SLE patients have reduced
degradation of NETs due to low DNase | activity (28). In the
present study, there was also a marked impairment in degrad-
ing NETs in patients with pediatric SLE (P = 0.0083; Figure 3C).
Similarly, using the 10th percentile of NET degradation in healthy
controls as a cutoff, we found that nearly one-third of the JDM
patients had an impaired capacity to degrade NETs (P = 0.01),
particularly patients with MDA-5 and p155/140 MSAs (P = 0.025
and P = 0.024, respectively, by chi-square test). NET-degrading
capacity correlated with complement C4 levels (r = 0.72, P =
0.002; Figure 3D). Surprisingly, NET degradation did not corre-
late with levels of NETs (P = 0.17). To investigate whether NETs
may contribute to inflammation in JDM, we analyzed levels of the
neutrophil chemoattractant IL-8. Levels of IL-8 were elevated in
all inflammatory conditions, including pediatric SLE (P = 0.03),

polymyositis (P = 0.01), RNP+ myositis (P = 0.02), and JDM (P
= 0.03; Figure 3E). Importantly, patients with JDM who displayed
NETosis had even higher levels of IL-8 (P = 0.004; Figure 3F).
These data provide evidence that a subgroup of patients with
severe JDM have impaired degradation of NETs accompanied by
increased circulating levels of NETs, in the presence of ongoing
inflammation and calcinosis.

Association of circulating NET levels with ICs. Chil-
dren with JDM had increased levels of ICs compared to healthy
individuals (P = 0.006; Figure 4A). Given the well-known contribu-
tion of ICs to NET formation in adult SLE, we examined whether
levels of ICs correlated with NET levels in pediatric lupus. IC levels
correlated strongly with NET levels in pediatric SLE (r = 0.80, P =
0.01; Figure 4B), suggesting that similar mechanisms may oper-
ate in pediatric and adult SLE. IC levels also correlated with NET
levels in JDM patients (r = 0.31, P = 0.02; Figure 4C), with NET
levels particularly elevated in patients with evidence of circulating
ICs (P = 0.008; Figure 4D). Patients with JDM, similar to those
with pediatric SLE, had circulating ICs that appeared to contrib-
ute to heightened NET levels, as observed in a subgroup of the
JDM patients.
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Figure 4. Immune complex (IC) levels in juvenile dermatomyositis (JDM). A, IC levels were analyzed by enzyme-linked immunosorbent assay
and grouped according to diagnosis and myositis-specific antibodies. The dotted line represents the 75th percentile of the levels in healthy
children. * = P < 0.05; ** = P < 0.01 versus healthy children, by Mann-Whitney U test. B and C, Correlation between IC levels and neutrophil
extracellular trap (NET) levels in pediatric SLE patients (n = 9) (B) and JDM patients (n = 55) (C) was determined using Spearman’s correlation
test. D, Circulating NET levels were assessed in patients with low levels of ICs (n = 25) and patients with high levels of ICs (n = 30). *=P <
0.05; ** = P < 0.01, by Mann-Whitney U test. Symbols represent individual samples. Bars show the median. See Figure 3 for other definitions.

Increased neutrophil activation related to disease
activity in JDM patients. Given the finding that a sub-
group of children with calcinosis demonstrated neutrophil
cell death in peripheral blood, we explored whether these
children also had evidence of neutrophil activation. To
investigate this, we analyzed 2 markers of neutrophil acti-
vation in plasma: calprotectin (S1T00A8/A9) and perox-
idase activity. In contrast to previous findings in adult SLE
(5), patients with pediatric SLE did not show elevated per-
oxidase activity (Figure 5A). However, patients with RNP+
myositis and those with JDM showed increased peroxidase
activity (P = 0.01 and P = 0.04, respectively; Figure 5A).
Elevated peroxidase activity was observed in patients with
high disease activity (P = 0.02; Figure 5B) and correlated with
markers of inflammation, including the macrophage-derived
molecule neopterin (r = 0.45, P = 0.0007; Figures 5C and D).

Elevated S100A8/A9 levels in JDM but not in
pediatric SLE. It has been reported that serum S100A8/A9
levels are elevated in JDM and associated with disease activ-
ity (14). However, STO0A8/A9 is released by activated platelets
during the clotting process (29,30), which is why serum levels
of ST00A8/A9 do not reflect physiologic levels of STO0A8/A9. In
the current study, by using rapidly processed and frozen plasma

samples to assess true levels of STO00A8/A9 in patient circu-
lation, we found that calprotectin levels were not elevated in
patients with pediatric SLE (Figure 5E), even though clearly ele-
vated levels have been demonstrated in adult SLE (31). These
data suggest that children may not behave physiologically as
young adults and may have a different disease pathophysiology,
at least in SLE. In contrast to SLE, pediatric patients with pol-
ymyositis, RNP+ myositis, and JDM all showed elevated levels
of ST00A8/A9 in the circulation (P < 0.001, P = 0.006, and
P < 0.01, respectively; Figure 5E). Levels of STO00A8/A9 were
inversely associated with Childhood Myositis Assessment Scale
scores (P = 0.007; Figure 5F), suggesting that S100A8/A9
could be a marker of disease activity in JDM. In contrast to neu-
trophil activation markers, levels of NETs (e.g., neutrophil cell
death) were not associated with disease activity in JODM patients
(data not shown). Our data demonstrate that JDM patients have
ongoing systemic neutrophil activation that is associated with
elevated indicators of inflammation and disease activity.

Association of neutrophil activation with dyslip-
idemia. Neutrophil activation is instrumental in the develop-
ment of endothelial damage and subsequent atherosclerosis,
with elevated levels of ST00A8/A9 associated with cardiovas-
cular disease, including in SLE (29,31,32). In the present study,
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Figure 5. Neutrophil activation markers in juvenile dermatomyositis (JDM). A, The neutrophil activation marker peroxidase activity was
analyzed in plasma samples from healthy children and from patients with pediatric SLE, PM, RNP, and JDM overall, and JDM subgroups
based on myositis-specific antibody positivity. B, Peroxidase activity was assessed in plasma samples from JDM patients with low disease
activity scores (DAS) (n = 23) and patients with high DAS (n = 38). C, Levels of the inflammation marker neopterin were assessed in plasma
samples from patients with low peroxidase (Pox) activity and patients with high peroxidase activity. D, Correlation between peroxidase
activity and neopterin levels in JDM patients (n = 54) was determined using Spearman’s correlation test. E, The neutrophil activation
marker ST00A8/A9 was analyzed in plasma samples from all subjects. F, The Childhood Myositis Assessment Scale (CMAS) score was
determined in JDM patients with low levels of ST00A8/A9 (n = 29) and patients with high levels of STO0A8/A9 (n = 20). Symbols represent
individual samples. Bars show the median. In A and E, the dotted line represents the 90th percentile of the relevant levels in healthy

children. * = P < 0.05; ** =
other definitions.

consistent with prior findings (2,33), JDM patients had low
levels of high-density lipoprotein (HDL), with 9 of 23 patients
(89%) having dyslipidemia. Furthermore, we observed lipid
droplet accumulation in endothelial cells adjacent to muscle
fiber, as assessed by electron microscopy. Similar to observa-
tions in diabetes mellitus (34), levels of HDL were inversely cor-
related with calprotectin levels (r = —0.56, P = 0.01; Figure 6A)
and decreased in children with elevated calprotectin levels
(P = 0.01; Figure 6B). Finally, elevated levels of calprotectin
were associated with dyslipidemia (odds ratio 4.7, P < 0.05).
NETs are known to be prothrombotic (35-37), with MPO
promoting oxidative modification of HDL and rendering it
proatherogenic (38). We found that peroxidase activity, which
reflects levels of the main circulating peroxidase, MPO, were
inversely correlated with HDL levels (r = -0.44, P < 0.05;
Figure 6C). Children with high peroxidase activity consistently
showed markedly decreased HDL levels (P = 0.02; Figure 6D).
None of the other markers of disease activity and inflamma-
tion (e.g., IC, neopterin, C4, or IL-8 levels) correlated with HDL
levels (data not shown), which suggests selectivity in the neu-
trophil activation markers. Our results indicate that neutrophil

P < 0.01; ™ = P < 0.001 versus healthy children or as indicated, by Mann-Whitney U test. See Figure 3 for

activation is associated with a proatherogenic environment in
children with JDM.

DISCUSSION

Neutrophils are frontline immune cells that are recruited
immediately upon insult through chemotactic signals, which
forces them to leave the circulation and migrate into tissue
to combat the pathogen. Similar processes occur in sterile
inflammation, including rheumatic disease, wherein insults of
varying kinds (e.g., IC deposition) result in recruitment of neu-
trophils into tissue and cause inflammation and organ damage.
In this report, we describe the novel finding that neutrophils are
present in affected tissue of JDM patients, particularly adja-
cent to calcified tissue, suggesting that calcinosis-mediated
inflasmmation contributes to chemotactic signaling. Neutro-
phils and other phagocytes were involved in clearance of the
mineral crystals, as demonstrated by endocytosed crystals.
The presence of infiltrating neutrophils is novel in JDM; in prior
studies, neutrophils were not identified in diagnostic muscle
biopsies from children with JDM (12). This discrepancy may
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Figure 6. Neutrophil activation markers are associated with dyslipidemia in juvenile dermatomyositis (JDM). A, Correlation between levels
of calprotectin (S100A8/A9) and fasting levels of high-density lipoprotein (HDL) in JDM patients (n = 20) was determined using Spearman’s
correlation test. B, HDL levels were assessed in patients with high S1T00A8/A9 levels (n = 10) and patients with low S100A8/A9 levels (n = 10).
C, Correlation between levels of peroxidase (Pox) activity and fasting levels of HDL in JDM patients (n = 20) was determined using Spearman’s
correlation test. D, HDL levels were assessed in patients with high peroxidase activity (n = 7) and patients with low peroxidase activity (n = 13).

In B and D, bars show the median. * = P < 0.05 by Mann-Whitney U test.

be explained by the selection of our patients (e.g., those
with calcinosis), but it may also relate to the rapid turnover of
neutrophils. Consistent with our findings and similar to what
has been observed in SLE and psoriasis (8,39), neutrophils
succumb to cell death upon engaging calcium crystal, leaving
only remnants of NETs in the tissue.

Interestingly, tissue-infiltrating neutrophils were found to
engulf seemingly indigestible crystals in JDM. The interac-
tions of neutrophils with a wide range of crystals, including
cocaine crystals, uric acid crystals, mineralo-organic particles,
and cholesterol crystals, have been previously described
(6,17,18,40). In accordance with findings from prior investi-
gations, we were able to demonstrate that calcium crystals,
either BCP or patient-derived crystals, had the capacity to
engage neutrophils to induce a process referred to as “frus-
trated phagocytosis” and subsequent NET formation. Briefly,
as elegantly demonstrated by Branzk and colleagues, once
the target is beyond the size of being engulfed, the neutro-
phil will become frustrated and undergo NETosis (41). Similar
mechanisms also seem to apply to crystalline size (40). Though
most crystals induce NET formation, the underlying signaling
requirements are somewhat distinct. Consistent with many pre-
vious findings (6,17,18,40), calcium crystals induced NETs in a
ROS-dependent process. In contrast, calcium pyrophosphate

dehydrate crystals, which are involved in pseudogout, induced
NETs in a PI3K-dependent but ROS-independent manner (42).
The dependency on PAD-mediated citrullination only applies
to MSU and cocaine crystals, whereas cholesterol and calcium
crystals induced NETs in a citrullination-independent manner
(6,17,18,40).

Further studies are needed to characterize both the
common and selective signaling pathways involved in crystal-
mediated NET formation. Though neutrophil activation (particu-
larly NETosis) can be targeted pharmaceutically—which has
been done successfully in other autoimmune rheumatic dis-
eases such as lupus (5)—understanding mechanisms that act
upstream of NETosis (e.g., calcinosis development) would be
beneficial in identifying a more attractive drug target that could
potentially lead to reduction of general inflammation and not just
the neutrophil-dependent component.

Though our experimental data support the hypothesis of cal-
cium crystal-mediated NET formation in the tissue in vivo, low levels
of NETs were found in the circulation of JDM patients. These find-
ings indicate that the cell death-inducing component (e.g., calcium
crystal) is primarily found in tissue and that NET release is restricted
to the site of neutrophil activation. Additionally, calcium crystals
may be efficiently neutralized by serum components, reducing
their NET-inducing capacity (43). What could then be the source
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of peripheral NETs? It has previously been demonstrated that ICs
induce NET formation in an Fcy receptor lla— and TLR-dependent
manner in SLE (5,10). Consistent with those findings, we observed
that children with pediatric SLE also had highly elevated levels of
NETs, which strongly correlated with IC levels. Notably, elevated
levels of ICs were also present in JDM patients and were asso-
ciated with NET levels. Thus, it is likely that ICs may contribute to
activation and death of neutrophils in JDM as well. Though most
JDM patients did not have elevated levels of NETs in the periphery,
impaired degradation, as described in our study, may still affect the
persistence of NETs by promoting inflammation and damaging the
vasculature (37,44). In accordance with this hypothesis, NET levels
and the capacity to degrade NETs were associated with markers of
inflammeation, in particular IL-6 levels, in JDM patients. It has previ-
ously been demonstrated that NETs (specifically NET-derived mito-
chondrial DNA) were interferogenic and that they signaled through
the DNA-sensing cGAS-STING pathway to induce type | IFNs (5).
It is therefore likely that NETs may contribute to the prominent type
I IFN signature present in JDM patients (11).

Neutrophil activation, with elevated levels of calprotectin,
has been described as occurring in the sera of JDM patients
and is associated with disease activity (14). However, given
the activation of neutrophils and platelets during the coagula-
tion process that results in the release of calprotectin (29,30),
serum levels of calprotectin do not reflect physiologic levels of
calprotectin. Our investigation is the first to assess true levels
of calprotectin in patient circulation using rapidly processed
plasma samples, thereby avoiding the influence of coagulation
on immune cell activation. Importantly, we found that calpro-
tectin and peroxidase levels were increased in JDM patients
and were associated with markers of disease activity, implicat-
ing an important role of neutrophils in JDM pathogenesis and
their potential utility as biomarkers to monitor disease progres-
sion. Furthermore, neutrophil activation (including NETosis) is
detrimental in the development of endothelial damage and sub-
sequent atherosclerosis (35-37), with elevated levels of calpro-
tectin associated with cardiovascular disease (29,31,32), likely
through facilitating extravasation and receptor for advanced
glycation end products—-mediated inflammation (45-47).

JDM patients experience pronounced dyslipidemia early in
their disease, as demonstrated in this study, with development
of atherosclerosis and increased intima-media thickness occur-
ring during progression into adulthood (2,33). However, the role of
neutrophils in the atherosclerotic process of JDM had not previ-
ously been addressed. Similar to findings in diabetes mellitus and
spondyloarthritis (34,48), we observed that neutrophil activation
was associated with dyslipidemia in JDM, which suggests the
potential involvement of neutrophils in lipid modulation in JDM.
Consistent with this interpretation is the notion that neutrophil-
derived MPO promotes oxidative modification of HDL, rendering it
proatherogenic (38). Further research, including longitudinal stud-
ies, is warranted in order to determine the potential contribution

and prognostic value of neutrophil activation and NET formation in
dyslipidemia and endothelial dysfunction in JDM.

In conclusion, we have reported on novel mechanisms of cal-
cium crystal-mediated neutrophil activation and cell death in JDM
pathogenesis. Targeting this pathway may reduce the disabling
consequences of calcinosis and prevent long-term development
of comorbidities, including atherosclerosis.
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Role of Interferon-y-Producing Th1 Cells in a Murine Model
of Type | Interferon-Independent Autoinflammation
Resulting From DNase Il Deficiency
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Objective. Patients with hypomorphic mutations in DNase Il develop a severe and debilitating autoinflammatory
disease. This study was undertaken to compare the disease parameters in these patients to those in a murine model
of DNase Il deficiency, and to evaluate the role of specific nucleic acid sensors and identify the cell types responsible
for driving the autoinflammatory response.

Methods. To avoid embryonic death, Dnase2™ mice were intercrossed with mice that lacked the type | interferon
(IFN) receptor (Ifnar”"). The hematologic changes and immune status of these mice were evaluated using complete
blood cell counts, flow cytometry, serum cytokine enzyme-linked immunosorbent assays, and liver histology. Effector
cell activity was determined by transferring T cells from Dnase2™~ x Ifnar”’~ double-knockout (DKO) mice into Rag1™~
mice, and 4 weeks after cell transfer, induced changes were assessed in the recipient mice.

Results. In Dnase2™~ x Ifnar”’~ DKO mice, many of the disease features found in DNase lI-deficient patients were
recapitulated, including cytopenia, extramedullary hematopoiesis, and liver fibrosis. Dnase2"* x Rag1™™ mice (n > 22)
developed a hematologic disorder that was attributed to the transfer of an unusual IFNy-producing T cell subset from
the spleens of donor Dnase2™~ x Ifnar’”~ DKO mice. Autoinflammation in this murine model did not depend on the
stimulator of IFN genes (STING) pathway but was highly dependent on the chaperone protein Unc93B1.

Conclusion. Dnase2”~ x Ifnar’~ DKO mice may be a valid model for exploring the innate and adaptive immune
mechanisms responsible for the autoinflammation similar to that seen in DNASE2-hypomorphic patients. In this mu-
rine model, IFNy is required for T cell activation and the development of clinical manifestations. The role of IFNy in
DNASE2-deficient patient populations remains to be determined, but the ability of Dnase2”~ mouse T cells to trans-

/-

fer disease to Rag1™~
systemic autoinflammatory diseases.

INTRODUCTION

The excessive accumulation of nucleic acid debris can lead
to the activation of endosomal and/or cytosolic nucleic acid sen-
sors and the subsequent development of autoimmune and auto-
inflammatory diseases (1,2). Debris can accumulate as a result
of inadequate scavenger cell activity, and numerous scavenger
receptor defects have been associated with systemic lupus ery-
thematosus (SLE) (3). Importantly, appropriate removal of DNA
also depends on DNases located extracellularly or within specific
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mice suggests that T cells may be a relevant therapeutic target in patients with IFN-related

cellular compartments. For example, loss-of-function mutations
in an extracellular DNase, DNase IL3, have been associated with
SLE both in patient populations and in murine models (4,5), while
loss-of-function mutations in the cytosolic enzyme Trex1 leads to
neuroinflalmation in patients with Aicardi-Goutieres syndrome
(6), and to myositis and other organ damage in a murine model of
autoinflammatory disease (7).

The loss of a lysosomal DNase, DNase I, has also been linked
to autoinflammation. In mice, DNase Il deficiency results in an embry-
onically lethal anemia that is caused by the massive accumulation of
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undegraded DNA in phagocytic compartments (8). This anemia is
linked to the excessive production of interferon-3 (IFN[3), since mice
deficient in both DNase Il and the type | IFN receptor (IFNaR) sur-
vive as relatively healthy pups. This IFN production is downstream
of the cytosolic DNA—detecting cyclic GMP-AMP synthase (CGAS)
pathway, since both stimulator of IFN genes (STING)-deficient and
cGAS-deficient mice are protected from embryonic death (9-11).
DNA may access the cytosol as a result of lysosome instability,
defects in autophagosome formation, or the accrual of self DNA in
the cytosol following DNA damage or replication (12—14). However,
excessive cell debris, cleared via scavenger receptors, must also
accumulate in phagolysosomes, and in this way appear to gain
access to nucleic acid-sensing Toll-like receptors (TLRS).

Despite surviving to adulthood, Dnase2”~ x Ifnar”’~ double-
knockout (DKO) mice nevertheless develop immune system
abnormalities. These include a well-described inflammatory arthri-
tis that results in severely swollen joints by ages 6-10 months
(15,16). This late-onset arthritis depends on the cGAS/STING
pathway as well as on another cytosolic DNA sensor, absent in
melanoma 2 (AIM2) (10,17,18). These DKO mice also develop
early onset of splenomegaly and extramedullary hematopoiesis
as well as the production of antinuclear antibodies (ANAs), all
of which are disease manifestations commonly found in murine
models of SLE, especially those driven by TLR-7. In contrast to
models of arthritis in which embryonic death occurs, the disease
in these DKO mice is not STING dependent, but is dependent
on Unc93B1 (19,20), a chaperone protein required for TLR traf-
ficking from the endoplasmic reticulum to endosomal/lysosomal
compartments (21); the pathologic mechanisms in these mice are
therefore likely to involve endosomal TLRs.

Crow and colleagues have recently identified hypomorphic
mutations of DNase Il in patients with an uncharacterized inter-
feronopathy (22). These patients develop a spectrum of clinical
features that includes severe nonregenerative anemia and throm-
bocytopenia at birth, splenomegaly, ANA production, glomeru-
lonephritis, liver fibrosis, and deforming arthropathies. Based on
the similar characteristics in other patients with a strong IFN sig-
nature, it has been assumed that these disease manifestations
are predominantly driven by the STING-dependent production of
type | IFNs. Intriguingly, we have now shown that many of these
disorders develop in DKO mice in the absence of conventional
type | IFN signaling and are dependent on the endosomal TLR
chaperone Unc93B1. It follows that a better understanding of the
mechanisms responsible for the nonarthritic disease parameters
in DKO mice might be highly relevant to human disease.

In this study, we identified a major role for a novel IFNy-
producing T cell subset in the propagation of the erythrocyte and
lymphocyte developmental defects characteristic of autoinflam-
mation in Dnase2™”~ x Ifnar’~ DKO mice. Our findings suggest
that Th1-like cells could be an appropriate therapeutic target in
patients with systemic autoimmune diseases associated with IFN
signatures.

MATERIALS AND METHODS

Mice. DNase Il gene—targeted mice were kindly provided by
Dr. S. Nagata (Osaka University, Osaka, Japan) and obtained
through the Riken Institute. The mouse strains Dnase2”” x Ifnar”~
(heterozygote), Dnase2”~ x lfnar’™ (DKO), Dnase2™ x Ifnar’™ x
Unc93B7°* (Unc93B1 triple-knockout [TKOJ), and Dnase2”~ x
Ifnar”’~x Tmem173”~ (STING TKO) have been described previously
(17,19,20). Ifngr’~ mice, obtained from The Jackson Laboratory,
and both TIr3”~ and TIr7”~ C57BL/6 mice, kindly provided by Dr. D.
Golenbock (University of Massachusetts Medical School, Worces-
ter), were intercrossed with DKO mice to generate the correspond-
ing TKO lines. B6 Rag?”~ mice (The Jackson Laboratory) were
intercrossed with /fngr’™ mice to generate Rag1™~ x lfngr”’™ mice.

Complete blood cell counts in the mice were carried out at
the University of Massachusetts Medical School Animal Medicine
Core. All animal procedures were approved by and performed in
accordance with the Institutional Animal Care and Use Committee
at the University of Massachusetts Medical School.

Flow cytometry. Cell suspensions were analyzed by flow
cytometry, as described previously (19). Spleen and bone marrow
single-cell suspensions were incubated in Fc block 2.4G2 super-
natant (2.4G2 hybridoma; ATCC) before staining. The following
fluorochrome-labeled antibodies were obtained: allophycocyanin
(APC)—conjugated Ter119, Pacific Blue (PB)-conjugated anti-CD19
(1DY), phycoerythrin  (PE)-conjugated CD4 (RM4-5), APC-
conjugated CD8 (SK1), PB-conjugated CD45R/B220 (RA3-6B2),
PB-conjugated CD11b (M1/70) (all from Tonbo BioSciences), APC-
conjugated LyBC (1A8), fluorescein isothiocyanate—conjugated Ly6G
(RB6-8C5), PE-Cy7—conjugated CD71 (RI7217), PB-conjugated
CD69 (H1.2F3), PerCP-Cy5.5—conjugated CD62L (MEL-14), APC—
Cy7—conjugated CD44 (IM7), APC-conjugated CD93 (AA4.1), and
APC-conjugated CD45.1 (A20) (all from BiolLegend). Samples were
analyzed with an LSR Il flow cytometer (BD Biosciences), and results
were analyzed using FlowdJo software version 9.7.6 (Tree Star).

Flow cytometry data were analyzed by Mann-Whitney non-
parametric t-test, using GraphPad Prism software (version 7.0).
P values less than or equal to 0.05 were considered significant.

Magnetic bead-based cell purification. BD Biosciences
IMag anti-mouse magnetic particles were used for depletion or puri-
fication of CD45R/B220 cells (catalog no. 552311), CD4+ T cells
(catalog no. 551539), or CD8+ T cells (catalog no. 551516). CD3+
T cells were purified using biotin anti-mouse CD3e (145-2C11) (cat-
alog no. 30-0031; Tonbo Biosciences) and BD Biosciences IMag
Streptavidin Particles Plus-DM (catalog no. 557812).

Histology. Mouse liver sections were formalin-fixed and
stained with trichrome. Histologic analyses of the liver sections
were carried out at Applied Pathology Systems in Worcester,
Massachusetts.
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Measurement of ANAs. Serum levels of ANAs were
determined in a manner as previously described (19). The mouse
serum, diluted 1:50, was incubated on HEp-2 antigen substrate
slides (MBL International), and bound antibodies were detected
with DyLight 488-coupled goat anti-mouse IgG antibodies
(Poly4053; BioLegend).

Gene expression analysis. Gene expression was quan-
tified with a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific) using a NanoString nCounter Immune Panel
(catalog no. XT-CSO-MIM1-12; NanoString Technologies)
according to the manufacturer’s protocol. The data were nor-
malized to the values for a set of 6 internal positive controls and
8 internal negative controls, and then to the values for 20 house-
keeping genes. Gene expression values above the threshold
(defined as the mean + 2SD of values in negative controls) were
considered for analysis. Normalized log,-transformed values
were analyzed using nSolverTM analysis software (version 3.0),
and unbiased hierarchical clustering was used to generate a
heatmap in the open-source R-based software, as described
previously (23). Relative gene expression levels were compared
using Morpheus software (https://software.broadinstitute.org/
morpheus).

Determination of cytokine titers. Serum cytokine titers
were determined by multiplex enzyme-linked immunosorbent
assays (Procarta-plex bead assay; Thermo Fisher Scientific). The
assays were conducted on a MAGPIX instrument with Luminex
xMAP Technology.

Spleen fragment transplantation. Mouse spleen frag-
ments were transplanted under the kidney capsule of Rag7™"
C57BL/6 mice using established procedures (24). Briefly, spleens
isolated from 4—10-day-old neonatal mice were cut into 1-mm?
fragments with a scalpel. Mice were first injected subcutaneously
with 0.1 ml of a cefazolin—-gentamicin antibiotic mixture and then
were anesthetized by intraperitoneal injection of a ketamine—
xylazine solution (150 mg/kg ketamine and 10 mg/kg xylazine).
The kidney of recipient mice was exposed through an abdomi-
nal incision, and a 1-2-mm cut was made in the capsule. The
spleen fragment was then inserted under the capsule using a
surgical trocar. The kidney was returned to the abdominal cavity,
the cavity wall was sutured, and the skin incision was closed with
autoclips.

T cell adoptive transfer. Red blood cell (RBC)-depleted
total spleen cells (107), T or B cell~depleted spleen cells (107),
or 3-10 x 10° magnetic bead-purified CD4+, CD8+, or CD3+
T cells were injected intravenously into Rag7~”~ mice. The mice
were euthanized, and tissue samples were collected for analysis
at 4 weeks postinjection. Th1 cells were generated using standard
Th1-skewing conditions (25).

RESULTS

Similarity of hematologic abnormalities between
DKO mice and human DNase lI-deficient patients, and
dependency on Unc93B1. To determine the extent of cytopenia
in DKO mice relative to DNase ll-sufficient control mice, complete
blood cell counts in young Dnase2™~ x Ifnar’~ DKO mice were
compared to those in DNase Il heterozygotes (Dnase*~ x Ifnar™).
Similar to DNase ll-deficient patients, young DKO mice showed
a significant reduction in the total white blood cell, lymphocyte,
platelet, and RBC counts, as well as increased numbers of imma-
ture erythrocytes and an increased frequency of granulocytes and
monocytes, compared to the other 2 groups of mice (Figure 1A;
further details available from the corresponding author upon
request). They also developed dramatically enlarged spleens, even
as early as age 4 weeks, as well as elevated serum concentrations
of erythropoietin and a reduced hematocrit level (Figure 1A). This
evidence of extramedullary hematopoiesis was consistent with the
increased number and percentage of splenic Ter119+ erythroid lin-
eage cells (19), proerythrocytes (CD71"9Ter119™™4)  and eryth-
roblasts (CD7 1" Ter119"" at the basophilic stage (EryA) and later
stages (EryB) of erythrocyte differentiation (26) in the spleens of
DKO mice compared to heterozygote controls (Figure 1B).

We also included Unc93 TKO mice (Dnase2”~ x Ifnar”’™ x
Unc93b7°¥*¢ TKO) in these analyses, and found that most of
the aforementioned abnormalities were reversed in Unc93B1-
deficient mice. However, compared to heterozygote controls, the
percentage of both EryA and EryB erythroblasts remained high in
Unc93 TKO mice, even though the total spleen weight and cell
numbers were significantly lower than those found in litermate
DKO mice.

Splenomegaly in the DKO mice was associated with a cor-
responding defect in bone marrow erythropoiesis, as indicated
by low numbers of EryB erythrocytes (Figure 1C) (further details
available from the corresponding author upon request). These
type | IFN-independent defects also showed a dependency on
Unc93B1. Based on these findings, we conclude that Dnase2™ x
Ifnar”~ DKO mice have ineffective erythropoiesis, and that anemia
stimulates erythropoietin production which, in turn, drives expan-
sion of erythropoietic precursors, but nevertheless fails to gener-
ate a normal number of circulating erythrocytes.

Additional changes in the lymphocyte and mye-
loid cell compartments in the spleen and bone marrow
of DKO mice. Early-onset extramedullary hematopoiesis was
associated with additional shifts in the myeloid and lymphocyte
compartment in the spleen and bone marrow, which was clearly
apparent in the DKO mice by age 10 weeks. The percentage of
B cells in the DKO mouse spleens after RBC depletion was sig-
nificantly lower than in either the heterozygote or Unc93B1 TKO
mouse spleens (19). This decrease in the proportion of splenic
B cells reflected a disruption in B cell development in the bone
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marrow, in which the DKO mice had comparable numbers of
total B220+ cells but had a much lower proportion of AA4,1"%e
mature B cells when compared to the other 2 groups (Figure 2A).

The percentage of splenic T cells was also reduced in DKO
mice, and residual T cells were highly activated, as shown by the
increased frequency of CD69™" T cells and T cells expressing the
effector memory phenotype CD44""CD62°" (Figure 2B). There
was a corresponding increase in the percentage and/or number
of CD11b+ cells in both the spleen and bone marrow of DKO
mice, concomitant with a dramatic increase in the percentage of
neutrophils in the spleen (Figure 2C).

Hereinafter, these observed hematopoietic defects are
referred to as the “DKO phenotype.” Such a phenotype can
be readily assessed by the presence of the following features:
increased spleen weight, increased frequency of Ter119+Cd11b+
cells, and granulocytes in the spleen, decreased percentage of
total B cells in the spleen and mature B cells in the bone marrow,
increased percentage of CD11b+ cells in the bone marrow, and
ineffective erythropoiesis in the bone marrow.

Production of proinflammatory cytokines and de-
velopment of liver fibrosis in DKO mice. DNase ll-deficient
patients show elevated serum titers of IFNy and IFN-induced
cytokines and chemokines, as well as IFN-independent cytokines
(22). Similarly, titers of IFNy and IFNAinterleukin-28 (IL-28), IFN-
inducible cytokines and chemokines (e.g., IL-12, CXCL10/IFNy-
inducible protein 10), IFN-independent cytokines (e.g., tumor
necrosis factor, IL-6), chemokines associated with the recruitment
of myeloid cells (CCL5/RANTES, CCL3/macrophage inflam-
matory protein 1a, and CXCL1/keratinocyte chemoattractant),
and immunoregulatory type 2 cytokines (IL-10 and IL-19) (27)
were significantly elevated in the serum of DKO mice compared
to the serum of heterozygote and Unc93B1 TKO control mice
(Figure 3A). Therefore, even cytokine/chemokine production
seems to be dependent on Unc93B1, raising the possibility that
cytokine production is downstream of TLR signaling.

DNase IlI-deficient patients also develop liver fibrosis. In our
studies, the DKO mice again reflected DNase Il-deficient patient
populations, since the livers of 6-month-old DKO mice, but not
those of heterozygote or Unc93B1 TKO control mice, showed
extensive periportal trichrome staining for liver fibrosis (Figure 3B).

Induction of the DKO phenotype by transplantation
of DKO neonatal mouse spleen fragments into Dnase2** x
Rag1™" recipients. It has been generally assumed that the failure
to clear apoptotic debris has a major impact on hematopoietic cells,
as opposed to stromal cell subsets. However, in previous radiation
chimera studies, we found that the DKO phenotype depended
on DNase Il deficiency in both the stem cell donor and the recip-
ient (20), suggesting that stromal elements might contribute to the
splenic abnormalities. To address this possibility, we transplanted
spleen fragments from CD45.1 DKO or heterozygote mice into
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Figure 1. Unc93B1-dependent, type | interferon-independent
hematologic defects in Dnase2” mice. A, Blood samples were
collected from heterozygote (Het), Dnase2™~ x Ifnar”’~ double-
knockout (DKO), and Unc93B1 triple-knockout (TKO) mice. Total
white blood cell (WBC) counts, lymphocyte (LYMPH) counts,
platelet counts, and hematocrit (Hct) levels were determined in
5-7-week-old mice (n = 6 per group), spleen weight (Wt) was
determined in 4-week-old mice (n = 12—-19 per group), and serum
erythropoietin (EPO) levels were determined in 10-week-old mice
(n = 4-6 per group). B, Total spleens from 10-week-old mice
were assessed by fluorescence-activated cell sorting to identify
the proportions of erythroid progenitors (proE) (CD71+Ter119°%;
n = 12-14 per group), erythroid lineage cells (Ter119"": n =
18-16 per group), and EryA erythroblasts (Ter119+CD71+FSC-
A" n = 12-14 per group). C, The number of cells recovered
from 4 leg bones per mouse and number of EryB erythroblasts
(Ter119+CD71+FSC-A") in total bone marrow were determined
in 10-week-old mice (n = 7-16 per group). Results are the
mean + SEM. * = P < 0.05; ** = P < 0.01; ** = P < 0.001; *** =
P < 0.0001. NS = not significant.
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Figure 2. Lymphocyte and myeloid cell abnormalities in DKO mice. A, Fluorescence-activated cell sorter analysis was used to determine the
percentage of Ter119™%™ spleen cells stained for the B cell marker CD19, and total bone marrow cells stained for B220 and AA4.1 to identify
immature (AA4.1"") and mature (AA4.1°") B cells, in heterozygote, DKO, and Unc93B TKO mice. B, Ter119™%" spleen cells were stained for
CD3, CD4, CD8, CD69 (activated T cells), and effector memory T cell subsets (CD44+CD62L™%"). C, Ter119™*"™ gpleen cells were analyzed
to identify myeloid cells (CD11b+) and neutrophils (Neut) (CD11b+Ly-6G+) in the spleen (top) and bone marrow (bottom). Results are the mean +
SEM of 5-22 10-week-old mice per group in 5 independent experiments. Mono = monocytes (see Figure 1 for other definitions). * = P < 0.05;

=P <0.01; " =P <0.001; ™ =P < 0.0001.

CD45.2 Rag71™" mice by insertion of the fragments under the kidney
capsule. We assumed that if splenic stromal cells promote the DKO
phenotype by producing proinflammatory chemokines, we would
see more severe hematologic abnormalities in the transplanted
DKO mouse spleen than in the host spleen.

The mice were analyzed 5 months posttransplantation. We
found that spleen fragments from 8 of 9 heterozygote mice had
visibly engrafted, but residual subcapsular spleen fragments could
not be found in any of the 9 mice that had been transplanted
with DKO mouse spleen fragments. However, closer examination

revealed that the spleens of the host Rag7™~ mice were signifi-
cantly enlarged when initially transplanted with DKO mouse spleen
fragments, in contrast to that seen in host mice transplanted with
heterozygote mouse spleen fragments. These enlarged spleens
had a significant increase in the percentage of erythroblasts as
compared to heterozygote fragment-transplanted or untrans-
planted Rag1~~ control mice (Figure 4A).

In addition, the bone marrow of the DKO mouse spleen
fragment-transplanted mice was also abnormal, as shown
by a decreased percentage of erythroblasts and an increased
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Figure 3. Proinflammatory cytokine production and liver fibrosis
in DKO mice. A, Cytokine levels were assessed in the serum of
8-week-old heterozygote, DKO, and Unc93B1 TKO mice. Results
are the mean + SEM of 5 mice per group. B, Liver sections from
representative 6-month-old mice were stained with trichrome to
identify histologic features of fibrosis. Top and bottom left, original
magnification x 40. Bottom right, original magnification x 100. IFNy =
interferon-y; IL-28 = interleukin-28; TNF = tumor necrosis factor (see
Figure 1 for other definitions).

percentage of CD11b+ cells. Importantly, >99% of the CD11b+
cells were CD45.1™%"™ (data not shown), and therefore were
derived from recipient stem cells (Figure 4A). These data indicate
that hematopoietic cells present in the spleens of DKO mice, but
not those present in the spleens of heterozygote mice, could
induce aberrant development of DNase Il-sufficient cells and the
ensuing DKO-associated splenic and bone marrow abnormali-
ties in the recipient Rag7~~ mice.

Induction of the DKO phenotype by transfer of DKO
mouse hematopoietic cells into Dnase2”* x Rag1”" mice.
To determine whether a DKO mouse spleen cell suspension alone
was sufficient to induce the DKO phenotype, 107 spleen cells iso-
lated from CD45.1 DKO mice or heterozygote mice were injected
intravenously into CD45.2 B6 Rag?™™ mice, and the recipient
mice were analyzed 4 weeks later. Compared to uninjected mice
or mice injected with heterozygote or Unc93B1 TKO mouse
spleen cells, erythropoiesis was disrupted in mice injected with
either DKO or STING TKO mouse spleen cells, as shown by an
increased percentage of Ter119+ erythroblasts in the spleens and
corresponding development of splenomegaly (Figure 4B).

The DKO and STING TKO mouse spleen cell-injected mice
also had fewer erythroblasts and more CD11b+ cells in the
bone marrow; almost all of the CD11b+ cells were CD45.1"%/
CD45.2+, indicating that they were derived from Rag?™~ mouse
progenitor cells (Figure 4B; further details available from the cor-
responding author upon request). Early B cell development in the
bone marrow was also abnormal in these mice. In Rag7~~ mice,
B cells normally proceed to the pro-B cell stage of B cell devel-
opment (IgM—-/-CD19+AA4.1+) (28). This early step in B cell dif-
ferentiation was impaired in the DKO mouse splenocyte—injected
mice, and B lineage cells failed to move into the pro-B cell
compartment (IgM™%"°CD19" 9B 220" % AA4 1.+) (Figure 4B;
further details available from the corresponding author upon
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Figure 4. Induction of autoinflammation in Rag7™ mice. A, Rag1
mice were transplanted under the kidney capsule with spleen (SPL)
fragments from heterozygote or DKO mice, and tissue samples were
collected from the host mice 5 months posttransplantation. Spleen
weight was assessed, and the percentage of erythroblasts and
myeloid cells in the spleens and bone marrow (BM) was determined
by flow cytometry. Results are the mean + SEM of 5-9 mice per
group. B, Rag?™~ mice were injected intravenously (IV) with 107 red
blood cell (RBC)-depleted spleen cells from heterozygote, DKO,
Unc93B1 TKO, or stimulator of interferon genes (STING) TKO mice,
and tissue samples were collected from the host mice 4 weeks
postinjection. Spleen weight was assessed, and the percentage
of erythroblasts, myeloid cells, and pro-B cells in the spleens and
bone marrow was determined. Results are the mean + SEM of
4-5 experiments (n = 3-13 mice per group). C, Rag?™~ mice were
injected IV with 10" total RBC—depleted DKO mouse spleen cells,
B220-depleted DKO mouse spleen cells, CD4/CD8-depleted DKO
mouse spleen cells, or 3 x 10° bead-purified spleen cells, and tissue
samples were collected from the host mice 4 weeks postinjection.
Spleen weight was assessed, and the percentage of erythroblasts,
myeloid cells, and pro-B cells in the bone marrow was determined.
Results are the mean + SEM of 4-5 experiments (n = 18 mice for
depleted cells, and n = 3-14 mice for purified cells). Uninjected
Rag 1™~ mice were used as controls. * = P < 0.05; ** = P < 0.01; ** =
P < 0.001; *** = P < 0.0001. See Figure 1 for other definitions.
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request). Consistent with the phenotype of the parental strains,
Unc93B1 TKO mouse cells did not transfer these defects, while
transfer of STING TKO mouse T cells elicited the same outcome
as that with DKO mouse T cells.

Induction of the DKO phenotype by adoptive trans-
fer of DKO mouse CD4+ T cells into Dnase2”* x Rag1™
recipients. Previous studies have documented the presence of
activated thymocytes in neonatal DKO mice (8), which is consist-
ent with our own data on splenic T cells (Figure 2B). To determine
whether T cells or B cells could be responsible for inducing the
DKO phenotype, the DKO mouse spleen cell suspension was
depleted of B cells or both CD4+ and CD8+ T cells and then
injected into B6 Rag?™~ mice. CD4+/CD8+ T cell depletion, but

not B cell depletion, abrogated the ability of the DKO mouse
spleen cells to transfer the DKO phenotype (Figure 4C).

To confirm that the relevant cells were T cells and not
CD4+ or CD8+ dendritic cells, we used magnetic beads to
isolate CD3+ T cells and injected 3 x 10° cells/mouse into
Rag1™~ host mice. These CD3+ T cells could transfer the DKO
phenotype as effectively as total DKO mouse spleen cells.
Magnetic bead—enriched CD4+ T cells, but not enriched CD8+
cells, also transferred autoinflammation into the Rag7~" hosts
(Figure 4C).

To better define the autoinflammation elicited by DKO
mouse CD4+ T cells, we further compared Rag7~~ mice injected
with magnetic bead-enriched DKO mouse CD4+ T cells to
mice injected with comparably isolated cells from littermate
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Induction of autoinflammation by transfer of DKO mouse CD4+ T cells into Rag7™~ mice. A, Rag?™~ mice were injected with 107

magnetic bead—-purified CD4+ T cells isolated from either heterozygote or DKO mice, and the spleen (SPL) weight and number of cells per
femur bone obtained from euthanized mice were assessed 4 weeks later. Tissue from uninjected Rag?~~ mice was used as controls. B and
C, Spleen (B) and bone marrow (BM) (C) cell suspensions isolated from the same mice were analyzed by flow cytometry for the percentage of
different cell populations. Bottom panels summarize the flow cytometry data. Results are the mean + SEM of 3-5 mice per group. * = P < 0.05;
=P <0.01; " =P < 0.001; ™ =P < 0.0001. See Figure 1 for other definitions.
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heterozygote controls. By 4 weeks post—T cell transfer, only the
DKO mouse T cell-injected mice, but not the mice injected with
heterozygote mouse T cells, exhibited extramedullary hemato-
poiesis, as demonstrated by the development of splenomegaly
and an increased frequency of proerythrocytes as well as both
EryA and EryB erythroblasts. In addition, mice injected with DKO
mouse T cells showed an increased percentage of CD11b+ cells
in the spleen, consistent with features of myeloid cell activation.
This outcome could not be attributed to a failure of the hete-
rozygote mouse T cells to engraft, since the mice injected with
heterozygote mouse CD4+ T cells had a much higher percentage
of T cells compared to the other groups (Figures 5A and B).

Furthermore, the DKO mouse CD4+ T cell recipients exhib-
ited bone marrow hyperplasia, which was not seen in the het-
erozygote mouse CD4+ T cell recipients. This was clearly evident
in the findings indicating an overall reduced cellularity and fewer
RBCs in DKO mouse CD4+ T cell recipients (Figure 5A; further
details available from the corresponding author upon request). The
bone marrow of the DKO mouse CD4+ T cell-injected mice also
contained fewer Ter119+ cells, a reduced percentage of EryA and
EryB erythroblasts within the Ter119 cell subset, and an increased
percentage of CD11b+ cells (Figure 5C). Pro-B cell differentiation
was also suppressed, as shown by the accumulation of B lineage
cells in the AA4.1+B220™%" compartment.

Taken together, these data show that DKO mouse CD4+ T
cells can induce developmental abnormalities in both the bone
marrow and spleen of DNase ll-sufficient mice, and that low num-
bers of DKO mouse CD4+ T cells can disrupt the bone marrow
niche responsible for development of erythroid lineage cells and
B cells, in a manner independent of the production of cytokines
by erythroid island macrophages (or any other cells) present in
the bone marrow of DNase ll-deficient mice.

Role of Unc93B1-dependent TLRs in the inflammatory
response. Exactly how Unc93B1 contributes to the inflammatory
response in DKO mice is not clear. TLR-9 has been proposed to
play a T cell-intrinsic role in the generation of Treg cells (29), and
it is very possible that the DKO phenotype reflects an absence of
Treg cells in DKO mice that would normally limit the inflammatory
response. However, 2 separate studies have found that TLR-9
cannot detect natural DNA ligands in DKO mice, presumably due
to the fact that double-stranded DNA will not degrade into frag-
ments that could be detectable by TLR-9 in DNase ll-deficient
mice (19,30).

TLR-7 has been shown to contribute to autoantibody pro-
duction in numerous models of SLE. To assess the role of TLR-7 in
DKO mice, we generated Dnase2™~ x Ifnar”™ x Tir7”"~ TKO mice.
These TLR-7 TKO mice lost the ability to make the autoantibodies
normally detected in DKO mouse serum, but they still developed
splenomegaly and autoinflammation (Figure 6A).

To further explore the role of RNA-sensing TLRs, we also
generated TLR-3 TKO mice. However, TLR-3 deficiency in these

mice had no effect on autoantibody production or the develop-
ment of splenomegaly (Figure 6A).

A strong IFNy signature in DKO mouse T cells. CD4+
T cells obtained from heterozygote, DKO, and Unc93B1 TKO
mouse spleens were evaluated for gene expression using the
Nanostring immune code set. The isolated cells were mainly
CD4+ T cells, but also included 5% CD4+CD11c+ dendritic
cells (more details available from the corresponding author
upon request). Genes associated with the Th1 cell subset were
uniquely up-regulated in the DKO mice. Examples include the
transcription factor Tbet (Tbx21), the canonical IFNy cytokine
Th1 chemokine receptors CXCR3 and CCR5, Th1 chemok-
ine receptor ligands CXCL9 and CXCL10, IL-12 cytokine and
receptor subunits, and other genes known to be induced by
IFNy (Figure 6B).

The increased production of IFNy by the DKO mouse CD4+
T cells was confirmed by cytoplasmic staining (results avail-
able from the corresponding author upon request). CXCL9 and
CXCL10 are produced by dendritic cells and not T cells, and
most likely made by CD11c+CD4+ T cells, which are included
in the magnetic bead purification of CD4+ T cells. A number of
inflammatory chemokines (CCL3, CCL4, CCL5, CCL2, CCLS,
CCL19), cytotoxic molecules (Ctsg, Gzmb, Camp), and comple-
ment components were up-regulated 10-100-fold in DKO mice
as compared to heterozygote mice. Additional highly up-regulated
genes included the RAGE ligands S100A and S100B and several
caspases, further pointing to a general state of inflammation. The
majority of these genes were not up-regulated in the Unc93B1
TKO mice (the complete data set is available from the correspond-
ing author upon request). These data further support an important
role of Unc93B1, and therefore endosomal TLRs, in the inflamma-
tory response in DKO mice.

No requirement for IFNy signaling in the transfer of
the DKO phenotype. To determine whether IFNy is required for
the development of the DKO phenotype, we intercrossed DKO
mice with mice lacking an IFNyR. Splenomegaly was reduced and
the frequency of Ter119+ cells in the spleen was lower in IFNyR
TKO mice compared to DKO mice (Figure 6A). Furthermore, the
percentage and activation status of splenic T cells in IFNyR TKO
mice returned to the normal range, as reflected by the mean flu-
orescence intensity of CD69+ cells (Figure 6C). In contrast, the
bone marrow of IFNYR TKO mice was still disrupted. Thus, IFNy is
required for the generation of the effector Th1 cell subset in DKO
mice, but not for DKO-associated bone marrow abnormalities.
These bone marrow abnormalities in Dnase2™~ mice can occur in
the absence of activated T cells.

The absence of IFNy signaling did not impact the TLR-
independent development of inflammatory arthritis. Clinical dis-
ease scores of IFNyR TKO mice were comparable to those in
age-matched DKO mice (results available from the corresponding
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Figure 6. Role of Toll-like receptors and interferon-y (IFNy) in autoinflammation. A, Left, Immunofluorescence analyses were used to stain HEp-
2 cells for antinuclear antibodies in the serum of 4-5-month-old mice of the indicated strains. Right, Spleen (SPL) weights were compared in
4-10-week-old mice of the indicated strains (n = 8-31 mice per group). Symbols represent individual mice; horizontal lines indicate the mean. B,
RNA was extracted from bead-purified CD4+ T cells obtained from heterozygote, DKO, and Unc93B1 TKO mice, and gene expression levels were
quantified using the Nanostring Immune Code Set. Morpheus software was used to generate heatmaps of Th1-related genes and additional genes
that were up-regulated 10-100-fold in DKO mice compared to heterozygotes (n = 3 mice per group). C, Percentages of Ter119+, CD3+, EryB, and
CD11b+ cells and mean fluorescence intensity (MFI) of CD69 expression in the spleens and bone marrow (BM) were compared in 5-week-old mice of
the indicated strains (n = 3—10 mice per group). D and E, Spleen weight and percentages of EryA, EryB, CD11b+, and pro-B cells in the spleens and
bone marrow were compared between uninjected Rag?™~ mice and either Rag?™~ or Rag1™~ x Ifngr”’~ mice injected with DKO mouse spleen cells
(n = 3-19 mice per group) (D) or either Rag1~~ mice injected with DKO mouse T cells or Rag1™~ x Ifngr”’™ mice injected with in vitro—generated Th1
cells (n = 3-17 mice per group) (E). Results in C-E are the mean + SEM. * =P < 0.05; * = P < 0.01; ™ = P < 0.001; ** = P < 0.0001. See Figure 1
for other definitions. Color figure can be viewed in the online issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.41090/abstract.

author upon request), consistent with the development of inflam- on most hematopoietic progenitors, including hematopoietic
matory arthritis in Rag2™~ TKO mice (16). stem cells, multipotent progenitors, common myeloid progeni-

The next question to address was whether IFNy or some tors, granulocyte-monocyte progenitors, megakaryocyte-erythroid
other factor made by the DKO mouse T cells was responsible for the progenitors, and common lymphoid progenitors, and IFNy can
ability of adoptively transferred, activated DKO mouse CD4+ T cells have a direct stimulatory or inhibitory impact on hematopoiesis

to induce the DKO phenotype in Rag?™~ mice. IFNyR is expressed (31). To assess the role of IFNyR expression in the Rag 7™ recipient
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mice, we generated Rag?™™ x Ifngr’™ mice and injected these
mice with DKO mouse spleen cells. The loss of IFNyR in recip-
ient mice had only a modest impact on the ability of these mice
to acquire the DKO phenotype (Figure 6D). Taken together, these
data demonstrate that T cell production of IFNy is required for
the development/expansion of activated DKO mouse T cells
and for the occurrence of splenomegaly, but cannot completely
account for the capacity of DKO mouse T cells to elicit bone
marrow—associated inflammation.

We also attempted to transfer the DKO phenotype into
mice using Th1 cells that had been generated in vitro. These Th1
cells did not transfer the DKO phenotype, despite the success-
ful engraftment of T cells producing copious amounts of IFNy
(Figure BE). These findings suggest that DKO mouse CD4+ T cells
have a function that is independent of IFNy production in mediat-
ing the transfer of autoinflammation.

DISCUSSION

Autoinflamsmation due to DNase Il deficiency falls in the cat-
egory of type | interferonopathy as defined by increased expres-
sion of IFN-inducible genes, elevated serum IFNa titers, and
increased phosphorylation of STAT1 and STAT3 (22). We show
herein that in the DKO mouse model, many of the features of
DNase ll-deficient patients are recapitulated, including spleno-
megaly, lymphopenia, thrombocytopenia, anemia, elevated
serum titers of non-IFN-induced inflammatory cytokines, and
liver inflammation/fibrosis. Moreover, DNase ll-deficient mice
develop deforming arthropathies remarkably similar to that seen
in patients with type | interferonopathies (15). Autoinflammation
in these mice is independent of type | IFN and at least partially
dependent on Unc93B1 expression. Therefore, autoinflamma-
tion in the DNase ll-deficient patient population may be more
dependent on type Il IFN (or type IIl IFN) than type I IFN. Recent
studies have shown that gene-targeted mice expressing gain-
of-function mutations in STING also develop an inflammatory
disease through type | IFN-independent mechanisms (32,33).
These STING mutations were originally identified in children who
developed an autoinflammatory syndrome referred to as STING-
associated vasculitis of infancy (or SAVI). Thus, a better under-
standing of the interplay between aberrant activation of nucleic
acid—-sensing receptors and activation of the adaptive immune
system is needed.

Results of the adoptive transfer studies in the current study
reveal an unanticipated capacity of DKO mouse T cells to induce
autoinflammation upon adoptive transfer into Rag?™™ mice.
Although the percentage of splenic T cells was reduced in DKO
mice, the persisting T cells were highly activated, as indicated by
elevated levels of CD44 and CD69. Gene expression analysis of
a spleen cell fraction, highly enriched for T cells, revealed a strong
Th1/IFNy signature, consistent with the high levels of IFNy detected
in the serum, both in the murine model and in patient popula-

tions. According to the Nanostring data, the DKO mouse CD4+
T cells also produced IL-21, and IFNy/IL-21 double-producing
CD4+ T cells have been shown to promote IL-12 production in the
context of inflammation and infections (34,35). It is also possible
that a distinct subset of IL-21-producing CD4+ T cells contributes
to the activation of autoreactive B cells.

DKO mouse T cell activation depended on IFNYR, as
IFNYR TKO mouse T cells did not up-regulate the expression
of either CDB9 or CD44, and splenomegaly and extramedullary
hematopoiesis were dramatically reduced in the IFNyR TKO mice
when compared to DKO mice. T cell transfer of DKO mouse
CD4+ T cells, and not CD4+ T cells from heterozygotes, into naive
Dnase2** x Rag1™" recipients resulted in disrupted erythropoie-
sis and B cell development in the bone marrow, even though the
recipient cells all expressed DNase Il. Both recipient mice and
the T cell donor mice were on a C57BL/6 background, and the
DKO and heterozygote mouse T cell donors were littermates, and
therefore the outcome was not likely to be attributable to a graft-
versus-host response. Nevertheless, IFNyR TKO mice still devel-
oped bone marrow abnormalities despite the lack of activated
T cells, suggesting that loss of DNase Il in non—T cells contributed
to the development of autoinflammation.

Limitations of this study include a minimal understanding of
the conditions that drive the activation of CD4+ T cells in DKO
mice and the mechanisms by which T cells induce autoinflam-
matory defects in B6 Rag71~~ mice. The absence of autoinflam-
mation in Unc93B1 TKO mice, and the minimal impact of STING
deficiency, implicates nucleic acid—-sensing TLRs in these events.
Since prior studies had shown that TLR-9-deficient cells could
not respond to double-stranded DNA (19,30), we reasoned that
the excessive accumulation of cell debris in DKO mice, as the
result of an inability to degrade DNA, could provide a source of
RNA that in turn engaged one of the RNA-sensing TLRs. This
premise was consistent with our previous data showing that
DKO mice produce autoantibodies that frequently stain HEp-2
cells with a nucleolar staining pattern (19). We found that TLR-7
deficiency in mice prevented autoantibody production but not
other features of autoinflammation. Moreover, TLR-3 deficiency
appeared to have no impact on either autoantibody produc-
tion or autoinflammation. Therefore, we assume that the RNA-
sensing TLRs are redundant, and that the combined deletion
of TLR-3, TLR-7, and TLR-8 will be needed to ameliorate dis-
ease; so far, we have been unable to generate these conditions
in mice. Alternatively, it will be necessary to re-explore the role of
TLR-9 in the context of the DKO mouse model.

Importantly, endosomal TLRs have been shown to act syn-
ergistically in the induction of type Ill IFN expression, particularly
in dendritic cell subsets and epithelial cells (36-38). Therefore,
IL-28 activity may account for DKO mouse dendritic cell produc-
tion of IFN-induced chemokines (as shown in Figure 6B). Type
Il IFNs have been further linked to chemokine production and
renal injury in SLE patient populations (39,40). In renal sections



ROLE OF Dnase2”~ MOUSE T CELLS IN AUTOINFLAMMATION

369

obtained from patients with severe lupus nephritis, the presence
of IFNA was associated with crescent formation, thereby con-
necting type Ill IFN production with fibrosis (40). Type Ill IFNs are
also produced by liver cells, and in vivo administration of IFNA
specifically reduced the viral load in a murine model of herpes
simplex virus 2 infection (41). Whether type Il IFN contributes to
the liver fibrosis exhibited by DKO mice is a question that war-
rants further study and could be addressed in DKO mice that fail
to express the type lIl IFN receptor.

Overall, we believe that the current data are consist-
ent with the concept of a biphasic disease process in which
DNase Il deficiency initially leads to excessive accumulation
of cell debris and the subsequent Unc93B1-dependent acti-
vation of antigen-presenting cells that, in turn, induce the
IFNy-dependent development of an unusual Th1 cell subset.
Once these T cells develop, they have the capacity to promote
autoantibody production and to mediate tissue damage. They
can also independently maintain an “autoinfammatory state”
and induce inflammation in DNase2-sufficient mice (further
details available from the corresponding author upon request).
If validated, this framework could have important implications
for the treatment of patients with autoinflammatory conditions,
in that it will be important to block both the initiating innate
stimuli that lead to T cell activation and the T cells that can
then independently promote hematopoietic and immune cell
abnormalities.
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Unresolved questions on the relationship between
EZH2 and lupus: comment on the article by Rohraff et al

To the Editor:

Systemic lupus erythematosus (SLE) is a systemic autoim-
mune disorder characterized by a range of manifestations, such
as kidney, bone, and skin damage and impairment of immune
system regulation. Cumulative evidence has shown that both
genetic and environmental factors lead to an imbalance in autoim-
munity, which contributes to SLE pathogenesis (1).

EZH2 is a catalytic subunit of polycomb repressive complex
2 and can catalyze trimethylation of histone H3 at lysine 27 to
silence its target genes (2). EZH2 has been demonstrated to
play a critical role in T cell response as well as in the function of
dendritic cells and macrophages. We read with great interest the
recent report by Rohraff et al (3), describing a study in which they
showed that EZH2 expression was elevated in neutrophils, mono-
cytes, B cells, and CD4+ T cells from SLE patients compared to
those from controls. Interestingly, suppression of EZH2 improved
survival of lupus-prone mice and down-regulated generation of
anti-double-stranded DNA (anti-dsDNA) antibody production in
these mice. Inhibition of EZH2 reduced splenomegaly, lymph-
adenopathy, and lymphoproliferation and decreased production
of inflammatory cytokines such as tumor necrosis factor (TNF) and
interleukin-10 (IL-10) (3). Rohraff and colleagues’ findings suggest
that EZH2 is increased in SLE patients and that targeting EZH2
has potential as a therapeutic option in SLE.

However, based on current findings about EZH2 in patients
with lupus, this notion is considered too preliminary, and several
questions still need to be discussed. Tsou et al reported that EZH2
levels were up-regulated in CD4+ T cells in SLE patients compared
to those in healthy volunteers (4), and that overexpression of EZH2
in CD4+ T cells led to DNA methylation changes and promoted
CD4+ T cell adhesion, whereas blocking of EZH2 down-regulated
the capacity of CD4+ T cells to adhere to endothelial cells in lupus
patients (4). In contrast, Hu and colleagues observed that levels
of EZH2 were significantly decreased in CD4+ T cells in patients
with active lupus compared to patients with inactive lupus and
healthy controls (5). The relationship between EZH2 and lupus
is unclear, and questions remain on whether EZH2 expression is
increased in lupus (and if so, if this contributes to lupus develop-
ment), or, conversely, if EZH2 expression is reduced in lupus and
negatively related to disease pathogenesis. Whether EZH2 can be
used as a disease marker for lupus is also still unresolved. Though
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Empowering Rh logy Professionals

Rohraff et al demonstrated that inhibition of EZH2 led to reduced
expression of TNF and IL-10, both the interaction between
EZH2 and TNF/IL-10 and the manner in which EZH2 expression
results in down-regulation of these inflammatory cytokines remain
unclear. Further, it is also not yet known whether there is any sig-
naling pathway via which EZH2 regulates these cytokines, there-
fore inhibiting lupus development. These questions also require
clarification in future studies.
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EZH2 inhibition in B cell subsets: comment on the
article by Rohraff et al

To the Editor:

Rohraff and colleagues’ study demonstrates the value of
targeting EZH2 using the inhibitor 3’-deazaneplanocin (DZNep)
in systemic lupus erythematosus (SLE) and assessing its effects
on the prevention and treatment of SLE in a preclinical model
(Rohraff DM, He Y, Farkash EA, Schonfeld M, Tsou PS, Sawalha
AH. Inhibition of EZH2 ameliorates lupus-like disease in MRL/lpr
mice. Arthritis Rheumatol 2019;71;1681-90). The modulation of
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Figure 1. A, Dot plots and histogram of naive B cells (CD20+CD27-), memory B cells (CD20+CD27+), and plasmablasts (CD27""CD20°")
in peripheral blood (PB) mononuclear cells from healthy controls (HCs), patients with systemic lupus erythematosus (SLE), and a healthy control
after receiving the Tdap vaccine against tetanus, diphtheria, and pertussis, and in the spleen. PE = phycoerythrin. B, Gating strategy. APC =
allophycocyanin. €, Correlation plot of plasmablasts with frequencies of CD19+EZH2+ cells (** = 0.96, P < 0.001). D and E, Frequencies of
CD19+EZH2+ cells (D) and CD27""CD20°*EZH2+ cells (E) in 8 healthy controls and 15 SLE patients. Each symbol represents an individual

subject; bars show the mean = SEM. * = P < 0.05; ** = P < 0.01.
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epigenetic changes is of interest. They found EZH2 to be sig-
nificantly up-regulated in monocytes, neutrophils, and CD19+
B cells from lupus patients, whereas in studies at our laboratory,
EZH2 levels were increased almost exclusively in plasmablasts,
but not in memory and naive B cells. As such, plasmablasts
require particular consideration with regard to their elevated
EZH2 expression. Moreover, CD19+ cells carry both EZH2-
positive and EZH2-negative populations, which makes the use
of mean fluorescence intensity (MFI) as experimental measure
inferior to the use of frequency. This also applies to plasmablasts
containing EZH2-positive and EZH2-negative fractions (Fig-
ure 1A). In our experience, EZH2+ cells from SLE patients are
mainly plasmablasts (Figure 1B). Also, after receipt of the Tdap
vaccine to protect against tetanus, diphtheria, and pertussis, the
frequency of EZH2+ cells increases, and they consist of mainly
plasmablasts (Figure 1A). This observation applies not only to
peripheral blood, but also to tissue-resident cells in the spleen
(Figures 1A and B).

Notably, the relationship between the frequency of periph-
eral plasmablasts and the frequency of CD19+EZH2+ cells
was significant (¥ = 0.96), whereas the relationship between
CD19+EZH2+ cells and MFI was not. In our data set consisting
of 15 lupus patients and 8 healthy controls, the frequencies of
CD19+EZH2+ cells and CD27"9"CD20°"EZH2+ cells demon-
strated the most pronounced differences between SLE patients
and healthy controls (Figures 1D and E).

These data indicate that an increase of EZH2 in B-lineage cells
can be largely attributed to plasmablasts and appears to be inde-
pendent of the underlying disease, including known disturbances
of peripheral B cell homeostasis in SLE (Jacobi AM, Mei H, Hoyer
BF, Mumtaz IM, Thiele K, Radbruch A, et al. HLA-DR"™"CD27""
plasmablasts indicate active disease in patients with systemic
lupus erythematosus. Ann Rheum Dis 2010;69:305-8). Thus, if
overexpression of EZH2 in B-lineage cells is involved, it seems to
be likely related to an elevated plasmablast population. Alterna-
tively, the observed effects on EZH2 inhibition in the MRL/|pr lupus
mouse model described by Rohraff et al might have an impact on
T cell-, monocyte-, or neutrophil-mediated effects, while meth-
otrexate treatment would potentially be useful in assessing the

effects of EZH2.
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Reply

To the Editor:

| thank Dr. Xu et al for their interest in my group’s work
examining the role of EZH2 in lupus. We have previously
reported changes in T cell DNA methylation patterns that are
associated with increased disease activity in lupus patients and
have identified a possible role of EZH2 in the induction of these
proinflammatory epigenetic changes (1,2). We followed these
findings with mechanistic investigations in vitro that resulted in
the identification of junctional adhesion molecule A as a novel
important target gene that is dysregulated by EZH2 in lupus
T cells (3). Subsequently, in the study currently being com-
mented on, we demonstrated a robust effect of an EZH2 inhib-
itor in improving survival and abrogating lupus-like disease in
MRL/Ipr mice. We have observed overexpression of EZH2 in
lupus CD4+ T cells compared to cells from healthy matched
controls at both the messenger RNA and protein levels (3).
Furthermore, the level of H3K27me3 (which is catalyzed by
the enzymatic activity of EZH2) was increased in lupus CD4+
T cells compared to control cells, and 2 microRNAs (miRNAs)
that regulate EZH2 in T cells (miR-101 and miR-26a) were both
down-regulated in lupus CD4+ T cells (3). Increased CD4+ T
cell expression of EZH2 in lupus was also supported by analy-
sis of publicly available gene expression data described in the
current study. Therefore, our in vitro and complementary in vivo
investigations demonstrate a role of increased EZH2 expression
in lupus pathogenesis.

Although previous findings by Ding and colleagues have
suggested reduced EZH2 expression in lupus CD4+ T cells (4),
more recent work from the same group demonstrated a patho-
genic role of EZH2 in lupus via the induction of H3K27me3 and
suppression of miR-142-3p/5p, which results in T cell activation
and B cell hyperstimulation in lupus patients (5,6). The rationale
for using a systemic EZH2 inhibitor approach in our in vivo stud-
ies was to facilitate and prioritize possible repurposing of EZH2
inhibitors that are currently being used in clinical trials to treat
cancer, for use in lupus patients. Indeed, the data we obtained
suggest that increased EZH2 expression and activity is patho-
genic and that a clinical trial for EZH2 inhibition in lupus patients
is warranted. As we discussed in our current report, systemic
inhibition of EZH2 in vivo does not allow for detailed mechanistic
characterization of the therapeutic effects observed. Therefore,
we suggested that careful mechanistic and functional studies
are warranted to understand the effect of EZH2 inhibition in vivo
on specific cell subsets. For example, cell-specific EZH2 deletion
using genetic approaches in lupus-prone mice would be a rea-
sonable next step for study.

| also thank Dr. Schrezenmeier and colleagues for their
follow-up on our work investigating EZH2 in lupus. Further
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Figure 1. Percentage of EZH2+ cells in CD19+ cells in the
peripheral blood of patients with lupus compared to age-, sex-,
and race-matched healthy controls. Each symbol represents an
individual subject; bars show the mean + SD.

study examining expression patterns of EZH2 in different
immune cell subpopulations is certainly of interest, as we
noted above. However, we are puzzled by Schrezenmeier and
colleagues’ comment that their findings on the expression of
EZH2 by B-lineage cells are not consistent with our report of
EZH2 being significantly up-regulated in monocytes, neutro-
phils, and CD19+ B cells in lupus patients. They show no data
on monocytes or neutrophils and do indeed show data that
suggest a higher frequency of CD19+EZH2+ cells in lupus
patients compared to healthy controls (Figure 1D in their let-
ter), which contradicts their statement and is consistent with
our published data. We used MFI to estimate levels of EZH2
expression in different cell types, and examination of the per-
centage of EZH2+CD19+ cells revealed consistent results in
our data set (Figure 1).

Amr H. Sawalha, MD
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Reactivity of IgG with the p40 protein encoded by the
long interspersed nuclear element 1 retroelement:
comment on the article by Carter et al

To the Editor:

The nature and specificity of self antigens targeted by
autoantibodies, which is characteristic of systemic autoimmune
diseases, can suggest clues to mechanisms initiating disease. In
systemic lupus erythematosus (SLE), anti-double-stranded DNA
(anti-dsDNA) autoantibodies are features of active disease and
are particularly associated with lupus nephritis, and the identity
of the self or foreign antigens that “break tolerance” (leading to
anti-dsDNA and other autoantibody specificities) has been a topic
of extensive study. In that context, the study described by Carter
et al (1), in which they identified reactivity of sera from SLE patients
using the 40-kd protein product of the first open-reading frame
(ORF) of the human long interspersed nuclear element 1 (LINE-1)
retroelement, is of great interest.

Carter and colleagues studied the reactivity of sera from
SLE patients, disease control patients with systemic sclero-
sis, and healthy donors with purified LINE-1 p40 using both
immunoblotting and enzyme-linked immunosorbent assay (ELISA)
techniques. Several striking observations were noted. Sera from
both SLE patients and from healthy donors reacted with p40 by
immunoblotting. Several patient and control samples were then
tested by ELISA using the same purified p40 protein as antigen.
The ELISA data largely supported the immunoblotting results, with
sera from SLE patients showing significantly higher levels of IgG
reactive with LINE-1 p40 compared to sera from healthy donors.

Data generated by investigators at my laboratory support
the results reported by Carter et al (Crow MK, et al: unpublished
observations). A His-tagged, LINE-1, ORF-1 p40 protein was
expressed, purified, and used in immunoblot and ELISA studies.
The immunoblot in Figure 1A demonstrates analysis of sera from 7
healthy donors and 7 SLE patients. Six of the 7 SLE sera showed
bands (some of which were strong) corresponding to 42 kd, which
has been demonstrated in previous studies to identify our p40
fusion protein (2). Surprisingly, all sera from healthy donors also
reacted with the electrophoresed p40 protein, although in most
cases the bands were less strong than those identified in SLE
sera. We developed an antigen-antibody capture ELISA using
the recombinant LINE-1 p40 protein. Like the results reported by
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Carter and colleagues, we found significantly higher expression
of 1gG reactive with LINE-1 p40 in sera from SLE patients than
in sera from healthy donors (Figure 1B). Together, these immu-
noblot and ELISA results are highly similar to those described by
Carter et al, showing reactivity of SLE and healthy donor sera with
purified LINE-1 p40 protein by immunoblotting as well as signifi-
cantly higher levels of IgG anti-p40 in SLE patient sera compared
to healthy donor sera.

What is particularly striking in the study by Carter and
colleagues, and not addressed in our experiments, is the relation-
ship between the presence of anti-p40 antibodies in patient sera
and clinical and serologic features of active disease. High levels of
anti-p40 were associated with higher Systemic Lupus Erythema-
tosus Disease Activity Index scores (3) and lupus nephritis. The
most notable observation was the highly significant association of
p40 level with the presence of anti-DNA antibodies as well as anti-
C1q autoantibodies and low C3 levels. These significant associa-
tions raise the question of whether detected anti-p40 reactivity in
fact reflects reactivity with DNA. Our group has demonstrated that
both RNA and DNA are associated with RNP particles containing
LINE-1 p40 and that the p40 protein is released from the parti-
cles following a 30-minute incubation with RNase or DNase (Crow
MK, et al: unpublished observations). Detailed analyses by others
have demonstrated that the LINE-1 p40 monomer forms a coiled-
coil-mediated trimer that binds DNA nonspecifically with high affin-
ity (4). Carter et al considered the potential for IgG to bind DNA in
their test sera and supported the specificity of SLE IgG for LINE-1
p40 by inhibiting reactivity in their ELISA with a 10-fold excess of

A

42 kD

Healthy Control SLE

soluble p40 (we noted a similar result with the same approach).
They also included DNase in the ELISA procedure without reduc-
ing the level of IgG reactivity. However, the DNase was added to
the adsorbed p40 at the same time as patient serum.

Further investigation of the contribution of DNA to the p40
reactivity is needed in order to fully interpret the presented results.
As noted by Carter and colleagues, anti-DNA antibodies are
frequently detected in sera from healthy donors, which again
raises the possibility that DNA reactivity could be contributing to
the reactivity of IgG from healthy donors and SLE patients with
LINE-1 p40 in the studies performed by Carter et al and those at
our laboratory.

The potential for genomic retroelements to contribute to
the induction or amplification of systemic autoimmune disease
has been raised by many investigators. Those elements, with
sequence and genomic structure similar to retroviruses, are
abundant in our genome. LINE-1 is of particular interest in
SLE (5), with a number of “active” transposable LINE-1s in
the human genome. LINE-1 transcription and translation are
usually rigorously controlled through genome methylation and
mechanisms implemented by members of the apolipopro-
tein B messenger RNA-editing enzyme catalytic polypeptide
family, endogenous nucleases, and other enzymes that edit
potentially stimulatory nucleic acids, yet our previous studies
demonstrated that LINE-1 RNA transcripts and LINE-1 p40
protein can be expressed in the involved renal and salivary
gland tissue of patients with SLE or Sjoégren’s syndrome,
respectively (2). In addition, LINE-1 nucleic acid can induce
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Figure 1. Reactivity of systemic lupus erythematosus (SLE) and healthy donor IgG with long interspersed nuclear element 1 (LINE-1) p40

fusion protein. A human LINE-1 open-reading frame 1 sequence subcloned from the embryonal carcinoma NTERA-2 clone D1 cell line was
cloned into a pQE-30 expression vector. Escherichia coli bacteria were transformed, and p40 protein expressed and purified with a histidine tag.
A, In an immunoblot assay, p40 fusion protein (700 ng/ml per lane) was electrophoresed and transferred to PVDF membranes, cut into strips,
immunoblotted with 1:100 sera from SLE patients or healthy donors, and developed with anti-human IgG. B, Microwells were coated with
500 ng/well LINE-1 p40 fusion protein, blocked with 5% milk, and incubated overnight with a 1:50 dilution of SLE or healthy donor sera.
In addition, 5 samples from patients with other autoimmune rheumatic diseases (3 with polymyositis, 1 with Sjogren’s syndrome, and 1
with psoriatic arthritis) were assayed. After washing, alkaline phosphatase-labeled goat anti-human IgG was added, and the color reaction
measured at 405 nm absorbance. Each symbol represents an individual subject; bars show the mean + SD.
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type | interferon (IFN), a key pathogenic mediator in SLE (2). In
that regard, the data from Carter and colleagues’ study sup-
port the notion of a relationship between high levels of IgG
anti-p40 and a high type | IFN score (1). The RNP particles
that contain LINE-1 p40, associated LINE-1 RNA, and DNA,
as well as a multitude of proteins that have been implicated as
autoantigens in systemic autoimmune diseases (6), should be
priority targets for detailed study of the mechanisms through
which the viral remnants in our genomes might act as initiators
of autoimmunity.

Supported by NIH grant R21-AR-050673. Dr. Crow’s work was
supported by a Novel Research Grant from the Lupus Research Institute.
Dr. Crow has received consulting fees from Gilead Sciences, Inc. (less
than $10,000). Technical assistance was provided by Jun Liang Zhou,
MS.
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To the Editor:

We are delighted that our discovery of autoantibod-
ies directed against LINE-1 retroelement—-encoded p40/
ORF1p in SLE patients has been so rapidly replicated, and
we thank Dr. Crow for her excellent summary of our find-
ings. Her laboratory’s detection of LINE-1 messenger
RNA (mRNA) and immunoreactive p40 protein in salivary
gland specimens from patients with primary Sjégren’s syn-
drome and kidney specimens from SLE patients (1) was
an important impetus for our study. We also agree with Dr.
Crow that anti-LINE-1 immunity is indicative of a poten-

tial role of LINE-1 in SLE pathogenesis. Besides the pres-
ence of autoantibodies against p40, the literature suggests
at least 2 additional reasons to suspect this hypothesis: 1)
LINE-1-encoded proteins are physically associated with Ro
60 and other well-recognized autoantigens in SLE, together
with LINE-1 mRNA or short RNA species such as Alu and
YRNA transcripts and 2) the other LINE-1-encoded protein,
p145/0ORF2p, is a reverse transcriptase that uses p40-bound
RNA as a template for DNA synthesis. The presence of
autoantibodies against p40 therefore suggests that the auto-
immune reaction in the SLE patient is targeting a protein-
RNA complex that may also include DNA newly synthesized
by reverse transcription, which has been shown to trigger the
GMP-AMP synthase (cGAS)/stimulator of IFN genes (STING)
pathway to induce type | IFN production in senescent cells
(2). Indeed, Dr. Crow’s group has shown that introduction of
full-length LINE-1 can induce type | IFN production in trans-
fected cells (1). Furthermore, it has also been reported that
activation of cGAS does occur in a subset of SLE patients (3).

The fact that LINE-1 p40/ORF1p is an RNA binding protein
and that bound RNA can be reverse-transcribed into DNA by
p145/0ORF2p makes the question of autoantibody specificity par-
ticularly important. Additionally, p40 can also bind single-stranded
DNA (ssDNA), single-stranded RNA (ssRNA), and DNA heterodu-
plexes (LaCava J, et al: unpublished observations) but not dsDNA
(4). The binding of RNA and ssDNA requires properly folded
trimeric p40. Denatured p40 protein run on a sodium dodecyl
sulfate gel and visualized as a 40-kDa band must be devoid of
any bound DNA or RNA, yet was recognized by patient IgG in our
experiments. Furthermore, our p40 preparation was extensively
treated with RNase as part of its purification from Escherichia coli.
The purification protocol also included ultraviolet spectroscopy,
which shows the presence of protein but not DNA or RNA. Nev-
ertheless, we considered it important to exclude the possibility
that, for example, DNA from SLE patient sera might bind p40 and
then be recognized by patient autoantibodies, particularly in the
ELISAs. As addressed by Dr. Crow, we included DNase (which
was present for at least 2 hours) or competing free DNA, minimiz-
ing the risk of any significant signal contribution by anti-dsDNA or
anti-ssDNA antibodies.

We continue this line of research to better understand the
contribution of LINE-1 proteins and bound nucleic acids to
autoimmunity and, potentially, SLE pathogenesis. We are also
analyzing additional diseases, particularly those that are often
associated with a type | IFN gene signature, for the presence of

anti-p40 autoantibodies.
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R21-AR-075134 and RO1-GM-126170).
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Gout management as part of secondary cardiovascular
prevention: comment on the article by Stamp et al

To the Editor:

The article by Stamp and colleagues (1) contributes to
confirming the deleterious role of gout in patients with estab-
lished cardiovascular (CV) disease. In this study, patients with
gout were shown to have a shorter time to readmission, mainly
for heart failure, though an increased risk of subsequent myo-
cardial infarction, CV-related death and all-cause death has also
been reported (2). Of interest, these poor outcomes occurred
despite appropriate CV management. Gout is a disease with
variable levels of inflammation (3), driven by the deposition of
monosodium urate crystals. Therefore, its negative impact on
atherosclerotic disease highlights the potential of managing
inflammation as a part of secondary CV prevention, as also
suggested by the results of the Canakinumab Antiinflammatory
Thrombosis Outcome Study (4).

Some issues about Stamp and colleagues’ study should
be addressed. The primary explanatory variables—gout
and serum urate (SU) levels—were recorded only at base-
line, so how gout was managed during follow-up is unknown.
The authors remarked that almost all participants classi-
fied as having gout were receiving allopurinol, impeding any
insights into the CV effects of the drug. Despite this ther-
apy, the mean SU level at baseline was 0.42 mmoles/liter,
and 69.4% of patients had SU levels of >0.36 mmoles/liter, the
target recommended by the American College of Rheumatology
(5). Thus, in the majority of participants with gout in this cohort,
the SU level was not at even the most conservative target. Allop-
urinol doses were not specified in the report, but they appear
to not be optimal. In the whole sample, having a lower baseline

SU level was significantly associated with reduced mortality and
readmissions. No subgroup analysis was performed, probably
due to size concerns, even though having the data on those with
gout might be informative.

Normalizing SU levels in gout leads to the removal of urate
crystals (6,7) and reduction of systemic inflammation (8), which
could contribute to secondary (4)—and likely primary—CV pre-
vention. Further studies on CV outcomes in gout patients should

aim to include patients receiving proper gout management.
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Georgia abortion law and our commitment to patients

To the Editor:

On May 7, 2019, Georgia, the home of the American College
of Rheumatology (ACR), enacted a law that effectively bans abor-
tion in the state. Kentucky, Mississippi, Ohio, Louisiana, Alabama,
and Missouri recently passed similar laws.
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These laws conflict directly with the most fundamental
principles of medical practice in a free society—respect for our
patients, responsibility to practice evidence-based medicine in
their best interests, and the freedom to do so without political
interference. The laws not only challenge and disrespect the
autonomy of patients and their physicians, they also threaten
patients and physicians with criminal prosecution, up to and
including prosecution for murder. Among its provisions, the
Georgia law even allows the state to investigate women who
miscarry to determine whether their personal behavior contrib-
uted to the miscarriage, in which case they may be prosecuted.

In opposing these laws, we are keenly aware that health care
professionals, like the rest of the country, have diverse personal
beliefs regarding abortion. However, those personal beliefs need
not undermine a principle that should be common to all of us—
that politicians should not interfere in medical decision-making
and certainly should not threaten physicians and patients who
do not align with their partisan political agenda. There should be
no doubt about that principle, no matter which end of the politi-
cal spectrum is involved.

Rheumatologists are trained for, and trusted with, providing
expert care of women impacted by disorders of the immune sys-
tem, including some that are particularly notable for complica-
tions during pregnancy. These complications typically occur well
past the 6-week time frame defined by these so-called heartbeat
laws. Patients with autoimmune rheumatologic disorders require
vigilance and shared decision-making among patient, rheuma-
tologist, and obstetrician when complications arise, often acutely
and requiring immediate decisions on management in the best
interest of the patient.

When we embarked on careers in medicine, we committed to
honor patient well-being as the first principle that must guide our
actions. We believe that this oath obligates us not only to serve
our patients, but also to publicly oppose any law or regulation
that would interfere with our ability to do so. We are aware that
the ACR has acknowledged the recent anti-abortion legislation
and released a general statement of principle (Advocacy News:
ACR and Anti-Abortion Legislation; https://www.rheumatology.
org/Advocacy/Advocacy-News). However, the ACR Board of
Directors did not directly express opposition to these laws, includ-
ing the law in Georgia, where the ACR resides. We hope that the

ACR will reconsider that decision, and, in the future, will publicly
oppose all laws that allow politics to interfere in the practice of
medicine.
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ACR Meetings

State-of-the-Art Clinical Symposium
March 27-29, 2020, New Orleans

Pediatric Rheumatology Symposium
April 29-May 2, 2020, New Orleans

For additional information, contact the ACR office.

ACR 2020 State-of-the-Art Clinical Symposium

Join the ACR in New Orleans for rheumatology’s premier
weekend symposium, complete with cutting-edge clinical best prac-
tices and emerging trends, without taking time from work! What'’s
new in 20207 The first full day of the 2020 meeting kicks off with a
wellness yoga session to help you avoid physician burnout and get
a healthy jumpstart to the weekend. Cap off the day in New Orleans
style with Cocktails & Cases, an event designed to encourage dis-
cussion and networking. You'll also be able to participate in a lively
panel discussion after each group session. Experience the exception-
al educational programs yourself, March 27-29 in New Orleans, LA.
Advance registration ends March 11. After March 11, you may regis-
ter on-site. To take advantage of special housing rates, reserve your
room by March 6. Visit rheumatology.org/Learning-Center/Educational-
Activities to learn more and register.

ACR 2020 Pediatric Rheumatology Symposium

Join your pediatric colleagues from across the country at the
Pediatric Rheumatology Symposium (PRSYM), a scientific meeting
dedicated exclusively to pediatric rheumatology. In 2020, PRSYM
is being held in New Orleans for the first time everl The most
cutting-edge pediatric rheumatology research will be on display in
the poster hall, where a variety of abstracts will provide enlightening
content to bring back to your team. Get an interactive learning ex-
perience with panel discussions, as well as several key networking
opportunities. Take part in the exciting educational programs, April

29-May 2 in New Orleans. Register by March 4 for early-bird rates or
by April 15 for advance registration rates, or register on-site. Reserve
your room early to take advantage of special rates (until April 8). Vis-
it rheumatology.org/Learning-Center/Educational-Activities to learn
more and register.

Education Programs

6th Systemic Sclerosis World Congress. March 5-7, 2020,
Prague, Czech Republic. The Systemic Sclerosis World Congress
boasts an eclectic mix of interactive opportunities for attendees,
including hands-on workshops; lectures, and discussions between
physicians, medical staff, and patients; oral presentations; and sat-
ellite sessions. Lectures will be given in English but will be translated
into major audience languages, and some topics will be covered in
different languages in smaller groups. The broad scope of the Con-
gress includes, among other topics, developments in scleroderma
treatments, an update on major research projects, and how to treat
pain in digital ulcers. Smaller groups will examine more specific
topics, including juvenile scleroderma and the impact of sclero-
derma on sexual life. Registration fees are €760 (December 3-
February 17) and €830 (February 18-onsite) for physicians; €300
(December 3—-February 17)and €365 (February 18-onsite) for fellows,
basic scientists, and health professionals; and €180 (December 3—
February 17), and €240 (February 18-onsite) for students. For
additional information, e-mail worldsclerodermafoundation@gmail.
com or visit the web site http://worldsclerofound.org/systemic-
sclerosis-world-congress/.

Precision Medicine in Autoimmunity. March 11-13,
2020, Denver, CO. Expert speakers will present scientific and
clinical advances related to precision medicine in rheumatoid
arthritis, juvenile inflammatory arthritis, systemic lupus erythe-
matosus, psoriasis and psoriatic arthritis, ankylosing spondylitis,
inflammatory bowel disease, myositis, and scleroderma, and on
checkpoint inhibitors and immune-related adverse events, influ-
ence of lifestyle factors on autoimmunity, and patient-reported out-
comes. Registration fee is $475. For additional information, visit
the web site www.precisionmedicineautoimmunity.org.



	A13
	A15
	toc
	203
	206
	210
	220
	234
	242
	251
	262
	273
	282
	292
	303
	315
	326
	335
	348
	359
	371
	374
	377
	ACR Announcements



