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* It is debated whether biologic therapy should be tapered or not in patients
with RA who have achieved remission.

* The 3-year results from the ARCTIC REWIND study do not support routine
tapering of TNFi among patients with RA in sustained remission because a
majority experienced flare when tapering.

* Tapering attempts were associated with a lower rate of Boolean 2.0 remission,
but no differences in radiographic progression, adverse events, or DMARD
intensification were observed compared to stable treatment.

: SUMMARY
i The ARCTIC REWIND study investigated
whether patients with rheumatoid arthritis

(RA) in sustained remission for at least |2

months could safely taper and discontinue
: tumor necrosis factor inhibitor (TNFi)
therapy compared with continuing stable
i TNFi therapy. The main outcomes were
disease flares and radiographic joint
damage evaluated over 3 years. Among
the 99 enrolled patients, 90% received
concomitant, conventional synthetic
i disease-modifying antirheumatic drugs

(DMARDs), which were maintained

throughout the study.

During follow-up, 25% of patients

successfully tapered and discontinued TNFi
i without experiencing a flare. In contrast,

85% of patients who continued stable

: TNFi treatment remained flare-free during
© the same period. There was no statistically
significant difference in radiographic
i progression between the groups, and most
! patients who experienced a flare were
able to regain remission after restarting
i TNFi.The two treatment strategies were
: not associated with differences in adverse
events or DMARD intensification, but a

lower rate of ACR/EULAR Boolean 2.0

remission was observed in the tapering
i group. These findings support shared
: decision making and prompt recognition
{ and treatment of flares.
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* Sarcopenia is longitudinally associate
progression in KOA and subsequent

d with both radiographic and symptomatic
KR.

* Such temporal relationships highlight the need for more attention to sarcopenia

screening and potential treatment in

KOA management.

* Simple and accessible sarcopenia screening tools, such as the SARC-F and chair-stand
test, could aid in widespread prevention of KOA progression.
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SUMMARY
Sarcopenia and knee osteoarthritis
(KOA) are both chronic diseases of

i the musculoskeletal system. However,

their causal relationship remains
controversial. Wu et al used a
multicenter, propensity score—-matched
cohort from the Osteoarthritis
Initiative to investigate the longitudinal
associations of baseline sarcopenia

L with radiographic and symptomatic

KOA progression and subsequent
knee replacement (KR).

Participants who screened positive
for sarcopenia using the SARC-F
questionnaire scale were classified as
screened sarcopenia (Scre-S), and
those with an additional positive chair-
stand test were defined as probable
sarcopenia (Prob-S). Results showed

. that Scre-S and Prob-S groups were

positively associated with both
radiographic and symptomatic KOA
progression over 24- and 48-month
follow-up. The risks of KR among
individuals with Scre-S and Prob-S

i were 3.8-fold and 2.3-fold higher,

respectively, than in those without
sarcopenia. These associations
remained significant after propensity
score matching. These findings
highlight that sarcopenia screening
and management in middle-aged and
older adults may slow KOA
progression and aid in reducing the
risk of subsequent KR.



Long-Term Voclosporin for Lupus Nephritis Safe for Kidneys

The AURORA clinical program evaluated
a voclosporin-based triple therapy regimen
including mycophenolate mofetil (MMF)
and low-dose glucocorticoids (GCs) for

lupus nephritis (LN). In
p.1387

this issue, Rovin et al

I (p. 1387) report results

from a substudy of the AURORA trials that

assessed histologic changes in the kidneys of
patients with active LN.

AURORA 1 randomly assigned patients to

voclosporin (or placebo) plus MMF and GCs.

AURORA 2 was a 2-year continuation study in

which enrolled patients continued on the same
study drug assigned in AURORA 1. Patients
could elect for kidney biopsy to be performed
6 months into AURORA 2 as part of a repeat
kidney biopsy substudy.

The outcomes at 18 months from the
26-patient subgroup revealed that exposure
to the study treatment was not associated with
nephrotoxicity as determined by histopatho-
logic evaluation.

Chronicity indices (CI), as measured by
histologic findings of chronic kidney injury,
remained stable at follow-up in both treatment

Journal Club

groups. For most patients, activity indices, a
histologic measure of kidney inflammation,
decreased or remained unchanged between
baseline and repeated biopsies. Of the 14
patients with an activity index of 0, however,
8 had moderate to severe kidney damage (as
indicated by CI scores), which could have
contributed to the clinically relevant levels of
proteinuria at trial entry. The authors concluded
their paper by stating that the data are reassuring
and further contribute to the understanding of
the safety profile of voclosporin for the treat-
ment of adults with active LN.

A monthly feature designed to facilitate discussion on research methods in rheumatology.

Three-Year Outcomes and Latent Class Trajectory Analysis of
the CARRA Polyarticular JIA Consensus Treatment Plans Study

Ringold et al, Arthritis Rheumatol. 2025;77:1433-1441.

The availability of multiple conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) and biologic DMARDs
(bDMARD:s) for polyarticular juvenile idiopathic arthritis (pJIA) has
improved patient outcomes. However, optimal DMARD initiation
strategies have not been established. The objective of the STOP-JIA
study was to compare effectiveness of three Childhood Arthritis
and Rheumatology Research Alliance (CARRA) consensus
treatment plans (CTPs) for untreated p)IA.These three CTPs differ
in timing of bDMARD introduction: Step-Up (SU: initial csDMARD
monotherapy, adding bDMARD 3 months later if needed); Early
Combination (EC: csDMARD and bDMARD together);and Biologic
First (BF: bDMARD monotherapy).

STOP-JIA used an observational comparative effectiveness
design nested within the CARRA registry. At the |12-month
endpoint, no significant differences were seen among CTPs in
achieving American College of Rheumatology (ACR) clinical
inactive disease (CID). However, secondary analyses suggested
that the EC group had improved patient outcomes. Additionally,
latent class trajectory analyses (LCTA) demonstrated that starting
bDMARD by 3 months predicted likelihood of rapid improvement.

The present study assessed effects of initial CTP and timing
of bDMARD introduction on disease outcomes across 3 years.
Although there were no differences among treatment groups in
achieving either ACR-CID or cJADAS-10 (clinical Juvenile Arthri-
tis Disease Activity Score using 10 joints [cJADAS-10 <2.5]) at the
3-year registry visit, patients started on the EC CTP spent
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significantly more time in inactive disease states (ACR-CID and
cJADAS-10), than patients on the SU CTP.The EC group also
achieved clinical remission on medication significantly more fre-
quently than the SU group. LCTA of cJADAS-10 scores again
found rapid, moderate, and slow improvement trajectories.
Patients starting a bDMARD within 2 months of enrollment were
again more likely to be in the rapid improvement trajectory.

Questions

I. What are the pros and cons of using an observational,
pragmatic study desigh compared to a randomized
design? What statistical methods can be used to
overcome the disadvantages?

2. What is the usefulness of nesting shorter-term
effectiveness studies within larger, longer-term chronic
disease registries capturing real-world outcomes?

3. Why was LCTA used in this study, and what insights did
this method provide?

4. Why might a summative measure such as percentage
of time spent in Clinical Inactive Disease (CID) show a
significant difference between groups when that same
CID outcome measured at a single timepoint may not?

5. Do the study's findings have potential practice change
implications for new-onset untreated pJIA patients?
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Prophylactic TMP-SM X Associated With
Reduced Risk of Infectionsin AAV

Patients with antineutrophil cytoplasmic
antibody—associated vasculitis (AAV)
experience disease-specific organ damage and
widespread inflammation. In addition, exposure

to immunosuppressant
p. 1 407 medications makes them
I moresusceptibleto serious
infections. Unfortunately, few studies have
examined the optimal management of AAV to
minimize the risk for infection.

In this issue, Kim et al (p. 1407) report the
results of a retrospective study that found that
prophylactic trimethoprim—sulfamethoxazole
(TMP-SMX) significantly reduced the risk for
serious infections in patients with AAV. The
effect was particularly pronounced during the
first 6 months of induction therapy with ritux-
imab or cyclophosphamide. The protection,
which reduced incidence of infections beyond
protection against Pneumocystisjirovecii pneu-
monia (PJP), was more evident in patients with
additional risk factors for serious infections.
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significantly lower incidence of serious
infections than the control group
(hazard ratio [HR] 0.48 [95% confi-

incidence of serious infection based on ITT analysis.
HR, hazard ratio; ITT, intention-to-treat; TMP/SMX,
trimethoprim—sulfamethoxazole.

dence interval (CI) 0.32-0.72]). The
beneficial effect of TMP-SMX was
only significant, however, during the first
180 days (HR 0.41 [95% CI 0.22-0.76])
and not thereafter (HR 3.67 [95% CI 0.46-
29.43]) (interaction P = 0.044) — a finding
that was reinforced by the results of their
time-varying analysis. There was one case
of severe adverse drug reaction related to
TMP-SMX; based on that, the number of

treated patients needed to harm was 127.4.
The number needed to treat to prevent one
serious infection was 8.0. The researchers
note that although they have demonstrated the
beneficial effects of prophylactic TMP-SMX
in reducing the risk for severe infection, the
optimal duration of treatment needs to be
further validated in future studies.

Predictive Biomarkers Identified for NHL in Primary Sjogren Disease

One of the central questions in primary Sjogren
disease (pSD) is whether the CD11c* FcRL5*
tissue-like memory (TLM) B cell popula-
tion represents the prelymphomatous B cell

source that contributes
p- 1 3 94 to the development of
I pon-Hodgkin lymphoma
(NHL). In this issue, Marques et al (p. 1394)
describe their use of integrative analysis,
coupling deep immunophenotyping findings
with clinical, biological, and histopathologic
data, to identify novel biomarkers of NHL in
pSD. They report that CD11c* FcRL5* TLMs
and IFNy* TNFa* conventional T cellscan be
used to identify patients with pSD who are at
higher risk of developing lymphoma.

Their cross-sectional study included
demographic, clinical, biological, histo-
pathological, and immunological data from
206 patients with pSD (19 of whom had
NHL-pSD). After immunophenotyping of
blood samples from the patients, the investi-
gators combined an unsupervised approach,
data normalization, and deep cluster analysis
to identify two clusters of NHL-pSD. They
then characterized their shared and specific
cell and biological/clinical parameters.

The investigators found that the combi-
nation of number of cellsin thetwo clusters
(CD1l1c* FcRLS5* TLMs and IFNy* TNFa* T
cells) discriminates patients with NHL-pSD
with a sensitivity of 78.9% and a specificity

of 76.8%. The combination thus exceeded
the performance of the traditionally used
combination of clinical and biologic
markers, including cryoglobulinemia vascu-
litis and parotid enlargement. The new data
refine the phenotype of CD21- cellsin pSD
by identifying them as TLMs that express
CDl11c and FcRLS5. The results also high-
light the correlation between lymphoprolif-
eration and a CD4* T cell population with
a phenotype similar to that of Th1 lympho-
cytes. The authors propose that eventually
flow cytometry might be used by clinicians
to quantify these cell populations, thereby
enabling the identification of patients at risk
of developing NHL-pSD.
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The outcomes at 18 months from the
26-patient subgroup revealed that exposure
to the study treatment was not associated with
nephrotoxicity as determined by histopatho-
logic evaluation.

Chronicity indices (CI), as measured by
histologic findings of chronic kidney injury,
remained stable at follow-up in both treatment
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groups. For most patients, activity indices, a
histologic measure of kidney inflammation,
decreased or remained unchanged between
baseline and repeated biopsies. Of the 14
patients with an activity index of 0, however,
8 had moderate to severe kidney damage (as
indicated by CI scores), which could have
contributed to the clinically relevant levels of
proteinuria at trial entry. The authors concluded
their paper by stating that the data are reassuring
and further contribute to the understanding of
the safety profile of voclosporin for the treat-
ment of adults with active LN.
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inactive disease (CID). However, secondary analyses suggested
that the EC group had improved patient outcomes. Additionally,
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quently than the SU group. LCTA of cJADAS-10 scores again
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again more likely to be in the rapid improvement trajectory.

Questions

I. What are the pros and cons of using an observational,
pragmatic study desigh compared to a randomized
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Voclosporin Nephrotoxicity: A Myth Debunked?

Anthony Chang

Gary Hill, a prominent nephropathologist, quipped more
than five decades ago that “if you are only going to do one
biopsy, do the second.”" In practice, the second kidney biopsy
may be obtained when there is a relapse or flare, often months
to years later. However, the most desired second kidney
biopsy would be when the patient has improved or stabilized
after a clinical intervention, and that can only occur within a
clinical trial.

Voclosporin is a second-generation calcineurin inhibitor (CNI)
that has demonstrated efficacy in lupus nephritis with the allure of
less nephrotoxicity.? In this issue of Arthritis and Rheumatology,
Rovin and colleagues conducted a substudy of AURORA patients
with lupus nephritis focusing on whether voclosporin treatment
demonstrated histopathologic features of CNI toxicity (CNIT).®
Repeat kidney biopsies with a mean separation time of 18 months
were obtained, and there were no significant differences in the
vascular or tubular compartments regarding the recognized fea-
tures of CNIT. The voclosporin-treated group demonstrated
worse arteriolar hyalinosis in 1 of 16 patients compared with 3 of
10 patients in the placebo group.

These data potentially support the tantalizing narrative that
voclosporin is less nephrotoxic than first-generation CNls, cyclo-
sporine and tacrolimus. However, it would be premature to con-
clude that voclosporin does not cause any nephrotoxicity. This
was a small cohort with limited racial diversity. In reality, complete
arteriolar cross-sections are infrequent in tissue sections and may
be less frequent than glomerular cross-sections. The four slides
that were examined for this study are one-third to one-half of the
number of slides that are routinely evaluated by most nephro-
pathology laboratories. As a result, focal lesions of CNIT may have
been missed, or alternatively an arteriolar mechanism of injury, if
present, may be low grade such that significant changes may
not be identifiable by the human eye within 18 to 24 months.
Thus, we are reminded that the absence of proof is not proof of
absence.
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Despite these limitations, these data represent an impor-
tant step forward and could only have been obtained because
the study design required repeat kidney biopsies. These find-
ings may also allay some concerns about voclosporin nephro-
toxicity with long-term treatment given that the 2024
American College of Rheumatology practice guidelines for
active lupus nephritis flares recommend considering CNlis
along with triple immunosuppressive regimens (intravenous
glucocorticoids, methylprednisolone, and steroid taper) and
mycophenolic acid analogues, especially with protein levels in
the urine (proteinuria)® >3 g/g.

My skepticism regarding our tendency to blame any arteri-
olar alterations on CNIT has steadily increased over my two
decades of experience given that arteriolar hyalinosis is not a
specific feature and is often observed in diabetic or hyperten-
sive patients who have never been exposed to CNIs. Perhaps,
hyalinosis represents a low-grade or smoldering microangio-
pathic injury, of which there are several culprits in lupus nephri-
tis. Newer therapies that are better suppressors of the adaptive
and/or innate immune system may also have the added benefit
of dampening such a microangiopathic injury. In other words,
we might consider that arteriolar hyalinosis reflects inadequate
treatment of lupus nephritis rather than direct injury solely by
CNIs. The three patients in the control group with worse arteri-
olar hyalinosis in their repeat kidney biopsies and no CNI ther-
apy would support this notion.

Other arteriolar alterations, such as vessel wall thickness,
luminal reduction, and endothelial cell enlargement or swelling,
are not recognized features of CNIT, but these may be important
pathologic parameters for future investigations that will require
automated and precise measurements involving image analysis
and/or machine learning. Perhaps these quantitative methods
could detect subtle changes that are not apparent to the human
eye so that we would not have to wait five years or longer before
a statistically significant difference can be seen.

Submitted for publication April 12, 2025; accepted in revised form April
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The kidney biopsy still remains the gold standard, and the
investigators of this AURORA substudy should be applauded for
reminding us of the important knowledge that sequential kidney
biopsies can provide. | hope that future investigators are inspired
to conduct more studies with repeat kidney biopsies in clinical
settings beyond lupus nephritis and kidney allografts, which will
advance our understanding of other complex kidney diseases as
my favorite mantra of Gary Hill continues to remain relevant.
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Tapering in Rheumatoid Arthritis: A Path to Predict Flares

Elise van Mulligen,’ ' Jon T. Giles,?

For patients with rheumatoid arthritis (RA) who achieve sus-
tained remission, the question of tapering biologic therapies,
especially anti-tumor necrosis factor (anti-TNF) drugs, is increas-
ingly relevant. Although dose reduction may decrease treatment
costs and adverse effects, the looming threat of disease flares,
reported in up to 66% of patients within 6 to 12 months of taper-
ing, presents a significant clinical and economic challenge.”

To address this, Kjerholt and colleagues report three-year
data from the TNF inhibitor arm of the ARCTIC REWIND trial in this
issue of Arthritis & Rheumatology.? The trial was powered on the
primary end point of flare at 12 months among patients with RA
in sustained remission who were randomized to taper off their
TNF inhibitor over four months versus continue stable TNF inhibi-
tor therapy. The primary analyses of the primary end point were
published previously.® All patients continued to take stable back-
ground conventional synthetic disease-modifying antirheumatic
drugs (DMARDs). The trial was open label for the patients and
investigators but blinded to the assessors. At 12 months, there
were 47 patients in the taper group in the intent-to-treat analysis,
compared with 43 patients in the stable therapy group. By three
years, this had dropped to 44 patients in the taper group and
43 patients in the stable group, with the losses to follow-up in
the taper group due to a non-study-related death and loss to
follow-up. Similar to the 12-month findings, the flare rate was
higher in the taper group compared with the stable group, with
only 25% in the taper group remaining flare free compared
with 85% in the stable TNF inhibitor group, which was highly sta-
tistically significant. Notably, in the taper group, there were very
few flares past 12 to 16 months. There was no significant differ-
ence in radiographic progression between the groups, although
the rate of radiographic progression for those in the tapering
group was almost double that of the stable group (15% vs 8%),
and most, but not all, of the patients who restarted their original
TNF inhibitor in the taper group regained remission or low disease
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activity. There was no meaningful difference in adverse events
between the groups.

Although none of the three-year findings were part of the trial’s
statistical powering, these extended findings provide valuable infor-
mation that providers and patients can use when contemplating
TNF inhibitor tapering in the setting of sustained remission. An
important element missing from this report is whether specific
patient characteristics could predict those who could successfully
taper. However, we assume that this is being explored in separate
analyses because it is key information needed to inform shared
decision-making when patients and providers contemplate tapering.

The trial’s open-label design introduces the possibility of
reporting bias, particularly in flare detection. The composite flare
definition, which includes formal clinical criteria as well as patient
and physician judgment, may lead to more subjective flare report-
ing in patients tapering therapy. Given that no difference was
found in Disease Activity Score (DAS) remission or ultrasound
synovitis, but a significant difference existed in American College
of Rheumatology/EULAR Boolean remission, the potential influ-
ence of subjective components merits further exploration.* A
breakdown of flares by definition type would improve transpar-
ency and contextualize the findings more fully.

Flares in RA are far more than brief setbacks. They result in
worsened joint pain, functional decline, increased health care
use, and reduced work productivity. The TARA trial highlighted
this burden, showing greater indirect costs linked to work pro-
ductivity loss in patients who experienced flares during tapering.®
Such findings make it clear: the cost of a flare can easily negate
the savings from reduced drug use.

International guidelines cautiously support tapering for
patients in sustained remission, typically defined by stringent
DAS remission lasting at least six months. However, focusing
solely on disease activity overlooks broader patient characteris-
tics and experiences, including pain, fatigue, and disability. This
shift toward a dual-target approach, treating both inflammation
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and other domains that result in poorer quality of life, marks a sig-
nificant evolution of the traditional treat-to-target paradigm.®’
Yet, approximately 19% to 50% of patients remain outside remis-
sion, often because of discordance between clinical assessments
and patient-reported symptoms such as pain and fatigue.

To taper wisely, we need to predict flares with precision,
specifically in remote monitoring. Cohort studies have identified
some risk factors.® Also, tapering studies such as OPTTIRA
and DRESS have begun to illuminate risk factors, including
DAS-related radiologic progression, impaired physical function,
and fatigue.®'° These findings, alongside gradual tapering strat-
egies (eg, dose reduction or interval extension),’" show promise:
up to 43% of patients tapered TNF inhibitors successfully with-
out major setbacks. Imaging and biomarker studies also contrib-
ute; magnetic resonance imaging features such as synovitis and
bone edema and serum markers such as soluble tumor necrosis
factor receptor type | and interleukin-2 can help flag patients at
higher risk.'> Moreover, innovative tools are emerging. The
RETRO study demonstrated how machine learning, '® combined
with patient-reported data, achieved a predictive accuracy of an
area under the receiver operating characteristic curve of 0.81.
Artificial intelligence—driven decision-support systems are now
being developed to integrate clinical, biologic, and imaging data,
pointing toward a future in which individualized flare prediction is
both feasible and actionable. Furthermore, results from the
PATIO trial are awaited, in which a dynamic flare prediction
model is used as a decision aid during stepwise tapering of bio-
logic DMARDs.

The objective of treatment tapering should be clearly defined
in advance: is the intention to reduce the dosage or to eventually
discontinue medication altogether? Recent trials exploring the
tapering of biologic DMARDs to half-doses have generally
reported favorable outcomes. However, when the ultimate goal
is complete cessation, results become more variable, particularly
across different risk groups. Notably, the risk of disease flare
before tapering varies significantly. For instance, DMARD-free
remission was achieved in 40% of anti-citrullinated protein anti-
body (ACPA)-negative patients, compared to 5% to 10% of those
who were ACPA-positive.'® Interestingly, patients in remission
while taking conventional DMARDs appear more likely to suc-
cessfully discontinue treatment than those taking biologic agents.
Supporting this, data from the separate nonbiologic DMARD
tapering companion trial of ARCTIC REWIND showed that among
patients taking conventional DMARDs, 80% of those taking a sta-
ble dose remained flare free, compared to 57% in the half-dose
group and just 38% in the complete withdrawal group.'® These
findings underscore the importance of accurate risk prediction
and patient stratification before initiating DMARD tapering or
withdrawal.

The conclusion by Kjerholt et al that tapering should not be
done “on a regular basis” may be interpreted as more restrictive
than necessary. Although their study demonstrates an increased

risk of flares with TNF inhibitor tapering, it also shows that these
flares are largely reversible and not associated with radiographic
progression over a three-year period. This suggests that tapering
remains a viable option for selected patients, especially when
guided by patient preferences, accompanied by close monitoring,
and supported by a clear plan for rapid reintroduction of therapy if
needed. Central to this process is shared decision-making, in
which clinicians and patients must engage in open discussions,
weighing the benefits of reduced medication against the risk of
flares, with plans for close monitoring in place. A gradual stepwise
approach is preferred to minimize risk. The path forward lies in
building robust, multidimensional prediction models through pro-
spective studies and interdisciplinary collaboration. |dentifying
predictors of successful tapering, refining the definition of flares,
and optimizing monitoring strategies will be essential to enabling
safe and effective de-escalation. With precision tapering informed
by reliable predictors, we can strike the right balance, reducing
treatment burden while safeguarding quality of life. In doing so,
RA care can shift from reactive to proactive, ensuring that remis-
sion remains not just a milestone but a sustainable reality.
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EXPERT PERSPECTIVES ON CLINICAL CHALLENGES

Expert Perspective: How, When, and Why to Potentially Stop
Antiresorptive Drugs in Osteoporosis

Giovanni Adami' and Kenneth G. Saag?

Osteoporosis is a chronic disease, and antiresorptive treatments are often continued for many years. Despite their
established efficacy in reducing fracture risk, the most commonly used antiresorptive treatments, bisphosphonates
and denosumab, have short- and long-term risks that, coupled with their benefits and other unique characteristics,
influence consideration for at least periodic discontinuation. Bisphosphonates retain their effects even after discontin-
uation due to their prolonged skeletal retention, whereas denosumab discontinuation is associated with a rapid
rebound in bone turnover and increased fracture risk. There is controversy about how, when, and why to potentially
stop these agents. We discuss both permanent and temporary discontinuation of long-term treatment with bisphos-
phonates and denosumab. We focus on the reasons and timing for discontinuation as well as strategies to mitigate

future fracture risk.

Clinical challenge

Two 70-year-old postmenopausal identical twins (Ms DMS
and Ms BPS) were seen for a second opinion about their severe
osteoporosis. Ms DMS had a vertebral fracture 12 years ago
and experienced a wrist fracture in her fifties. She has been
treated for nine years with denosumab at 60 mg subcutaneously
every six months. Her twin sister has a history of two vertebral
fractures 9 and 13 years ago, and she has been taking alendro-
nate at 70 mg orally once a week for the past 15 years. Beyond
age, menopausal status, and a family history of an early hip frac-
ture in their mother, neither sister has additional major risk factors
for fractures. They have both been reading about adverse effects
related to long-term osteoporosis treatment and are concerned
about continuing their medications.

Osteoporosis treatment considerations and why to
consider stopping certain drugs. Effective management of
osteoporosis is critical to reducing the risk of fractures, which
significantly impact the quality of life in older adults. Several
pharmacologic treatments are available for the management of
osteoporosis, each with distinct mechanisms of action and
long-term effects on bone metabolism. This perspective will be
limited to issues surrounding the longer-term use of the two
most commonly used types of antiresorptive osteoporosis
drugs: bisphosphonates and denosumab.
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Bisphosphonates and denosumab have been the cornerstone
of osteoporosis management because of their wide availability and
efficacy in reducing bone resorption by inhibiting osteoclast activity,
leading to improved bone mineral density (BMD) and reduced frac-
ture risk."® Bisphosphonates, such as alendronate, bind to
hydroxyapatite crystals and are incorporated directly into the bone
hydroxyapatite matrix. They inhibit osteoclast activity by targeting
the enzyme farnesyl diphosphate synthase in the osteoclast meva-
lonate pathway and limit production of a ruffled border necessary
for bone resorption. They have a very extended activity because
as the bone is resorbed, they are progressively uncovered and
become reactivated.” Based on this rather unique depot mecha-
nism of action, bisphosphonates provide a prolonged antifracture
benefit and have drug effects that may persist months or years
even after their discontinuation. On the other hand, denosumab, a
monoclonal antibody that inhibits the RANKL, a key factor in osteo-
clast activation differentiation, activation, and survival, has biologic
effects that are sustained for only six months after a single subcuta-
neous dose. If denosumab is discontinued, there is a rapid
“rebound” in bone turnover associated with an increased fracture
risk.212 Suppression of bone turnover is a key mechanism by
which these drugs reduce fracture risk. However, prolonged sup-
pression of bone turnover can cause the bone to become more
highly mineralized and lose its ability to repair microdamage.’®'*
This can lead to bone fragility. Potential “oversuppression” of bone
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remodeling has been associated with rare adverse events with both
classes of agents.

The most concerning adverse events associated with both
bisphosphonates and denosumab are atypical femoral fractures
(AFFs) and osteonecrosis of the jaw (ONJ). These adverse events
are believed to stem, at least in part, from the profound and
longer-term suppression of bone remodeling. Although both con-
ditions share a common pathophysiology related to the suppres-
sion of bone turnover, each has unique characteristics and
potential mechanisms.'®

ONJ is characterized by exposed necrotic bone in the maxil-
lofacial region, often following dental extractions or other invasive
dental procedures. It is believed that prolonged suppression of
bone turnover compromises the ability of the jawbone to repair
microdamage and maintain vascularity, leading to localized
necrosis. Additionally, factors such as local infection, reduced
angiogenesis, and microbial biofims play significant roles in the
pathogenesis of ONJ.'®

AFFs occur along the subtrochanteric or diaphyseal regions
of the femur and occur with minimal trauma. The pathogenesis
involves oversuppression of bone turnover leading to reduced
bone remodeling capacity, accumulation of microdamage, and
altered bone material properties.’”

Both events are estimated to have an overall incidence of 1 of
1,000 to 1 of 10,000 in patients treated for osteoporosis.'®'®
Despite the overall rarity and the typical modest severity of most
cases of ONJ in osteoporosis, it occasionally can be very serious
and lead to morbidity and even death. Further establishing cau-
sality of these events with bisphosphonates, ONJ rates approach
1% to 10% when potent intravenous bisphosphonates are
administered as frequently as every month in the setting of malig-
nancy.'® Because of the unusual depot effects of bisphospho-
nates, the risk of these longer-term adverse effects with both
treatments, and/or achievement of successful bone health
outcomes, some clinicians and patients, such as the twins, will
consider stopping these treatments after variable periods of use.

In the complex clinical challenge we described, the approach
to care for Ms DMS and Ms BPS varies greatly, based on their
specific bone treatment history, even if the two sisters present
with a somewhat similar health history and identical genetic
background.

A detailed bone medication history is essential in evaluating
and managing osteoporosis. For Ms DMS, questions should
focus on her adherence to denosumab, including whether she
has missed or delayed any doses, given the rebound risk. For
Ms BPS, the medical history should explore her adherence to
alendronate over the years. Indeed, oral bisphosphonates,
although effective, are well known for poor long-term adherence
due to their strict dosing requirements and potential gastrointesti-
nal side effects. In addition to adherence, another challenge with
oral bisphosphonates, particularly in older adult patients, is
reduced gastrointestinal absorption. Bisphosphonates have

inherently low bioavailability (~1%), and their absorption is further
impaired by common factors in older adults, such as concurrent
medication use (eg, proton pump inhibitors). Medical history
should also include the evaluation of the need for future invasive
dental procedures, particularly tooth extraction and intended den-
tal implants, that might affect use and/or timing of antiresorptives
due to risk of ONJ.

How and when to discontinue antiresorptives

Given their different mechanisms of action, we will discuss
separately denosumab discontinuation and bisphosphonate drug
holidays. The evidence supporting the decision-making in
continuing or stopping these therapies is summarized in Tables 1
and 2.

Bisphosphonates. Bisphosphonates can be classified
based on the route of administration and, more importantly,
based on their relative osteoclast inhibition potency, mostly deter-
mined by their affinity to the bone. Among the commonly used
bisphosphonates—alendronate, risedronate, zoledronic acid,
and ibandronate—there are significant differences in their bone
affinity, with zoledronic acid having the most affinity to bone and
ibandronate and risedronate having the lowest.2°

Long-term extension to the clinical trials of bisphosphonates,
such as alendronate, have provided critical insights into their effi-
cacy and the effects on treatment discontinuation. In the pivotal
study of alendronate for postmenopausal participants with osteo-
porosis who continued alendronate treatment for up to 10 years
showed significant and sustained increases in BMD. This was
most notable at the lumbar spine, where after approximately five
years of therapy, BMD essentially plateaued and persisted even
after the drug was stopped for five years.! In contrast, BMD at

Table 1. Bisphosphonate discontinuation: benefits, risks, and
competing evidence*

Risks to discontinue/

Benefits/rationale to discontinue rationale to continue

Residual fracture risk in
high-risk patients??>>

Protracted efficacy even after
discontinuation (especially with
alendronate or zoledronic acid-
prolonged skeletal retention)?' 232

Plateauing of BMD benefit after
prolonged therapy (~3-5 years) and
similar fracture risk?'??

Risk of adverse effects related to
treatment duration'®3?

Refracture risk during
drug holiday?*3%3°

Secondary mineralization
might offer benefit
beyond BMD
increase’®”’

Reduced adverse effects upon stopping -
(ONJ, AFF)WS,19,33

Temporary discontinuation -
(holiday)**233°

* AFF, atypical femoral fracture; BMD, bone mineral density; ONJ,

osteonecrosis of the jaw.
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Table 2. Denosumab discontinuation: benefits, risks, and compet-
ing evidence*

Risks to discontinue/rationale to
continue

Benefits/rationale to
discontinue

Rebound in bone turnover markers
and loss of BMD®10/1240

No further risk reduction
after achieving T score
greater than’® -1.5/-2.0

Successful exit strategies to
attenuate rebound exist:
transition to zoledronic
acid or alendronate®’

Adverse effects (eg, ONJ,
AFF)15,18,19

Increased risk of fractures and
multiple vertebral fractures after
discontinuation??42-4450,54

Risk of fracture higher than
expected from BMD loss*>*"

- Efficacy and safety tested through

10 years™’

- Bisphosphonates (especially with

less potent bisphosphonates

such as risedronate), SERMs, or

romosozumab after

discontinuation still associate with
bone logs32:53:55.70,79,80

* AFF, atypical femoral fracture; BMD, bone mineral density; ONJ,
osteonecrosis of the jaw; SERM, selective estrogen receptor
modulator.

the hip and bone turnover returned toward baseline over approx-
imately five years. The impact of alendronate discontinuation after
five years on fracture risk is somewhat nuanced. Overall, there
was no significant difference in the incidence of morphometric
vertebral, nonvertebral, and hip fractures between those who
continued treatment for 10 years and those who discontinued
after only 5 years. However, there was a 55% reduction in the risk
of clinical vertebral fractures in those who continued alendronate
therapy for 10 years, and the subgroup of women who were at
highest fracture risk also saw a preferential benefit to continuing
therapy.?? Notably, the study was considerably underpowered
to detect differences in fracture risk among those who persisted
with therapy and patients who remain in extensions to clinical tri-
als have low generalizability to the general population.

Risedronate, another oral bisphosphonate given weekly or
monthly, exhibits a comparatively much shorter “tail effect” than
alendronate. Specifically, although bone turnover and BMD in
patients treated with alendronate returns to baseline levels over
approximately five years, those treated with risedronate revert to
baseline within approximately one year after stopping the medica-
tion, regardiess of the treatment duration.?®2*

Zoledronic acid (also known as zoledronate), is another com-
mon bisphosphonate administered intravenously once a year. It
also has an even longer tail effect, and participants who discontin-
ued treatment after years still exhibited some residual benefits.2®
Notably, a single infusion of zoledronic acid can sustain BMD
gains over baseline for up to 10 years and reduce clinical fracture
risk,%® supporting that its very prolonged effects may offer bone
benefits even after discontinuation. Beyond its well-established
role in fracture prevention, zoledronate has also been associated

with a reduction in overall death in older adults with osteoporosis
and after hip fractures. The Health Outcomes and Reduced Inci-
dence with Zoledronic Acid Once Yearly Recurrent Fracture Trial
showed a 28% reduction in all-cause deaths in patients receiving
zoledronate following a hip fracture.2”

Although AFFs and ONJ have generated the greatest concerns,
the most common bisphosphonate adverse events are gastrointesti-
nal issues with oral administration and acute flu-like symptoms
(acute-phase reaction) with intravenous administration.'® However,
gastrointestinal intolerance to oral bisphosphonates is usually
rapidly reversible on discontinuation, not related to the duration
of the treatment, and more likely to occur within weeks of the first
dose. Acute-phase reactions (APR)s are usually limited to a few
days and wane with subsequent administrations of bisphospho-
nates. Moreover, a short course of dexamethasone before the
first infusion reduces APR severity.?® Renal toxicity with zoledro-
nic acid is also seen and primarily associated with rapid infusion
rates in patients with impaired renal function.?® Although con-
cerns have been raised about esophageal cancer and atrial fibril-
lation being associated with bisphosphonates, causality has not
been firmly established.®°-'

The risk—benefit balance of bisphosphonates can be evalu-
ated by the number needed to treat (NNT) and number needed
to harm (NNH). Although the NNT for preventing typical osteopo-
rosis fractures is largely favorable in the early years of treatment,
the NNH for serious adverse events such as AFF increases with
extended therapy. In White women, bisphosphonate use corre-
sponded to a NNT for preventing a typical fragility hip fractures
of approximately 350 and 170 at 5 and 10 years, respectively.*?
In contrast, in Asian women, the NNT was greater at 575 and
278 at 5 and 10 years, respectively. After five years of treatment,
the NNH to cause an AFF was 12,500 for all women. However,
The NNH decreased after 10 years of continuous treatment to
2,630. Of note, the NNH at 10 year was disproportionately lower
among Asian women at only 424, thus indicating a higher rate of
AFF compared to the overall population. The study also identified
other risk factors for AFF, beside Asian ethnicity, including
reduced height, weight, and glucocorticoid use. Importantly, the
risk of AFF decreased rapidly after discontinuation of bisphospho-
nates, highlighting the importance of considering so called drug
holidays. These therapy transitions to other types of medications
are intended to mitigate long-term risks while maintaining the
therapeutic benefits of fracture prevention. This balance in risk
and benefit among different ethnic groups of women, in particular,
necessitates careful consideration on the selective timing and
duration of bisphosphonate therapy.

The 2016 American Society of Bone and Mineral Research
(ASBMR) guidance on drug holidays for patients on long-term
bisphosphonates offers emphasizes the balance between the
benefits of fracture prevention with bisphosphonate and the need
to reassess fracture risk over time®® (see Figure 1). High-risk
patients, such as persons age >70 years, those with a low hip T
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score (less than —2.5), those who have had a major osteoporotic
fracture, or those who continue to fracture while on therapy, may
benefit from extended treatment for up to 10 years with oral bis-
phosphonates or 6 years with intravenous zoledronic acid. For
patients deemed to be at low or moderate fracture risk after the
initial treatment period, a drug holiday of two to three years may
be considered. During this period, patients should undergo peri-
odic reassessment of their fracture risk, including monitoring
BMD and possibly bone turnover markers (BTMs). This reassess-
ment helps determine the appropriate time to reinitiate therapy if
the patient’s fracture risk increases. A decrease in BMD of >3%
(usually more than the least significant change on dual x-ray
absorptiometry [DXA]) is considered significant at an individual
patient level.®*

BTMs, such as C-terminal telopeptide (CTX), also can be
used in monitoring the effectiveness of osteoporosis therapy and
guiding decisions about drug holidays or treatment reinitiation.
CTX reflects the rate of bone resorption, and its levels typically
decrease with effective antiresorptive treatment, such as bisphos-
phonates. A significant drop in CTX from pretreatment levels,
defined as more than the least significant change of 30%, sug-
gests that an antiresorptive therapy is effective in suppressing

bone turnover. CTX levels also can be used to monitor drug holi-
days. A common approach involves comparing baseline (predrug
holiday) levels with those during the drug holiday. Two potential
thresholds for interpretation include a return to baseline levels
(pretreatment) or an increase of more than 30% from the end-
of-treatment levels. Our approach to these two thresholds can
be summarized as follows: (1) a return to pretreatment baseline
levels or higher (ie, before any bone active drug has been started),
indicating complete loss of antiresorptive effect or (2) an increase
of more than 30% (above the least significant change of most
BTMs) from end-of-treatment levels, suggesting excessive bone
loss. Measuring BTMs at 6 to 12 months after stopping bisphos-
phonates might allow clinicians to determine whether therapy
should be restarted earlier than BMD alone would suggest, partic-
ularly in high-risk patients. Other BTMs, including urinary
N-telopeptide, can be used in similar ways, albeit urinary turnover
markers are more subject to diurnal variations.>®

A corollary concern is that once bisphosphonates are dis-
continued for an extended period, fragility fractures may recur.
US Medicare data were used to examine the fracture risk associ-
ated with various lengths of drug holidays among 81,427 women
aged 65 years and older who had been adherent to

Post-menopausal women treated with oral (2 5
years) or IV (2 3 years) Bisphosphonates (BPs)

Hip, spine or multiple other fractures before or during therapy?

Yes

No

Hip BMD T-score < -2.5
or
High fracture risk1?

Yes

Assess benefit/risk

Consider continued BP or change to
alternative therapy (e.g., DMAB or ROMO

Reassess every 2-3 years(?

or PTH analog)

Figure 1. Approach to the management of postmenopausal women undergoing long-term bisphosphonate therapy (adapted from Adler
et al®). (1) High fracture risk: defined by older age (70-75 years), other strong risk factors for fracture, or a validated fracture risk assessment tool
fracture risk score above country specific thresholds. (2) Reassessment includes clinical evaluation and risk assessment including risk factors and
may include bone density measurement by dual x-ray absorptiometry (DXA). The monitoring interval with DXA should be based on changes that
are detectable and clinically significant. Reassessment may be necessary at <2 years in patients with a new fracture, or in light of anticipated accel-
erated bone loss (eg, institution of aromatase inhibitor or glucocorticoid therapy). BMD, bone mineral density; DMAB, denosumab; PTH, parathy-

roid hormone; ROMO, romosozumab.
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bisphosphonate therapy (alendronate, risedronate, or zoledro-
nate) for at least three years.%® Discontinuing alendronate therapy
for more than two years in more than a quarter of these women
was associated with a significantly increased 30% greater risk of
fractures compared to those who continued therapy (adjusted
hazard ratio [HR] 1.3, 95% confidence interval [CI] 1.1-1.4).
These findings suggest that extending the duration of a drug hol-
iday beyond two years may significantly increase the risk of hip,
humerus, and vertebral fractures. Among 25,000 matched pairs
of older adults who had undergone long-term bisphosphonate
therapy (either alendronate or risedronate) followed by a drug hol-
iday (1.8 years on average), hip fracture rates were approximately
18% higher in the group of patients who discontinued risedronate
compared to those who discontinued alendronate (12.4 vs 10.6
per 1,000 patient years, HR 1.18, 95% Cl 1.04-1.34). Although
risedronate and alendronate provide significant protection against
fractures during active treatment, the shorter tail effect of risedro-
nate may lead to a slightly higher risk of fractures, particularly hip
fractures, during extended drug holidays.®°

Many consider a slightly longer drug holiday duration for
zoledronic acid (18-24 months) compared to oral bisphospho-
nates (no more than 12-24 months for alendronate and perhaps
even less for risedronate).?** Indeed, risedronate drug holidays
may pose similar risk to alendronate drug holidays for most
patients at up to two years, but over three years the risk was
18% higher. However, decisions should be individualized based
on the patient’s duration of bisphosphonates therapy, fracture
risk profile, and overall health status. Regular monitoring and
bone health reassessment are crucial to determining the appro-
priate time to resume therapy to balance the benefits of fracture
prevention with the potential adverse event risks of continued
bisphosphonate exposure.

Denosumab. Denosumab exhibits distinct effects on bone
modeling and remodeling that may contribute to its unique safety
profile. Unlike bisphosphonates, denosumab effects on bone
remodeling are rapidly reversible, and a partial “escape” of
remodeling occurs at the end of denosumab’s pharmacologic
effect, just before the next dose is due.®” Moreover, denosumab’s
effect on BMD may not reach a plateau as seen with bisphospho-
nates, possibly due to an effect on modeling based bone
formation.®° These unique aspects of denosumab’s action high-
light the complexity of its impact on bone health and underscore
the importance of careful timing and monitoring in its long-term use
to optimize outcomes while minimizing potential adverse effects.

The problem of rebound following denosumab discontinua-
tion is a significant concern in the management of osteoporosis.
On denosumab discontinuation the beneficial effects of this agent
are rapidly reversed, leading to a marked increase in bone turn-
over, that can surpass pretreatment levels. This corresponds to
significant loss of BMD and a substantial increase in the risk of
fractures, particularly multiple vertebral fractures.®4°

At six months after the last denosumab injection, CTX rises
rapidly, often exceeding baseline values.'®'2 BMD typically
returns to pretreatment levels within one to two years after stop-
ping denosumab, and in some cases, the BMD can even drop
below baseline, especially at the hip.'>“° Those who took deno-
sumab for three or more years and then discontinued had a
heightened rate of fractures. The incidence of multiple vertebral
fractures was as high as 10% to 15% within the first year after
stopping denosumab, even in patients who are subsequently
treated with oral bisphosphonates.*°~*® Beyond duration of previ-
ous denosumab use, other risk factors for developing vertebral
fractures after denosumab discontinuation include a history of
prevalent vertebral fractures, a greater gain in BMD during deno-
sumab therapy, and a greater loss of hip BMD after stopping the
drug.*!*** Patients with chronic kidney disease are also at higher
risk.*! The rebound may be caused by an exaggerated hyperacti-
vation of a pool of dormant preosteoclasts and osteomorphs that
accumulate during the treatment.*>™*® Additional mechanisms
have been proposed to explain this phenomenon, including the
depletion of osteoprotegerin-producing osteoblasts and osteo-
cytes, which leaves RANKL activity unopposed on denosumab
cessation, leading to excessive osteoclast activation. Further-
more, the mechanostatic reset hypothesis suggests that bone
mass accumulated during denosumab treatment exceeds
mechanical strain demands, triggering a compensatory loss of
bone on discontinuation.*® Regardless of the risk factors that
contribute to the overshoot, a different potent antiresorptive, such
as an intravenous bisphosphonate, is recommended after the dis-
continuation of denosumab.*" Previous treatment with bisphos-
phonates also offers some protection against the rebound effect
observed on discontinuation of denosumab.*®° As noted, bis-
phosphonates, which remain embedded into the bone matrix for
years, continue to inhibit osteoclast activity and very likely
dampen the excessive bone resorption typically seen after stop-
ping denosumab.

The rapid and profound rebound in bone turnover could lead
to such excessive and uncoordinated remodeling that it results in
the perforation of trabeculae, in addition to just their thinning.®’
This mechanism could help explain the observation that multiple
vertebral fractures can occur within just a few months of the last
denosumab dose, even in patients who had previously achieved
substantial gains in BMD. The hypothesis that fracture risk is
driven more by the quality of bone microarchitecture, specifically,
the preservation of trabecular connectivity, rather than by BMD
alone, underscores the importance of stabilizing bone turnover
after discontinuing potent antiresorptive therapies such as deno-
sumab. Monitoring BTMs may be as or more important than mon-
itoring BMD in predicting and preventing fractures. If the rebound
in turnover could be controlled or mitigated, it might be possible
to prevent the catastrophic structural failures that lead to frac-
tures, particularly multiple vertebral fractures. Bisphosphonate
treatment before or after denosumab does not always reduce
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the BMD loss over the time,®%® but it strongly reduces the inci-
dence of multiple vertebral fractures by attenuating the rebound in
BTMs.5*°¢ Moreover, the Denosumab Adherence Preference Sat-
isfaction trial demonstrated that switching to alendronate after one
year of denosumab discontinuation successfully maintained bone
mass in 80% to 90% of pa’rients.57 Furthermore, administering
zoledronic acid after two years of denosumab can be effective in
mitigating bone loss and maintaining bone density.®

The European Calcified Tissue Society (ECTS) provided
guidance on managing the discontinuation of denosumab to
mitigate the rebound effect.*’ The ECTS strongly recommended
initiating an alternative antiresorptive treatment at the time the
patient is due for the next denosumab injection. Moreover, in
patients who have been taking denosumab for only one year,
switching to alendronate has been demonstrated to be effective
in preventing rebound bone loss.®” The most commonly recom-
mended approach is to administer a potent bisphosphonate
such as zoledronate six months after the final dose of denosu-
mab. This timing is crucial because it coincides with the period
when denosumab’s effects start to wane and the risk of rebound
increases. The exact timing of bisphosphonate administration
following denosumab discontinuation is still an open question.*®
For example, if bisphosphonates are administered too late (ie,
more than nine months after the last denosumab injection), the
maximum rebound in bone turnover might have already
occurred, reducing the efficacy of bisphosphonates in prevent-
ing BMD loss and fractures.®?°° Administration of a pulsatile
bisphosphonate too early also might not be maximally effective.
Indeed, six months after the last dose of denosumab, many
patients still have a closed remodeling phase with less exposed
bone available for binding by a bisphosphonate. In patients with
prolonged denosumab use, the rebound effect is more
pronounced,*® and a single dose of bisphosphonate might not
be sufficient, potentially necessitating additional doses or alter-
native strategies.

If clinically available, monitoring of BTMs after denosumab
discontinuation can help tailor subsequent therapy more effec-
tively. For patients showing significant increases in these markers,
rapid BMD loss or not responding to a single dose of zoledronic
acid, additional doses may be required. If BTMs are not available,
then redosing as soon as three months or as late as six months
after the first zoledronic acid dose is prudent. Moreover, the ECTS
guidance on denosumab discontinuation may present challenges
for implementation in the United States and other health systems
due to payment concerns. Specifically, the recommendation for
BMD assessment at six months after discontinuation, followed
by a zoledronic acid infusion at the same time, is often not cov-
ered or reimbursed by some health plans. As an alternative
approach, if BTMs remain elevated at 6 months, clinicians could
consider adding alendronate for 6 months before administering
a second dose of zoledronic acid 12 months after denosumab
discontinuation.

An alternative preliminarily tested approach to managing
denosumab discontinuation involves gradual dose reduction.®°
Tapering the dose of denosumab (to 30 mg and then 15 mg)
could prevent the significant bone loss observed after stopping
the standard 60-mg treatment. A combined approach with
reduced dose of denosumab paralleled by the administration of
a potent antiresorptive such as zoledronic acid could eventually
be proven to attenuate rebound.

Beyond ONJ and AFF, denosumab potential adverse events
include an increased risk of infections, seen in some but not all den-
osumab studies and in one metanalysis showing more mostly
minor respiratory tract infections.®"%2 Although some studies have
suggested a potential increased risk of infections with denosumab,
other evidence provides more reassurance. In one population-
based cohort, denosumab was not associated with higher rates
of hospitalized infections in patients with rheumatoid arthritis receiv-
ing a biologic compared to those treated with zoledronic acid.®®

There is an argument for continuing denosumab in patients
who are responding well to treatment, particularly in terms of
maintaining or improving BMD and reducing fracture risk. In con-
trast to bisphosphonates, there is no compelling evidence that
denosumab becomes less effective or more dangerous with
extended use. Therefore, continuing treatment can be a reason-
able and effective strategy for long-term management of osteo-
porosis. The decision to discontinue denosumab can be
considered particularly when the patient’s clinical status changes.
For example, if a patient experiences a new fracture or if their
BMD does not improve despite ongoing denosumab therapy, this
could indicate that the treatment is no longer effective. For cases
in which denosumab is no longer sufficient to prevent fractures,
the best strategy might not be discontinuation or switching but
rather the addition of another treatment, such as an osteoana-
bolic medication, on top of denosumab to increase bone strength
and reduce fracture risk.64-°

Adding romosozumab to ongoing denosumab treatment in
postmenopausal women with severe osteoporosis led to a signif-
icant increase in lumbar spine BMD and the bone formation
marker procollagen type 1 N-terminal propeptide, compared to
continuing denosumab alone.®® This approach is particularly rele-
vant for patients who had a fracture despite being on long-term
denosumab. However, this additive approach to managing oste-
oporosis in high-risk patients may be constrained in some health
care systems by financial barriers to the concomitant use of two
expensive antiosteoporotic drugs. The concept of adding treat-
ment rather than discontinuing is further supported by findings
showing that combining teriparatide (a parathyroid hormone ana-
log) with denosumab in treatment-naive patients led to greater
increases in BMD than either treatment alone.®” To date, no study
has explored the combination of parathyroid hormone (PTH) ana-
log in patients with ongoing long-term denosumab. A small
observational study investigated the addition of teriparatide to
ongoing denosumab; however, in that study, teriparatide was
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introduced just three months after the initiation of denosumab.
This time frame may be insufficient to ensure complete closure
of the remodeling surface.®® Nonetheless, a combination therapy
approach could be effective in patients already receiving denosu-
mab, especially those not responding adequately.

In contrast to adding, switching from denosumab to a PTH
analog is not recommended. The rebound effect could be amplified
by the stimulation of bone remodeling induced by bone anabolic
agents, with negative effects on BTMs and BMD.®* Although
switching from denosumab to romosozumab has been shown to
partially attenuate the rebound, there have been reports of vertebral
fractures after this sequential treatment.®®~"® However, when the
treatment duration with denosumab is limited, switching to romo-
sozumab can increase lumbar spine BMD to a greater extent than
continuing denosumab alone and CTX rebound was evident as
soon as three months after the transition.”* Figure 2 proposes an
algorithm for osteoporosis management in patients on longer-term
denosumab, adapted from the ECTS guidance.

Discussion

As the data on bisphosphonate and denosumab efficacy,
adverse effects, and the risks and benefits of stopping indicate,

the clinical management of Ms DMS and Ms BPS presents a
nuanced challenge. It underscores the importance of individual-
ized osteoporosis therapy, especially concerning long-term anti-
resorptive treatments.

For Ms DMS, who has been on denosumab for more than
eight years, the primary concern revolves around the potential
rebound she will experience on discontinuation. A complete clini-
cal evaluation should also assess for any signs of new fractures,
height loss, or kyphosis, which may indicate undiagnosed verte-
bral fractures. Diagnostic testing should include a current BMD
assessment via DXA, with comparisons to previous results to
evaluate BMD trends. Additionally, measuring bone turnover
makers can provide insights into her bone resorption status and
treatment adherence. For many patients, particularly those at a
higher risk of future fracture, denosumab discontinuation is not
encouraged in patients with long-term treatment (>2 years) given
the potential for bone loss and the risk of multiple vertebral
fractures.

Given her history of vertebral and wrist fractures, and assum-
ing her fracture risk remains high by DXA, the continuation of den-
osumab may be the most prudent course. If discontinuation is
chosen, likely due to her strong preference, transitioning to a
potent bisphosphonate such as zoledronic acid is recommended

Current Denosumab (DMAB)

Low risk(®

High risk(®

Very high risk(!)

2 2.5 years

< 2.5 years
on DMAB

on DMAB

Consider continuing

Consider continuing
DMAB®

over personalized exit
strategy with
bisphosphonatet®

DMAB or personalized
exit strategy with
bisphosphonate®®

Figure 2. Approach to considering DMAB discontinuation (adapted from Tsourdi et al*"). (1) Risk—benefit balance should account for the risk for
rebound multiple vertebral fractures on DMAB discontinuation. High fracture risk: defined by older age (70-75 years), other strong risk factors for
fracture, or validated fracture risk assessment tool fracture risk score that is above country specific thresholds. Very high or imminent fracture risk:
defined by recent (within two years) fracture while taking DMAB. (2) DMAB can be used indefinitely but only has been studied for up to 10 years.
(3) Exit strategy: usually a potent intravenous bisphosphonate (eg, zoledronic acid) administered when the next dose of DMAB would have been
due. A pulsatile bisphosphonate can be repeated based on bone turnover markers or if there is a high risk of rebound associated vertebral frac-
tures. Other exit strategies include oral bisphosphonates or DMAB dose reduction + bisphosphonates. Combination could be considered based
on the results of the Denosumab and Teriparatide Administration study and other observational studies.®*55 DMAB, denosumab; PTH, parathy-
roid hormone; ROMO, romosozumab. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.43179/abstract.
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to prevent postdenosumab rebound bone loss. Zoledronic acid
should initially be administered at the time she is due for her next
dose of denosumab. She should optimally have monitoring of
BTMs three to six months after this first dose of zoledronic to
guide the timing of the need for additional doses. If her BTMs
remain elevated or if BTMs are not clinically available, it is reason-
able to administer a second dose of zoledronic acid three to six
months after her first dose. However, the effectiveness of even
this potent bisphosphonate to fully prevent the rebound phenom-
enon is variable, and she should be counseled about these resid-
ual risks. Lastly, an alternative, but arguably minimally tested,
approach might be to reduce the dosage of denosumab to
30 mg every 6 months and continue this dosage indefinitely of fur-
ther reducing the dose to 15 mg and combining with zoledronic
acid and then stopping the treatment within 18 months. However,
little is known about potential adverse effects of reduced doses
and their ability to control the rebound overshoot.

Ms BPS has been taking alendronate for 15 years, a duration
of treatment that should be generally discouraged due to the
cumulative efficacy of bisphosphonates and concern of rare
adverse effects, albeit ones that are more strongly associated
with very prolonged bisphosphonate use. A detailed history
should explore any previous drug holidays or temporary discon-
tinuation (prescribed or self-administered). This could help to tailor
the length of a new, possible drug holiday. Clinical evaluation
should include assessment for thigh or groin pain indicative of
prodromal symptoms of AFF and oral examination for dental
health status that might affect ONJ risk.

Diagnostic evaluation should include a current DXA scan to
assess BMD changes over time. If her BMD has remained stable
or improved, and her fracture risk is now moderate to low, initiat-
ing a drug holiday might be considered. In addition, DXA images
sometimes (if the window of interest is slightly lowered) can be
used to screen for AFF and may add value. During her drug holi-
day, she should be under regular monitoring of BMD and BTMs.
A significant decline in BMD or a significant increase in BTMs
toward baseline levels may indicate the need to resume therapy.
The duration of her drug holiday might vary but is typically less
than one year.

However, given her history of two vertebral fractures, Ms
BPS would be considered by the ASBMR task force to be at
higher risk for future fractures. Moreover, the ASBMR guidance
suggests that all patients aged >70 to 75 years should be consid-
ered at high risk, independently from T score improvement. Thus,
continuing bisphosphonate or switching to an alternate bone
therapy could be justified despite her very prolonged duration of
bisphosphonates. If she is agreeable to transitioning to a nonbi-
sphosphonate therapy, options would include osteoanabolic
agents such as teriparatide, abaloparatide, or romosozumab.
Romosozumab, in particular, demonstrated significantly greater
increases in bone mass and bone strength, as assessed by finite
element analysis, compared to teriparatide.”® We would not

generally favor a selective estrogen receptor modulator in this cir-
cumstance after alendronate. If a PTH analog is chosen, she
should know that there may be a period of slight and temporary
bone loss at cortical sites such as the hip. Of note, an antiresorp-
tive agent would again be recommended at the end of any ana-
bolic treatment. It is important to note that osteoanabolic agents
may be less effective after 15 years of bisphosphonate therapy
compared to a treatment-naive patient. Long-term bisphospho-
nate use significantly suppresses bone turnover and leads to
reduced remodeling surfaces, which are necessary for an optimal
anabolic response.

Both patients require comprehensive fracture risk assess-
ments incorporating clinical factors, BMD results, and using vali-
dated fracture risk calculators or algorithms. This assessment
should consider the limitations of these expert panel generated
recommendations for drug holidays and should be heavily guided
by shared decision-making. It is critical to discuss with these sis-
ters the known benefits of fracture prevention against the risks of
longer-term risks of therapy with alendronate and the rebound
risk when discontinuing denosumab. The sisters’ preferences
are paramount, especially when concerns about adverse effects
influence their willingness to continue treatment and when the evi-
dence available is not of the highest level.

Conclusions

In conclusion, the management of Ms DMS and Ms BPS
should be individualized. The treating clinician must consider their
fracture histories, treatment responses, and individual concerns
to devise a personalized treatment plan informed by the best
available evidence and understanding of the biology of these two
effective therapies that, like all drugs and biologics, are not with-
out risk. Close monitoring through clinical evaluations, imaging,
and laboratory tests are essential in optimizing osteoporosis care
and minimizing the risks associated with osteoporosis therapy
modifications.
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CLINICAL CHALLENGE

The patient, a 69-year-old man, presents to the emergency
department with four days of left pleuritic chest and mid-epigastric
abdominal pain associated with low-grade fever and night sweats.
He has no cranial or polymyalgia rheumatica symptoms. Com-
puted tomography (CT) of the abdomen and pelvis raises concern
for aortitis (Figure 1A). "8F-labeled fluorodeoxyglucose (FDG) posi-
tron emission tomography (PET) CT demonstrates increased FDG
uptake in the abdominal aorta with surrounding fat stranding and
diffuse bone marrow uptake (Figure 1B). Laboratory evaluation
finds elevated markers of inflammation, normocytic anemia, mono-
cytosis (2,700 monocytes/uL, 33%), and otherwise unrevealing
serologic and infectious studies (Supplemental Table 1). Fifty milli-
grams of oral prednisone daily is initiated for idiopathic aortitis, with
complete resolution of symptoms over weeks and normalization of
computed tomography angiogram after the end of the steroid taper
five months later. However, after discontinuation of steroid treat-
ment, low-grade fevers and chest pain return with a negative ische-
mia evaluation. Repeat PET CT demonstrates resolution of prior
abdominal FDG uptake but a new focus of uptake in the lower tho-
racic aorta with associated fat stranding. Laboratory evaluation
again reveals monocytosis (2,300 monocytes/ul, 37.8%) and ane-
mia with new thrombocytopenia (Supplemental Table 1). Sixty milli-
grams of prednisone and interleukin-6 receptor inhibition (IL-6Ri)
with 8 mg/kg of intravenous monthly tocilizumab (TCZ) are initiated
for large vessel vasculitis (LVV), with symptom resolution.

The patient is referred to a hematology oncologist for bicyto-
penia and persistent monocytosis. A bone marrow biopsy is per-
formed. Core biopsy and aspirate findings demonstrate markedly
hypercellular marrow with left-shifted maturation, erythroid and
megakaryocytic dysplasia, and no increase in blasts (<5%)
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(Figure 1C and D). A next-generation sequencing (NGS) panel
for hematologic malignancy identifies two TET2 mutations in
trans as well as PHF6 and ASXL 1 mutations. Cytogenetics shows
normal male karyotype without fusions or rearrangements
detected. In the setting of persistently elevated monocyte levels
>500 x 10%L greater than three months, a diagnosis of chronic
myelomonocytic leukemia (CMML) is made, with a plan to monitor
given mild cytopenia and no bleeding.’2

BACKGROUND

Systemic vasculitis describes a collection of rare diseases
each caused by inflammation of blood vessel walls that can cause
severe systemic complications.®* The pattern of vascular inflam-
mation and resultant damage is frequently variable and may be
mimicked or directly triggered by infection or malignancy. Myeloid
and lymphoid hematologic malignancy have long been recog-
nized in association with vasculitis and were recognized by the
2012 Consensus Conference on the Nomenclature of Systemic
Vasculitis as vasculitis associated with probable etiology (can-
cer-associated).* We will refer to this as vasculitis with concomi-
tant hematologic malignancy (VCHM). This is a rapidly evolving
field with a limited but growing evidence base. Because of
increased use of molecular diagnostics in hematologic clinical
practice, rheumatologists should be aware of the diagnostic and
treatment complexity in rare patients with VCHM, who often have
refractory disease and are at risk of comorbidity from both hema-
tologic and inflammatory disease and their treatments.

Here, we discuss our collaborative approach to diagnosis
and management of VCHM shared between rheumatology and
hematology/oncology in the context of relatively limited literature.
We focus on myeloid neoplasia as a clinically relevant model of
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A 'Thoracic aorta ‘c,

Figure 1.

(A) CT abdomen pelvis coronal section shows fat stranding along the suprarenal and infrarenal abdominal aorta (arrowheads) out of

proportion to degree of atherosclerosis. (B) PET CT transverse section shows corresponding FDG uptake in circumferential abdominal aorta
(arrowhead). (C and D) Hematoxylin and eosin stained bone marrow core biopsy specimen demonstrates hypercellular marrow with limited fat
due to granulocytic and monocytic hyperplasia with (D) dysplastic megakaryocytes (black arrows) and peripheral monocytosis consistent with
chronic myelomonocytic leukemia. CT, computed tomography; FDG, fluorodeoxyglucose; PET, positron emission tomography.

the emerging recognition of overlap between our fields, with more
limited discussion of associations with lymphoid forms of VCHM,
such as cryoglobulinemic vasculitis, which have been previously
discussed in the literature.®

APPROACH

Rheumatology approach to hematologic diagnostic
testing in patients with new or suspected vasculitis.
When to consider hematologic malignancy. We consider hema-
tologic malignancy as part of the broader differential diagnosis
in all patients with new imaging or pathologic findings sugges-
tive of vasculitis as a concurrent and potentially underlying
diagnosis or a diagnostic mimic, especially when unusual clini-
cal features are present (Table 1). Vasculitis can occur as a
“hematoinflammatory” feature across a wide variety of hema-
tologic malignancy and often co-occurs with indolent and
lower-risk disease stages monitored in clinic with or without
specific disease-modifying treatment.® For example, giant cell
arteritis (GCA) and Bechet disease can be associated with
myeloid neoplasms such as myelodysplastic syndrome (MDS)
or CMML. Furthermore, leukocytoclastic vasculitis (LCV) with
chronic monoclonal antibody—producing lymphoid malignan-
cies can be associated with chronic lymphocytic leukemia
and/or Waldenstrém macroglobulinemia. Additionally, polyar-
teritis nodosa (PAN) and LCV can occur in both myeloid and
lymphoid malignancies, with an enrichment of PAN in hairy cell
leukemia’~'° (Supplemental Figure 1).

Patients with hematologic malignancy, especially myeloid
neoplasia, can also have other significant inflammatory features.
For example, 10% to 45% of individuals with MDS and CMML
have concurrent inflammation, with common categories including
vasculitis, neutrophilic dermatosis, inflammatory arthritis, and
connective tissue disease; nonspecific inflammation, fever, chon-
dritis, crystalline arthritis, inflammatory eye diseases, autoimmune
cytopenia, and acquired bleeding diatheses, among others, have
also been described.”’™"® Suggesting bidirectional interactions
and/or shared risk, antecedent autoimmune disease was likewise
found more frequently in patients with MDS (odds ratio [OR] 1.5
and 2.1, respectively) and acute myeloid leukemia (AML)
(OR 1.29 and 1.7, respectively) in two large case-control studies
using registry data from the United States and Sweden; systemic
vasculitis had particularly high effect sizes (OR 6.23-23.8).7"'8

The pathogenesis of VCHM and other inflammatory features
of hematologic malignancy remains an active area of research.
Recent genomic mutational analyses have identified some hemato-
poietic somatic mutations that may determine collective biologic
pathways.6 For example, novel somatic mutations in UBAT have
been identified as a shared robust monogenic driver of the adult-
onset systemic inflammatory syndrome VEXAS which is an acro-
nym for the defining features of the disorder, namely vacuoles, E1
enzyme, X-linked, autoinflammatory, somatic syndrome. Organ
manifestations of VEXAS include vasculitis as well as hematologic
malignancies such as MDS or plasma cell dyscrasias.'®?" Addi-
tionally, somatic mutations in hematologic malignancy driver genes
have recently been identified and associated with forms of vasculi-
tis and worse clinical trajectories, including cryoglobulinemic
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Table 1.

Examples of hematologic malignancies that may mimic specific forms of vasculitis*

Vasculitis

Malignancy

Suggestive features

Diagnostic

Clinical

GCA
Cranial symptoms:
headache, vision
changes, high ESR

Temporal arteritis

lgG4-related disease/
aortitis

Sinonasal granulomatosis
with polyangiitis

Eosinophilic

granulomatosis with
polyangiitis

CNS vasculitis

Retinal vasculitis

Small vessel vasculitis

Hyperviscosity syndrome,

Waldenstrom macroglobulinemia

more frequently seen than
multiple myeloma

Myeloproliferative neoplasms, PV,

essential thrombocythemia

Temporal artery involvement from

amyloidosis

Erdheim-Chester disease:
periaortic infiltration and
sheathing of aortic branches

Extranodal NK/T cell ymphoma
(nasal type)

Myeloproliferative
hypereosinophilic syndrome,
chronic eosinophilic leukemia,
chronic myeloid leukemia,
chronic monomyelocytic
leukemia with eosinophilia

Primary CNS lymphoma

Primary intraocular CNS
lymphoma

Intravascular B cell ymphoma

High globulin gap, rouleaux on
peripheral smear; very
elevated M-spike SPEP,
elevated serum viscosity

Erythrocytosis (PV)

Congo red stain of temporal
artery biopsy, M-spike SPEP,
highly skewed FLC

Biopsy of affected tissue with
histiocytic inflammation,
bony uptake on bone
scintigraphy or FDG-PET,
BRAFY®%%F or MAPK
mutations

Nasal biopsy, ANCA negative,
EBV PCR positive

ANCA negative, increased
serum tryptase and By,
cytopenia, absence of
vasculitis on tissue biopsy

Diagnosis distinguished by
NGS, cytogenetics, FISH, and
multiplex PCR

Brain biopsy

Vitreous or chorioretinal
biopsy

Both: CSF cytology, B,-
microglobulin, lactose
dehydrogenase, IgH
rearrangement, and flow
cytometry

Affected tissue more
frequently diagnostic than
random skin or cherry
angioma biops

Mucosal bleeding, central
retinal vein occlusion

Pruritus, other clinical
clotting, erythromelalgia

Macroglossia, carpal tunnel
syndrome

Bone pain, splenomegaly

Imaging findings of “hairy
kidneys”

Perforation of hard palate,
hemophagocytic
lymphohistiocytosis (HLH)

Splenomegaly

Nonresponse to standard
treatment

Unusual pattern of disease,
neurologic symptoms may
be prominent but not
limited to CNS

* ANCA, antineutrophil cytoplasmic antibody; CNS, central nervous system; CSF, cerebrospinal fluid; EBV, Epstein-Barr virus; ESR,
erythrocyte sedimentation rate; FDG-PET, fluorodeoxyglucose-positron emission tomography; FISH, fluorescence in situ hybridiza-
tion; FLC, free light chains; GCA, giant cell arteritis; NGS, next-generation sequencing; NK, natural killer; PCR, polymerase chain reac-
tion; PV, polycythemia vera; SPEP, serum protein electrophoresis.

vasculitis and GCA.22728 For the purposes of this review, we wil
discuss VEXAS separately from MDS, with the recognition that
there is a lack of distinction between VEXAS and other hematologic
malignancies in the pre-2021 literature.

Approach to diagnostic testing when considering VCHM.
Laboratory testing. Because most patients with vasculitis do not
have hematologic malignancy, we do not exhaustively test all
patients with a new diagnosis of vasculitis with a bone marrow
biopsy and flow cytometry, for example. However, we always con-
sider the presteroid complete blood cell count (CBC) with differential
and, if available, the historic CBC with differential trend as a vital

piece of diagnostic information to integrate with other diagnostic
testing that, from our hematologic evaluation minimally, includes
erythrocyte sedimentation rate, C-reactive protein, lactate dehydro-
genase (LDH), serum protein electrophoresis (SPEP), serum-free
light chains (SFLC), cryoglobulins, C3, and C4 (Figure 2).

Some laboratory abnormalities in patients with vasculitis sig-
nificantly raise our suspicion for underlying hematologic malig-
nancy and lead us to initiate hematology consultation or referral
(Figure 2). Inflammatory diseases such as vasculitis often cause
anemia, neutrophil-dominant leukocytosis, and thrombocytosis.
In contrast, erythrocytosis, neutropenia, persistent monocytosis or
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Figure 2. Flowchart showing evaluation of hematologic abnormalities in patients with known or suspected vasculitis starting with laboratory tests
obtained in rheumatology clinical practice. Some hematologic abnormalities, such as anemia and thrombocytosis, are common in patients with vas-
culitis. Other abnormalities are uncommon and should lead to hematology consultation, with relative level of urgency here depicted by degree of dar-
ker shade. ALC, absolute lymphocyte count; AMC, absolute monocyte count; AML, acute myeloid leukemia; ANA, antinuclear antibody; ANC,
absolute neutrophil count, APLS, antiphospholipid syndrome; CBC, complete blood cell count; CMP, comprehensive metabolic panel; CMV, cyto-
megalovirus; CRP, C-reactive protein; CT, computed tomography; EBV, Epstein-Barr virus; EPO, erythropoietin; ESR, erythrocyte sedimentation
rate; EtOH, ethanol; FISH, fluorescence in situ hybridization; FLC, free light chains; GC, glucocorticoid; HBV, hepatitis B virus; HCV, hepatitis C virus;
Hgb, hemoglobin; HTLV-1, human T lymphotropic virus type 1; INR, international normalized ratio; KIR, killer cellimmunoglobulin-like receptor; LDH,
lactate dehydrogenase; LFTs, liver function tests; LGL, large granular lymphocyte; MCV, mean cell volume; MMA, methylmalonic acid; NGS, next-
generation sequencing; NK, natural killer; PET, positron emission tomography; PLT, platelet count; PNH, paroxysmal nocturnal hemoglobinuria;
PT, prothrombin time; PTT, partial thromboplastin time; RBC, red blood cell; RDW, red cell distribution width; RPR, rapid plasma reagin; SFLC, serum
free light chain; SPEP, serum protein electrophoresis; TCR, T cell receptor; TSH, thyroid-stimulating hormone; UA, urinalysis; Vit, vitamin. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43195/abstract.

lymphocytosis, thrombocytopenia, and especially bicytopenia or
pancytopenia are uncommon and merit further evaluation.2® Eosino-
philia is commonly recognized by rheumatologists and has its own
broad differential diagnosis, including eosinophilic granulomatosis
with polyangittis, IgG4-related disease, and hematologic mimics
(Table 1), as has previously been described.?” In the absence of lym-
phocytosis, elevated SPEP and SFLC are more likely to reveal
monoclonal gammopathy of uncertain significance (MGUS) than
plasma cell dyscrasia. Both these diagnoses increase in prevalence
with age and can be followed annually in clinic in the absence of clin-
ical features of hypercalcemia, bone pain, and renal dysfunction.
However, together with elevated LDH and cryoglobulin levels and
hypocomplementemia, especially of C4 or consistent clinical pheno-
type (Table 1), these may also support consideration of MGUS- or
lymphoid malignancy—associated cryoglobulinemia or amyloidosis
(Figure 2). In patients developing vasculitis or perivascular inflamma-
tion during treatment of solid tumors, especially with neutrophilia and
possibly circulating blasts on CBC, we look for antecedent granulo-
cyte colony stimulating factor (G-CSF) exposure.

Imaging. We approach vasculitis imaging somewhat differ-
ently in individuals with known hematologic malignancy or

suspicious hematologic laboratory abnormalities. In individuals
who have known or suspected LVV or fever of unknown origin
phenotype, our diagnostic test of choice is PET CT. PET can be
useful to diagnose large and medium vessel vasculitis as well as
some forms of hematologic malignancy, particularly lymphomas,
and can identify lymphadenopathy or tissue level uptake to guide
biopsy.?®2° Prominent bone marrow uptake is often seen in
hematologic malignancy, but this is also a common and nonspe-
cific finding in nonmalignant inflammatory disease and must be
considered together with other clinical and laboratory features.?®
In patients with periaortic FDG-avid sheathing that may be remi-
niscent of IgG4-related disease, imaging features such as “hairy
kidneys,” bony uptake, or splenomegaly should raise concern
for the histiocytic disease Erdheim-Chester disease, caused by
somatic mutations in the BRAF/MAPK pathway in myeloid pro-
genitor cells; we have rarely also observed this phenotype in indi-
viduals with CMML. Tissue biopsy and hematologic evaluation,
including molecular genetic testing, is required to reach diagnosis
(Table 1). Based on our experience (as described in our index
patient above), we additionally consider hematologic malignancy
phenotypically in individuals with LV and atypical patterns of
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vessel involverment such as older adults with abdominal aortitis, wax-
ing and waning perivascular and patchy vascular uptake, or promi-
nent lower extremity disease. In all patients undergoing PET for
question of LWV, atherosclerosis is an important LVV mimic; expert
radiology review is key.>° Although we do not initiate hematology
referral in the absence of hematologic abnormalities by vascular pat-
tern, we do monitor the CBC with differential with more scrutiny.

Histopathology. We preferentially obtain tissue diagnoses,
even if an imaging or clinical diagnosis would have otherwise been
accepted in a provider’s practice, if evaluation is suggestive of
hematologic malignancy or the pattern of disease includes a
mimic (Table 1). We consider additional diagnostic testing such
as flow cytometry from peripheral blood or lymph node biopsy if
lymphadenopathy is prominent, especially if steroid exposure is
necessary to treat vasculitis and may obscure a concurrent lym-
phoid malignancy diagnosis. Of note, the negative predictive
value of flow cytometry in the diagnosis of diffuse large B cell lym-
phoma from peripheral blood is highly limited.®" For patients who
do not respond to therapy as expected and hematologic malig-
nancy was not originally considered, we reconsider a broader dif-
ferential diagnosis that includes malignancy and often requires a
tissue biopsy to pursue definitive diagnosis (Table 1).

When to consider and how to test for VEXAS. Initially
described in late 2020, the literature surrounding VEXAS has rapidly
evolved and has been extensively reviewed.®*? Briefly, VEXAS is
caused by somatic hematopoietic mutations in X-linked UBAT,
encoding the primary ubiquitin-activating enzyme upstream of most
cellular ubiquitin conjugation.'®3* Mutations are enriched at an M41
hotspot and lead to highly penetrant syndromic but variable autoin-
flammatory and hematologic disease.®2°3*3 More recent exten-
sion of whole-gene sequencing has demonstrated several
mutations across the gene, including recurrent non-M41 mutations
in patients with MDS and autoinflammatory phenotype.®326-28 Typ-
ically affecting men, VEXAS can rarely impact women who have
congenital or somatic monosomy X.

The most common forms of vasculitis in VEXAS are PAN and
LCV, though other forms of vasculitis have been described in a
small retrospective cases series and review of the literature.?’
Other common inflammatory features of disease include fever,
chondritis, rash (especially neutrophilic dermatoses), ocular
inflammation, pulmonary infiltrates, renal dysfunction, and inflam-
matory arthritis.'®34%% These systemic features are responsive
to high-dose steroids but often nonresponsive to most disease-
modifying antirheumatic drugs (DMARDs) and biologic thera-
pies.'9*35 Common hematologic manifestations include macro-
cytic anemia, thrombosis, thrombocytopenia, lymphopenia,
monocytopenia, vacuoles in erythroid and myeloid progenitors,
and incident MDS (~30%-50%) or plasma cell dyscrasia
(~25%), including MGUS and, less frequently, myeloma.'®:2%-3°
In a large population-based cohort study of individuals with
MDS, 1% had UBAT variants (n = 26 of 2,027), of which 44%

were known or likely pathogenic and the remaining were of uncer-
tain significance.®® In comparison, pathogenic UBAT variants
were detected in 8% of individuals in a cohort with relapsing poly-
chondritis (n = 7 of 92) and in 0% of men with GCA (n = 0 of 612).

Collectively, we consider VEXAS in patients with robust adult-
onset multisystem inflammation with or without vasculitis, espe-
cially, though not universally, if cytopenia or macrocytosis is present
and the patient is male, with a broader differential diagnosis includ-
ing myeloid neoplasia with inflammatory features. LVV appears to
be an uncommon phenotype. Testing should ideally include
whole-gene UBAT sequencing, not limited amplicon testing at
M41, and is commercially available from companies such as the
Genomic Testing Cooperative and Blueprint Genetics. This can
currently be performed by rheumatology or hematology/oncology,
but in the future, it is most likely to be incorporated into hematologic
clinical NGS mutation panels for hematologic malignancy.

Hematology approach to diagnosis and
management of suspected VCHM. Hematology consultation
should be pursued in patients with vasculitis and cytopenia if counts
are severe or trending down despite treatment (Figure 2) or associ-
ated with symptoms such as difficult-to-treat or chronic infections,
presence of bleeding or bruising, worsening fatigue, and/or B symp-
toms. Persistent overproduction of cells such as lymphocytosis, ery-
throcytosis, or, as in this case, monocytosis should also lead to
hematology consultation, especially when cytopenia coexists. Hema-
tologists will consider a wide differential diagnosis that includes vari-
ous hematologic malignancies and a multitude of alternative and
potentially reversible diagnoses (Figure 2). For example, monocytosis
is most commonly reactive to acute or chronic infection. If no revers-
ible cause is identified or if cytopenia or cytoses persists despite their
treatment, further tests are needed, including bone marrow aspirate
and biopsy and various context-dependent functional and molecular
clonal analyses that may include flow cytometry, NGS, cytogenetics,
T cell receptor clonality, and fluorescence in situ hybridization. In our
practices, these tests are typically ordered and interpreted by the
hematologist or oncologist, given their expertise.

Various forms of myeloid neoplasia can display persistent
monocytosis, which may phenotypically overlap histopathology,
and are differentiated by molecular diagnostics and, in this case,
yield a diagnosis of CMML.*® NGS has been particularly transfor-
mational in diagnosis, risk stratification, and etiologic understand-
ing of hematologic malignancy. Prognostic scoring systems use
clinically obtained variables such as NGS mutations, blast per-
centage, blood cell counts, and transfusion dependency to pre-
dict risk of progression of disease to AML and overall survival to
help guide clinical interventions.*"*? Importantly, as our under-
standing of mutations evolves, clinically obtained NGS panels
are often not comprehensive. Thus, it is essential to review what
was tested when considering “negative” test results. For exam-
ple, no panel genetic testing before 2021 included UBAT testing.
Although not obtained in this case, flow cytometry of peripheral
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blood from patients with CMML also often demonstrates
an immunophenotypic skew toward CD14**CD16" classical
monocytes reaching a threshold of >94%, highly suggestive
against reactive monocytosis.2 444

Curative treatment for CMML requires hematopoietic stem cell
transplantation (HSCT), which carries its own significant risks of
morbidity and mortality.*® This patient has intermediate-risk CMML
by multiple scoring systems. Therapy for lower-risk disease gener-
ally includes supportive measures such as transfusions and medi-
cations that improve cytopenias, whereas individuals with high
symptom burden are increasingly managed with off-label Janus
kinase inhibitors (JAKI), especially ruxolitinib (RUX). For higher-risk
and/or progressive disease, DNA methyltransferase inhibitors
(DNMTi) and HSCT can also be used (Supplemental Table 2).4°
Notably, the clinical presence of autoimmune or inflammatory dis-
eases is not included in risk stratification, and whether autoimmune
features of MDS or CMML impacts prognosis is controver-
sial. 14045 Because manifestations are variable, these do not have
a standardized treatment approach and are often treated accord-
ing to type and severity of disease in collaboration with
rheumatology.

Our patient. Fevers and chest pain resolve with immuno-
suppression. At the third infusion of TCZ, cytopenias are noted
to worsen, with a white blood cell count of 6,600/pL, a hemoglo-
bin level of 7.8 g/dL, and a platelet count of 80,000/uL, leading
to TCZ discontinuation. Prednisone is tapered off over the next
several months. Erythroid-stimulating agent therapy is prescribed
for persistent macrocytic anemia after a repeat bone marrow
aspirate and biopsy confirms no increase in blasts concerning
for progression, the erythropoietin level is noted to be 17 mU/
mL, and other nutritional test results are normal (Supplemental
Table 2).

Use of immunomodulators and chemotherapy in
the treatment of VCHM. What data exist to support the use
of immunosuppression or chemotherapy in VCHM?. The data
driving the treatment of patients with inflammatory features of het-
erogenous hematologic malignancy, including VCHM, are highly
limited. Response, as well as lack of response, of vasculitis to
either leukemic-focused therapies or immunosuppressive thera-
pies has been described. Furthermore, patients with noncuta-
neous active or recent prior malignancies were deliberately
excluded from transformational vasculitis clinical trials.*®~*° From
retrospective case series focused on VCHM, observational data
suggest that patients with underlying hematologic malignancy
may have more prolonged refractory treatment courses than indi-
viduals without known or established hematologic malignancy,
especially in patients with small vessel vasculitis.®'©

Some therapies, such as cyclophosphamide or B cell deple-
tion with rituximab (RTX), may have shared use in the manage-
ment of vasculitis and underlying hematologic malignancy,

particularly in B cell ymphoproliferative diseases. Standard prac-
tice is to treat underlying symptomatic cryoglobulinemia with or
without vasculitis by treating the underlying cause, such as hema-
tologic malignancy or any underlying infection (such as hepatitis C
virus), as has been described.>*° In a single-center retrospective
study of 64 patients with cryoglobulinemic vasculitis treated with
RTX, 50% of all patients had underlying B cell ymphoproliferative
disease. Interestingly, CD20 depletion with both RTX and obinu-
tuzumab has been recognized to trigger vasculitis flares, and
12 of 14 patients with a flare in this study also had underlying
malignancy. However, none of these events were of sufficient
severity to lead to therapy discontinuation, though additional ste-
roid therapy or chemotherapy was added in some cases.®’

In myeloid neoplasia, innate immune dysregulation has long
been recognized, and some pathways have been targeted for this
primary indication. For example, proinflammatory cytokines,
including tumor necrosis factor (TNF), IL-1b, and IL-6, are
increased in the serum of patients with MDS, AML, and chronic
myeloid leukemia and may have prognostic significance because
higher TNF levels are associated with inferior prognosis, and
lower IL-1b levels are associated with longer survival in
MDS.5275%% Initial small open-label studies (n =2-15) in the early
2000s studying short-term TNF inhibition in MDS had mixed clin-
ical results, with improvements of cytopenia in some patients and
worsening in others.55%” However, three months of TNF inhibi-
tion was overall well tolerated, with the notable finding of high
levels of clinically significant infections in neutropenic patients.
More recently, identification of recurrently up-regulated inflamma-
tory pathways in high-resolution analyses of patient samples has
reinvigorated interest in immunomodulation in myeloid
neoplasias and its genetically defined clonal precursors'
(Supplemental Figure 1), though these immunomodulatory
agents are not used therapeutically outside of clinical trials.
Exceptions are that some forms of myeloproliferative neoplasms
(MPN), including polycythemia vera (PV), essential thrombocyto-
sis (ET), and myelofibrosis, carry US Food and Drug
Administration—labeled indications for use of RUX. Therapeutic
use has also been described in early-phase trials for symptomatic
CMML and VEXAS observational data.?®®" Similarly, short-term
use of IL-6Ri has a labeled indication in cytokine release syn-
drome (CRS) in the setting of chimeric antigen receptor T cell
use and is used off-label for CRS in haploidentical HSCT, with
observational data described in VEXAS.

Data describing the use of biologic therapies or chemother-
apy to specifically treat myeloid neoplasia—associated VCHM are
sparse, with most data from retrospective case series and case-
control series from France. In a retrospective MDS/CMML VCHM
cohort (n = 70), patients were most often treated with steroids,
followed by DMARDs, biologics, and the DNMTi azacytidine
(6AC). Relapse of vasculitis was high, near 60%, and was higher
for those treated with DMARDs only, though the small number of
patients per group limits analyses.®? Other retrospective data
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suggest 5AC may have benefit in treating inflammatory features of
MDS/CMML and VEXAS, recently reproduced in a prospective
phase 2 trial in which 41% of patients were found post hoc to
have VEXAS.®® However, only a small portion of these patients
had vasculitis; seven of eight patients in the retrospective study
and two of three patients in the prospective study showed at least
a partial response. Of note, molecular clearance of the UBAT-
mutated clone has been described with 5AC but not RUX in lim-
ited patients with VEXAS.5%-64

Worsening of cytopenia, infection, and thrombosis are all sig-
nificant concerns with immunosuppressive treatment, especially
with underlying hematologic malignancy. As in allcomers treated
with RUX and IL-6Ri, cytopenia, especially thrombocytopenia
and neutropenia, is an expected toxicity but can be managed with
close monitoring. Myelosuppression is likewise an expected tox-
icity with the use of DNMTi (Supplemental Table 2). For example,
57% 1o 91% of patients with MDS treated with 5AC in the AZA-
001 study experienced myelosuppression.®® 5AC and RUX have
the most real-world retrospective data in myeloid neoplasia, and
both have been associated with clinically significant but manage-
able infections.®®®” The comparative effect size of specific medi-
cations on infection is difficult to discern given immense
heterogeneity. In a more homogenous but smaller population of
patients diagnosed with VEXAS in a retrospective multicenter reg-
istry from France (n = 74), patients with serious infections had a
higher rate of RUX use compared to those using biologics and
5AC. Finally, thrombosis is increased in many patients with
VCHM, especially in VEXAS and MPN, such as ET/PV. From the
same retrospective French VEXAS registry, thrombosis did occur
in patients treated with both JAKi (n = 5 of 78) and IL-6Ri (n = 12
of 51) more often than in patients treated with other biologics
(n =3 of 85). Notably, patients continued therapy significantly lon-
ger with IL-6Ri, and especially JAKI, than with other drugs owing
to perceived clinical efficacy.®" Interestingly, in a phase 2 trial eval-
uating RUX in MPN, RUX treatment surprisingly had no increased
risk of the most common thrombotic complication, splanchnic
thrombosis.®® Similarly, in meta-analyses of patients with MPN
treated with RUX, there were no increased or decreased rates of
thrombosis.®®° Mouse models of JAK2-mutated MPN have sim-
ilarly found reduced NETosis and thrombosis in JAK2Y61"F mice
treated with RUX.”" Because most patients with VCHM have
MDS or CMML rather than other MPN, the relationship between
thrombosis and RUX or other immunosuppressive therapies in
these conditions, as well as VEXAS, and optimal prophylaxis
remains unclear and requires further investigation.

What is our clinical practice? Clinical practice requires collab-
orative care and shared decision-making between rheumatology
and hematology/oncology providers and the patient based on
factors such as vasculitis and malignant risks, comorbid diseases,
fitness for therapy, and personal preferences. For patients in the
community, we recommend referral to tertiary care to facilitate
coordinated care. There is considerable evidence that VCHMs

are interconnected and may mutually drive worsening disease
states. The challenge for clinicians is to determine which disease
to “treat first,” with the hope that control of one may mitigate the
other with lowest toxicity. It is essential to determine and discuss
prognosis of each diagnosis with patients and their loved ones
to help them make decisions that impact both clinical outcome
and quality of life.

We treat patients with VCHM proportionately to severity of
organ manifestations, clarity of diagnosis, and effective therapies
available for the type of vasculitis and malignant diagnosis. We
aggressively pursue and exonerate infection in patients who may
have previously been immunosuppressed from treatment or
immune dysfunction related to malignancy, often with support
from infectious disease colleagues with expertise in immunocom-
promised hosts. We do not consider atypical patterns of vascular
inflamsmation to be definitive of infection without evidence thereof.

If vasculitis treatment is required, we use steroids as a back-
bone of induction therapy and attempt to taper to the lowest toler-
ated dose (Figure 3). In some individuals with VCHM and current
treatment of VEXAS, some maintenance doses of steroids may
be required. Although the data are limited, we use pneumocystis
prophylaxis in all patients with VCHM taking steroids greater than
20 mg for more than one month. We immunize patients with influ-
enza, COVID-19, pneumococcal, and recombinant zoster vac-
cines, ideally before treatment. In patients for whom recombinant
zoster vaccine has not been given before steroids, we strongly
consider valacyclovir prophylaxis, especially if they have had prior
episodes of varicella-zoster virus. Given expected neutropenic
states with use of JAKi or chemotherapy, we recommend valacy-
clovir or acyclovir prophylaxis, though data are limited. We screen
all patients for tuberculosis and hepatitis B and C serologic tests
and initiate appropriate treatment or prophylaxis for positive results.

For patients with B cell malignancies and especially those with
cryoglobulinemic vasculitis, we strongly favor using therapies that
could treat both malignancy and vasculitis, such as RTX. However,
we consider the addition of other immunomodulatory treatments if
RTX is ineffective in treating vasculitis despite effective treatment
of malignancy, commensurate with degree and phenotype of dis-
ease involvement. If neither malignancy nor vasculitis is treated,
we favor enhanced malignancy-directed therapy (Figure 3).

Due to significant risks of myelosuppression, infection and
negative impact on quality of life from an infusion schedule of
DNMTI, steroids or other rheumatic steroid-sparing agents are
strongly considered for the treatment of VCHM with concurrent
diagnosis of myeloid neoplasia. Importantly, therapeutic decisions
in this context will depend on malignancy type and risk of progres-
sion (Figure 3). Depending on clinical phenotype, we prefer
steroid-sparing agents that have some evidence of safety and
mutual benefit in myeloid neoplasia as well as vasculitis, while rec-
ognizing comparative data regarding progression of each condi-
tion, and adverse events are highly limited. We and others
disfavor the use of conventional DMARDs given limited evidence
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Figure 3. Treatment algorithm of VCHM. Clinical trial availability and patient eligibility are variable but clinical trials are preferred if possible. AML,
acute myeloid leukemia; AZA, azathioprine; C5i, complement five inhibitor; CMML, chronic myelomonocytic leukemia; CYC, cyclophosphamide;
DMARD, disease-modifying antirheumatic drug; DNMTi, DNA methyltransferase inhibitor; EBV, Epstein-Barr virus; HM, hematologic malignancy;
HSCT, hematopoietic stem cell transplantation; IL-6Ri, interleukin-6 receptor inhibition; JAKi, JAK inhibitor; MDS, myelodysplastic syndrome;
MMF, mycophenolate mofetil; MTX, methotrexate; NK, natural killer; RTX, rituximab; RUX, ruxolitinib; TNFi, tumor necrosis factor inhibitor; VCHM,
vasculitis with concomitant hematologic malignancy; VEXAS, vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic syndrome. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43195/abstract.

of efficacy and risk of myelotoxicity.*® The presence of AML or
high-risk disease typically drives the imminent addition of chemo-
therapy, and VCHM may be bridged with steroid monotherapy, if
needed. However, many individuals with VCHM have lower-risk
disease and will not meet hematologic criteria for treatment.

In rheumatic treatments, we have the most experience
with effective IL-6Ri use in LVV across a host of underlying
myeloid neoplasia. We often see progression of thrombocyto-
penia and neutropenia with IL-6Ri but not typically to a severe
range. Rheumatology is reluctant to initiate immunosuppres-
sive medications when the platelet count is approximately
<75,000 or absolute neutrophil count (ANC) is approximately
<1,000 given the risk of bleeding or infection, though the exclu-
sion criteria for a phase 2 trial of RUX in CMML®® were a platelet
count <35,000 and ANC <250. Hematologists monitor CBC
with differential more frequently, such as weekly or bimonthly,
in these cases. We may collaboratively tolerate some

thrombocytopenia or neutropenia depending on degree of
cytopenia, transfusion needs, response of vasculitis (if there
are flares with vascular damage during periods of treatment
discontinuation), and availability of alternate treatment options.
Reminiscent of the approach to manage other paraneoplastic
syndromes with treatment of the underlying disorder, we con-
sider treatment of MDS, CMML, and VEXAS with DNMTi ther-
apy in patients with severe or significant refractory and/or
progressive inflammatory manifestations, even in lower-risk
patients in whom its use is off-label (Figure 3).

Our patient: continued treatment and testing.
Fevers and chest pain return one month after discontinuing
steroids. In anticipation of starting 5AC for new transfusion-
dependent anemia and relapsing CMML-associated LVV refrac-
tory to steroid taper, repeat marrow and NGS mutation panel
testing are performed, without substantial changes in atypia, blast
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count, or new mutations compared to before. He begins intrave-
nous 5AC infusions (Supplemental Table 2). Initial leukopenia
(white blood cell count between 2,000 and 3,000 per ul) is toler-
ated, and at the end of 10 cycles, he achieves steroid and transfu-
sion independence. A PET CT at one year shows no evidence of
LWV, and he has no further vasculitis symptoms. Preferring to
avoid upfront HSCT, he eventually transitions to oral decitabine/
cedazuridine for the next 2.5 years. Ultimately, his cytopenia pro-
gresses, though blasts remain <5%, and he proceeds to
curative HSCT.

Longitudinal management in patients with VCHM.
Muiltidisciplinary care for patients with VCHM. Longitudinal care
for patients with VCHM is often complex and poses unigue clinical
challenges. Patients may develop multiple autoimmune and/or
inflammatory features as well as toxicity from disease and/or-
treatment. Additionally, patients with VCHM tend to be older,
and individuals with MDS or CMML additionally have higher pop-
ulation risks for common diseases of aging, including cardiovas-
cular, pulmonary, and metabolic diseases.”® For patients with
new symptoms, we consider a broad differential diagnosis that
includes common age-related diseases, as well as uncommon
infections, inflammation, and progression of malignancy, and we
attempt to obtain objective evidence to differentiate these in a
timely matter. For example, patients with CMML have hypersensi-
tivity to granulocyte-macrophage colony-stimulating factor
(GM-CSF) and may exhibit leukemoid reactions with infection that
can mimic disease progression. Similarly, they may experience
robust response to vaccinations, with often self-limited significant
arm swelling, erythema, and pain, which can be associated with
increased risk for thrombosis. Collaborative care teams beyond
rheumatology and hematology/oncology from other disciplines
with clinical interest and expertise in sicker patients with unusual
manifestations of disease are helpful and may include infectious
disease, vascular medicine, neurology, dermatology, pulmonol-
ogy, nephrology, and radiology, among others. Depending on
severity, these may require inpatient admission for expedited mul-
tidisciplinary evaluation. Given the complexity of care for patients
with VCHM, evaluation in tertiary referral centers to provide muilti-
disciplinary care is recommended.

Rheumatologic role in  monitoring and longitudinal
management of VCHM. We guide diagnostics to monitor known
vasculitis and help evaluate possible multisystem inflammatory
disease, which rheumatology is well experienced to diagnose as
a specialty focused on systemic disease. We typically observe
patients through allogeneic HSCT at clinical visits approximately
every one to two months early in the diagnosis, every three
months once the disease has stabilized, and at least annually in
periods of prolonged remission. For patients with LVV, we favor
PET CT to monitor response to therapy and to test for symptom-
atic flare. Laboratory testing and frequency depends on the pat-
tern of vasculitis and organ system involved but should minimally

include CBC with differential, a complete metabolic panel, and
monitoring of affected or symptomatic organ systems. We obtain
yearly Ig levels, which, when low, have been associated with
increased risk of infection in both myeloid neoplasia and some
forms of vasculitis, especially when treated with RTX.”*~" We
anticipate, test, and manage bone mineral density in patients with
steroid use.

Hematology/oncology pearls for a rheumatologist in
monitoring and longitudinal management of VCHM. The natural
history of myeloid neoplasia is eventual progression of disease
without treatment. Notably, VEXAS behaves differently from forms
of MDS without UBAT mutation and rarely progresses to AML.%8
When used, DNMTi are given monthly in repeated cycles, continu-
ing until progression of disease or toxicities prevent continuation
(Supplemental Table 2). The benefit of treatment is that about
40% to 50% of patients will have some hematologic response,
including ~17% complete remission when the disease is controlled
for some time, but progression will eventually occur unless HSCT is
feasible. DNMTi treatment requires CBC monitoring, with the
expectation that blood cell counts will reach nadir around day
14 after the first day of treatment and will improve around days
21 to 28 just before the subsequent cycle. With this count recovery,
some of the symptoms from the VCHM or other inflammatory con-
dition can flare, and it is important to consider steroid-based ther-
apy to manage the symptoms at this cyclical time point until
disease control is optimized, typically after cycles three to four.%®
We recommended patients stay on monthly treatment cycles irre-
spective of count recovery because phase 3 studies have repeat-
edly shown better response rates with demonstrated adherence
to the schedule.”® For HSCT-eligible patients with inflammatory
complications, such as VCHM and VEXAS, the hope is that trans-
plantation can control both disease processes, although specific
data around this question are currently limited, with a prospective
clinical trial underway in VEXAS.””

Implications of the bidirectional relationship in
VCHM and future directions. We hope that as research pro-
gresses, we will have more data-driven options to safely, effectively,
and perhaps mutually treat VCHM. For example, clinical trials inves-
tigating anti-GM-CSF in CMML are ongoing, and a phase 2 trial has
also suggested therapeutic effect in GCA.”® In myeloid neoplasia, it
is not clear whether malignancy-directed or vasculitis-directed ther-
apy is superior, especially given the paucity of available agents. Fur-
ther refinement of the genotype—phenotype patterns of these
entities may also guide optimal upfront therapies for patients and
likewise generate genetic models to dissect development of vascu-
litis as well as hematologic malignancy. For example, beyond UBAT,
the mutations of TET2 and IDH1/2 have emerged in association with
various inflammatory diseases across the spectrum of precursor
clonal genetic lesions to myeloid neoplasia.’® 4237981 With the
increasing development of well-tolerated oral targeted therapies for
specific mutations, such as IDH inhibitors, these novel agents may
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be effective in mutually managing disease, though this currently rep-
resents a small portion of patients. Furthermore, there is emerging
interest in prevention therapies whereby therapies can be delivered
to hematologic precursor lesions, which may be more amenable to
immunomodulation or other molecular targeted approaches
(Supplemental Figure 1).

Here, we have focused primarily on VCHM, but we know there
are other clinical presentations that extend the paradigm that
inflammatory disease can overlap, with hematologic malignancies
as common presentations of uncommon disease.'* Accurate iden-
tification of the primary malignancy is essential, especially as multi-
ple distinct clones, including in different lineages, are increasingly
identified in patients via high-resolution analyses available in clinic
(Supplemental Figure 1). For example, patients with rheumatoid
arthritis and Felty syndrome can have either a concurrent overlap-
ping diagnosis of MDS, large granular lymphocytic (LGL) leukemia,
or MGUS. In this case, determining which clone may be driving dis-
ease and symptomatology may change choice of therapy, from
DNMTi for MDS to methotrexate or cyclophosphamide for LGL.
As new immunomodulatory agents are introduced in solid and
hematologic malignancies and cellular therapies likewise transition
into clinical trial for rheumatic disease, we anticipate the dual possi-
bility of new inflamsmatory toxicities and, hopefully, also transforma-
tive treatments. Further prospective research is needed to
investigate these known and yet unrecognized relationships
between NGS mutations, clinical response, toxicity, and inflamma-
tory phenomena in this new era of increasing recognition of inter-
connection between our fields.

CONCLUSIONS

Hematologic malignancy and systemic vasculitis are uncom-
mon diseases, of which rare subtypes have strong associations.
Hematologic malignancy should always be considered in the differ-
ential diagnosis of systemic vasculitis as a mimic, concomitant diag-
nosis, or possible adverse outcome. CBC with differential, PET
scan, tissue biopsy, and clonal analyses, especially with NGS, are
helpful to discriminate diagnoses and delineate risks. Some somatic
mutations, such as UBAT mutated in VEXAS, are shared drivers of
vasculitis and hematologic malignancy. Data regarding treatment
of VCHM are limited. Vasculitis-directed therapy and neoplasia-
directed therapies may each be effective, and risk of infection is high
with both approaches. Care of overlap syndromes benefits from
proactive collaboration across multiple disciplines. The underlying
etiology of how these disorders are connected remains an area of
active research, with the goal to inform best therapies and practices
for management. Prospective research focused on the integration of
NGS testing into the diagnostic workup of vasculitis and other adult-
onset inflammatory diseases will likely lead to advances in the field.
Further study may generate mechanistic insights into vasculitis path-
ogenesis and refine treatment paradigms.
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REVIEW

Gout and NLRP3 Inflammasome Biology

Raewyn Poulsen' and Nicola Dalbeth?

This review describes the three broad stages of acute inflammation in the context of gout: initiation, leucocyte
mobilization, and self-resolution. A typical case of a gout flare is presented. The role of the NLRP3 inflammasome
in acute monosodium urate crystal-induced inflammation is reviewed in detail. Treatment strategies for gout are
outlined in the context of the mechanisms of NLRP3 inflammasome-mediated acute inflammation.

Clinical case

The patient, a 60-year-old man, presents with a six-hour his-
tory of right big toe pain and swelling. He awoke overnight with a
throbbing sensation in the toe and, over one hour, developed
intense pain, redness, heat, and swelling of the first metatarso-
phalangeal joint. He describes the pain as the worst pain he has
ever experienced (9 of 10 in severity). He is unable to move the joint,
take weight on his foot, or put on a shoe. The day before, he cele-
brated his 60th birthday with a round of golf and a large meal. He
had an episode of joint pain and swelling in the left ankle six months
ago, which was treated with naproxen and resolved after one
week. He usually has no joint pain. He has a history of hypertension,
hyperlipidemia, and impaired glucose tolerance.

Examination shows that he is distressed with the pain. There
is exquisite tenderness, swelling, warmth, and erythema of the
right first metatarsophalangeal joint. He is unable to bear weight
on the right foot. The other joints examine normally. There is a
small white nodule (tophus) on the helix of the left ear.

Laboratory test findings show a C-reactive protein level of
68 mg/L (reference range <6 mg/L) and a neutrophil count
of 12.3 x 10%/L (reference range 1.9-7.5 x 10%/L). The serum urate
level measures 8.0 mg/dL (reference range 3.3-7.0 mg/dL).

Point-of-care ultrasound shows a double contour sign, together
with grade 3 synovial hypertrophy and color Doppler signal at the
right first metatarsophalangeal joint. At the left first metatarsophalan-
geal joint, a double contour sign is also present, together with a
tophus and adjacent bone erosion at the medial metatarsal head.
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Histopathology of gout flare

The gout flare represents the prototypical acute inflammatory
response. At high concentrations, urate precipitates and is
deposited in joints and soft tissues, where it forms crystals of
monosodium urate (MSU)." Deposition of MSU crystals alone
may not cause any symptoms, but these crystals can induce
intermittent episodes of acute inflammation (gout flares).23
Hence, the first presentation of gout is often intense pain and
inflammation in a joint that persists for several days before self-
resolving over one to two weeks.* Symptoms of gout flare occur
in parallel with a rapid increase in leucocyte numbers in synovial
fluid.® In the synovial membrane, there is prominent neutrophilic
infiltration as well as perivascular infiltration of macrophages,
lymphocytes, and small amounts of plasma cells.> MSU crystals
are often evident within neutrophils and synovial lining cells in
synovial fluid,® and cell fragments as well as intact neutrophils
are present within macrophage phagosomes.®

Immune mechanisms of gout flare

Like all acute inflammatory responses, there are three broad
stages of gout flare: initiation, leucocyte mobilization, and self-
resolution.

Initiation: The central role of NLRP3 inflammasome
activation. Activation of the NLRP3 inflammasome and release
of mature interleukin-18 (IL-1B) from monocytes and macro-
phages is central to initiation of gout flare.®” The NLRP3

Address correspondence via email to Nicola Dalbeth, MBChB, MD, FRACP,
FRSNZ, at n.dalbeth@auckland.ac.nz.

Submitted for publication October 5, 2024; accepted in revised form April
24, 2025.

1317


https://orcid.org/0000-0003-4632-4476
https://onlinelibrary.wiley.com/doi/10.1002/art.43215
https://onlinelibrary.wiley.com/doi/10.1002/art.43215
mailto:n.dalbeth@auckland.ac.nz
http://creativecommons.org/licenses/by-nc-nd/4.0/

1318

POULSEN AND DALBETH

inflamlmasome is normally activated in response to tissue damage
or pathogen attack. However, MSU crystals can act on some or
all of the mechanisms driving NLRP3 inflammasome activation,
and this underlies the reason why MSU crystal deposition predis-
poses to gout flare.®° The NLRP3 inflammasome has been impli-
cated in numerous health conditions. In rheumatology practice, a
direct pathogenic role for NLRP3 inflammasome activation has
been most convincingly demonstrated in inflammation related to
gout,® calcium pyrophosphate depositon disease,® and
cryopyrin-associated periodic syndromes'® and has been impli-
cated in a range of chronic rheumatic diseases.”

The NLRP3 inflammasome is a large multiprotein complex
made up of three proteins: NLRP3, which is a cytosolic receptor
sensing internal cell stress; ASC, an adapter protein; and caspase
1, the effector protein of the inflammasome. The NLRP3 inflam-
masome directly drives maturation (activation) and secretion of
the inflammatory cytokines IL-1B and IL-18.5"

NLRPS3 inflammasome formation is a sequential process
involving oligomerization of NLRP3, followed by recruitment of
ASC and caspase 1, resulting in formation of a wheel-like struc-
ture with caspase 1 at the center'? (Figure 1A). Mitochondria have
a critical role in inflammasome assembly.'®'* For instance,
NLRP3 uses a microtubule-dependent process to translocate
from the endoplasmic reticulum toward the mitochondria, where
ASC is localized.”® NLRP3 and ASC assemble together on
mitochondria-associated endoplasmic reticulum membranes.'®
Similarly, both caspase 1 and NLRP3 interact with phospholipids
in the mitochondrial outer membrane, and this facilitates caspase
1 recruitment to the inflammasome.'* Caspase 1 is produced in
an inactive “pro” form. Incorporation of caspase 1 into the
inflammasome results in its activation by self-cleavage.’®

Both IL-18 and IL-18 are also first produced as inactive
proproteins.'® Caspase 1 is required to produce the biologically
active mature cytokines.'® For instance, caspase 1 specifically
cleaves the 31kDa pro-IL-1B protein at Tyr-Val-His-Asp116/
Ala117, releasing the 17.5kDa mature IL-1B cytokine.’® Mature
IL-18 and IL-18 are released from monocytes and/or macro-
phages through membrane pores.'” These pores are formed by
insertion of cleavage products of the protein gasdermin D into
the plasma membrane.’” Gasdermin D pore formation triggers a
form of inflammatory cell death called pyroptosis, resulting in the
release of cellular contents, including proinflammatory factors
as well as factors that promote the eventual resolution of
inflammation.'® Caspase 1 is also the enzyme responsible for
cleavage of gasdermin D."”"'°. Therefore caspase 1 promotes
both the maturation and the secretion of IL-16 and IL-18."%13:15

Inflammasome formation and activation is highly regulated. It
involves two steps, and in most cases, stimulation by two distinct
signals (known as signal 1 and signal 2) is required to initiate both
steps, enabling full inflammasome activation.?®

NLRP3 inflammasome priming. Step 1 involves priming the
inflammasome and readying it for activation. During step 1, the

production of new inflammasome components is up-regulated
because of the activation of NF-kB. NF-kB promotes both NLRP3,
as well as pro-IL-1p transcription.?" It can be activated by a variety
of pathways, including pattern recognition receptors such as toll-
like receptors (TLRs) and inflammatory cytokine receptors such as
tumor necrosis factor (TNF) receptor and IL-1 receptor.??

Aside from increased production of inflammasome compo-
nents, signal 1 stimuli also promote conditions that facilitate
inflammasome assembly and an inflammatory state. For instance,
TLR activation leads to a change in energy metabolism pathway
usage in macrophages, promoting use of glycolysis, disrupting
mitochondrial energy metabolism, and inhibiting the removal of
damaged mitochondria, leading to accumulation of mitochondrial
reactive oxygen species (MtROS).2%2° The balance of pathways
used for energy metabolism is a critical determinant of macro-
phage polarization, and high glycolysis usage is required for M1 polar-
ization and an inflammatory response.2® Priming stimuli also induce
pathways, controlling the posttranslational modification of inflamma-
some components. For instance, TLR activation promotes deubiqui-
tination of NLRP3 by a pathway independent of NF-kB but
dependent on MtROS. Deubiquitination alone is insufficient to pro-
mote full inflammasome assembly but is essential for enabling NLRP3
oligomerization in the first step of NLRP3 inflammasome assembly.”

Normally, NLRP3 inflammasome priming is induced in
response to pathogen attack, tissue damage, or inflammatory
cytokines in the extracellular environment. TLRs are important
for sensing pathogens and tissue damage, and members of the
TLR family are activated by stimuli such as the bacterial endotoxin
lipopolysaccharide (LPS), single-stranded RNA (present in some
viruses), and tissue debris, such as remnants of extracellular
matrix components. In the case of gout, MSU crystals can
activate TLR (specifically TLR-2 and TLR-4)® promote
metabolic reprogramming in macrophages leading to increased
glycolysis,?® and induce inflammasome priming.® However, their
ability to prime the inflammasome is dependent on several fac-
tors, including the amount, size, and shape of the crystals.29 Clin-
ically, both increased MSU crystal deposition due to high urate
concentrations and increased crystal dissolution (eg following ini-
tiation of urate-lowering therapy) are associated with increased
risk of gout flare*%®" One of the mechanisms for this
increased flare risk may be due to increased availability of MSU
crystals in the right form to induce NLRP3 inflammasome priming.
Other factors may also facilitate the inflammasome priming ability
of MSU crystals. For example, reactive oxygen species (ROS)
generation, inflammasome, and IL-1B levels were found to be
substantially reduced in germ-free mice following MSU crystal
exposure but restored following treatment with acetate, a short-
chain fatty acid normally produced by gut microbiota, implicating
a potential role of fermentation products of gut microbiota in mod-
ulating the proinflammatory effects of MSU crystals.®? Aside from
MSU crystals, various other factors associated with increased risk
of gout flare can also induce inflammasome priming. For instance,
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Figure 1. Development and self-resolution of the gout flare. A high urate level leads to deposition of MSU crystals in joints and soft tissues. Gout

flares initiate as a result of activation of the NLRP3 inflammasome within tissue-resident monocytes and macrophages. Inflammasome activation
requires two signals (signal 1 and signal 2). MSU crystals can serve as both signals; however, they usually act as signal 2 and another factor (eg,
alcohol, saturated fatty acids) serves as signal 1. NLRP3 inflammasome activation results in the production of IL-18, the major inflamsnmatory cyto-
kine driving the gout flare. IL-1p promotes the production of chemokines and other inflammatory mediators promoting mobilization of immune
cells, particularly neutrophils, which are recruited to the affected joint. Neutrophils also produce IL-1p as well as other inflammatory cytokines
and contribute to the inflammatory response. Neutrophils undergo NETosis, which results in the release of NETs and increased inflammatory cyto-
kine levels. With increasing NET production, NETs form aggregates (AggNETs). AGgNETs sequester and degrade inflammatory cytokines, inhibit-
ing the inflammatory response and contributing to resolution of the gout flare. Apoptotic neutrophils are phagocytosed by macrophages and other
neutrophils. This also leads to production of anti-inflammatory mediators as well as TGF-B. TGF-B promotes a switch in macrophage polarization
to the pro-resolving M2 state. M2 macrophages also produce anti-inflammatory and pro-resolving mediators, contributing to gout flare resolution.
High levels of proinflammatory lipid mediators (for instance produced by neutrophils) trigger a class switch in lipid mediator production, resulting in
production of pro-resolving rather than proinflammatory mediators. These inhibit further neutrophil recruitment to the joint. During resolution of the
gout flare, the composition of the coating of biologic material on MSU crystals within joints alters, and this is likely crucial for maintenance of the
intercritical period. IL-1B, interleukin-1p; MSU, monosodium urate; NET, neutrophil elastase trap; TGF-B, transforming growth factor 8 Color figure
can be viewed in the online issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.43215/abstract.

both alcohol and saturated fatty acids activate NF-kB by mecha-
nisms dependent on TLR.*3%¢ High urate levels can also promote
NF-kB activation.®” The ability of these factors to prime the inflam-
masome is likely central to their association with gout flare risk.
NLRP3 inflammasome activation. In most cases, signal
1 alone is insufficient to promote full inflammasome activation,
and a second signal is also required. Signal 2 promotes full
assembly and activation of the NLRP3 inflammasome. At least
part of the mechanism by which this occurs is through further
posttranslational modification of inflammasome components.?”
In the case of gout, MSU crystal phagocytosis has been
implicated as a major trigger driving step 2 of the NLRP3 inflam-
masome activation process.® However, how this leads to trans-
mission of a signal to promote assembly and activation of the
inflammasome componentry is only just beginning to be

understood. In this respect, studies that have examined the pro-
cesses driving inflammasome activation in response to other
stimuli, such as pathogen attack or cell damage, have been
instrumental in providing insight into the mechanisms involved in
inflammasome assembly and activation in the context of gout.
These studies have demonstrated that mtROS generation, cellu-
lar ionic imbalance, and extracellular ATP signaling through puri-
nergic receptors drive NLRP3 inflammasome assembly and
caspase 1 activation, and this is likely through an interconnected
mechanism. 3942
Cell damage (particularly mitochondrial dysfunction and
mtROS), lysosomal damage, and plasma membrane damage
result in perturbation of cellular ion levels, for example, reduced
intracellular potassium or chloride or intracellular calcium flux.%42
In LPS-primed macrophages, caspase 1 activation and IL-18
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secretion were shown to be induced by the addition of a stimulus,
which caused a change in cell osmolarity, indicating that cellular
ion imbalance can provide signal 2 for inflammasome activation.
A change in cellular ion balance also causes mitochondrial
damage and mtROS production*’ and results in compensatory
activation of ion channels to restore normal ion balance and main-
tain cell volume.** Activity of these ion channels results in activa-
tion of a signaling cascade, which promotes extracellular ATP
production and purinergic receptor activation, leading to a
calcium-dependent signaling cascade that promotes inflamma-
some assembly.** mtROS also activate calcium signaling to pro-
mote NLRP3 inflammasome assembly.*’ Recent evidence
indicates that cell volume-regulating ion channels are also acti-
vated following MSU crystal exposure, and this contributes to
the mechanism by which MSU crystals promote step 2 of the
inflammasome activation process.® Specifically, MSU crystals
were shown to activate leucine-rich repeat—containing 8 (LRRC8)
anion channels, which in turn stimulated release of extracellular
ATP and purinergic receptor activation, leading to calcium
signaling—dependent inflammasome activation as evidenced by
IL-1B secretion. Although yet to be demonstrated, it is likely that
MSU crystal-induced LRRCS8 activation occurs as a conse-
quence of MSU crystal phagocytosis because MSU crystal disso-
lution within phagosomes is believed to increase intracellular ion
load.® MSU crystal phagocytosis can also induce lysosomal dam-
age as a result of incomplete breakdown of phagocytosed crys-
tals, leading to cellular ion imbalance.*® Although ion imbalance
has been clearly shown to have a major role in promoting inflam-
masome assembly and activation in response to MSU crystals,
other mechanisms may also contribute, and this remains an
evolving area of research.

Rather than just acting in an additive manner, it seems likely
that there is synergism between signal 1 and signal 2, and hence
the effects of both signals together is more pronounced than the
effects of either signal alone. For instance, TLR activation in signal
1 inhibits mitophagy,?* the normal process by which damaged
mitochondria are removed from a cell.?* This may amplify mtROS
generation by signal 2 stimuli by allowing damaged mitochondria
to accumulate. Conversely, signal 2 may also enhance sensitivity
to priming signals. As an example, some TLRs, such as TLR-2,
have been shown to localize to the phagosome in macrophages,
are activated by triggers present in the contents of the phago-
some, and initiate inflammatory signaling from the internalized
phagosome.*® This raises the possibility that MSU crystal phago-
cytosis not only provides signal 2 for inflammasome activation but
may also sensitize to priming by TLR.

The potential synergism between signal 1 and signal 2 may
be particularly relevant in the context of gout flares. MSU crystals
are believed to predominantly provide signal 2 for NLRP3 inflam-
masome activation in gout flare, whereas often another factor
(eg, a dietary factor) is believed to serve as signal 1. It is possible
that the presence of MSU crystals and/or the gout disease

environment may sensitize to priming signals such that a factor
that is normally only a weak priming signal for the inflammasome
is a stronger stimuli in the context of gout. Several factors relevant
to the gout disease environment have been shown to contribute
to controlling the propensity for NLRP3 inflammasome activation
as well as the extent of inflammation generated. For instance, high
urate levels can amplify IL-1 signaling by reducing expression of
the endogenous IL-1 receptor antagonist.*” Therefore, high urate
levels may exacerbate the NLRP3 inflammasome-mediated
inflammatory response. Low n-3 long-chain polyunsaturated fatty
acid (LCPUFA) intake is associated with increased frequency of
gout flares,*® and n-3 LCPUFAs have been shown to suppress
the ability of MSU crystals to activate the NLRP3 inflammasome
in macrophages.*® High-density lipoproteins (HDLs) have also
been shown to repress MSU crystal-induced inflammation in
mice.”® Whether n-3 LCPUFAs and HDLs act to inhibit signal
1 or 2 specifically or whether they have broader effects on the
inflammatory cascade is unclear.

The involverment of mtROS in inflammasome regulation also
means that factors that promote mitochondrial damage and
ROS generation facilitate inflammasome activation. Of potential
relevance to gout, high-calorie consumption causes mitochon-
drial stress and increased mtROS production. '®2° Mitochondrial
dysfunction and increased mtROS are also inherent features of
metabolic syndrome disorders.®'~>° Additionally, increased activ-
ity of AMP-activated protein kinase (AMPK), which drives the
autophagic clearance of damaged mitochondria,®® has been
shown to repress NLRP3 inflammasome activity and inflamma-
tion in in vitro and in vivo models of gouty inflammation.>”-°®
AMPK also inhibits glycolysis,?®*°€° promotes autophagy-
mediated degradation of inflammasomes,®! and promotes M2
macrophage polarization.?” Therefore, AMPK may act in multiple
ways to repress the inflammatory response.

Inflammasome activation results in rapid induction of an
inflammatory response, which escalates over time. The initial
inflammatory response is due to signal 1 and signal 2 controlling
posttranslational modification of pre-existing inflammasome com-
ponents present within the cell."” Escalation of the inflammatory
response occurs because of increased production of inflamma-
some components and hence increased NLRP3 inflammasome
activity stimulated by signal 1.7 This inflammatory response is
further ampilified during the mobilization phase.®?

Mobilization: Neutrophilic infiltration. IL-1p has a
major role in facilitating the recruitment of other immune cells, par-
ticularly neutrophils, to the joint during gout fare.®? IL-1B triggers
production of other inflammatory mediators, for example, IL-6,
prostaglandins, and leukotrienes, which together with chemo-
kines promote proliferation and migration of immune cells. Conse-
quently, neutrophils as well as monocytes accumulate within the
joint. Like monocytes and macrophages, neutrophils are capable
of phagocytosis, including phagocytosis of MSU crystals.®® They
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can also produce IL-1B via the NLRP3 inflammasome. Addition-
ally, neutrophils can produce proteases that can activate IL-1B
independent of caspase 1,5 and this is also important for gout
flare inflammation. Inhibition of neutrophil IL-1p—activating prote-
ases by a4-antitrypsin has been shown to substantially repress
inflammation in a murine gout model.%°

Neutrophils produce high amounts of other inflammatory
cytokines, for example, TNFa, IL-6, and IL-8,%° and high amounts
of ROS.%¢ Both IL-18 and ROS promote a type of neutrophil cell
death termed NETosis. As MSU crystals promote ROS and
IL-1B formation, they also promote NETosis.®”:% NETosis leads
to the formation of neutrophil elastase traps (NETs),®® which are
extracellular fiber-like structures made up of components of neu-
trophil granules, including enzymes, biocidal proteins, and nuclear
material.”® Normally NETs trap and incapacitate pathogens. In
gout, NETs trap MSU crystals.®® Initially, NETosis is proinflamma-
tory, resulting in increased release of proinflammatory media-
tors.”® As the inflammatory response progresses, neutrophil
numbers and the extent of NET production become so great that
the NETs form aggregates (aggNETs).%® aggNET formation con-
tributes to flare resolution.®®

Self-resolution. Inflammation is designed to be self-
limiting, and even without treatment, gout flares will self-resolve.
Many of the mechanisms that stimulate the inflammatory
response also activate pathways to resolve it. For instance,
caspase 1 self-cleavage activates caspase 1 but also destabilizes
it, resulting in its rapid degradation.’® TLR signaling promotes
inflammasome activation but also promotes production of
anti-inflammatory cytokines, for example, IL-37. These anti-
inflamsmatory cytokines act by a feedback mechanism to
inhibit inflammasome activity.”" Although MSU crystals can
induce NF-kB activation, they also up-regulate expression of
peroxisome proliferator-activated receptor y (PPARy),” a ligand-
dependent transcription factor that strongly represses NF-«B
target genes.”®

Neutrophil influx into the joint exacerbates the inflammatory
response in gout flare but also promotes resolution. As neutro-
phils undergo apoptosis at the end of their life cycle, they are
phagocytosed by macrophages’® and other neutrophils,”®
triggering production of anti-inflammatory cytokines and trans-
forming growth factor B1 (TGFB1).”® TGFR1 represses ROS and
IL-1B production”® and up-regulates IL-37, dampening the
inflammatory response.”! TGFB1 also promotes a switch in mac-
rophage polarization from proinflammatory M1-like macrophages
to anti-inflammatory or pro-resolving M2-like macrophages.”®
M2-like macrophages have greater phagocytotic activity, pro-
duce lower levels of inflammatory cytokines, and secrete high
amounts of anti-inflammatory or pro-repair mediators, such as
IL-10 and TGFB, than M1-like macrophages.”” M2 macrophages
also fail to up-regulate NLRP3 inflammasome expression follow-
ing stimulation with LPS, a classic TLR activator, indicating that

M2 macrophages do not activate the NLRP3 inflammasome in
response to stimuli.”®

aggNET formation also contributes to gout flare resolution.
aggNETs sequester and inactivate proinflammatory chemokines
and cytokines (including IL-1B), thereby removing the signals that
drive further immune cell recruitment to the joint.® A class switch
in lipid mediator production by cyclooxygenase (COX) and lipoxy-
genase (LOX) also contributes to reducing signals, promoting
immune cell recruitment. Instead of producing proinflammatory
prostaglandins and leukotrienes, LOX and COX switch to produc-
ing anti-inflammatory lipoxins’® as well as n-3 LCPUFA-derived
anti-inflammatory or pro-resolving lipid mediators, for example,
maresins and resolvins.2>®" Both maresins and resolvins are
potent inhibitors of neutrophil migration,®®®" and synovial fluid
levels of pro-resolving lipid mediators are negatively correlated
with extent of joint inflammation in gout.&?

Maintenance of MSU crystals in a
noninflammatory state during intercritical gout

Although the symptoms of the flare fully dissipate on resolu-
tion, MSU crystals persist in the joint.238* MSU crystal deposits
within joints attract a coating of biologic material, at least some
of which is due to the trapping of MSU crystals in aggNETs.%%:8°
The composition of the MSU crystal coating has been shown to
differ considerably during the inflammatory phase of gout flare
compared to during flare resolution.2%> The composition of this
coating likely influences whether crystals are proinflammatory. In
support, type Il collagen has been found to be associated with
MSU crystals in synovial fluid in individuals with gout following joint
injury. This collagen coating promoted MSU crystal-mediated
activation of NF-kB by TLR-2.%° Similarly, coating MSU crystals
with serum proteins such as aloumin was shown to reduce their
ability to induce IL-1p secretion and to cause mitochondrial dys-
function and extracellular ATP secretion.8” The composition of
the coating on MSU crystals therefore may influence their ability
to serve as signal 1 and potentially also signal 2 for NLRP3 inflam-
masome activation. The role of MSU crystals during development,
progression, and self-resolution of gout flare, as well as during the
intercritical period, is summarized in Figure 1.

Maintenance of MSU crystals in the clinically
uninflamed tophus

The tophus presents clinically as a “draining or chalk-like
subcutaneous nodule under transparent skin, often with overlying
vascularity.”®® In contrast to gout flare, tophi appear clinically
uninflamed and nontender. Histopathologically, tophi are orga-
nized chronic granulomatous lesions with islands of tightly
packed MSU crystals surrounded by a cellular “corona zone,”
which is in turn encased by an outer fibrovascular zone. In the
corona zone, mononucleated and multinucleated macrophages
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predominate. Although numerous IL-1B—positive cells are present
within the corona zone,® it seems likely that other factors contrib-
ute to the lack of clinically evident inflammation within these
lesions; this may be due to lack of IL-1p released into the extracel-
lular compartment, increased production of anti-inflammatory
cytokines or IL-1 inhibitors in vivo, or rapid degradation of IL-1B
following its release by aggNETs. The architecture of the tophus,
with its collagen-rich fibrovascular zone, may also play a role in
separating MSU crystals from other cells and tissues, allowing
the crystals to remain in a relatively uninflamed state.

Targeted treatment and prevention of gout flare?

Traditional treatment options for gout flare include colchicine,
glucocorticoids, and nonsteroidal anti-inflammatory drugs
(NSAIDs). The mechanisms of action of these medications are
summarized in Table 1. Despite the different mechanisms of
action, in head-to-head clinical trials, traditional therapies have
similar clinical efficacy for treatment of gout flare.%%°"

Colchicine inhibits NLRP3 inflammasome activity and neu-
trophil mobilization.®2®® One of the major mechanisms by
which it acts is by inhibiting microtubules, which are essential
for the transport of NLRP3 components within a cell during
inflammasome assembly as well as for cell migration.®® Colchi-
cine also acts by a wide range of other mechanisms to sup-
press inflammation, including promoting AMPK activation,®”
inhibiting ROS production by neutrophils, and inhibiting NET
formation,94:9°

Glucocorticoids have wide-ranging effects, acting by both
receptor-dependent and receptor-independent mechanisms to
inhibit proliferation, migration, and maturation of immune cells
and promote their apoptotic death.®® The glucocorticoid receptor

physically associates with NF-kB, inhibiting its activity,®” and
represses transcription of inflammatory pathway genes.®® Gluco-
corticoids also regulate energy metabolism, promoting metabolic
rewiring in immune cells such as macrophages in favor of mito-
chondrial energy metabolism pathway use, and this is also a
major contributor to their anti-inflammatory effects.®

NSAIDs act downstream of NLRP3 inflammasome activa-
tion, inhibiting the activity of COX and therefore the production of
proinflammatory lipid mediators such as prostaglandin E,."%° At
high concentrations, various NSAIDs also act as PPARy agonists,
and this may contribute to some of their anti-inflammatory
eﬁeots.101’102

Informed by understanding about the central role of the
NLRP3 inflammasome in the pathogenesis of gout flare, IL-1
inhibitors have been tested for treatment of gout flare.®® Two ran-
domized clinical trials of anakinra (a short-acting IL-1 receptor
antagonist) reported clinical efficacy that was similar to the tradi-
tional oral therapies for treatment of gout flare.%®1%% |n contrast,
subcutaneous canakinumab 150 mg, a long-acting human
anti-IL-18 monoclonal antibody, had greater efficacy than intra-
muscular triamcinolone 40 mg in reducing joint pain, swelling,
and tenderness during a gout flare.’® These findings support
the importance of IL-1B as the key inflammatory mediator of the
initiation and maintenance of gout flare. Although NLRP3 inflam-
masome inhibitors have been investigated for gout flare treatment
in early-phase development,'®® the clinical efficacy and safety of
these agents is not yet established.

Once gout flare has been effectively treated in the acute set-
ting, long-term gout management is also required. For people
with frequent gout flares (two or more over 12 months), topha-
ceous gout, or joint damage related to gout, long-term urate-
lowering therapy is strongly recommended to maintain a serum

Table 1. Anti-inflammatory mechanisms of medications used to treat gout flares™

Therapeutic class

Anti-inflammatory mechanisms

Colchicine

Inhibits NLRP3 inflammasome activity and neutrophil mobilization

92,93

Inhibits microtubule formation (essential for the transport of NLRP3 components during inflammasome

assembly and for cell migration®)

Promotes AMPK activation®’

Reduces expression of adhesion molecules on neutrophils and inhibits neutrophil chemotaxis

108,109

Inhibits ROS production by neutrophils®*

Inhibits NET formation®®
Glucocorticoids
numerous mechanisms>®

Inhibit NF-kB%”

Inhibit proliferation, migration, and maturation of immune cells and promote their apoptotic death by

Repress transcription of inflammatory pathway genes”®
Promote mitochondrial energy metabolism pathway use®

NSAIDs

IL-1 inhibitors

Inhibit COX and proinflammatory lipid mediator production'®
At high concentrations, some NSAIDs act as PPARy agonists
Block IL-1 activity by blocking IL-1 from interacting with its receptor (either by binding to the receptor in place

101,102

of IL-1 [anakinra, a recombinant version of human IL-1 receptor antagonist] or by binding to IL-1(3,
preventing it from then binding to the receptor [canakinumab, a humanized anti-IL-1B antibody])' "
Prevents IL-1 proinflammatory effects (eg, production of other inflammatory mediators such as IL-6 and

proinflammatory lipid mediators), reduces signals to promote neutrophilic infiltration

111

* AMPK, AMP-activated protein kinase; COX, cyclooxygenase; IL, interleukin; NET, neutrophil elastase trap; NSAID, nonsteroidal anti-
inflammatory drug; PPARY, peroxisome proliferator-activated receptor y; ROS, reactive oxygen species.
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urate level below 6 mg/dL and dissolve deposited MSU crystals,
which ultimately treats the underlying cause of gout flare and pre-
vents ongoing NLRP3 inflammasome activation.'®” In the first
months of initiating urate-lowering therapy, gout flares are com-
mon, and these flares can be prevented by low doses of oral col-
chicine or other anti-inflammatory medications.®! Consistent with
the central role of IL-1B in the initiation of acute MSU crystal-
induced inflammation, canakinumab significantly prevented
recurrent gout flares over 24 weeks in a randomized controlled
trial. "%

Clinical case follow-up

The diagnosis of a gout flare is made, and the patient is pre-
scribed prednisone 40 mg daily for one week. This treatment
results in clinical improvement and full resolution of symptoms
over 10 days. In view of his recurrent gout flares and clinical evi-
dence of tophus, urate-lowering therapy is recommended, and
allopurinol is started at 100 mg daily and gradually increased to
400 mg daily, which reduces the serum urate level to 5.2
mg/dL. Low-dose colchicine (0.6 mg daily) is also prescribed in
the first six months of allopurinol treatment to prevent recurrent
gout flares.

The patient continues to experience mild gout flares over the
first year of allopurinol treatment, which are rapidly treated by a
home supply of prednisone. After three years of allopurinol treat-
ment, he has been free of gout flares for more than a year, and
the nodule on his ear has disappeared. He can exercise regularly
and enjoys his 63rd birthday without pain!
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Objective. Tapering of tumor necrosis factor inhibitor (TNFi) treatment in rheumatoid arthritis (RA) remission is
debated. We assessed the effect of tapering TNFi to withdrawal versus continued stable TNFi on flare-free survival
and joint damage progression over three years.

Methods. ARCTIC REWIND was a multicenter open-label, noninferiority trial that included patients with RA in
remission for >12 months taking stable TNFi therapy. Patients were randomized 1:1 to taper TNFi to withdrawal or con-
tinue stable treatment. The primary end points of the current study were flare-free survival and radiographic progres-
sion over three years. Flare-free survival was analyzed by Kaplan-Meier methods, flare rates were analyzed by Cox
regression, and radiographic progression was analyzed by logistic mixed-effects models.

Results. Of 99 randomized patients, 92 received the allocated therapy, and 80 completed the three-year follow-up. The
mean baseline Disease Activity Score based on the 44 joint count was 0.8, and conventional synthetic disease-modifying
antirheumatic drug comedication was used by 90% of patients. After three years, 25% (95% confidence interval [Cl] 13%—
38%) remained flare free in the tapering TNFi group, compared to 85% (95% Cl 70%-93%) in the stable group, and the cor-
responding hazard ratio for flare was 9.4 (95% CI 3.9-22.8, P < 0.0001). In the tapering group, 6 of 41 (15%) experienced
radiographic progression, compared with 3 of 38 (8%) in the stable group (risk difference 6.7%, 95% CI -7.1% to 20.5%,
P = 0.3). Adverse events occurred in 81% of the patients in the tapering group and 89% of the patients in the stable group.

Conclusion. In contrast to those receiving stable TNFi treatment, a minority of patients with RA in remission
tapering TNFi to withdrawal remained flare free over three years. There was no statistically significant difference in

radiographic progression between the groups.
INTRODUCTION

Patients with rheumatoid arthritis (RA) are increasingly achiev-
ing remission with early and aggressive treatment strategies." If
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first-line therapy with conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) fails to provide sufficient
response, a tumor necrosis factor inhibitor (TNFi) is commonly
added to the treatment regimen.®® In patients who achieve
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sustained remission, it is debated whether TNFi could be tapered.>®
Tapering or discontinuing TNFi might be beneficial regarding poten-
tial adverse events, unnecessary health care costs, and burden of
taking medication.*~" Many patients with well-controlled disease
have a desire to reduce their biologic DMARDs, but the potential
for disease flare and joint damage causes concerns.?®®

The American College of Rheumatology (ACR) and The
European Alliance of Associations for Rheumatology (EULAR)
recommend that dose reduction of DMARDs should only be
considered among patients with RA in whom the disease activ-
ity target has been met for at least six months,?® with the latter
recommendations emphasizing that this target should be fulffill-
ment of the stringent ACR/EULAR remission criteria.'® How-
ever, one-year results from the ARCTIC REWIND trial showed
that in a population in remission for at least a year (of which
86% were in Simplified Disease Activity Index [SDAI] remission),
significantly more flares occurred after tapering TNFi to with-
drawal compared to stable TNFi treatment.’” Other random-
ized trials evaluating tapering strategies among patients with
RA in sustained remission six or more months who needed
TNFi to achieve this state also show an overall increased risk
of flare in those tapering or withdrawing their TNFi.'2:12

Before implementing or discarding a treatment strategy,
long-term consequences should be addressed. In a previous
study assessing dose reduction versus usual care with mainte-
nance of low disease activity as the treatment goal, patients were
observed over an 18- to 36-month observational extension
phase. The difference between the two strategies regarding
remission rates, physical function, radiographic progression, and
adverse events was statistically nonsignificant during this nonran-
domized period.’ Long-term data on tapering strategies and
outcomes for patients in sustained remission are otherwise
sparse, and more data would provide valuable information for cli-
nicians and patients when discussing treatment options. The
objective of this study was to assess the three-year effects of
tapering and withdrawal of TNFi versus continuing stable TNFi
on disease activity flare and radiographic joint damage among
patients with RA in sustained remission.

PATIENTS AND METHODS

Study design. This multicenter randomized, open-label,
noninferiority trial assessed the three-year clinical and radiographic
effects of tapering TNFi among patients with RA in sustained remis-
sion. The ARCTIC REWIND (Remission in Rheumatoid Arthritis -

for Treatment of Rheumatic and Musculoskeletal Diseases (REMEDY), Dia-
konhjemmet Hospital, Oslo, Norway.

Drs Kjgrholt and Paulshus Sundlisaeter are co-first authors and contrib-
uted equally to this work. Drs Haavardsholm and Lillegraven are co-last
authors and contributed equally to this work.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43199).

Assessing Withdrawal of Disease-Modifying Antirheumatic Drugs
in a Non-Inferiority Design) project contained two separate
randomized trials for patients in sustained remission: one enrolling
patients using TNFi therapy (the current trial)'" and the other enrolling
patients using only csDMARD therapy at inclusion, for which results
are previously published.’®” The patients were recruited and
observed at nine rheumatology departments in Norway. The trial
was performed in compliance with the Declaration of Helsinki and
International Council of Harmonisation Guidelines for Good
Clinical Practice and Norwegian regulations and was approved
by the South-Eastern Norway Regional Ethics Committee
(approval number 2012/2285) and the Norwegian Medical
Products Agency (Supplement 1). Patients provided written
informed consent to participate in the study before taking part.

A deidentified patient data set can be made available to
researchers upon reasonable request. The data will only be made
available after submission of a project plan outlining the reason for
the request and any proposed analyses and will have to be
approved by the ARCTIC REWIND project group. Project pro-
posals can be submitted to the corresponding author. Data shar-
ing will have to follow appropriate regulations. The study protocol
and statistical analysis plan are available in Supplement 1.

Participants. Participants aged between 18 and 80 years
were eligible if they fulfilled the ACR/EULAR classification cri-
teria'® for RA and had documented remission status according
to established criteria for at least 12 months, with no swollen
joints (of 44 assessed) and fulfillment of Disease Activity Score
(DAS) remission criteria at inclusion. The DAS is a composite
measure of disease activity (range 0-10) based on the 44
swollen joint count, the Ritchie Articular Index, the erythrocyte
sedimentation rate, and the patient’s global assessment of dis-
ease activity.'®?° DAS remission is defined as a score <1.6,
and higher scores indicate more disease activity. All patients
had to use unchanged dosages of TNFi therapy during the last
12 months. csDMARD comedication was allowed if kept stable
over the same period. The patients had been treated according
to current recommendations at the time of diagnosis with initial
csDMARD treatment. The initial inclusion criteria required
the patient to have less than five years of symptom duration.
However, this requirement could be difficult to determine and
was removed in a protocol update, which also increased the
number of eligible patients. The inclusion and exclusion criteria
are listed in Supplementary Table 1 (Supplement 2). All patients
provided written consent before inclusion.
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Randomization and masking. Patients were randomly
assigned 1:1 to either tapering to withdrawal of TNFi or continuing
stable TNFi. Randomization was stratified by study center using
an electronic case report form system (version 3; Viedoc Technol-
ogies AB) with a computer-based block randomization with a
block size of four. Study personnel at each study center enrolled
and confirmed eligibility of the patients, and the allocated treat-
ment group was revealed to the study personnel and participants
after randomization. Radiographic outcomes were scored cen-
trally by two readers blinded to the allocated treatment group
and clinical information.

Procedures. At baseline, the patients used either TNFi (stan-
ercept, adalimumab, infliximab, certolizumab pegol, golimumab) in
monotherapy or TNFi in combination with csDMARDs. In the taper-
ing group, TNFi therapy was reduced by 50% for four months by
either doubling the time between injections or reduced dosages
(Protocal, Supplement 1), followed by withdrawal of TNFi if no flare
had occurred. If a patient experienced a flare, full-dose TNFi treat-
ment was reinstated, with no further scheduled tapering attempts.
In the stable group, patients who experienced a flare were treated
in accordance with current treatment recommendations. In addition
to DMARDs, a flare could be treated with intramuscular, intraarticu-
lar, or oral glucocorticoids regardless of randomization group.
Comedication with csDMARDs should be kept stable throughout
the study in both randomization groups. Patients were examined
every four months, including additional visits within a week if patients
experienced disease worsening, with a total follow-up period of
36 months (ie, 10 standard visits). Patients who experienced a flare
were to continue to attend visits until the end of the study.

Outcomes. The primary end points of the three-year analyses
(Statistical analysis plan, Supplement 1) were absence of disease
activity flare and radiographic joint damage over the study period. A
flare was defined as a combination of a DAS >1.6 (e, loss of remis-
sion), an increase in the DAS >0.6 units since the previous visit (ie,
change larger than the measurement error), and >2 swollen joints of
44 examined, with all components having to be present to fulfil the
definition. If these criteria were not fulfiled, a flare could also be
recorded if the physician and patient agreed that a clinically significant
flare had occurred. Radiographs of hands and feet (baseline and
yearly) were scored in chronological order by two readers unaware
of clinical data and treatment information using the van der Heijde
modified Sharp score (vdHSS), ranging from O to 448, with higher
scores indicating greater joint damage.?' Progression of joint dam-
age (compared to baseline) was assessed on a continuous scale
and defined as a change of >1 unit yearly ie, a change of >3 units
after three years, using the average score of the readers.

Secondary clinical outcomes included ACR/EULAR Boolean
2.0 remission (defined as a combination of a C-reactive protein
[CRP] level <1 mg/dL, a swollen joint count <1, a tender joint
count <1, and patient global assessment of disease activity <2

on a 0-10 visual analog scale) and DAS remission (score
<1.6)."%° Additionally, continuous clinical outcomes consisted of
the DAS, swollen joint count (0-44), and CRP level (mg/dL), col-
lected at every visit. Ultrasound examinations (at baseline, flare
visits, and yearly) were scored based on assessment of 32 joints
(scored 0-3 for both gray scale synovitis and power Doppler sig-
nal using an atlas for reference).?® The 32 assessed joints were
metacarpophalangeal joints |-V, the radiocarpal joint, the distal
radioulnar joint, the intercarpal joint, the elbow, the knee, the talo-
crural joint, and metatarsophalangeal joints |-V bilaterally. A sec-
ondary radiographic outcome was joint damage progression
above the smallest detectable change after three years. Physical
function was assessed by the Patient-Reported Outcomes Mea-
surement Information System (PROMIS) 20-item short form
(translated to a T score with a mean of 50 and SD of 10).2° Infor-
mation about DMARD use (type, dose, and frequency) and gluco-
corticoid treatment (intraarticular injections and systemic use, yes
or no) was collected at every visit. Potential clinical and laboratory
adverse events were monitored at each visit.

Statistical analysis. The sample size was determined, and
the noninferiority margin of 20% was set with respect to the initial
comparison after one year.! The outcomes were analyzed in a
per protocol population, excluding patients with major protocol
deviations potentially affecting the treatment efficacy. In cases
with major protocol deviations or cases lost to follow-up, the
patients were included in the analyses up to the date of deviation.
Baseline characteristics were described by frequency (percentage),
mean (SD), and median (interquartile range [IQR]) as appropriate.
Flare-free survival curves and the corresponding center-adjusted
hazard ratio of flare were estimated by the Kaplan-Meier method
and Cox proportional hazard regression. Radiographic joint damage
was analyzed on a continuous scale and as a dichotomous out-
come (radiographic joint progression) and compared after three
years using logistic mixed-effects models (average risk difference
estimator) and the Mann-Whitney U test. Missing values for radio-
graphic scoring of single joints, for example, due to surgery during
the study, were handled by using the last observation carried for-
ward at the joint level. The radiographic progression in patients
who experienced a flare versus those who did not was assessed
using logistic mixed-effects models, adjusted for treatment group.

Yearly differences in remission rates were estimated using
logistic mixed models with treatment group, time (categorical),
and their interaction as fixed effects and patient and study center
as random intercepts. The differences in remission status between
the two treatment groups from baseline to 36 months were ana-
lyzed by generalized estimating equations for logistic regression
using subject-level bootstrapping, with adjustment for baseline sta-
tus in analyses of ACR/EULAR Boolean 2.0 remission (due to
unbalanced status between the two groups at baseline). The per-
centage of patients with absence of ultrasound power Doppler sig-
nal throughout the study was compared using Fisher’s exact test.
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Among patients who experienced a flare, differences in DAS, CRP
level, swollen joint count, and PROMIS score before, at, and after
a flare within each treatment group were compared by the Wil-
coxon matched-paired singed rank test.

Sensitivity analyses of the primary outcomes and remis-
sion status were repeated in a modified intention-to-treat pop-
ulation, which included all patients receiving the intervention
until the end of the study or loss to follow-up. In addition, the
outcome of disease activity flare was analyzed by a nonre-
sponder imputation, that is, imputing dropouts (major protocol
violations or lost to follow-up) as a flare (worst-case analysis),
and finally by using a flare definition based on the DAS and
swollen joint count only.

In post hoc analyses, we repeated the testing of noninferiority
of the tapering strategy with a similar approach as applied in the
one-year analyses and with the same noninferiority margin of
20%. This was done using logistic mixed-effects models and the
adjusted risk difference estimator to compare the risk of any flare
during three years of follow-up. In this model, treatment group
was the only fixed factor, and center was entered as a random
intercept to account for the center stratification. The 95% confi-
dence interval (Cl) for the difference in flare risk was computed
using the delta method. Furthermore, in post hoc analyses, we
assessed hazards of flare over time and calculated the hazard
ratio of flare adjusted for Boolean 2.0 baseline status.

Statistical analyses were performed in Stata version 16.0
(StataCorp) and R Statistical Software version 4.0.3. The trial
registration number was 2012-005275-14 in EudraCT and
NCT01881308 in ClinicalTrials.gov.

RESULTS

Patients. Between June 17, 2013, and January 4, 2019,
99 patients were randomized in the study. Ninety-two received
the allocated therapy and were included in the per protocol set:
47 in the tapering group and 45 in the stable group (Figure 1). Of
these, 89% (42 of 47) in the tapering group and 84% (38 of 45)
in the stable group completed the three-year follow-up without
major protocol violations. Patient characteristics were overall well
balanced between the TNFi tapering group and the stable TNFi
group: mean age 57.6 (SD 12.6) versus 57.4 (SD 10.7) years,
53% (25 of 47) versus 67% (30 of 45) female, and 77% (36 of
47) versus 78% (35 of 45) anti—citrullinated peptide positive,
respectively (Supplementary Table 2 in Supplement 2). At base-
line, the mean DAS was 0.8 (SD 0.3) in the tapering TNFi group
and 0.9 (SD 0.4) in the stable group (Supplementary Table 2 in
Supplement 2); 94% (44 of 47) in the tapering group had absence
of ultrasound power Doppler signal, compared with 95% (42 of
44) in the stable group. The majority of patients were in
ACR/EULAR remission at baseline; ACR/EULAR Boolean 2.0 cri-
teria were fuffilled by 91% (43 of 47) in the tapering group and
67% (30 of 45) in the stable group, and ACR/EULAR SDAI

remission were fulfilled by 96% (45 of 47) and 76% (34 of 45) of
the patients, respectively. The mean time since the first swollen
joint was 11.9 (SD 6.9) years in the tapering group and 10.0
(SD 7.2) years in the stable group. csDMARD comedication was
used by 89% in the tapering group and 91% in the stable group,
mainly methotrexate monotherapy.

Primary outcomes. After three years, 25% (95% Cl 13%-—
38%) remained flare free in the tapering TNFi group, compared
to 85% (95% Cl 70%-93%) in the stable dose TNFi group
(Figure 2A). Thirty-four patients experienced a flare in the taper-
ing group, compared to six patients in the stable group, with an
estimated adjusted risk difference of 59% (95% CIl 43%-75%,
P < 0.0001) over the three-year study period. The lower Cl limit
exceeded the noninferiority margin of 20% defined for the one-
year analyses, confirming that the tapering strategy was not
noninferior to stable treatment in the long term. The corre-
sponding center-adjusted hazard ratio of flare in the tapering
group was 9.4 (95% Cl 3.9-22.8, P < 0.0001).

The mean and median radiographic change in total vdHSS
over three years were 1.4 (SD 2.4) and 0.5 (IQR 0.0-2.0) units
in the tapering group, compared to 1.0 (SD 1.1) and 0.5 (IQR
0.0-1.5) units in the stable group (P value of comparison =
0.9) (Figure 3). In the tapering TNFi group, 15% (6 of 41) expe-
rienced radiographic progression >3 units, compared with 8%
(8 of 38) in the stable TNFi group (risk difference 6.7%, 95%
Cl-7.1% t0 20.5%, P = 0.3). Analyses of flare and radiographic
joint damage repeated in the intention-to-treat population gave
similar results (Figure 2B and Supplementary Tables 3 and 4 in
Supplement 2).

Disease activity. ACR/EULAR Boolean 2.0 remission
rates were significantly lower in the tapering TNFi group than the
stable TNFi group throughout the 36-month study period
(Figure 4), with an adjusted risk difference of —24% (95% ClI
-33% to —15%, P < 0.0001). Rates of ACR/EULAR Boolean 1.0
remission and analyses in the intention-to-treat population
revealed similar results, whereas no significant difference was
observed for DAS remission (Supplementary Figure 1 in Supple-
ment 2). A difference regarding inflammation assessed by ultra-
sound was observed; 45% (21 of 47) of patients had no power
Doppler signal at any of the visits where ultrasound was per-
formed in the tapering group, compared to 76% (34 of 45) in the
stable group (P = 0.003).

At the time of flare, the mean DAS was 2.2 (SD 0.7) in the
tapering group and 2.0 (SD 0.3) in the stable group, correspond-
ing to low disease activity in both groups (Supplementary Figure 2
in Supplement 2). A moderate or high DAS at the time of flare was
observed in 34% (11 of 32) of the patients in the tapering group,
compared to 17% (1 of 6) in the stable group. Within the first visit
after a flare, 84% (26 of 31) in the tapering group and 67% (4 of 6)
in the stable group regained DAS remission. In the tapering group,
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5 did not receive the intervention
3 DAS=1.6 and/or =1 swollen joint
1 patient decision
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1 major protocol violation:
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TNFi
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csDMARDs
1 lost to follow-up:
1 adverse event (1 died)

2 lost to follow-up:
2 adverse events (1 died)

Figure 1.
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(initiated therapy)

v
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v
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44 at 2 year in PP analysis

v

44 at 3 year in ITT analysis
42 at 3 year in PP analysis

l

47 allocated to
stable therapy

A 4

45 at baseline
(initiated therapy)

v

43 at 1 year in ITT analysis
41 at 1 year in PP analysis

v

43 at 2 year in ITT analysis
40 at 2 year in PP analysis

v

43 at 3 year in ITT analysis
38 at 3 year in PP analysis

2 DAS=1.6 and/or =1 swollen joint

2 did not receive the intervention
| flared between screening and
first visit
| patient decision

2 major protocol violations:
2 adverse events
2 lost to follow-up:
1 patient’s decision to discontinue
TNFi
1 adverse event

1 major protocol violation:
1 adverse event

2 major protocol violations:
| patient’s decision to taper TNFi
1 adverse event

Flowchart of patients in the ARCTIC REWIND TNFi trial with three years of follow-up. csDMARD, conventional synthetic disease-

modifying antirheumatic drug; DAS, Disease Activity Score; ITT, intention to treat; PP, per protocol; TNFi, tumor necrosis factor inhibitor.

the CRP level, 44 swollen joint count, DAS, and PROMIS physical
function were significantly worse at the time of flare compared to
the visit before and after a flare (P < 0.0001) (Supplementary Fig-
ure 2 in Supplement 2; statistical testing was not performed in

the stable group owing to small numbers).

Additional radiographic outcomes. Radiographic pro-
gression above the smallest detectable change after three years
was 2.44 units, and was experienced by 22% (9 of 41) in the
tapering group, compared to 13% (5 of 38) in the stable group
(risk difference 9%, 95% Cl —-8% to 25%, P = 0.3). Of patients
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Figure 2. Proportions of patients without a flare over the study period. Flare was defined as a combination of DAS above the cutoff for remission
(1.6), a change in DAS of at least 0.6, and at least two swollen joints or that both the treating physician and the patient agreed that a clinically sig-
nificant flare had occurred. The risk of flare was analyzed by Cox proportional hazard regression with 95% Cl, adjusted for study center. *“TNFi was
reduced to a half dose for four months, followed by withdrawal at the four-month visit if no flare had occurred. (A) Primary outcome: any flare, ana-
lyzed in a PP population. (B) Sensitivity analysis: any flare, analyzed in a modified ITT population. (C) Sensitivity analysis: nonresponder imputation,
that is, imputing dropouts (the date of major protocol violation or lost to follow-up) as flare, analyzed in a PP population. (D) Sensitivity analysis:
using flare by definition criteria only (combination of DAS >1.6, a change in DAS off at least 0.6, and at least two swollen joins), analyzed in a PP
population. Cl, confidence interval; DAS, Disease Activity Score; ITT, intention to treat; PP, per protocol; TNFi, tumor necrosis factor inhibitor.

who experienced a flare during follow-up who had radiographs
available, 16% (6 of 37) had progression of joint damage over
three years, compared to 7% (3 of 42) among patients without a
flare (risk difference 7.7%, 95% Cl =9.9% to 25.4%, P = 0.4). In
patients who experienced a flare, the mean/median change in
vdHSS after three years was 1.5 (SD 2.4)/0.5 (IQR 0.0-2.0), com-
pared to 0.9 (SD 1.1)/0.5 (IQR 0.0-1.5) in patients without a flare
(P value for comparison = 0.2).

Medication. Among patients who completed three years of
follow-up, 29% (12 of 42) in the tapering group were not treated
with any TNFi or other biologic DMARDs at the last visit
(Table 1). Compared to baseline treatment, 10% (4 of 42) in the
tapering group and 11% (4 of 38) in the stable group had
switched to other types of TNFi or started JAK inhibitor treatment
by the end of the study. Systemic glucocorticoids (one or more
treatment periods during the three-year follow-up) were used by

23% (11 of 47) in the tapering TNFi group and 13% (6 of 45) in
the stable TNFi group (Table 1).

Adverse events. Adverse events occurred in 81% of the
patients in the tapering group and 89% of the patients in the sta-
ble group, with corresponding percentages for serious adverse
events of 21% in the tapering group and 11% in the stable group
(Table 2). Infection was the most common adverse event in both
groups, mostly affecting the respiratory tract. Adverse events led
to study discontinuation or major protocol violations in 4% (2 of
47) of the patients in the tapering group and 11% (5 of 45) of the
patients in the stable group. Two deaths considered unrelated to
treatment occurred among patients in the tapering group. Analy-
ses of adverse events in the intention-to-treat population were
almost identical (Supplementary Table 5 in Supplement 2).

Sensitivity and post hoc analyses. Of the flares in the
tapering group, 53% (18 of 34) were detected by the formal
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Figure 3. Change in van der Heijde modified Sharp score at 36 months compared to baseline. The van der Heijde modified Sharp scoring
method assesses erosions in 16 joints of each hand and 6 joints of each foot, and the erosions are given a score of 1 to 5. Joint space narrowing
is assessed in 15 joints for each hand and 6 joints for each foot. This gives scores for erosions on a scale from O to 280 and for joint space narrow-
ing on a scale from 0 to 168; thus, the total van der Heijde modified Sharp score ranges from 0 to 448, with higher scores indicating greater joint
damage. The analyses were performed in a per protocol population. TNFi, tumor necrosis factor inhibitor.

definition based on the DAS and swollen joint count, compared
10 67% (4 of 6) of the flares in the stable group. Sensitivity anal-
yses of disease activity flares by nonresponder imputation gave
consistent results (Figure 2C and Supplementary Table 3 in

Supplement 2). When excluding flares by consensus and thus
only taking flares that met the definition based on the DAS and
swollen joint count into account, we consistently found that
the tapering group had a higher risk of flare compared to the

Patients in remission, unadjusted %

Adjusted risk difference®, % (95% Cl)

(No./total No.)

- -

Favors stable TNFi Favors tapering TNFi

Tapering TNFi Stable TNFi
12 months 67% (31/46) 72% (28/39°) 12 months ' =
24 months 73% (32/44) 85% (33/39°) 24 months ! B |
36 months 60% (25/42) 76% (29/38) 36 months | =
0-36 months 61%* 85%* 0-36 months —_——
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| |
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Figure 4. ACR/EULAR Boolean 2.0 remission status. ACR/EULAR remission is defined as tender joint count <1, swollen joint count <1, CRP
level <1 mg/dL, and patient’s global assessment <2 (on a 0-10 scale). The analyses were performed in a per protocol population. # Absolute risk
difference analyzed by logistic regression with patient and study center as random intercepts, adjusted for Boolean 2.0 baseline status, and com-
puted with 95% CI based on the delta method. Combined remission at 0 to 36 months was analyzed by generalized estimated equations, with
subject-level bootstrapping. ° Two patients did not take blood samples and are excluded from the denominator. ¢ One patient did not take blood
samples and is excluded from the denominator. * Not applicable to measure no./total no. because the result is an average estimate of remission
status during the complete study period. ACR, American College of Rheumatology; Cl, confidence interval; CRP, C-reactive protein; EULAR,
The European Alliance of Associations for Rheumatology; TNFi, tumor necrosis factor inhibitor.
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Table 1. Medication use*

Table 2. Adverse events from 0 to 36 months*

Tapering TNFi, %  Stable TNFi, % Tapering Stable
(no./total no.) (no./total no.) TNFi (n=47) TNFi (n = 45)
bDMARD/tsDMARD Total number of adverse 162 133
treatment at 3-y events
follow-up? Patients with >1 adverse 81 (38) 89 (40)
No bDMARD/JAKi 29 (12/42) 0(0/38) event, % (n)
Same TNFi as baseline 62 (26/42) 89 (34/38) Patients with >3 adverse 47 (22) 53 (24)
Other TNFi 10 (4/42) 5(2/38) events, % (N)
JAKi 0(0/42) 5(2/38) Patients with serious adverse 21(10) 11 (5)
csDMARD comedication 7 (3/42) 3(1/38) events,® % (n)
increase at 3-y follow- Patients with adverse events
up compared to of special interest,” % (n)
baseline® Leading to study 4(2) 11 (5)
Glucocorticoids during discontinuation or major
the study® protocol violation
>1 treatment period 23 (11/47) 13 (6/45) Any type of infection 60 (28) 62 (28)
with systemic Cancer 9(4) 4(2)
glucocorticoids Death 4(2) 0(0)
>1 intraarticular 47 (22/47) 24.(11/45)

glucocorticoids
injections

* bDMARD, biologic disease-modifying antirheumatic drug;
c¢sDMARD, conventional synthetic DMARD; JAKi, JAK inhibitor; TNFi,
tumor necrosis factor inhibitor; tsDMARD, targeted synthetic
DMARD.

@ The analyses were performed in patients who completed 3 years
of follow-up in a per protocol population.

® In addition to DMARDs, a flare could be treated with intramuscu-
lar, intraarticular, or oral glucocorticoids.

stable group, with a risk difference of 36% (95% Cl 19%-52%,
P < 0.0001) (Figure 2D and Supplementary Table 3 in Supple-
ment 2). Post hoc analysis indicated that the flare rate varied
over time in the tapering group, with the highest hazard the first
three months after discontinuation of TNFi, whereas the stable
treatment group had an approximately constant flare rate
across the three-year study period. The hazard ratio of any
flare after adjusting for Boolean 2.0 status was 9.9 (95% CI
3.9-25.1, P < 0.0001).

DISCUSSION

A minority of patients with RA who were in remission and
tapering TNFi to withdrawal remained flare free over three years,
whereas the majority of patients receiving stable treatment were
flare free during the same time period. Although most patients
regained remission after reinstatement of TNFi with minimal radio-
graphic joint damage progression, TNFi tapering was associated
with significantly lower ACR/EULAR Boolean 2.0 remission rates
throughout the study.

We show that in patients who needed to add TNFi treat-
ment to achieve sustained remission, only 25% could taper
their TNFi to withdrawal without experiencing a flare over three
years of follow-up, even though 90% were using stable
csDMARD comedication. The study population and results
are relevant when discussing current recommendations and

* The analyses were performed in a per protocol population. TNFi,
tumor necrosis factor inhibitor.

@ Serious adverse events in the tapering group consisted of the fol-
lowing: lung carcinoma (adenocarcinoma) resulting in death, breast
cancer, acute myocardial infarction, sudden death, cancer vesicae
with transurethral resection of the bladder and cystoprostatektomi,
traumatic fractures after traffic accident with hospitalization, toe
amputation with hospitalization followed by postoperative infec-
tion, acute kidney failure with hospitalization (2 events), fall leading
to hospitalization, and infection leading to hospitalization (3 events).
Serious adverse events in the stable group consisted of the follow-
ing: third-degree atrioventricular block, cancer vesicae, hysterec-
tomy, rheumatoid vasculitis, and keratitis with hospitalization.

b Adverse events occurring at a minimum frequency of 5% in at least
one group are listed. Additionally, the number of deaths is listed.

guidelines regarding tapering,2® as the patients had been in
remission for >12 months and had no signs of clinical disease
activity at inclusion (no clinical arthritis, 96% of those tapering
TNFi were in SDAI remission, and only 6% had any power
Doppler signal when assessing 32 joints).

In previous randomized trials that either required shorter dura-
tion of remission or less stringent remission criteria for inclusion,
20% to 55% remained flare free within a maximum of 18 months
after TNFi withdrawal. 242" Additionally, differences in TNFi tapering
strategies and flare definition may impact the flare rate and compli-
cate the comparison of these studies. In the ARCTIC REWIND trial,
patients reduced their TNFi by 50% for four months, followed by
complete withdrawal of TNFi. In contrast, patients in the SEAM-
RA trial (Study of Etanercept and Methotrexate in Combination or
as Monotherapy in Subjects with Rheumatoid Arthritis) withdrew
TNFi without an initial tapering phase, and the STRASS ftrial
(Spacing of TNF-blocker injections in Rheumatoid ArthritiS Study)
had a more stepwise tapering strategy in which TNFi spacing was
augmented by approximately 50% every three months in a five-
step algorithm.?*2” However regardless of tapering strategy, the
risk of flare was significantly higher in the tapering/withdrawal group
compared to the stable TNFi group in all of these studies.

In the current long-term study, most of the patients who
remained flare free during the first 16 months after tapering TNFi
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to withdrawal continued to remain flare free throughout the study.
This means that the flare rate in the tapering group was close to
stable during the last 20 months of our study, but whether the risk
of flare differed from stable treatment in this time period is not fea-
sible to investigate. However, it indicates that close follow-up is of
greatest importance the first year after discontinuation of TNFi
and that there is a potential for identification of a relevant sub-
group in which tapering might be successful. If these patients
share prognostic characteristics, further insight about biomarkers
related to disease activity flare could provide important informa-
tion for more personalized treatment decisions in RA remission.

Few tapering strategy trials in RA remission have been pow-
ered to compare radiographic joint damage, as is also the case
of our study.?® Systematic literature reviews of studies assessing
the consequences of tapered treatment favor dose reduction over
withdrawal regarding minimal joint damage progression.'2° We
did not find any significant difference in radiographic progression
between the two groups or between those who experienced a
flare and those who did not. The rapid reintroduction of TNFi upon
a flare might have prevented affection of bone and cartilage. How-
ever, the lower rate of ACR/EULAR Boolean 2.0 remission in the
tapering group might be a concern because being in ACR/EULAR
remission is associated with better long-term outcomes regarding
joint damage and functional capacity compared to not being in
remission.”'° No difference was found for DAS remission, reflect-
ing that the ACR/EULAR Boolean criteria are more sensitive to
isolated elevation in one of the parameters.

The absence of any difference in adverse events favoring
tapering may be due to the fact that a large proportion of the
patients had reintroduced their TNFi in the first half of the follow-
up period so that any benefit of less treatment was reduced. Addi-
tionally, our findings are in line with previous observations in popu-
lations of patients who likely tolerated TNFi well, as they had used
the medication over time before inclusion.'2'® We observed a sim-
ilar number of treatment intensifications between the groups,
although patients in the tapering group received numerically more
glucocorticoids during the study, reflecting the higher flare rate.
The prescription of glucocorticoids might also contribute to dilute
potential differences in adverse events between the two groups.

Our study addresses several aspects that should be consid-
ered when deciding on a treatment strategy in remission and pro-
vide information to discuss with the patients. It is important to
continue monitoring patients who decide to taper off their TNFi,
as a rapid reintroduction of the therapy is likely beneficial to pre-
vent adverse consequences of a disease activity flare.

This study has some limitations. First, the power calculation
was based on a one-year risk difference of flare. However,
because we observed an overwhelming statistically significant
risk difference of flare between the two treatment groups after
three years, the potential lack of power did not influence our con-
clusion on disease activity flare. Secondly, because this was an
open-label design, the disease flare recording could potentially

be affected by detection bias. To counteract this, study personnel
were repeatedly instructed to record flares in the same manner
regardless of treatment group. Furthermore, sensitivity analyses
of flare solely based on the DAS and swollen joint count yielded
consistent results with the primary analyses. Additionally, CRP
level, swollen joint count, and PROMIS physical function were
worse at the time of flare compared to the visit before and after.
Because radiographic joint damage was scored by central
blinded readers, these results could not be affected by potential
detection bias. Thirdly, there was heterogeneity in TNFi treatment
regimens and csDMARD comedication. Fourth, the initial inclu-
sion criterion of less than five years of symptom duration was
removed in a protocol update, but post hoc analyses did not find
any association between time since first swollen joint and flare
(data not shown). However, the generalizability to patients in an
early phase of disease might be limited.

In conclusion, these three-year results do not support taper-
ing of treatment in RA remission on a regular basis, as a majority
of patients experienced a flare when tapering TNFi to withdrawal,
and there was a low risk of flare if stable TNFi therapy was contin-
ued. Although a lower rate of ACR/EULAR Boolean 2.0 remission
was observed in the tapering group, the two treatment strategies
were not associated with differences regarding progression of
radiographic joint damage, adverse events, or DMARD intensifi-
cation. This information is important for shared decisions between
the patients and physicians and highlights the value of detecting a
flare with reinstatement of treatment without delay.
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Efficacy and Safety of Zimlovisertib, Ritlecitinib,

and Tofacitinib, Alone and in Combination, in Patients
With Moderate to Severe Rheumatoid Arthritis and
an Inadequate Response to Methotrexate

Spencer |. Danto,' Mikhail Salganik,’ Anindita Banerjee," Pawel Hrycaj, Irina Jashi,® Negin Shojaee,’
Ravi Shankar P. Singh," Steven A. Gilbert," Karen Page," Elena Peeva,' Michael S. Vincent," and Jean S. Beebe'

Objective. We aimed to evaluate the efficacy and safety of zimlovisertib (interleukin-1 receptor-associated kinase
4 inhibitor) in combination with ritlecitinib (a JAK3 and tyrosine kinase expressed in hepatocellular carcinoma [TEC]
kinase family inhibitors) or tofacitinib (a JAK inhibitor) versus tofacitinib alone.

Methods. This phase 2 study randomized patients with moderate to severe active rheumatoid arthritis to zimlovi-
sertib 400 mg + tofacitinib 11 mg, zimlovisertib 400 mg + ritlecitinib 100 mg, zimlovisertib 400 mg, ritlecitinib 100 mg,
or tofacitinib 11 mg (4:4:3:3:4) for 24 weeks. The primary endpoint was change from baseline (CFB) in Disease Activity
Score in 28 joints, C-reactive protein (DAS28-CRP) at week 12. Treatment-emergent adverse events (TEAEs) were
monitored.

Results. Overall, 460 patients were randomized. At week 12, zimlovisertib + tofacitinib demonstrated a greater
magnitude of mean CFB in DAS28-CRP (-2.65; 90% confidence interval [Cl], —2.84 to -2.46) versus tofacitinib
(-2.30; 90% ClI, -2.49 to -2.11; P = 0.032); mean CFB with zimlovisertib + ritlecitinib (-2.35; 90% ClI, —2.54 to —-2.15)
was similar to tofacitinib. TEAEs were reported in 246 patients (53.5%), with the highest aggregate incidence of TEAEs
in the tofacitinib group (n = 60 [58.8%]). Most TEAEs were mild; severe TEAEs were reported by 9 patients (2.0%) and
10 patients reported serious AEs. One patient receiving tofacitinib died because of severe COVID-19 infection. Safety
profiles were similar across all treatment groups, with no evidence of additive/synergistic issues.

Conclusion. Zimlovisertib + tofacitinib was more effective than tofacitinib for the primary endpoint, whereas the
efficacy of zimlovisertib + ritlecitinib did not achieve statistical significance versus tofacitinib. All treatments were well

tolerated.
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by joint inflammation and progressive disability.
The global prevalence of RA is estimated at 208.8 per 100,000
individuals, and the prevalence is generally higher in developed
countries.? Several therapeutic options are available for RA; how-
ever, many patients cannot attain or sustain remission.>* The
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biologic DMARDs (bDMARDs) or targeted synthetic DMARDs
(tsDMARDs).” Some patients with RA are treatment-refractory
and fail to respond to multiple targeted therapies owing to a lack
of efficacy or adverse events (AEs).® There is a potential need for
new treatment combinations with different mechanisms of action,
which are effective and well tolerated, to offer alternative strate-
gies for patients who have failed targeted therapies.

tsDMARDs, such as tofacitinib, are attractive therapeutic
strategies for the treatment of RA® that have the potential for
superior efficacy to bDMARDs.'®"" Tofacitinib inhibits signaling
by heterodimeric receptors associated with JAK1 and/or JAK3
and has functional selectivity over JAK2;'? it is approved for
the treatment of RA.'™® Zimlovisertib is the first inhibitor of
interleukin-1 receptor—associated kinase 4 to enter phase 2 clini-
cal trials. It has demonstrated efficacy as a monotherapy in pre-
clinical models of rheumatic disease and has been shown to
modify inflammatory biomarkers in healthy individuals.'* Zimlovi-
sertib also demonstrated dose-dependent improvements in clini-
cal disease scores of RA in a phase 2 study in patients with
moderate to severe active RA."® Ritlecitinib is a selective, small
molecule inhibitor of JAKS and tyrosine kinase expressed in hepa-
tocellular carcinoma (TEC) kinases'® that is approved for the
treatment of severe alopecia areata.'” It has also demonstrated
efficacy versus placebo in a small 8-week phase 2 clinical trial in
patients with moderate to severe active RA.'®

Because zimlovisertib targets different proinflammatory
immune signaling pathways compared with either tofacitinio or
ritlecitinib it was hypothesized that a combination of zimlovisertib
with tofacitinib or ritlecitinib could improve RA symptoms superior
to that achievable by any of the individual components, thereby
driving more patients closer to the goal of clinical remission while
maintaining an acceptable safety profile consistent with a favor-
able benefit-risk relationship. The aim of this study was to test this
hypothesis. Specifically, the study was designed to evaluate the
efficacy, safety, and pharmacokinetic (PK) profiles of zimlovisertib
in combination with ritlecitinib, and zimlovisertib in combination
with tofacitinib, compared with tofacitinib alone.

PATIENTS AND METHODS

Study design. This was a 24-week, phase 2, multicenter,
randomized, double-blind, five-arm, parallel-group, active com-
parator study conducted in patients with moderate to severe
active RA across 77 centers in 10 countries (Supplementary
Table 1) between July 2020 and February 2022 (ClinicalTrials.
gov identifier: NCT04413617). The study comprised a screening
period of <28 days, a 24-week active treatment period, and a
4-week drug-free follow-up period (Supplementary Figure 1).
Patients were randomized (4:4:3:3:4) to one of five treatment
groups: zimlovisertib 400 mg modified release (MR) + tofacitinib
11 mg MR, zimlovisertib 400 mg MR + ritlecitinio 100 mg, tofa-
citinib 11 mg MR, zimlovisertib 400 mg MR, or ritlecitinib 100 mg.

All doses were administered orally once daily in a fasted
state (approximately 4 hours after the last meal and 1.5 hours
before the next meal). MTX was discontinued by patients during
the week before randomization and washed out during the treat-
ment period. Patients who had not achieved at least an ACR cri-
teria for 20% improvement (ACR20) clinical response'® by
weeks 12, 16, and 20 were programmatically discontinued from
the study.

The study was conducted in accordance with the protocol
and ethical principles derived from the Declaration of Helsinki
Council and International Council for Harmonisation Good Clinical
Practice guidelines. The study protocol was reviewed and
approved by the institutional review board and/or independent
ethics committee at each participating center. All patients pro-
vided written informed consent.

Patients. Eligible patients were aged 18-70 years and had
a body weight >40 kg. Patients were required to have a diagnosis
of RA that met the 2010 ACR/EULAR classification criteria®® with
a total score >6/10; moderate to severe active disease at screen-
ing and randomization, defined by at least six tender/painful joints
and at least six swollen joints; a high-sensitivity C-reactive protein
(CRP) concentration >7 mg/L or erythrocyte sedimentation rate
(ESR) >28 mm/h at or before randomization; to meet class |, Il
or lll of the ACR 1991 Revised Ciriteria for Global Functional Status
in RA;2" and to be seropositive for anticitrullinated protein anti-
bodies or rheumatoid factor at the time of randomization. Patients
must have been taking oral MTX at an adequate dose (15-25 mg
weekly unless documented to be intolerant to these doses) for a
sufficient duration before screening (generally >3 months but
could be as short as 8 weeks if consistent with local standard
of care treatment guidelines) to be considered an inadequate
responder according to local practice guidelines. Patients
receiving nonprohibited concomitant medications were required
to be on a stable regimen, defined as not starting a new drug or
changing a dosage, within 7 days or five half-lives before the first
study dose.

Patients were excluded if they had active or latent infections,
including tuberculosis, a history of deep vein thrombosis and pul-
monary embolism, or if they had previously been treated with any
of the study drugs in the context of a clinical trial. The exclusion
criteria were amended on July 7, 2021, to minimize the potential
risk of patients developing major adverse cardiovascular events
to reflect the emerging data on cardiovascular risk associated
with tofacitinib. Additional exclusion criteria are described in the
Supplementary Materials.

Endpoints. Efficacy. The primary endpoint was the change
from baseline in the four-component Disease Activity Score in
28 joints using CRP (DAS28-CRP) at week 12, and the key sec-
ondary endpoint was the proportion of patients achieving
DAS28-CRP remission (<2.6) at week 24. Exploratory analyses
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to evaluate treatment effects for these endpoints over time,
assessed at all postrandomization time points (except weeks
12 and 24 for DAS28-CRP and ACR response rates and week
24 for DAS28-CRP remission rate), included the change from
baseline in DAS28-CRP and DAS28-ESR rate; DAS28-CRP
and DAS28-ESR remission rates; and ACR20, ACR50,
ACR70, and ACR90 response rates.

Multiple prespecified continuous clinical and patient-
reported outcomes are also reported, including the change
from baseline in Tender/Painful Joint Counts among 28 and
68 joints (TJC28 and TJCB68, respectively), Swollen Joint
Counts among 28 and 66 joints (SJC28 and SJC66, respec-
tively), Physician Global Assessment Score, Health Assess-
ment Questionnaire — Disability Index, Patient’s Assessment
of Arthritis Pain, Patient’s Global Assessment of Arthritis, Phys-
ical Component Summary (PCS) and Mental Component Sum-
mary (MCS) scores within the Short Form-36 (SF-36)
questionnaire, European Quality of Life-visual analog scale
(EQ-VAS) score within the European Quality of Life-5
Dimensions-5 level questionnaire, and Functional Assessment
of Chronic lliness Therapy-Fatigue (FACIT-F). Outcomes based
on composite scores included the change from baseline in the
Clinical Disease Activity Index (CDAI) and Simplified Disease
Activity Index (SDAI) as well as CDAI, SDAI, and ACR-EULAR
remission rates. Prespecified responder definitions included
low disease activity score based on DAS28-CRP,
DAS28-ESR, CDAI, and SDAI.

The change from baseline of individual components of the
DAS28-CRP and DAS28-ESR scores was also analyzed to pro-
vide additional insight into the magnitude of the contributions of
individual components to the observed treatment effects on
DAS28-CRP and DAS28-ESR scores. For most continuous effi-
cacy outcomes (except EQ-VAS, SF-36 PCS, SF-36 MCS, and
FACIT-F scores), lower scores indicate the lower level of disability
so that a decrease in the baseline score during the treatment
period (increases in EQ-VAS, SF-36 PCS, SF-36 MCS, and
FACIT-F scores) is desirable.

Safety. The incidence and severity of treatment-emergent
AEs (TEAEs), laboratory abnormalities, changes in vital signs,
and electrocardiogram findings were assessed from the time
each patient provided informed consent up to and including a
minimum of 28 days after the last administration of the study drug.
AEs were classified according to Medical Dictionary for Regula-
tory Activities, version 24.1.

PKs. Blood samples to measure plasma concentrations of
zimlovisertib (and its two major metabolites PF-06787899 and
PF-06787900) and ritlecitinib were collected at baseline
and weeks 2, 4, 8, 12, 16, 20, and 24. For PK analysis of tofa-
citinib, blood samples were collected at baseline and weeks
4, 12, 16, and 24; samples were analyzed using validated
high-performance liquid chromatography-mass spectrometry
methods.

Statistical analyses. The primary objective was to evalu-
ate whether either of the combination treatments (zimlovisertib +
ritlecitinib or zimlovisertib + tofacitinib) produced superior efficacy
compared with tofacitinib monotherapy. The declaration of supe-
rior treatment efficacy required the rejection of the null hypothesis
of no difference in mean changes from baseline of DAS28-CRP at
week 12 in the corresponding treatment groups at the two-sided
significance level of 0.10. No adjustment for the multiplicity of
comparisons (n = 2) between the combination treatment groups
and the tofacitinib treatment group was applied. The observations
for all patients who took at least one dose of investigational treat-
ment were included into efficacy analyses regardless of their com-
pliance to the randomized treatments or exposure to the
concomitant medications. The dropout rate of 18% and an SD
of baseline-adjusted change from baseline DAS28-CRP score of
1.20 at week 12 were assumed.

A sample size of approximately 100 patients in each of the
zimlovisertib + ritlecitinib and zimlovisertib + tofacitinib combina-
tion groups and the tofacitinib monotherapy group, and up to
75 patients in the zimlovisertib and ritlecitinib monotherapy
groups, was selected. A pairwise comparison of a combination
group contrasted with the tofacitinib monotherapy group using a
two-sided a = 0.10 significance level had approximately 84%
power to detect the assumed between-arm difference of
means of 0.5.

Continuous endpoints were analyzed using a mixed model
for repeated measures®22® and descriptive statistics. A change
from the baseline value of the continuous variable was used as
an outcome. Treatment, scheduled study visit, baseline value of
the variable of interest, treatment-by-visit interaction, and
baseline-by-visit interaction were used as fixed effects. The model
used an unstructured covariance matrix. Missing data were not
imputed.

All binary endpoints were analyzed using the Blyth and Stil
and Casella®® methods for the estimation of the probability of
response at a given visit and in a given treatment group, and the
Chan and Zhang method?® was used for comparison of the prob-
abilities of response across the treatment groups. A nonre-
sponder imputation method was used for imputation of missing
observations. A missing value was treated as a nonresponse
except in two special cases: missingness related to COVID-19
infection (patient illness or a COVID-19-related reason for being
unable to attend the visit) and missingness when the patient
attended the visit but had missing components for calculating
outcomes. The observations that were missing for these reasons
were excluded from the calculation of the response rate at a given
visit. The two-sided P values and 90% confidence intervals (Cls)
were not adjusted for multiplicity.

Safety data were summarized based on observed case data
by treatment group. Plasma concentrations of zimlovisertib, ritle-
citinib, and tofacitinib were summarized and presented with
descriptive statistics.

|24
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RESULTS

Patients. Of 626 patients who were screened, 460 met the
eligibility criteria, were enrolled in the study, and received at least
one dose of study treatment (Figure 1). Most patients (88.7% at
week 12 and 69.8% at week 24) did not discontinue treatment
before the corresponding study visit. The main reason for discon-
tinuation after week 12 was a failure to achieve at least an ACR20
response at week 12 (70 patients [15.2%]), which was a protocol-
specific requirement for the continuation of treatment per proto-
col. Most ACR20 nonresponders discontinued treatment at
weeks 16 and 20.

Demographic and baseline disease characteristics for each
treatment group are shown in Table 1. A total of 70 patients
(15.2%) received prior tumor necrosis factor (TNF) inhibitors, with
adalimumab being the most commonly used (38 patients [8.3%)).
No patients had previously received a non-TNF bDMARD. Char-
acteristics were generally similar across treatment groups.

Efficacy. The estimated mean changes from baseline in
DAS28-CRP scores at week 12 were —2.65 (90% ClI, —2.83 to
—2.46) in the zimlovisertib + tofacitinib group, —2.35 (90% Cl,
-2.54 to -2.15) in the zimlovisertib + ritlecitinib group, —2.30
(90% Cl, —2.49 to —2.11) in the tofacitinib group, —2.21 (90% Cl,
-2.44 to —-1.99) in the ritlecitinib group, and —-1.82 (90% Cl,
—2.04 to —1.61) in the zimlovisertib group (Figure 2A; Table 2).

The difference in the estimated mean values between the
combination groups and tofacitinib monotherapy was statistically
significant for the zimlovisertib + tofacitinib group (P = 0.032) but
was not statistically significant for the zimlovisertib + ritlecitinib
group (P =0.787).

At week 12, all treatment groups had clinically meaningful
and statistically significant decreases in DAS28-CRP mean val-
ues. The zimlovisertib monotherapy group had the smallest
decrease from baseline in DAS28-CRP.

The estimated mean changes from baseline in DAS28-ESR
scores at week 12 were —=2.94 (90% Cl, -3.13 to -2.75) in the
zimlovisertib + tofacitinib group, —2.77 (90% Cl, —2.96 to —-2.57)
in the zimlovisertib + ritlecitinib group, —2.54 (90% ClI, —2.73 to
—2.34) in the tofacitinib group, —2.48 (90% ClI, —2.71 to —2.25) in
the ritlecitinib group, and —-2.44 (90% ClI, —2.66 to —2.21) in the
zimlovisertib group (Figure 2B; Table 2). The difference in the esti-
mated mean values observed in the combination treatment group
and the tofacitinib treatment group was marginally statistically sig-
nificant for zimlovisertib + tofacitinib and was not statistically
significant for the zimlovisertib + ritlecitinib treatment group.

In the zimlovisertib + tofacitinib and zimlovisertib + ritlecitinib
groups, the proportion of patients achieving DAS28-CRP remis-
sion at week 24 was higher (40.8% [90% Cl, 32.6%-48.7%)] and
31.3% [90% Cl, 24.1%-39.8%)], respectively) compared with the
tofacitinib monotherapy group (24.0% [90% ClI, 17.1%-31.8%))
(Figure 2C; Table 2). The difference in the estimated proportion
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Figure 1. Patient disposition. A study discontinuation event during the treatment period was defined as an event in which the patient discontin-
ued study treatment and did not complete the 4-week follow-up period. ACR20, American College of Rheumatology criteria for 20% improvement
in disease activity; N, number of patients randomized to each cohort; n, number of patients completing treatment.
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Table 1. Demographics and baseline disease characteristics®
Zimlovisertib Zimlovisertib
Tofacitinib 11 mg  Ritlecitinib 100 mg Zimlovisertib 400 mg 400 mg + tofacitinib 400 mg + ritlecitinib
Characteristics QD (n=102) QD (n=77) QD (n=77) 11 mg QD (n=103) 100 mg QD (n=101)

Age, mean (SD), y 51.2(10.6) 52.8(10.9) 53.6(9.9) 54.0(10.4) 53.0(10.4)
Female, n (%) 82 (80.4) 62 (80.5) 61(79.2) 78 (75.7) 73 (72.3)
Race, n (%)

White 101 (99.0) 76 (98.7) 77 (100.0) 102 (99.0) 101 (100.0)

Other?® 1(1.0) 1(1.3) 0(0.0) 1(1.0) 0(0.0)
Ethnicity, n (%)

Hispanic or Latino 14(13.7) (7.8) 6(7.8) 14 (13.6) 9(8.9)

Not Hispanic or Latino 87 (85.3) 71 (92.2) 71(92.2) 89 (86.4) 92 (91.1)

Not reported 1(1.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Tobacco use, n (%)

Never 66 (64.7) 45 (58.4) 50 (64.9) 62 (60.2) 64 (63.4)

Former 14(13.7) 13(16.9) 10(13.0) 21(20.4) 14(13.9)

Current 22 (21.6) 19(24.7) 17(22.1) 20(19.4) 23(22.8)
Alcohol use, n (%)

Never 65 (63.7) 48 (62.3) 56 (72.7) 64 (62.1) 58 (57.4)

Former 4(3.9) 6(7.8) 3(3.9) 5(4.9) 3(3.0)

Current 33(32.4) 23(29.9) 18 (23.4) 34 (33.0) 40 (39.6)
Duration since onset of RA, 8.0(7.6) 85(6.7) 7.9 (8.1) 7.6(7.4) 8.4 (6.9)

mean (SD), y
TJC28, mean (SD) 15.0 (6.3) 13.6 (5.6) 15.2 (5.9) 15.0 (6.3) 13.5(5.8)
SJC28, mean (SD) 10.5(5.1) 10.5(5.5) 11.6(5.3) 10.8 (4.8) 10.2 (4.9)
TJC68, mean (SD) 23.5(11.8) 19.6 (10.2) 22.1(12.2) 23.8(13.0) 20.9 (10.7)
SJC66, mean (SD) 14.2 (7.5) 13.3(7.1) 14.5(7.9) 14.0 (6.5) 13.4(6.4)
PhGA, mean (SD), mm 67.5(14.1) 60.6 (13.6) 63.3(14.6) 67.7 (13.8) 64.2 (15.3)
PAAP, mean (SD), mm 65.0 (19.6) 57.8 (20.7) 63.0(21.1) 64.2 (20.3) 61.0 (22.2)
PtGA, mean (SD), mm 661 (18.8) 596(193) 634(19 5) 656(197) 608(22 3)
HAQ-DI score, mean (SD) 6(0.5) 4(0.6) 5(0.6) 6(0.6) 5(0.6)
hsCRP, mean (SD), mg/dL 9.9 (16.3) H 4 (18.1) 9.4(1 1.4) 144 (22.4) 13 5(24.1)
ESR, mean (SD), mm/h 399 (17.2) 44 3(20.5) 39.9(13.5) 42.6(16.0) 39 8(16.2)
DAS28-CRP, mean (SD) 6.3 (1.0) 1(1.0) 6.3(0.8) 6.4 (1.0) 1(1.1)
Prior TNF inhibitor use, n (%) 14(13.7) 14 (18.2) 1(14.3) 17 (16.5) 14 (13.9)

* CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints; ESR, erythrocyte sedimentation rate; HAQ-DI, Health Assessment
Questionnaire-Disability Index; hsCRP, high-sensitivity C-reactive protein; N, number of patients randomized to each treatment group; n, number
of patients within each category; PAAP, Patient's Assessment of Arthritis Pain; PhGA, Physician Global Assessment; PtGA, Patient's Global Assess-
ment of Arthritis; QD, once daily; RA, rheumatoid arthritis; SJC, Swollen Joint Count; TJC, Tender/Painful Joint Count; TNF, tumor necrosis factor.

@ Includes Asian, Native Hawaiian or other Pacific Islander, and multiracial.

of patients with DAS28-CRP remission at week 24 was marginally
statistically significant for zimlovisertib + tofacitinib versus
tofacitinib monotherapy but was not significant for zimlovisertib +
ritlecitinib versus tofacitinib monotherapy.

A rapid decrease in the mean value of DAS28-CRP in com-
parison to baseline occurred by week 12, which was maintained
to week 24 and followed by a rapid increase approaching base-
line levels during the drug-free follow-up period (Figure 2A;
Table 2). Similarly, DAS28-CRP remission rates increased nearly
linearly in all treatment groups during the treatment period and
decreased during the drug-free follow-up period (Figure 2C;
Table 2).

In the zimlovisertib + tofacitinib and zimlovisertib + ritlecitinib
groups, the proportion of patients achieving DAS28-ESR remis-
sion at week 24 was higher (37.9% [90% Cl, 29.9%-45.8%)] and
32.3% [90% Cl, 24.6%-40.8%], respectively) compared with the
tofacitinib monotherapy group (23.0% [90% CI, 16.3%-30.8%)])
(Figure 2D; Table 2). The difference in the estimated proportion
of participants with the DAS28-ESR remission observed in the

combination treatment group and the tofacitinib treatment group
was marginally statistically significant at weeks 12 and 24 for the
zimlovisertib + tofacitinib treatment group and was not statistically
significant for the zimlovisertib + ritlecitinib treatment group.

The proportion of ACR20 responders increased to week
12 and then declined; an increase in ACR50/70 responders over
treatment time was observed for all the treatment groups
(Figure 3). At week 12, the proportions of patients achieving an
ACR20 response were 86.4%, 79.2%, 83.2%, 72.7%, and
75.0% in the zimlovisertib + tofacitinib, zimlovisertib + ritlecitinib,
tofacitinib, ritlecitinib, and zimlovisertib treatment groups, respec-
tively. At week 24, the proportions of patients achieving an
ACR20 response were 75.7%, 70.0%, 75.3%, 67.5%, and
55.3% in the zimlovisertib + tofacitinib, zimlovisertib + ritlecitinib,
tofacitinib, ritlecitinib, and zimlovisertib treatment groups, respec-
tively. ACR50 response rates at weeks 12 and 24 were 62.8%
and 65.1% (zimlovisertib + tofacitinib), 54.5% and 65.0% (zimlovi-
sertib + ritlecitinib), 46.5% and 65.4% (tofacitinib), 44.2% and
54.6% (ritlecitinib), and 38.2% and 43.4% (zimlovisertib). ACR70
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response rates were 21.4% and 45.6% (zimlovisertib +
tofacitinib), 25.7% and 44.0% (zimlovisertib + ritlecitinib), 23.8%
and 44.6% (tofacitinib), 18.2% and 31.2% (ritlecitinib), and 10.5%
and 27.6% (zimlovisertib). The proportion of ACR90 responders
increased over the treatment time for both combination treatment
groups as well as tofacitinib monotherapy, but this was not
observed for the zimlovisertib and ritlecitinib monotherapy groups
(Figure 3; Supplementary Table 2). A reduction in the proportion
of ACR20/50/70 responders was observed after completion of
treatment at week 24. The estimated proportions of responders in
the zimlovisertib monotherapy group were lower than in the
tofacitinib monotherapy group, with the difference being marginally
statistically significant at week 24 (Supplementary Table 2).

The estimated means of multiple secondary and exploratory
outcomes are presented in Supplementary Table 2. The differ-
ences between the mean values of outcomes between the com-
bination treatment groups and tofacitinib did not reach statistical

significance. The zimlovisertib monotherapy group appeared to
have lower efficacy for many outcomes.

Improvements in multiple components of DAS28-CRP and
DAS28-ESR scores were observed in all treatment groups
(Supplementary Figure 2A-E). A large decrease in the level of
biomarker-related components (CRP and ESR) was observed in
the zimlovisertib + tofacitinib treatment group (Supplementary
Figure 2A and B).

Safety. Overall, 246 patients (53.5%) reported a total of
469 all-causality TEAEs. The tofacitinib monotherapy treatment
group had the highest aggregate incidence of TEAEs (n = 60
[68.8%]). The incidence of specific TEAEs was similar across all
treatment groups (Table 3), and most TEAEs were mild in severity
(mild: n = 329 [70.1%]; moderate: n = 129 [27.5%]; and severe:
n=11[2.3%]). Infections and infestations were the most common
TEAEs (by system organ class), with the highest proportion of
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interval.

patients experiencing infections and infestations in the zimloviser-
tib + tofacitinib group (n = 13 [12.6%)]; Table 3). Eight patients
(1.7%) experienced eight all-causality TEAEs of herpes infection
(zimlovisertib + ritlecitinib: n = 2 [2.0%]; zimlovisertib + tofacitinib:
n = 3 [2.9%]; tofacitinib: n = 2 [2.0%]; ritlecitinib: n = 1 [1.3%)];
and zimlovisertib: n = 0). Severe TEAEs were reported by nine
(2.0%) patients, and 10 patients had serious AEs: one in the zim-
lovisertib + ritlecitinib group, three in the zimlovisertib group, three
in the ritlecitinib group, and three in the tofacitinib group (Table 3).
Four patients permanently discontinued from the study because
of TEAEs (of which two [50%)] were in the tofacitinib monotherapy
group) (Table 3). Twenty-two patients (4.8%) discontinued treat-
ment owing to TEAEs, and 44 patients (9.6%) had a temporary
discontinuation owing to TEAEs. In addition, two patients (0.4%)
in the zimlovisertib + tofacitinib combination group discontinued
the treatment but continued the study because of herpes infec-
tion. One participant in the tofacitinib monotherapy group died

because of a severe AE of COVID-19 infection that was consid-
ered unrelated to the study intervention.

One patient in the zimlovisertib group had elevated transam-
inases that were recorded as moderate liver injury, which was
considered to be treatment related. This patient had normal alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) at
baseline; between days 57 and 100, ALT and AST levels ranged
between 93-197 U/L and 49-115 U/L, respectively, before return-
ing to normal on day 126. Increases in ALT were reported by five
patients (1.1%): three in the zimlovisertib group and two in the zim-
lovisertib + tofacitinib group. Four patients (0.9%) (two each in the
zimlovisertib and zimlovisertib + tofacitinib groups) had increased
AST. All AEs of ALT and AST increases were of mild or moderate
severity. One patient in the tofacitinib group reported mild hyperbi-
lirubinemia, and one patient each in the zimlovisertib group
reported increased hepatic enzyme and increased transaminases;
all were considered to be treatment related.
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Table 3. Overview of TEAEs (all-causality) occurring in 2% of patients in any group by MedDRA system organ class and preferred term*

Tofacitinib 11 mg  Ritlecitinib 100 mg Zimlovisertib 400 mg

Zimlovisertib 400 mg + Zimlovisertib 400 mg +

tofacitinib 11 mg

ritlecitinib 100 mg

Patients QD (n=102),n (%) QD (n=77),n (%) QD (n=77), n (%) QD (n=103), n (%) QD (n=101), n (%)
TEAEs 60 (58.8) 42 (54.5) 38(49.4) 51 (49.5) 55 (54.5)
Serious AEs® 3(2.9) 3(3.9) 3(3.9) 0 1(1.0)
Severe AEs 3(2.9) 1(1.3) 0 3(2.9) 2(2.0)
Discontinued from 2(2.0) 0 0 1(1.0) 1(1.0)
study owing to AEs
Discontinued study 0 6(7.8) 6(7.8) 4(3.9) 6(5.9)
drug owing to AEs
and continued
study
Temporary 6 (5.9) 9(11.7) 4(5.2) 9(8.7) 16 (15.8)
discontinuation or
dose reduction
owing to AEs
Infections and 11 (10.8) 4(5.2) 4(5.2) 13(12.6) 12(11.9)
infestations
Urinary tract 5(4.9) 1(1.3) 1(1.3) 7 (6.8) 3(3.0)
infection
Nasopharyngitis 3(2.9) (2.6) 1(1.3) 3(2.9) 6(5.9
Upper respiratory 2(2.0) 1(1.3) 1(1.3) 3(29) 220
tract infection
Pharyngitis 2(2.0) 0(0.0) 2(2.6) 1(1.0) 1(1.0)
Musculoskeletal and 6 (5.9) 9(11.7) 7(9.1) 7 (6.8) 7 (6.9)
connective tissue
disorders
Arthralgia 3(2.9) 5(6.5) 1(1.3) 2(1.9) 2(2.0)
RA 3(2.9) 4(5.2) 4(5.2) 1(1.0) 1(1.0)
Arthritis 0(0.0) 0(0.0) 2 (2.6) 1(1.0) 3(3.0)
Back pain 0(0.0) 1(1.3) 0(0.0) 3(2.9) 2 (2.0)
Myalgia 0(0.0) 2 (2.6) 0(0.0) 0(0.0) 0(0.0)
Gastrointestinal 9(8.8) 8(10.4) 3(3.9) 3(29) 10(9.9)
disorders
Nausea 4(3.9) 5(6.5) 2(2.6) 1(1.0) 3(3.0)
Vomiting 3(2.9) 1(1.3) 2(2.6) 2(1.9) 3(3.0)
Diarrhea 2 (2.0 2(2.6) 0(0.0) 1(1.0) 2 (2.0)
Dyspepsia 2(2.0) 0(0.0) 0(0.0) 0(0.0) 4(4.0)
Investigations 7 (6.9) 1(1.3) 5 (6.5) 6 (5.8) 8(7.9)
SARS-CoV-2 test 7 (6.9) 1(1.3) 2 (2.6) 4(3.9) 8(7.9)
positive
ALT increased 0(0.0) 0(0.0) 3(39 2(1.9) 0(0.0)
AST increased 0 (0.0 0(0.0) 2(2.6 2(1.9) 0(0.0)
Nervous system 439 7(9.1) 3(3.9) 4.9) 7 (6.9)
disorders
Headache 4(3.9) 4(5.2) 2.6) 3(2.9) 7 (6.9)
Dizziness 0(0.0) 3(3.9) 1(1.3) 2(1.9) 0(0.0)
General disorders and 1(1.0) 3(3.9) (3.9) 2(1.9) 1(1.0)
administration
site conditions
Fatigue 1(1.0) 2 (2.6) 1(1.3) (1.0) 1(1.0)
Pyrexia 0(0.0) 1(1.3) 2 (2.6) 1(1.0) 0(0.0)
Metabolism and 3(2.9) 3(3.9) 2(2.6) 0(0.0) 2(2.0)
nutrition
disorders
Hyperlipidemia 2(2.0) 2(2.6) 0(0.0) 0(0.0) 1(1.0)
Dyslipidemia 1(1.0) 0(0.0) 2(2.6) 0(0.0) 1(1.0)
Hyperglycemia 0(0.0) 2(2.6) 0(0.0) 0(0.0) 0(0.0)
Vascular disorders 2(2.0) 0(0.0) 0(0.0) 3(2.9) 2(2.0)
Hypertension 2(2.0) 0(0.0) 0(0.0) 3(2.9) 2(2.0)
Blood and lymphatic 0(0.0) 4(5.2) 0(0.0) 0(0.0) 2 (2.0)
system disorders
Lymphopenia 0(0.0) 3(3.9) 0(0.0) 0(0.0) 2(2.0)

(Continued)
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Table 3. (Cont’d)

Tofacitinib 11 mg  Ritlecitinib 100 mg Zimlovisertib 400 mg

Zimlovisertib 400 mg + Zimlovisertib 400 mg +
tofacitinib 11 mg ritlecitinib 100 mg

Patients QD (n=102),n (%) QD (n=77),n (%) QD (n=77), n (%) QD (n=103), n (%) QD (n=101), n (%)
Leukopenia 0(0.0) 2(2.6) 0(0.0) 0(0.0) 0(0.0)
Ear and labyrinth 4(3.9) 0(0.0) 0(0.0) 1(1.0) 0(0.0)
disorders
Tinnitus 4(3.9) 0(0.0) 0(0.0) 1(1.0) 0(0.0)
Renal and urinary 2(2.0) 2(2.6) 1(1.3) 0(0.0) 0(0.0)
disorders
Leukocyturia 2 (2.0) 2 (2.6) 1(1.3) 0(0.0) 0(0.0)

* AE, adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; MedDRA, Medical Dictionary for Regulatory Activities,
version 24.1; QD, once daily; RA, rheumatoid arthritis; TEAE, treatment-emergent adverse event.

@ A total of 10 patients reported 11 serious AEs. Serious AEs include the following preferred terms: tofacitinib (uterine leiomyoma [n = 1], skin
squamous cell carcinoma recurrent [n = 1], and coronavirus infection [n = 1]); ritlecitinib (diabetic ketoacidosis [n = 1], uterine leiomyoma
[n = 1], and femur fracture [n = 11); zimlovisertib (renal colic [n = 1], endometrial hyperplasia [n = 1], uterine polyp [n = 1], and spinal stenosis

[n = 1]); and zimlovisertib + ritlecitinib (COVID-19 pneumonia [n = 1]).

Changes in hematology parameters (reticulocytes/erythro-
cytes, hemoglobin, hematocrit, and leukocytes) were consistent
between all treatment groups. Decreases from baseline in plate-
lets through week 24 were observed in the zimlovisertib + ritleciti-
nib and ritlecitinib monotherapy groups. Additional safety results,
as well as PK results, are described in the Supplementary Results.

DISCUSSION

This phase 2 study evaluated the efficacy, safety, and
PK profiles of two different drug combinations (zimlovisertib +
tofacitinib and zimlovisertib + ritlecitinib) versus tofacitinib mono-
therapy to test the hypothesis that a combination of drugs with
nonoverlapping mechanisms of action could provide improve-
ments in efficacy compared with currently available treatments in
patients with moderate to severe active RA. The effects of zimlovi-
sertib and ritlecitinib  monotherapies were also evaluated.
Improvements in all endpoints, across all treatment groups, were
observed over time, with most improvements occurring by the
middle of the active treatment period. The proportion of ACR20
responders declined after week 12; a potential reason for this
could be the per protocol removal of nonresponders at weeks
12, 16, and 20 from the study and treating them as nonre-
sponders at subsequent visits.

A larger decrease in mean DAS28-CRP at week 12 (primary
endpoint) was observed in patients receiving the zimlovisertib +
tofacitinib combination treatment, but not zimlovisertib + ritleciti-
nib, versus those receiving tofacitinib monotherapy; the difference
between zimlovisertib + tofacitinib and the tofacitinib monother-
apy group was statistically significant. A differentiation between
the efficacy of the zimlovisertib + tofacitinib combination treat-
ment and tofacitinib monotherapy was also observed for some
of the secondary outcomes, including DAS28-CRP remission rate
and mean change from baseline in DAS28-CRP at week 24.
Improvements were noted in both the DAS28-CRP and
DAS28-ESR scores. An exploratory analysis demonstrated a
nearly immediate and substantial reduction in both acute-phase

reactant components (CRP and ESR) for the zimlovisertib + tofa-
citinib combination. This suggests a potential anti-inflammatory
effect of this treatment combination in RA. No meaningful differ-
ences in the 28 joint count outcomes (TJC28 and SJC28) at week
24 were observed between tofacitinib monotherapy and the com-
bination treatment groups. This suggests that the differences
noted in DAS28-CRP and DAS28-ESR were driven by the effects
on the acute-phase reactants (Supplementary Figure 2). Further-
more, no meaningful differences in the steady-state predose
exposure of tofacitinib, ritlecitinib, or zimlovisertib were observed
when dosed in combination versus when dosed as monotherapy.
This suggests that the differentiation in efficacy was not driven by
exposure; rather, it could be an additive pharmacological effect.

Zimlovisertib, tofacitinib, and ritlecitinib have different mecha-
nisms of action. Specifically, zimlovisertib predominantly inhibits
toll-like receptor signaling pathways?’ and, unlike tofacitinib and
ritlecitinib, does not directly inhibit JAK/STAT signaling.'®2® A
combination of zimlovisertib and a JAK or JAK3/TEC inhibitor the-
oretically has a broader anti-inflammatory profile that could
improve clinical efficacy without an inferior safety profile. The cur-
rent study supports this hypothesis for the combination of zimlovi-
sertib + tofacitinib but not for zimlovisertib + ritlecitinib, although
the latter did exhibit encouraging trends that may become more
prominent with further prolonged dosing.

The safety profiles of all treatment groups in the current study
were consistent with a potentially favorable benefit-risk profile
without evidence of increased TEAEs in the combination groups,
although it should be recognized that sample sizes were relatively
small. Both combination therapies had safety profiles that were
similar to those of the monotherapies with no evidence of
treatment-dependent differences. Importantly, although improve-
ments in clinical efficacy were seen with the combination groups
versus monotherapies, there did not appear to be any increase
in incidence, type, and severity of TEAEs. In addition, MTX is
associated with AEs, such as gastrointestinal disorders®*°; thus,
some patients with RA discontinue MTX.2"*2 Therefore, with-
drawal of MTX may be beneficial in improving safety and reducing
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AEs. The safety profiles of the monotherapy treatments were con-
sistent with those previously reported. 193334

Sporadic increases in ALT and AST were reported following
treatment with zimlovisertib in the combination and monotherapy
groups, similar to those seen in earlier phase 1 studies with this
molecule. One patient had elevations in ALT and AST that were
reported as an AE of “liver injury” without elevation in total bilirubin
or other evidence of hepatic synthetic dysfunction. There were no
clinically relevant changes in organ function, including renal func-
tion, confirming observations in previous trials with these study
interventions.#3%%¢ | aboratory changes were consistent with
those previously described for the individual drugs without evi-
dence of enhanced effects in the combination groups. 378

This study demonstrates the utility of the multiple-arm
umbrella study design, whereby the efficacy of multiple treat-
ments is explored in a single study.>® The study was successfully
conducted during the COVID-19 pandemic; the overall impact of
COVID-19 on the study was small, with only 10 patients (2.2%)
missing a visit and 21 patients (4.6%) having a study visit outside
of allowable visit windows. Furthermore, a relatively small number
of patients (5.2%) experienced TEAEs related to COVID-19, most
of which were mild in severity.

The limitations of the study include the relatively small sample
size, which may limit the generalizability of our findings and make
it difficult to draw meaningful conclusions regarding treatment effi-
cacy. Additionally, statistical analyses of the 6-month data for
nonbinary endpoints were complicated by the programmatic dis-
continuation of patients who did not achieve at least an ACR20
response by week 12. This design element was included to pre-
clude continuing patients who were nonresponders. Further-
more, the study was not placebo-controlled, which has the
potential for increased bias and efficacy inflation.

In conclusion, treatment with zimlovisertib + tofacitinio was
more effective than tofacitinib monotherapy for the treatment of
patients with moderate to severe active RA. The differentiation
from the tofacitinib monotherapy group was not established for
the zimlovisertib + ritlecitinib combination group. Both combina-
tion treatments were well tolerated with acceptable safety profiles.
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Objective. To assess the relationship of circulating and synovial immune cells with synovial molecular pathology
and disease outcomes in patients with early rheumatoid arthritis (RA).

Methods. Patients with early (<12 months) treatment-naive RA (n = 144) from the Pathobiology of Early Arthritis
Cohort were included in this post hoc analysis. Following ultrasound (US)-guided synovial biopsy of the most active
joint, patients received standard of care treatment and were observed for 12 months. Synovial biopsies were analyzed
by immunohistochemistry and classified into synovial pathotypes. Peripheral blood (PB) samples (h = 70) underwent
flow cytometry, whereas RNA sequencing from synovial tissue (n = 144) and matched PB (n = 55) were analyzed using
signature-based deconvolution.

Results. T peripheral helper cells (Tph) cells, identified by flow cytometry, were the only circulating immune cell
subset positively correlated with both systemic markers of inflammation (erythrocyte sedimentation rate and
C-reactive protein) and local inflammation (US synovial thickening and synovitis score). Circulating Tph cells were also
significantly higher in patients who were seropositive and patients with lymphomyeloid synovitis. Conversely, circulat-
ing B cells showed a significant inverse correlation with markers of inflammation, US scores, and disease activity.
Signature-based deconvolution of matched synovial and PB identified divergent immune cell signatures. Although
PB signatures showed no associations with longitudinal outcomes, synovium signatures were linked to clinical out-
comes. In particular, patients achieving remission at six months (Disease Activity Score in 28 joints < 2.6) had higher
baseline synovial Tph signatures and a greater posttreatment reduction of the Tph signature.

Conclusion. Patients with early untreated RA showed divergent immune cell signatures between synovia and
PB. Tph cells, in both compartments, emerged as key markers for inflammation, disease activity, and treatment

response.

INTRODUCTION

Rheumatoid arthritis (RA) is characterized by clinical hetero-
geneity, mirrored by the diverse infiltration of immune cells within
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the synovial tissue.! Alterations of immune cells T and B cells,?
monocytes,® dendritic cells,**® and natural killer (NK) cells®® have
been observed in the peripheral blood (PB) of patients with RA.
Although circulating immune cells have been associated with
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disease activity and disease outcomes, including treatment
response, their usage as biomarkers remains unvalidated. For
example, an expansion of PB memory B cells has been noted in
patients with RA, even in early disease stages.®'° Increased pre-
treatment PB memory B cells have been identified in patients
responding to B cell-depleting therapies.” However, consistent
B cell depletion after rituximab, regardless of treatment response,
limits the predictive value of B cell assessment before and after
treatment."® Similarly, other circulating immune cell patterns,
including monocytes, dendritic cells, and T cells, fail to predict
treatment response. Thus, despite the established role of immune
cells in RA pathogenesis, the relationship between their circulating
levels and disease outcomes remains uncertain. In some cases,
changes in circulating immune cell frequency may reflect a general
inflammatory response rather than disease-specific immunophe-
notypes. Conversely, the direct study of the synovial membrane
has revealed distinct cellular and molecular signatures linked to
disease activity and response to conventional synthetic disease
modifying antirheumatic drugs (csDMARDs)."®'* Similarly, in
patients with established RA, synovial B cell lineage signatures
have been identified as a promising marker of disease progres-
sion and treatment response,'®'® and, more recently, in-depth
histologic and molecular analyses of synovial biopsies identified
immune response gene signatures associated with response to
rituximab and tocilizumab, and a stromal and fibroblast signature
in patients refractory to all medications.!” The analysis of the
synovial tissue by mass cytometry and single-cell transcriptomics
led to the identification of a T helper cell subpopulation, named
T peripheral helper (Tph) cells.'® These cells were found to be
expanded in the PB of patients with active seropositive RA and
reduced by treatment.’® However, because of the small sample
size, their precise association with treatment response remains
unclear. Furthermore, mass cytometry analyses have revealed
18 unique cell populations in the synovia of patients with RA,
including subsets of monocytes, fibroblasts, and B and T cells.?®
However, the association of these subsets with clinical outcomes
remains to be elucidated.

Therefore, in this study, we aim to establish the relationship
between circulating immune cells and infiltrating synovial immune
cells through in-depth cellular and molecular analyses of matched
PB and synovial tissue in a unique cohort of patients with early
treatment-naive RA. The study incorporated matched blood and
synovial tissue biopsies obtained before any potential treatment
modification of the disease. Our findings underscore Tph cells as
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clinically relevant cellular signatures linked to lymphomyeloid
synovitis and are indicative of disease progression and treatment
response.

PATIENTS AND METHODS

Patients. 144 patients fulfilling the 2010 American College
of Rheumatology/EULAR classification criteria for RA%" consecu-
tively recruited in the Pathobiology of Early Arthritis Cohort
(PEAC) at Barts Health NHS Trust®® between 2009 and 2019
were selected for this post hoc analysis (see Supplementary
Table 1 for patient demographics and baseline characteristics).
Inclusion criteria for the PEAC study were: (1) the presence of at
least one swollen joint amenable to synovial biopsy (ultrasound
[US] synovial thickening >1); (2) symptoms duration less than
12 months; (3) naive to csDMARD or steroid treatments. Follow-
ing a baseline synovial biopsy (see below for details), patients
were observed for 12 months and underwent quarterly assess-
ments performed by clinical research fellows (rheumatologist
trainees) or rheumatology consultants, with the treatment given
according to the standard of care following a treat-to-target
approach, that is, all patients started methotrexate unless contra-
indicated, were escalated to a second csDMARD if the target was
not met at follow-up and to a biologic DMARD as per UK National
Institute for Health and Clinical Excellence guidelines in place at
the time of the study (after treatment with two csDMARDs and
Disease Activity Score in 28 joints [DAS28] >5.1). Routine blood
was processed by an NHS laboratory, whereas study blood taken
in parallel was processed for peripheral blood mononuclear cell
(PBMC) isolation and flow cytometry by the Centre for Experimen-
tal Medicine and Rheumatology laboratory. Plain radiographs of
the hands and feet performed at baseline and 12-month follow-
up were scored in a time sequential order according to the van
der Heijde-modified total Sharp score (MTSS) by a single reader
blinded to all clinical or histologic data. Progression at 12 months
was defined as any increase in the mTSS (delta mTSS >1). All
patients gave written informed consent, and the study received
local ethics approval (REC ref 05/Q0703/198).

Synovial biopsy. All patients underwent US-guided syno-
vial biopsies of a clinically active joint selected according to a pre-
viously reported algorithm defining the level of synovial tissue
thickness aimed at confirming localized synovitis while ensuring
good synovial tissue retrieval.>® From each procedure, a minimum

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43194).
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of six synovial samples were retained for subsequent histologic
analysis and six for RNA extraction. In parallel, blood samples
were collected, and PBMCs were isolated using gradient separa-
tion with Lymphoprep (StemCell Tecnologies).

Histopathological scoring. Formalin-fixed, paraffin
embedded sections (3um) underwent standard hematoxylin and
eosin and immunohistochemistry staining (CD20, CD68, CD3,
CD138). Following semiquantitative assessment (0-4), according
to previously validated score,?* biopsies were then stratified into
one of the three synovial pathotypes, as previously described':
(1) lymphomyeloid presence of grades 2-3—CD20+ aggregates,
(CD20 >2) and/or CD138 >2; (2) diffuse-myeloid — CD68 sublining
(SL) =2, CD20 <1 and/or CD3 >1, CD138 <2; and (3) pauci-
immune-fibroid—CD68 SL <2 and CD3, CD20, CD138 <1.

Flow cytometry. Flow cytometry was performed on cryo-
preserved PBMCs (n = 70 patients). Cells were thawed by adding
dropwise warm medium (RPMI-10% FCS), washed once and
resuspended in phosphate buffered saline. Upon thawing, cells
were counted, and viability was verified using trypan blue staining
(median viability 86%, with 82% of the samples showing viabil-
ity >70%).

Dead cells were excluded by live-dead exclusion dye (Aqua
Zombie, BiolLegend); FcReceptors were blocked using an Fc
receptor-blocking solution (TruStain, BioLegend). Cells were
stained with four different panels (Supplementary Table 2, also
indicating the number of samples analyzed for each panel),
according to standard procedures. Samples were acquired on
an LSRIlI Fortessa cytometer (BD Biosciences) equipped with
405, 488, 561, and 640 nm lasers, and analyzed using FlowJo
version 10 (FlowJo LLC).

RNA extraction and RNA sequencing. RNA extraction
and RNA sequencing were performed as previously described.??
Briefly, RNA was extracted from synovial tissue homogenized at
4°C in Trizol (ThermoFisher Scientific), observed a phenol/
chloroform extraction. 1ug of total RNA was used as input mate-
rial for library preparation using TruSeq RNA Sample Preparation
Kit version 2 (lllumina). Generated libraries were amplified with
10 cycles of polymerase chain reaction. The libraries were first
multiplexed (five per lane) and then sequenced on lllumina
HiSeq2500 (lllumina) to generate 50 million paired ends with
75 base pair reads. As for blood, whole blood samples were pre-
served in RNALater solution (ThermoFisher Scientific) at 500 mL
whole blood to 1.3 mL RNALater solution and stored at 80°C
before extraction. Blood samples in RNALater solution were
thawed on ice and RNA was prepared using the Ambion Ribo-
Pure Blood kit (ThermoFisher Scientific), as per the manufac-
turer’s instructions. The concentration and purity of RNA samples
was measured using the NanoDrop 2000C (Lab Tech) and RNA

quality (RIN) was assessed by Agilent 2100 Bioanalyser (Agilent
Technologies) and 2200 TapeStation (Agilent Technologies).

RNA sequencing analysis and deconvolution. RNA
sequencing was analyzed as previously described.’ Following
the identification of outliers using principal component analysis
(8 patients for synovium, O for blood as described in Cell Report),
the remaining samples were deconvoluted using ImmuneDe-
conv.2® Publicly available single-cell expression data with cell sub-
set annotations were downloaded from ImmPort (https://www.
immport.org/shared/study/SDY998). For each cell subset, we
collapsed normalized single-cell expression profiles into artificial-
bulk count matrices by summing the counts for each gene using
bulk_construct function of the MuSiC R package, and then the
bulk dataset was subjected to quantile normalization using pre-
processCore  (https://github.com/bmbolstad/preprocessCore).
The normalized artificial-bulk data was deconvoluted with five dif-
ferent deconvolution tools (xCell, MCP-counter, quanTlseq, EPIC,
and Cibersort) for their performance comparison. The cell frac-
tions estimated by these tools were visualized by heatmap plots.
The concordance between cell subset annotations and in silico
cell type predictions was explored manually to assess their
performance.

For the enrichment of single cell states, we scored each sub-
type using a modular approach that integrates gene signatures®®
obtained from differential gene expression analysis and known
markers that are previously described by scRNA-Seq study.?®
Module scores for each subtype were calculated using
AddGeneSetScore,?” a repurposing of the AddModuleScore
function from the R package Seurat,?® adapted for bulk RNA
sequencing data processed with DESeq2 (https://doi.org/10.
1186/s13059-014-0550-8). After comparing module scores
using top five, top 10, and top 20 differentially expressed genes,
we used the top five exclusively differentially expressed genes
(based on area under the curve scores) as subtype-specific gene
sets because this allowed us to differentiate a higher number of
subsets. Module scores between responders and nonre-
sponders were compared using the Wilcoxon test. Complex-
Heatmap was used for clustering.?®

Statistical analysis. Measures of central tendency, dis-
persion, and statistical tests are indicated in each figure legend.
Unless stated otherwise, the following statistical tests have been
used: Mann-Whitney U test for comparison between two groups;
Kruskal-Wallis test with Dunn’s post hoc test for multiple group
comparison; chi-square test for proportions; Spearman’s test for
correlations. Statistical analyses were performed using R (version
4.2.1 or later). P < 0.05 was considered statistically significant.
Correction for multiplicity was applied using the false discovery
rate method in correlation matrices involving multiple compari-
sons between cell subsets and various clinical/biologic
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parameters. Figure legends specify when multiple testing correc-
tion was applied.

RESULTS

Relationship of circulating immune cells with
systemic inflammation and disease activity. To explore
the association of circulating immune cells with clinical pheno-
types and histologic and molecular profiles, we used flow cytom-
etry to analyze the frequency of immune cell subsets to include B
cells, T cells, monocytes, NK cells, and regulatory T cells in the PB
of patients with early treatment-naive RA recruited to the PEAC
study, thus with available matched synovial tissue, as shown in
Figure 1A. Details of the gating strategy are provided in Supple-
mentary Figure 1.

First, we examined the correlation of circulating immune cells
with systemic inflammation and disease activity. B cells and their
subsets showed significant inverse correlations, persisting after
correction for multiple testing, with markers of inflammation
(erythrocyte sedimentation rate [ESR], C-reactive protein [CRP)),
swollen joint count, DAS28 scores, and US scores (Figure 1B
and C). As for T cells, CD8*GNZB*CD69B* T cells showed posi-
tive correlations with markers of inflammation and disease activity
scores (Supplementary Figure 2A). Conversely, monocytes, NK
cells, and Treg cells did not exhibit any significant correlations
(Supplementary Figure 2B and C). Next, we looked at CXC che-
mokine receptor (CXCR) 5"PD1™ inducible costimulator positive
CD4* T peripheral helper cells (Tph) cells, a subset known to be
expanded in the PB of patients with RA.'® Accordingly, Tph
showed a significant positive correlation with markers of inflam-
mation (ESR and CRP, R = 0.49, P < 0.001 and R = 0.51,
adjusted P < 0.001, respectively) and US scores (synovial thick-
ening, R = 0.43, adjusted P = 0.015) (Supplementary Figure 2D).
Importantly, this correlation was not evident for the CXCR5*
counterpart, T follicular helper cells (Tfh) (Supplementary
Figure 2D).

Next, we investigated the relationship of circulating immune
cells with synovial immune cell infiltration in matched PB and
synovial biopsies (Figure 1A). Although the majority of the circulat-
ing subsets did not show any correlation with synovial histology
scores (Supplementary Figure 2E-H), a notable exception was
observed for Tph cells, displaying significant positive correlations
with immune cell infiltration in synovia (Figure 2A). This association
was not observed for Tth (Figure 2B). Additionally, circulating Tph
cells were significantly higher in patients with positive anti—
citrullinated protein antibody or rheumatoid factor, and, in line with
their correlation with immune cell infiltration in synovia, were signif-
icantly higher in patients with a lymphomyeloid pathotype, char-
acterized by the infiltration of T and B cells (Figure 2C and D).
Accordingly, circulating Tph cells were significantly correlated with
key genes for Tph cell biology and known to be involved in the for-
mation of ectopic lymphoid structures (ELS), such as CXC

chemokine ligand (CXCL) 13, interleukin (IL) 21 and IL21R, and
lymphotoxin B (Figure 2E and F).

Benchmarking transcriptome deconvolution in PB
and synovial tissue against flow cytometry and
histopathology. Next, we aimed to use bulk transcriptome
deconvolution to dissect the characteristics of immune cells infil-
trating the synovial tissue. To this aim, we benchmarked the per-
formance of five commonly used tools, primarily developed in
cancer research, in the blood and synovial tissue of patients with
RA. In the PB, the tools showed various degrees of correlation
with their counterparts measured by flow cytometry, which
served as our gold standard. Interestingly, all tools performed
quite poorly for certain cell types, such as CD4 T cells, with
MCPcounter and xCell showing the most favorable correlations
across multiple subsets (Supplementary Figure 3A).

Next, we applied deconvolution to the synovial transcrip-
tome, using semiquantitative scores by immunohistochemistry
as a surrogate gold standard (Supplementary Figure 3B). As seen
for PB, MCPcounter and xCell showed the highest correlation
rates.

Taking into account these results, our analyses continued
with xCell because this tool can identify up to 39 immune cells,
providing a significant advantage over traditional histology,
although with the caveat of poor performance for certain cell
populations, as shown for CD4 T cells.

Matched PB and synovial transcriptome
deconvolution identify divergent associations with
histopathological and clinical features. To further explore
the presence and relevance of immune cells in matched PB and
synovial tissue, we used xCell to deconvolute blood and synovia
bulk transcriptome available from the same patients (see
Figure 1A for an overview of the samples used). In synovia, signa-
tures for B cells, plasma cells, T cells, and macrophages showed
significant positive correlations with histologic semiquantitative
scores (Figure 3A), whereas fibroblasts, hematopoietic stem cells,
and stromal scores had negative correlations with synovial
immune cell infiltration assessed by histology (Figure 3A).
Synovial macrophage/monocyte signatures were the only cell sig-
natures to show a significant correlation with disease activity
scores (Figure 3A). When comparing immune cell signatures in
matched PB and synovial samples, although no significant corre-
lations were found, most cells showed a clear trend toward nega-
tive correlations, which suggests the same cell types might have
opposing trends in the two compartments (Figure 3B).

Upon stratifying patients by synovial pathotypes, synovial B
and T cell signatures were higher in patients with a lymphomyeloid
pathotype, as expected for a pathotype characterized by the infil-
tration of B and T cells. On the contrary, circulating B cells and
total CD4+ and CD8+ T cell signatures were lower in patients with
synovial lymphomyeloid pathotypes. On the other hand,
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lymphomyeloid and diffuse-myeloid pathotypes, both character-
ized by the infiltration of macrophages, showed higher myeloid
signatures in both PB and synovial tissue.

Overall, we observed a potential divergence of immune cell
signatures between PB and diseased tissue, emphasizing how
the PB may not always accurately reflect synovial inflammation,
thus reinforcing the relevance of studying the diseased tissue.

Module signatures of synovial single cell states
define diverse disease phenotypes. Next, as we aimed to
investigate synovium-specific immune cell subsets described by
mass cytometry and single cell transcriptomic,?° we used their
top five expressed genes as a proxy to assess their presence in
the matched bulk synovial and peripheral transcriptome h
(Supplementary Figure 4A). Tissue-resident cells, such as fibro-
blast and macrophages subsets were significantly higher in syno-
via, while most T and B cell subsets were higher in PB
(Supplementary Figure 5B). Notably, however, PD1+ Tph/Tfh
cells, granzyme K (GZMK) positive/GNZMB+ T cells, and plasma-
blast signatures were higher in synovia, aligning with their known
role in driving synovial inflammation in patients with RA
(Supplementary Figure 5B). We then examined the correlations
of these signatures with synovial inflammation. Unsurprisingly,
given the divergence we observed between synovial and blood

Figure 1. Correlation of circulating immune cell subsets with dis-
ease activity. Pictured are correlations between immune cell subsets
assessed by flow cytometry and markers of inflammation, DAS28s
and their components, and US scores. (A) Overview of samples
included in the analysis, including synovial biopsies (n = 144) and
matched peripheral blood (n = 70), undergoing immunohistochemis-
try and flow cytometry. RNA extracted from synovial tissue (n = 144)
and peripheral blood mononuclear cells (n = 55) underwent RNA
sequencing. (B) Correlation matrix for B cell subsets identified by flow
cytometry and markers of disease activity; dot size and color intensity
corresponding to the correlation coefficient R, with positive correla-
tions in blue and negative correlations in red, using Spearman correla-
tion, with correction for multiple comparisons by false discovery rate.
(C-E) Individual correlation plots for B cells, Tph cells, and Tth cells,
with Spearman correlation coefficients (R) and adjusted P values
(Spearman correlation with false discovery rate correction). *P <
0.05; P < 0.01; *P < 0.001. adj, adjusted; bDMARD, biologic
disease-modifying antirheumatic drug; Bm, mature B cells; CRP, C-
reactive protein; c¢sDMARD, conventional synthetic disease-
modifying antirheumatic drug; CXCR, CXC chemokine receptors;
DAS28, Disease Activity Score in 28 joints; ESR, erythrocyte sedi-
mentation rate; RA, rheumatoid arthritis; SJC, swollen joint count;
TJC, tender joint count; Tfh, T follicular helper; Tph, T peripheral
helper; US, ultrasound; US-ST 12, ultrasound synovial thickening
score in 12 joints; US-PD 12, ultrasound power doppler score in
12 joints; VAS-GH, visual analog scale global health (patient-
reported).
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Figure 2. Circulating Tph and Tfh cells. Correlation plots of circulating (A) Tph and (B) Tth cells with synovial semiquantitative immune scores
Krenn total synovitis score (0-9 semiquantitative scores measured with hematoxylin and eosin), CD3 T cells, CD20 B cells, CD68 lining and sub-
lining macrophages, and CD138 plasma cells (0-4 semiquantitative scores by immunohistochemistry). R = Spearman’s rank correlation coeffi-
cient, with exact (nominal) P values. n = 51 samples measured in Figure 2A and B. (C) Tph and (D) Tth cells, measured by flow cytometry, in
patients stratified according to the positivity of ACPA, RF, and according to synovial pathotypes. Mann-Whitney test was used. n = 48 for ACPA
and RF (antibody status missing for three patients); n = 50 for histology (1 sample ungraded). Correlation plots of circulating (E) Tph and (F) Tth cells
with representative lymphoid genes measured by RNA sequencing (seq). R = Spearman’s rank correlation coefficient, with exact (nominal)
P values. n = 32 samples measured in Figure 2E and F. *P < 0.05; **P < 0.01. ACPA, anti—citrullinated protein antibody; CXCL, CXC chemokine
ligands; CXCR, CXC chemokine receptors; IL, interleukin; LTB, lymphotoxin B; RF, rheumatoid factor; Tth, T follicular helper; Tph, T peripheral
helper. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43194/abstract.

signatures, none of the synovial single cell signatures showed any
correlation with either synovial inflammation (data not shown) On
the contrary, in synovia, CD34+ sublining fibroblasts, Dickkopf-
related protein 3 (DKK3)-positive sublining fibroblasts, and IL-1B+
pro-inflammatory macrophages inversely correlated with immune
cell scores, whereas other subsets showed positive correlations
(Figure 4A). When stratifying patients by synovial pathotypes, spe-
cific signatures were associated with each pathotype (Figure 4B).
Specifically, CD34+ sublining fibroblasts, DKK3+ sublining fibro-
blasts and CD55+ lining fibroblasts were significantly higher in
patients with a pauci-immune pathotype, supporting the idea that
stromal cells might drive inflammation in this subset of patients. Mac-
rophage signatures were higher in both myeloid and lymphomyeloid
pathotypes, except for IL-1B+ macrophages, which were up-
regulated in patients classified with fibroid or pauci-immune patho-
types. Finally, most T and B cell subsets were up-regulated in
patients with lymphomyeloid pathotypes, consistent with the

pathotype’s characteristic abundance of B and T cells. Next, we
assessed the associations of single cell signatures with clinical dis-
ease activity (Figure 5A and B). Synovial signatures for CD34+ sub-
lining fibroblasts, DKK3+ sublining fibroblasts, and IL-1B+ pro-
inflammatory macrophages negatively correlated with markers of
inflammation and disease activity, whereas C1QA+ macrophages,
PD1+ Tph T cells GZMK+CD8+ T cells and all B cells had positive
correlations. In contrast, in circulation, a positive correlation was only
observed for PD1+ Tph/Tth cells (Figure 5B), in line with the flow
cytometry results in which circulating CXCR5- Tph cells emerged
as markers of inflammation and disease activity.

To explore the impact of these signatures on disease out-
comes, we assessed baseline synovial single cell modules in
association with different outcomes: (1) remission as determined
by DAS28 (score < 2.6) at six months; (2) progression to biologic
DMARDs within one year; and (3) any worsening of radiographic
scores at one year (MTSS >1) (Figure 5C).
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Figure 3. Deconvolution of synovial and peripheral blood RNA sequencing. Deconvolution applied to RNA sequencing of RNA extracted from
synovial tissue biopsies (n = 49) and peripheral blood (n = 36). (A) Matrix showing the correlation between xCell signatures in synovial tissue and
synovial histology/clinical features. Dot size corresponds to Spearman correlation coefficients (—1/+1), shown in a color scale, with positive corre-
lations in blue and negative correlations in red. Spearman correlation was used with correction for multiple comparison by false discovery rate.
(B) Matrix showing the correlation between peripheral blood and synovial tissue signatures; color-coded Spearman correlation coefficients were
used, as in A. (C) xCell immune cell signatures in matched peripheral blood (blue) and synovial samples (yellow). Mann-Whitney test was used, n
= 36. (D) Immune cell signatures in patients stratified according to synovial pathotypes in synovia (top) and peripheral blood (bottom). Kruskal-
Wallis with Dunn’s post hoc test was used with 49 synovial tissue samples and 36 peripheral blood samples. Individual dots represent individual
patients, boxplots show median and first and third quartiles, and whiskers extend to the highest and lowest values. *P < 0.05; **P < 0.01; **P <
0.001. CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints; ESR, erythrocyte sedimentation rate; NK, natural killer; SJC, swollen
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Figure 4. Single cell state signatures and synovial inflammation. (A) Matrix showing the correlation of single cell (SC) state signatures with syno-
vial inflammation. Dot size corresponds to Spearman correlation coefficients as shown in color scale, with positive correlations in blue and negative
correlations in red (=1/+1), n = 49. Spearman correlation with correction for multiple comparison by false discovery rate was used. (B) Single cell
state signatures in patients stratified according to synovial pathotypes. Kruskal-Wallis with Dunn’s post hoc test was used with 49 synovial tissue
samples and 36 peripheral blood samples. Individual dots represent individual patients, boxplots show median and first and third quartiles,
and whiskers extend to the highest and lowest values. *P < 0.05, *P < 0.01, **P < 0.001 CRP, C-reactive protein; DAS28, Disease Activity
Score in 28 joints; DKK, Dickkopf-related protein; ESR, erythrocyte sedimentation rate; GZMB, granzyme B; GZMK, granzyme K; HLA, human leu-
kocyte antigen; IFN, interferon; IL, interleukin; SJC, swollen joint count; Tfh, T follicular helper; TJC, tender joint count; Tph, T peripheral helper.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43194/abstract.
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Figure 5. Single cell state signatures and disease outcomes. Matrix showing the correlation of single cell state signatures in (A) synovial tissue
and (B) peripheral blood with DAS and their components and ultrasound scores. Dot size corresponds to Spearman correlation coefficients (-1/
+1), as shown in color scale, with positive correlations in blue and negative correlations in red. Spearman correlation was used with correction
for multiple comparison by false discovery rate. (C) Comparison of baseline synovial immune cell signatures in patients stratified according to
remission at six months (DAS28 CRP <2.6), biologic treatment at 12 months, and radiographic progression at 12 months (delta van der Heijde-
modified total Sharp score (MTSS) > 1). Lines show P values, with dotted line corresponding to P < 0.05, Mann-Whitney. n = 121 for DAS28 at
six months, n =107 for treatment with biologic drugs at 12 months, and n = 96 for radiographic progression at 12 months. (D—F) Individual dot plots
showing baseline synovial immune cell signatures significantly different as in C. Mann-Whitney test was used. The values for n are as in Figure 5C.
Individual dots represent individual patients, boxplots show median and first and third quartiles, and whiskers extend to the highest and lowest val-
ues. (G) Single cell scores in matched baseline (before treatment) and synovial biopsies at six months (after treatment with csDMARDs).
(H) Significantly different single cell scores in patients stratified according to DAS28 at six months less than or greater than 2.6. The Mann-Whitney
test was used. *P < 0.05, **P < 0.01, **P < 0.001. bDMARD, biologic disease-modifying antirheumatic drug; CCR, C-C chemokine receptor type;
CRP, C-reactive protein; csDMARD, conventional synthetic disease modifying antirheumatic drug; DAS28, Disease Activity Score in 28 joints;
DKK, Dickkopf-related protein; ESR, erythrocyte sedimentation rate; GZMB, granzyme B; GZMK, granzyme K; HLA, human leukocyte antigen;
IGHD, immunoglobulin heavy constant delta; IGHG3, immunoglobulin heavy constant gamma 3; IL, interleukin; NUPR, nuclear protein 1; SJC,
swollen joint count; Tfh, T follicular helper; Tph, T peripheral helper; TJC, tender joint count; US-ST 12, ultrasound synovial thickening score in
12 joints; US-PD 12, ultrasound power doppler score in 12 joints; VAS-GH, visual analog scale global health (patient-reported). Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43194/abstract.
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The Tph/Tth signature was uniquely linked to treatment
response (Figure 5D). Patients progressing to biologic DMARD
treatments exhibited elevated baseline memory B cells, plasma-
blasts, C1QA+ monocytes, and GZMK+ CD8 T cells, whereas
CD34+ and DKK3+ fibroblast signatures were lower (Figure 5E).
In addition, patients with signs of radiographic progression (delta
mTSS >1) had increased baseline plasmablast and nuclear pro-
tein 1 positive monocyte (Figure 5F). When examining the
changes in repeat synovial biopsies after six months of csDMARD
treatment (Figure 5G), significant reductions were observed in
C1QA+ monocytes and various T cell subsets, including PD1+
Tph cells. Significant reductions were also observed in pro-
inflammatory human leukocyte antigen-positive fibroblasts,
whereas DKK3+ fibroblasts increased posttreatment. Changes
in fibroblasts were consistent regardless of six month remission
status, whereas Tph reduction occurred only in patients achieving
DAS28 remission at 6 months (Figure 5H). Importantly, single cell
signatures in blood did not show any significant association with
disease outcomes (data not shown), including Tph/Tth signa-
tures. Overall, these findings suggest that pretreatment synovial
single cell modular signatures are linked to disease outcomes,
including treatment response, treatment with biologic DMARDs,
and structural damage progression.

DISCUSSION

Although numerous associations between circulating
immune cells and clinical outcomes have been reported in
patients with RA, it has been difficult to consistently relate them
to clinical outcomes and treatment response. On the other hand,
recent studies analyzing the molecular pathology of synovial biop-
sies have reported specific signatures linked to prognosis (struc-
tural damage) and treatment response.'®'7+%° Therefore, in this
study, we aimed to explore the relationship of PB immune cells
with the cellular and molecular profile of the synovial tissue in a
biopsy-driven cohort with early untreated. We observed inverse
correlations between circulating B cells and markers of inflamma-
tion, disease activity, and US scores, aligning with previous find-
ings of lower B cell counts in patients with active RA,%" including
patients with very early RA®®? and patients with arthralgia.®
Treatment with biologics has been shown to restore the fre-
quency of circulating memory B cells, ' "1* and low levels of pre-
treatment B cells have been associated with lower chances of
response to antitumor necrosis factor.®® Here, we expanded
these observations defining that the low B cell count extends to
specific subsets, including memory B cells.>%” Although the role
of B cells in RA pathogenesis is well established and the effective-
ness of B cell-depleting therapies in patients with RA is well-
known, the usage of circulating B cells as predictive markers
remains limited. Even though pretreatment levels of specific
CD27+ memory B cells'*® and preplasma cells® have been
associated with response to rituximab, their use in clinical practice

as predictive markers is inadequate. At least in part, this is proba-
bly linked to the uncertainty of whether circulating immune cells
reflect the inflammatory burden in the synovial tissue. Our results
define the relationship between PB and synovia, highlighting the
importance of studying both circulating and synovial immmune cells
to establish the link between circulatory and synovial cells. Upon
studying the synovial tissue, pretreatment levels of B cells and
posttreatment changes have been linked to treatment response
to B cell depletion “°, emphasizing the potential clinical relevance
of understanding these dynamics. Recently, two large multicenter
randomized biopsy-driven clinical trials have provided promising
insights into the ability of synovial sighatures to predict disease
outcomes,®'® whereas deep molecular phenotyping has identi-
fied specific signatures associated with multidrug resistance.'”

Here, we used matched synovial tissue and PB samples to
study the relationship of circulating immune cells, assessed by
flow cytometry, and synovial inflammation. Most immune cells,
including total CD4 and CD8 T cells, B cells, Treg cells, mono-
cytes, and NK cells, showed no correlations. Notably, on the
other hand, Tph cells, previously identified in synovial tissue and
circulation,'®*" emerged as a subset associated with both sys-
temic and synovial inflammation. Circulating Tph cells were ele-
vated in patients with seropositive RA and active disease,
particularly in those with a lymphomyeloid synovial pathotype
characterized by infiltrating B and T cells. This establishes circulat-
ing Tph cells as peripheral biomarkers for lymphomyeloid synovi-
tis, a finding particularly relevant given the scarcity of peripheral
biomarkers associated with this subtype of synovial inflammation
because the only other circulating biomarker ever found in associ-
ation with lymphomyeloid synovial inflammation and ELS forma-
tion is CXCL13,%2 a chemokine produced mainly by Tph cells
and their CXCR5+ counterpart.

Regarding molecular investigations, previous transcriptomic
analyses of the PB in patients with early RA identified very few dif-
ferentially expressed genes compared with the synovial tissue. '
Leveraging the availability of matched PB and synovial whole tran-
scriptomes, we employed deconvolution tools to analyze both tis-
sues from the same patients. As most of the existing
deconvolution tools were developed in cancer tissues and have
not been tested or validated in other diseases, we benchmarked
the performance of five such tools using flow cytometry in the
PB and immunohistochemistry in the synovial tissue as gold stan-
dards. xCell was selected for its ability to estimate the infiltration of
up to 39 immune cell subsets, expanding our assessment com-
pared to conventional histology. Notably, Cibersort,*® a widely
used tool in oncology, demonstrated relatively poorer perfor-
mance in both PB and synovial tissue of patients with RA com-
pared with other tools.

By using deconvolution with xCell on matched synovial and
PB samples, we uncovered diverging relationships between cir-
culating immune cell subsets and synovial inflammation/patho-
types. Specifically, patients classified as lymphomyeloid, with
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abundant lymphoid cell infiltration in synovia, exhibited signifi-
cantly lower levels of B and T cell signatures in circulation. Con-
versely, those with myeloid infiltration in the synovia consistently
showed higher levels of myeloid cells in both synovial tissue and
PB. These results, linked with the flow cytometry data indicating
inverse correlations of B cells with disease activity, suggest a pos-
sible explanation for why PB analysis often falls short in identifying
clinically useful biomarkers, emphasizing the importance of
directly studying the diseased tissue.

In recent years, advancements in mass cytometry and sin-
gle cell transcriptomic analyses have enhanced our understand-
ing of synovial tissue in patients with RA, revealing 18 unique cell
subsets/states across fibroblast, monocyte/macrophage, B,
and T cell lineages.?° However, the relevance of these subsets
in PB and their associations with clinical outcomes remained
unclear. Analyzing single cell signature modules in synovial and
PB transcriptomes based on synovial pathotypes, we found
up-regulated fibroblast subsets, including the DKK3+ subset,
in the synovium of patients with a pauci-immune/fibroid patho-
type. The DKK3+ fibroblast signature was also elevated in
patients with multidrug resistant or refractory RA.'" Fibroblast
subsets showed negative correlations with disease activity, as
did IL-1B+ pro-inflammatory macrophages, previously linked to
leukocyte-rich RA. Our study compared three synovial RA
pathotypes, revealing lower IL1B+ macrophage signatures in
lymphomyeloid compared to diffuse-myeloid and pauci-immune
pathotypes, providing further insights into the synovial immune
landscape.

When examining single cell module signatures in the PB, we
observed significant correlations with synovial inflammation and
disease activity scores only for PD1+ Tph cells. This aligns with
our flow cytometry findings, reinforcing the notion that PD1+ Tph
cells serve as PB markers of synovial inflammation and disease
activity.

Finally, our study revealed an association of pretreatment
synovial signatures with disease outcomes, including treatment
response, use of biologic DMARDs and progression of structural
damage. Specifically, PD1+ Tph cells were associated with
DMARD response, suggesting their potential as PB predictors
for both disease activity and treatment response because this is
in line with previous results showing a reduction of Tph levels fol-
lowing treatment with csDMARDs.'® Additionally, the use of bio-
logic DMARDs correlated with elevated levels of immune cell
states, including memory B cells, plasmablasts, C1QA+ mono-
cytes, and GZMK+ CD8 T cells. Conversely, fioroblast states
were lower in patients progressing to biologics, consistent with
our prior findings associating DKK3+ fibroblasts with refractory
RA. Lastly, plasmablasts were linked to radiographic progres-
sion, supporting prior observations identifying a plasmablast sig-
nature as a predictor of structural damage.'*2?

This study has some limitations. First, this is a post hoc anal-
ysis without a predetermined statistical plan, therefore the study

has an exploratory nature. Second, although we analyze a
unique cohort of patients with early, treatment-naive RA with
matched synovial and PB samples, the sample size is relatively
limited, so our findings warrant further investigations in larger
cohorts. The relatively limited sample size meant we could not
correct for potential confounders such as age, body mass
index, and gender. Third, it is crucial to note that deconvolution
tools estimate relative cell abundance, not absolute values, and
they struggle with heavily overlapping cell signatures, thus per-
forming quite poorly in estimating specific cell subsets, as
observed for CD4 T cells. Therefore, when attempting to esti-
mate the presence of synovium-specific cell states, we opted
to use the top differentially expressed genes as a proxy to esti-
mate their presence. Even though these signatures do not pro-
vide exact subset proportions, they revealed significant
associations with disease outcomes that are pathogenetically
and clinically relevant, warranting exploration in future studies.
Finally, more advanced single cells analyses have recently led
to the identification of 77 synovial cell states, with patients then
clustered into seven synovial Cell Type Abundance Phenotypes
(CTAPs) were associated with disease outcomes, including
treatment response/nonresponse.*? The relevance of these
subsets in circulation vs synovia and the possibility of reprodu-
cing the CTAP classification using blood signatures remains to
be investigated. Even though our results highlight the difficulties
in identifying circulating signatures that can accurately mirror
synovial inflammation, the pursuit of a liquid biopsy for inflam-
matory arthritis continues to be an ongoing challenge, which
can be hopefully addressed by the combined study of PB and
synovia.

In conclusion, our results highlight the importance of synovial
tissue analyses in identifying clinically relevant associations
between immune cells and disease outcomes, with particular ref-
erence to pretreatment cell state signatures among which Tph
cells emerge as potential circulating biomarkers of lymphomyeloid
synovitis and disease activity and showing promise as predictive
markers for treatment response.
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Objective. Sarcopenia and knee osteoarthritis (KOA) are common conditions in older adults, but their relationship is con-
troversial. We aimed to examine the potential role of sarcopenia in KOA progression and subsequent knee replacement (KR).

Methods. Using data from the Osteoarthritis Initiative, baseline sarcopenia was first screened according to the
EWGSOP2 algorithm using the SARC-F (Strength, Assistance with walking, Rise from a chair, Climb stairs, and Falls)
questionnaire (screened sarcopenia [Scre-S]), then further assessed combined with the five times chair-stand-test
(probable sarcopenia [Prob-S]). Radiographic KOA progression was evaluated by changes in Kellgren-Lawrence
Grade and Osteoarthritis Research Society International atlas scores from baseline to the 24- and 48-month follow-
ups. Symptomatic progression was evaluated similarly using the Western Ontario McMaster Osteoarthritis Index.
The associations of sarcopenia with radiographic or symptomatic progression and subsequent KR were analyzed
before and after adjusting for potential confounders and propensity score (PS) matching.

Results. A total of 4,316 participants were included; 27.2% were Scre-S and 16.8% were Prob-S. Baseline Scre-S
and Prob-S were positively associated with both radiographic and symptomatic progression in KOA over 24 and
48 months. Both Scre-S and Prob-S were associated with a higher risk of subsequent KR (Scre-S: hazard ratio
[HR] 3.84, 95% confidence interval [Cl] 3.18 to 4.62; Prob-S: HR 2.29, 95% CI 1.87 to 2.81). These results remained sig-
nificant in the PS-matched cohort.

Conclusion. Scre-S and Prob-S were significantly and longitudinally associated with both radiographic and symp-
tomatic progression in KOA and subsequent KR. Our findings indicated a potential causal role of sarcopenia in KOA

progression and highlighted its potentially therapeutic effect in KOA management.
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INTRODUCTION

Knee osteoarthritis (KOA) is one of the most common
musculoskeletal disorders in the elderly and leads to chronic
pain and disability.’ However, there have been no disease-
modifying treatments demonstrated to slow KOA progres-
sion or delay knee replacement (KR).! Although the patho-
logic mechanisms underlying KOA are complex and not yet
fully elucidated, sarcopenia has been acknowledged to be
closely associated with KOA.?

Sarcopenia is defined as a decline in skeletal muscle strength
and mass and has a fundamental role in low muscle strength and
dysfunction.>® Most importantly, sarcopenia is found to be
common in KOA, thereby representing a potentially modifiable
risk factor.* However, the potential causal role of sarcopenia in
the pathogenesis and progression of KOA remains to be deter-
mined. Previous studies have indeed shown a concurrent rela-
tionship between KOA and sarcopenia-related traits, such as a
decline in muscle strength or muscle mass.>® Several cross-
sectional studies demonstrated a significantly higher prevalence of
sarcopenia in individuals with KOA.”® Patients with radiographic
joint damage were also likely to develop sarcopenia more quickly.®
However, because of the limitations of cross-sectional design,
these findings cannot provide strong evidence on a causal relation-
ship between these two diseases. Therefore, whether sarcopenia
precedes the progression of KOA with a potential causal role or
occurs because of KOA is still a matter of debate.

The biomechanical and biochemical interactions between
muscle and joint might be responsible for the mechanisms by
which sarcopenia impacts the pathophysiology of KOA.'%'! Bio-
mechanically, muscle controls force generation for locomotion
and prevents joint dislocation.'? In addition, active muscle con-
traction absorbs a great deal of the shock transmitted to the joint
and thus plays a beneficial role in KOA progression.'® Biochemi-
cally, it is currently known that skeletal muscle can produce myo-
kines, including cytokines, peptides, and growth factors.'* These
myokines have been shown to possibly diffuse to the adjacent
cartilage or subchondral bone, which influences their metabolic
homeostasis and remodeling processes.'® Moreover, research
has demonstrated that myoblasts and chondrocytes share similar
pathologic targets and pathways, and their close anatomic loca-
tion suggests a likelihood of paracrine communication.'" The intri-
cate interplay between muscle and joint therefore supports a
potential relationship between sarcopenia and KOA progression.

Recently, a Mendelian randomization study indicated that
sarcopenia-related traits might have a causal impact on KOA.'®
Given the lack of large-scale genome-wide association studies
on sarcopenia, the genetic explanatory power of instrumental var-
iables may still be limited, potentially leading to biased results.’”
Meanwhile, available longitudinal studies are scarce and inconclu-
sive. Veronese et al reported the association of sarcopenia with
incident symptomatic KOA, rather than radiographic KOA.'®

Mohajer et al reported that decreased quadriceps size and
increased intramuscular fat were associated with subsequent
symptomatic worsening and KR in patients with KOA."® In con-
trast, Misra et al used whole-body dual x-ray absorptiometry to
determine muscle mass and reported that sarcopenia was not
associated with the risk of KOA.2° Turkiewicz et al even found that
individuals with higher knee extensor strength in early life had an
increased risk of KOA in middle age.?" These findings highlight
the need for well-designed studies to comprehensively explore
the temporal and causal relationships between sarcopenia and
KOA progression. In the present study, we used a multicenter
and propensity score (PS)-matched cohort of Osteoarthritis
Initiative (OAI) participants to investigate the longitudinal associa-
tions of baseline sarcopenia with KOA progression and
subsequent KR.

PATIENTS AND METHODS

Study design and participants. Data for the present lon-
gitudinal study were obtained from the publicly accessible data
sets of the OAI, which is an ongoing multicenter prospective
cohort study aimed at identifying biomarkers for KOA. All partici-
pants diagnosed with or at risk for KOA were enrolled and
observed (ClinicalTrials.gov identifier: NCTO0080171). The Health
Insurance Portability and Accountability Act (HIPAA)-compliant
protocol was approved, and all participants signed informed
consent.??

In the OAI study population (aged 45-79 years), complete
data for sarcopenia screening and probable sarcopenia diagnosis
through functional measurement of muscle strength are available
along with knee radiographic readings and symptomatic scores
at the baseline visit. Notably, participants with advanced KOA
(Kellgren-Lawrence Grade [KLG] 4), the highest symptomatic
scores (Western Ontario McMaster Osteoarthritis Index [WOMAC]
16-20), or KR surgery history at baseline were excluded.” Partici-
pants were also excluded if subsequent KR was uncertain. The
selection process is depicted in Figure 1.

Evaluation of sarcopenia. In the current study, baseline
sarcopenia was evaluated stepwise according to an adapted
algorithm by the EWGSOP?2 that is based on available OAl data.?®
Details are as follows.

Step 1: screened sarcopenia. The 5-item SARC-F question-
naire is a validated tool recommended by the EWGSOP2 algo-
rithm for screening and case-finding. Items include self-reported
strength (S), assistance with walking (A), rising from a chair (R),
climbing stairs (C), and history of falls (F). For the current analyses,
we developed a conversion method for SARC-F based on the
WOMAC function questionnaires (Supplementary Figure 1). The
cutoff threshold for screened sarcopenia (Scre-S) was set as
SARC-F score of 4 or greater, with SARC-F (+) as positive screen-
ing for high sarcopenia risk.
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All Osteoarthritis Initiative (OAIl) study participants
9592 bilateral knees of 4796 OAl participants

r % Pt
| Exclusion criteria

| No SARC-F and chair-stand-test data (n = 764)

| No covariates data (n = 342)

| Knee replacement history (n = 3)

| No radiog and symp assessment data
| (n=3559)

| Highest levels of radiographic and symptomatic

: scores at baseline (n = 608)

| Exclusion criteria
Mo SARC-F and chair-stand-test data (n = 764)
Mo covariates data (n = 242)
| Knee replacement history (n = 3}
| Uncertain if subsequent knee replacement has
| been parformed (n = 245)

Y

Knees at baseline (n=4316)
Scre-S (+, n=1174) Scre-S (-, n=3142)
Prob-S (+, n=723) Prob-S (-, n=3593)

Knees at baseline (n=8238)
Scre-S (+, n=2192) Scre-S (-, n=6048)
Prob-S (+, n=1332) Prob-S (-, n=6906)

| Exclusion criteria I
No radiographic assessment data (n = 5084)
| No symptomatic assessment data (n = 250) !

A A

24-month follow-up visit (n=3517)
Scre-3 (+, n=885) Scre-S (-, n=2632)
Prob-5 (+, n=523) Prob-S (-, n=2994)

Follow-up and loss to follow-up were both recorded

| Exclusion criteria
| No radiographic KOA assessment data (n = 1033)  j—————
| No symplomatic KOA assessment data (n = 767) Jl

Y

48-month follow-up visit (n=1717)
Scre-5 (+, n=475) Scre-S (-, n=1242)
Prob-S (+, n=310) Prob-S (-, n=1407)

108-month follow-up visit
Mean follow-up visits: 92 months
Knee replacement: 481 cases

Longitudinal Analysis
Radiographic and Symptomatic Progression

Figure 1. Flowchart of the study. Scre-S, screened sarcopenia; Prob-S, probable sarcopenia. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43213/abstract.

Step 2: probable sarcopenia. Skeletal muscle strength is the
commonly employed functional parameter for sarcopenia diagno-
sis according to the widely accepted EWGSOP2 algorithm. Most
importantly, low muscle function per se following positive screen-
ing leads to the diagnosis of probable sarcopenia (Prob-S) and
justifies clinical action. The five times chair-stand-test can be used
as a proxy for evaluating the strength of lower limbs. Therefore,
the cutoff threshold for Prob-S was set as five times chair-
stand-test of at least 12 seconds based on Scre-S.?* Lower
extremity strength, assessed by maximal isometric extensor and
flexor strength, was further included to validate the effectiveness
of the aforementioned grouping for Scre-S and Prob-S. The
Good Strength Chair (Metitur Oy) was applied, and the lever arm
length (Newton-meters per body mass [Nm/kg]) was used to cal-
culate the torque. After two warm-up tests, the best of three max-
imal effort tries for both knee extensor and flexor strengths were
recorded, respectively.®

Evaluation of radiographic progression in KOA. The
radiographic KOA features were evaluated using posteroanterior
radiographs with a fixed flexion (15°) protocol, which were subse-
quently analyzed at one OAI center and scored using

+ et b

semiquantitative KLG and the Osteoarthritis Research Society
International (OARSI) atlas grades. Specifically, knee radiographs
were evaluated through joint space narrowing (JSN), osteo-
phytes, and sclerosis for the OARSI atlas grades, with every sub-
grade in the medial tibiofemoral compartment ranging from
0 (none) to 3 (severe).2® The changes in grades from baseline to
24 or 48 months were calculated as indicators of radiographic
progression, respectively.

Evaluation of symptomatic progression in KOA. The
assessment of knee pain (including walking on a flat surface,
going up/down stairs, at night while in bed, when sitting/lying,
and when standing upright) was conducted using the WOMAC
items from O (no pain) to 5 (most severe pain).?® The Knee Injury
and Osteoarthritis Outcome Score (KOOS) was developed as a
tool for evaluating the patient’s opinion on their knee and related
problems.?” Three subscales were used in this study, including
pain, other symptoms, and knee-related quality of life (QoL). The
previous week is the time period that was considered when
answering the questions. Standardized answer options were
given (five Likert boxes) and each question was assigned a score
from O (extreme symptoms) to 4 (no symptoms). The changes
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from baseline to 24 or 48 months were calculated as indicators of
symptomatic progression, respectively.

Evaluation of subsequent KR. Given that KR is a hall-
mark event of end-stage KOA, it was chosen as the long-term
outcome to investigate the impact of baseline sarcopenia.?’ The
survival analyses over 108 months follow-up were conducted. At
baseline, we excluded participants with missing covariate data
and those who had previously undergone KR. KR events were
confirmed based on medical records and self-reports.

Confounding factors. Age and obesity are the most
prominent risk factors for KOA, with a clear female predominance
observed.?82° The prevalence of KOA has also been observed to
vary across different racial groups.>° Additionally, insufficient
physical activity is a risk factor for both the radiographic and
symptomatic progression of KOA.5"%2 Unhealthy lifestyles, such
as smoking and excessive alcohol consumption, further exacer-
bate the progression of KOA.*® Finally, varus or valgus alignment
of the knee can accelerate the radiographic progression of
KOA.®* Based on previous epidemiologic studies on KOA and
existing literature, this study identified age, sex, race, body mass
index (BMI), Physical Activity Scale for the Elderly (PASE), smok-
ing status, drinking status, and knee alignment (normal, varus,
and valgus) as confounding factors, which were adjusted in the
models before PS matching.

Statistical analysis. Continuous variables are presented
as mean + SD and were compared by Student’s t-test, whereas
categorical variables are presented as frequency (percentage).
Because of the inclusion of bilateral knees, the potential correla-
tion between two observations on each participant, namely the
within-subject similarities, should be considered. Thus, the gener-
alized estimating equation (GEE) model, as previously described
in the OAI study involving knees of both sides,® was conducted
to examine the association between baseline sarcopenia and
radiographic and symptomatic progression. The longitudinal
analyses were adjusted for the covariates and baseline radio-
graphic or symptomatic scores, respectively.

The Kaplan—-Meier method was used to estimate survival
curves to detect the differences in the risk of KR between the
two groups. The Cox proportional hazards model was used to
determine hazard ratios (HRs) and their corresponding 95% con-
fidence intervals (Cls). The Breslow test is used to assess short-
term differences between groups, whereas the log-rank test is
used to investigate disparities in long-term differences. Before
PS matching, analyses were adjusted for the covariates. The
E-value was calculated to evaluate the evidence for causality in
an observational study that confounding factors could potentially
influence.®® A large E-value implies that a considerable amount
of unmeasured confounding is needed to explain an effect
estimate.

To further validate the results, sensitivity analysis was con-
ducted. The 1:1 PS-matching method was applied between
groups with or without Scre-S and Prob-S based on confounding
factors (age, sex, racial disparities, BMI, physical activity, smok-
ing, alcohol consumption, and varus or valgus alignment), and
the nearest-neighbor method with a caliper was set at 0.01. The
associations between baseline sarcopenia and KOA progression
(radiographic and symptomatic) were examined in each PS-
matched cohort using the GEE model. After PS matching, the
analyses were adjusted for additional baseline radiographic or
symptomatic scores, respectively.

Restricted cubic splines (RCS) analysis was used to evaluate
the exposure-response relationships between the severity of sar-
copenia and radiographic, symptomatic progression and subse-
quent KR with three knots at the 10th, 50th, and 90th
percentiles. Cubic spline analyses nonparametrically examine the
association of the SARC-F score with the odds ratio of KLG, B of
total WOMAC knee pain, and HR of the KR. Analyses were
adjusted for the covariates and baseline radiographic or symp-
tomatic scores, respectively.

The statistical analyses were performed using SPSS (version
25.0, SPSSInc.), and R (version 4.1.2, R Foundation for Statistical
Computing). All statistical tests conducted in this study were two-
sided, and P values less than 0.05 were considered to be statisti-
cally significant.

All de-identified patient-level clinical data, outcome data, and
radiographic data in our study were obtained from the OAl, an
ongoing, multicenter, prospective cohort study designed to iden-
tify biomarkers for KOA. The HIPAA-compliant protocol of the OAI
study has been received and approved by the ethics committee.

RESULTS

Baseline characteristics and sarcopenia. A total of
4,316 participants were included, with 1,174 participants
(27.2%) having positive screening (Scre-S+) based on the
SARC-F questionnaire (Table 1). Compared with those without
positive screening, individuals in the Scre-S (+) group had a higher
proportion of women (67.1% vs 55.9%), exhibited a higher BMI
(80.72 vs 28.72), and engaged in less daily physical activity (mean
PASE score of 154.46 vs 162.36). Among those with Scre-S (+),
723 participants (16.8% of the total cohort) were further classified
as Prob-S based on the further chair-stand-test. Prob-S also had
a higher proportion of women, a greater BMI, and less physical
activity, compared with Prob-S (-) participants. Maximum exten-
sor strength was significantly lower in individuals with Scre-S (+)
(mean force, 307.47 Nm/kg vs 358.95 Nm/kg) and Prob-S
(+) (mean force, 294.38 Nm/kg vs 341.10 Nm/kg) compared with
the corresponding negative groups (Table 1). Maximum flexor
strength also showed consistent differences, which indicated the
effectiveness of our grouping for Scre-S and Prob-S.
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Table 1. Baseline clinical characteristics of the participants*
Scre-S (+) Scre-S (-) Prob-S (+) Prob-S (=)

Clinical characteristics N=1174 N =3,142 P value N =723 N = 3,593 Pvalue

Age, mean + SD, y 61.51 +8.86 62.48 +9.01 0.002 62.54 + 8.86 62.15 +9.00 0.290

Female, n (%) 788 (67.1) 1,757 (55.9) <0.001 534 (73.9) 2011 (56.0) <0.001

Race, n (%) <0.001 <0.001
White 797 (67.9) 2,654 (84.5) 450 (62.2) 3,001 (83.5)

Black 347 (29.6) 412 (13.1) 255 (35.3) 504 (14.0)

BMI, mean + SD 30.72 + 498 2872 + 4.47 <0.001 30.97 +4.89 28.92 + 4.59 <0.001

PASE, mean + SD 154.46 + 83.08 16236+ 79.11 0.004 143.98 + 79.20 163.48 +80.10 <0.001

Smoking history, n (%) 203 (17.3) 684 (21.8) 0.001 105 (14.5) 782 (21.8) <0.001

Drinking history, n (%) 893 (76.1) 2,591 (82.5) <0.001 529 (73.2) 2,955 (82.2) <0.001

Knee alignment, n (%) 0.353 0.037
Normal 323 (27.5) 900 (28.6) 217 (30.0) 1,006 (28.0)

Varus 319 (27.2) 895 (28.5) 175 (24.2) 1,039 (28.9)
Valgus 532 (45.3) 1,347 (42.9) 331 (43.5) 1,548 (43.1)

SARC-F, mean + SD 5.66 + 1.51 1.01 £1.04 <0.001 5.84 +1.58 1.55+ 1.80 <0.001

Five times chair-stand-test, mean + SD 13.88 + 4.58 1157 +3.19 <0.001 16.31+4.18 11.37 +£3.07 <0.001

Max thigh extensor strength 30747 +117.45 35895+ 131.93 <0.001 29438 £112.40  341.10 £ 126.60 <0.001

Max thigh flexor strength 123.63 £62.32 151.11 £ 70.57 <0.001 121.12 £ 60.71 139.68 + 66.80 <0.001

KLG, n (%) <0.001 <0.001
Grade 0 89 (7.6) 584 (18.6) 46 (6.4) 627 (17.5)

Grade 1 168 (14.3) 567 (18.0) 104 (14.4) 631(17.6)
Grade 2 566 (48.2) 1,414 (45.0) 369 (51.0) 1,611 (44.8)
Grade 3 351 (29.9) 577 (18.4) 204 (28.2) 724 (20.2)

OARSI JSN, n (%) <0.001 <0.001
Grade 0 533 (45.4) 1,644 (52.3) 323 (44.7) 1,854 (51.6)

Grade 1 368 (31.3) 1,027 (32.7) 242 (33.5) 1,153 (32.1)
Grade 2 273 (23.3) 471 (15.0) 158 (21.9) 586 (16.3)

OARSI osteophytes, n (%) <0.001 <0.001
Grade 0 398(33.9) 1,447 (46.1) 249 (34.4) 1,596 (44.4)

Grade 1 637 (54.3) 1,489 (47.4) 395 (54.6) 1,731 (48.2)
Grade 2 139 (11.8) 206 (6.6) 79(10.9) 266 (7.4)

OARSI sclerosis, n (%) <0.001 <0.001
Grade 0 741 (63.1) 2,318 (73.8) 467 (64.6) 2,592 (72.1)

Grade 1 272 (23.2) 578 (18.4) 157 (21.7) 693 (19.3)
Grade 2 161 (13.7) 246 (7.8) 99 (13.7) 308 (8.6)

Total WOMAC pain, mean + SD 5.48 +3.28 097 £1.55 <0.001 574 +3.32 149 +228 <0.001
Pain when walking on flat surface 1.11+0.84 0.18 +0.43 <0.001 113+ 0.85 029 +0.58 <0.001
Pain when going up/down stairs 1.75+0.81 0.43 +0.63 <0.001 1.80+0.82 0.58+0.77 <0.001
Pain when in bed 0.78 £0.95 0.11 £0.40 <0.001 0.83+0.96 0.18 £ 0.53 <0.001
Pain when sitting/lying 0.80 +£0.82 0.11 £0.37 <0.001 0.87 £0.83 0.19 £ 0.49 <0.001
Pain when standing 1.04 +0.81 0.14 +0.39 <0.001 1.10+0.83 0.24 +0.53 <0.001

* Age range was 45 to 79 years in all study groups. KLG is scored from 0 (no radiographic evidence) to 4 (extreme structure). All OARSI atlas
grade subscales are scored from 0 (no evidence) to 3 (most severe). WOMAC total knee pain is scored from 0 (no pain) to 20 (extreme pain).
All WOMAC pain subscales are scored from 0 (no pain) to 5 (extreme pain). Statistically significant (P < 0.05) results are bolded. BMI, body mass
index; JSN, joint space narrowing; KLG, Kellgren-Lawrence Grade; OARSI, the Osteoarthritis Research Society International; PASE, Physical Activ-
ity Scale for the Elderly; Prob-S, probable sarcopenia; SARC-F (Strength, Assistance with walking, Rise from a chair, Climb stairs, and Falls);
Scre-S, screened sarcopenia; WOMAC, Western Ontario McMaster Osteoarthritis Index.

Associations between baseline sarcopenia and
progression in KOA. In cross-sectional analyses, significant
associations of Scre-S and Prob-S were observed with both
radiographic scores (Supplementary Table 1) and symptomatic
scores (Supplementary Tables 2 and 3) at baseline. Longitudi-
nally, baseline sarcopenia was associated with radiographic pro-
gression in KOA (including KLG, JSN, and sclerosis) over
48 months (Table 2). Meanwhile, baseline sarcopenia was signifi-
cantly associated with the progressions of total WOMAC pain,
and each subscales over 24 months and 48 months (Table 3).
Similar results were also found in KOOS pain, other symptoms,

and QoL (Supplementary Table 3). The multiple-adjusted RCS
analysis revealed positive exposure-response correlations
between baseline SARC-F score and the risk of radiographic or
symptomatic progression in KOA (all P for trend <0.001)
(Supplementary Figure 2).

Associations between baseline sarcopenia and KR.
Survival analyses were applied to verify the robustness of predict-
ing effect of sarcopenia on subsequent KR. Baseline characteris-
tics of participants in the survival analysis are presented in
Supplementary Table 4. During the follow-up period (mean
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Table 2. Association between baseline sarcopenia and radiographic progression in KOA*

Scre-S Prob-S
Radiographic progression OR (95% Cl) P value OR (95% Cl) P value
Over 24 months
KLG 1.66(1.32-2.10) <0.001 1.28(0.97-1.69) 0.079
OARSI atlas classification
JSN 1.76 (1.40-2.20) <0.001 1.35(1.03-1.76) 0.029
Osteophytes 1.60(1.29-1.97) <0.001 1.49(1.16-1.92) 0.002
Sclerosis 2.07 (1.60-2.66) <0.001 1.54 (1.14-2.07) 0.005
Over 48 months
KLG 1.51 (1.23-1.86) <0.001 1.34(1.04-1.74) 0.026
OARSI atlas classification
JSN 1.62 (1.30-2.01) <0.001 1.59 (1.21-2.09) 0.001
Osteophytes 1.32(1.07-1.63) 0.010 1.22(0.93-1.59) 0.153
Sclerosis 1.96 (1.52-2.54) <0.001 1.69 (1.24-2.30) 0.001

* Data are adjusted ORs (95% Cls) based on GEE. Statistically significant (P value <0.05) results are bolded. Model
adjusted for age, sex, race, BMI, PASE, smoking history, drinking history, knee alignment (normal, varus, and val-
gus), and baseline radiographic scores. 95% Cl, 95% confidence interval; BMI, body mass index; GEE, generalized
estimating equation; JSN, joint space narrowing; KLG, Kellgren-Lawrence Grade; KOA, knee osteoarthritis; PASE,
Physical Activity Scale for the Elderly; Prob-S, probable sarcopenia; OR, odds ratio; OARSI, the Osteoarthritis
Research Society International; Scre-S, screened sarcopenia.

92 months, 108-month follow-up visit), 481 participants with KR
were observed. Compared with the negative groups, significantly
higher risks of KR were found both in the Scre-S (+) and Prob-S (+)
groups (Breslow test, P < 0.001; Log-rank test, P < 0.001). The
HR of KR was 3.84 (95% Cl 3.18-4.62) in the Scre-S group and
2.29 (95% CI 1.87-2.81) in the Prob-S group after adjusting for
covariates (Figure 2). The E-value for the Scre-S group was 7.14
(95% CI 5.81-8.71), and the E-value for the Prob-S group was
4.01 (95% CI 3.15-5.07), which indicates the independence and
higher strength of sarcopenia in promoting the progression of KR
(Figure 2). The multiple-adjusted RCS analysis revealed positive
exposure-response correlations between baseline SARC-F score
and the risk of KR (P for trend <0.001) (Supplementary Figure 2).

Replication of associations between baseline
sarcopenia and KOA progression in matched cohorts.
We generated two matched cohorts using the PS-matching
method: In the Scre-S cohort, there were 1,067 matched pairs
of negative and positive participants, whereas there were
661 matched pairs in the Prob-S cohort (Figure 3A and E).
The baseline characteristics of participants in two cohorts are pre-
sented in Supplementary Table 5. Compared with the unmatched
cohort, the eight confounding factors in the matched cohort were
balanced at baseline among Scre-S (+, —) and Prob-S (+, -),
respectively (all P values >0.05). In cross-sectional analyses, sig-
nificant associations of Scre-S and Prob-S were also observed
with both radiographic scores (Supplementary Table 6) and

Table 3. Association between baseline sarcopenia and symptomatic progression in KOA*

Scre-S Prob-S
Symptomatic progression Beta (95% Cl) P value Beta (95% Cl) P value
Over 24 months
Total WOMAC pain 0.92 (0.62-1.22) <0.001 0.91 (0.54-1.28) <0.001
Pain when walking on flat surface 0.30(0.24-0.37) <0.001 0.27 (0.19-0.36) <0.001
Pain when going up/down stairs 0.30(0.22-0.39) <0.001 0.32(0.22-0.42) <0.001
Pain when in bed 0.24(0.17-0.30) <0.001 0.24(0.16-0.33) <0.001
Pain when sitting/lying 0.20(0.15-0.26) <0.001 0.23(0.15-0.30) <0.001
Pain when standing 0.27 (0.20-0.34) <0.001 0.23(0.14-0.32) <0.001
Over 48 months
Total WOMAC pain 1.04 (0.57-1.42) <0.001 1.06 (0.64-1.48) <0.001
Pain when walking on flat surface 0.28 (0.20-0.35) <0.001 0.28 (0.18-0.37) <0.001
Pain when going up/downstairs 0.31(0.21-0.42) <0.001 0.35(0.23-0.48) <0.001
Pain when in bed 0.19(0.12-0.26) <0.001 0.22(0.12-0.32) <0.001
Pain when sitting/lying 0.19(0.13-0.26) <0.001 0.28 (0.19-0.37) <0.001
Pain when standing 0.23(0.16-0.30) <0.001 0.26 (0.16-0.36) <0.001

* Data are adjusted B (95% Cl) based on GEEs. Statistically significant (P < 0.05) results are bolded. Model adjusted
for age, sex, race, BMI, PASE, smoking history, drinking history, knee alignment (normal, varus, and valgus), and
baseline symptomatic scores. 95% Cl, 95% confidence interval; BMI, body mass index; GEE, generalized estimating
equation; KOA, knee osteoarthritis; PASE, Physical Activity Scale for the Elderly; Prob-S, probable sarcopenia; Scre-S,
screened sarcopenia; WOMAC, Western Ontario McMaster Osteoarthritis Index.
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Figure 2. Association of baseline Scre-S (A) and Prob-S (B) with subsequent KR. Data are adjusted HRs (95% Cls) based on multivariable Cox
proportional hazard model before PS matching. Model adjusted for age, sex, race, BMI, PASE, smoking, drinking, and knee alignment (normal,
varus, and valgus). 95% Cl, 95% confidence interval; BMI, body mass index; HR, hazard ratio; KR, knee replacement; PASE, Physical Activity
Scale for the Elderly; Prob-S, probable sarcopenia; PS, propensity score; Scre-S, screened sarcopenia. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43213/abstract.

symptomatic scores (Supplementary Tables 7 and 8) in the
matched cohort, which are consistent with the results in
the unmatched cohort. The analyses performed in the matched
cohort showed that results were consistent in direction and mag-
nitude of associations of those from the main analyses in the
unmatched cohort. Specifically, the relationships between base-
line sarcopenia and the progression of KLG, JSN, and sclerosis
over 48 months showed significant associations in both the
matched and unmatched cohorts rather than with the progres-
sion of osteophytes in the matched cohort (Figure 3B and F; Sup-
plementary Table 9). Additionally, baseline sarcopenia was
significantly associated with all symptomatic progressions
(WOMAC pain and its subscales, KOOS pain, and Qol) in both
matched and unmatched cohorts, except for KOOS other symp-
toms in the matched cohort (Figure 3C and G; Supplementary
Tables 8 and 10). The baseline characteristics of participants for
survival analysis in the two groups are presented in Supplemen-
tary Table 11. The HR of KR was 3.87 (95% Cl 2.97-5.04) in the
Scre-S group, and 2.24 (95% Cl 1.66-3.02) in the Prob-S group
(Figure 3D and H).

DISCUSSION

To the best of our knowledge, our study is the first to deter-
mine the associations of baseline sarcopenia with KOA progres-
sion and subsequent KR in a large-scale, prospective cohort.
Both baseline Scre-S and Prob-S were significantly associated
with increased risk of radiographic and symptomatic progression
of KOA. Importantly, there was a significant and strong increase in
the risk for KR in the Scre-S and Prob-S groups compared with

the control groups. These findings were confirmed after adjust-
ment and PS matching, which implies a potential causal role of
sarcopenia in KOA progression.

Though expert consensus has indicated that muscle weak-
ness is likely a risk factor for KOA,?® the existing research remains
controversial. Misra et al reported that body composition-based
sarcopenia was not associated with incident KOA.?° It is impor-
tant to recognize the limitation on the definition of sarcopenia in
this paper, which was based on a modified residual method and
is no longer consistent with sarcopenia diagnosis according to
the EWGSOP2 algorithm.?*3” Additionally, the selection of out-
comes could be somewhat limited, as it defined radiographic
KOA solely based on KLG and did not account for symptomatic
KOA. Mohajer et al assessed muscle mass on thigh MRI with
quantitative markers and found that longitudinal changes of quad-
riceps size and intramuscular fat could predict subsequent symp-
tomatic worsening and KR, which provided valuable insights
regarding its long-term impact on KOA progression.'® Veronese
et al confirmed the association between sarcopenia and incident
symptomatic KOA, rather than radiographic KOA.'® They used
the estimation equations to diagnose sarcopenia, which was only
validated for adults without obesity.®® Additionally, they did not
further adjust BMI in the analysis, a relevant potential confounding
factor. Together with the absence of additional sensitivity analy-
ses, the robustness and reproducibility of the findings would be
limited.

In the current analyses, we based our detection of Scre-S on
the most accepted and validated diagnostic algorithm EWGSOP2
in the context of available parameters included in the OAl data-
base. Moreover, the EWGSOP2 approach indicates the impor-
tance of muscle strength as a functional parameter in the
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Figure 3. Associations between sarcopenia and progression in KOA and subsequent KR in the matched cohort. (A) The PS-matched procedure
generated paired groups of 1,067 Scre-S participants and controls. (B) Association between baseline Scre-S and radiographic progression in
KOA after PS matching. Data are adjusted ORs based on the GEE model adjusted for baseline radiographic scores. (C) Association between
baseline Scre-S and symptomatic progression in KOA after PS matching. Data are adjusted ORs based on the GEE model adjusted for baseline
symptomatic scores. (D) Association of baseline Scre-S with subsequent KR after PS matching based on the Cox proportional hazards model.
(E) The PS-matched procedure generated paired groups of 661 Prob-S (+) participants and controls. (F) Association between baseline Prob-S
and radiographic progression in KOA after PS matching. Data are adjusted ORs based on the GEE model adjusted for baseline radiographic
scores. (G) Association between baseline Prob-S and symptomatic progression in KOA after PS matching. Data are adjusted ORs based on the
GEE model adjusted for baseline symptomatic scores. (H) Association of baseline Prob-S with subsequent KR after PS matching based on the
Cox proportional hazards model. 95% Cl, 95% confidence interval; BMI, body mass index; GEE, generalized estimating equation; KOA, knee
osteoarthritis; KR, knee replacement; OARSI, Osteoarthritis Research Society International; OR, odds ratio; Scre-S, screened sarcopenia;
Prob-S, probable sarcopenia; PS, propensity score; WOMAC, Western Ontario McMaster Osteoarthritis Index.
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diagnostic process after case-finding, and low muscle strength is
proposed as a prerequisite for sarcopenia diagnosis and a suffi-
cient parameter to diagnose Prob-S.2° In this way, we found both
Scre-S and Prob-S were strong and independent predictors of
KOA progression and KR, which for the first time indicates a lon-
gitudinal association between pre-existing sarcopenia and subse-
quent KOA progression. Specifically, baseline Scre-S and Prob-S
were found to be associated with increased pain and decreased
QoL in both matched and unmatched cohorts. However, the
associations of baseline sarcopenia with the progression of other
symptoms (KOOS) were no longer statistically significant after PS
matching, although point estimation values suggested a poten-
tially positive correlation (point estimation values of B greater
than 0). Considering that the KOOS focuses more on therapeutic
effects after knee injury, its usefulness in our observational cohort
could be relatively limited. Further studies are required to deter-
mine the association between sarcopenia and other symptoms.
Based on these findings, clinical sarcopenia is supported to be
an important contributor to KOA pathogenesis, leading to KOA
progression and negative prognosis with indication for
KR. Importantly, from a clinical standpoint, sarcopenia from this
study represents new, potentially modifiable risk factors for KOA
progression that should therefore be introduced in the clinical
management of KOA. It is important to point out that SARC-F
and the chair-stand-test as surrogates of direct leg muscle
strength measurement are easily available in any clinical setting
and could therefore be widely implemented with limited
resources.®

Regarding potential underlying mechanisms, biomechanical
disruptions may not fully explain the role of skeletal muscle alter-
ations in the pathophysiology of KOA."" Although quadriceps
weakness has been reported to be associated with patellofemoral
pathology and pain in KOA, this association has been found
inconclusive in a recent systematic review.*® Similarly, sarcopenia
in KOA was previously proposed to result from disuse atrophy
caused by knee pain and reduced physical activity.*" Lower knee
extensor strength was, however, reported also in the absence of
knee pain.*? In our study, associations between baseline sarco-
penia and KOA progression, both radiographically and symptom-
atically, generally remained significant after adjusting for baseline
knee pain and other potential confounders and addressing the
PS-matched method. Therefore, the biochemical and molecular
interactions between altered skeletal muscle and the knee joint
may be a plausible explanation.*®

First, adipose tissue infiltration within the muscle is frequently
observed in the elderly, and it can secrete not only inflammatory
cytokines such as TNF-a and IL-1B, but also adipokines such as
resistin or adiponectin, all of which may induce inflammation in
KOA.***° Furthermore, skeletal muscle itself can also release
inflammatory cytokines such as monocyte chemotactic protein
1, which may subsequently attract mononuclear cells, drive the
immune response, and elicit knee symptoms.*® Last, advanced

approaches have depicted the sarcopenic microenvironment at
the single-cell level, which may provide preliminary evidence for
micro changes in skeletal composition and be a potential source
of interacting molecules or factors.*”48

Our study has potential limitations. First, although we
employed a prospective design, used the PS-matching method,
and used the E-value to measure residual confounding to control
for the risk of bias as much as possible, it is important to acknowl-
edge that selection bias may still exist in observational studies.
Considering other potential confounders that could not be con-
trolled, further Mendelian randomization studies or randomized
controlled trials are needed in the future to verify the causal role
of sarcopenia in the progression of KOA. Second, we acknowl-
edged that a full diagnosis of sarcopenia is not available because
of a lack of measurement of muscle mass or even its surrogates
in the OAI database. We chose to use Scre-S and Prob-S to rep-
resent pre-existing sarcopenia, and their confirmed longitudinal
associations with KOA progression support a primary role of sar-
copenia. Nevertheless, direct sarcopenia diagnosis with mea-
sured muscle mass should further confirm the current
associations for full sarcopenia with low muscle mass. On the
other hand, we believe that our new findings linking key sarcope-
nia components and important indicators of muscle dysfunction
to KOA progression are important in providing the first demon-
stration of a pathogenetic involvement of sarcopenia in the KOA
progression. Last, all participants in this study were of middle to
older age, and it remains unclear whether our findings would hold
true in young adults.

In summary, our study revealed longitudinal associations
between baseline sarcopenia, KOA progression, and subsequent
KR. This study provides new insight into the potential causality of
sarcopenia to KOA progression. Such a temporal relationship
highlights the need for more attention to sarcopenia screening
and diagnosis, and potentially to sarcopenia treatment in KOA
management.
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Paradoxical Activation of Entheseal Myeloid Cells by JAK1
and Tyk2 Inhibitors via Interleukin-10 Antagonism
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Objective. JAK inhibition (JAKI) is effective in seronegative spondyloarthropathy (SpA) spectrum disorders, but
Tyk2 inhibition failed in SpA spectrum ulcerative colitis, and tofacitinib showed minimal benefit in Crohn disease, which
highlights the complex role for JAK/STAT signaling in different inflammatory processes. In this study, we investigated
whether JAKi might paradoxically activate entheseal innate immunity and aimed to identify the key regulatory cytokines
involved in this process.

Methods. Spinal entheseal tissue was activated with Toll-like receptor (TLR) agonists, including TLR4 and
interleukin-1 (IL-1) family proteins, and entheseal T cells were activated with anti-CD3/anti-CD28 with IL-23/IL-18. JAKi
via upadacitinib (JAK1/JAK2), deucravacitinib (Tyk2), and ritlecitinib (JAK3) inhibition was evaluated using multiplex
cytokine assays, intracellular flow, and bulk RNA sequencing (RNAseq) and cytokine blocking or stimulation.

Results. Following interferon y stimulation, JAK1 inhibition blocked STAT1 phosphorylation in entheseal cells and
strongly blocked activated entheseal T cell tumor necrosis factor a (TNFa), IL-17A, and IL-17F production. The oppo-
site effect was evident in entheseal myeloid cell with exaggerated TLR4 and other adjuvant-mediated cytokine produc-
tion including IL-23 (~10-fold increase; P < 0.001) or TNFa (~10-fold increase; P < 0.0001). This myeloid effect was
induced by upadacitinib and deucravacitinib but not ritlecitinib, suggesting IL-10R JAK1/Tyk2 signaling. Bulk RNAseq
showed a multifaceted impact of JAKi on myeloid activation with strong M1 type monocyte polarization under TLR4
stimulation and JAK1 inhibition confirmed by flow cytometry. Direct IL-10 inhibition recapitulated inflammatory cyto-
kine elevations and IL-10R agonist largely, but not completely, rescued this phenotype.

Conclusion. These findings help explain the emergent efficacy of Tyk2 blockade in SpA spectrum-related arthritis
that is not IL-10 dependent but indicates why such strategies may not be a panacea for SpA spectrum disorder-related

intestinal inflammation.

INTRODUCTION

Spondyloarthropathy (SpA) encompasses ankylosing spon-
dylitis (AS), psoriatic arthropathy (PsA), and related psoriasis;
reactive arthritis; and inflammatory bowel disease (IBD)-
associated arthritis evident in Crohn disease (CD) and ulcerative
colitis (UC). These disorders are associated with enthesitis, which
is the cardinal SpA lesion, and associated with both tumor
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necrosis factor (TNF) and interleukin-23 (IL-23)/IL-17 pathway
dysregulation at the synovio-entheseal complex leading to joint
inflammation. ™=

Cytokine signaling through the JAK-STAT pathway activates
more than 50 soluble factors including cytokines, interferons
(IFNs), and endocrine factors.>® The JAK and STAT families
include four JAK members (JAK1, JAK2, JAK3, and Tyk2) and
seven STAT members.® IL-23 is a critical cytokine in the
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pathogenesis of SpA, being immunogenetically linked to all SpA
spectrum manifestations>®” and to type-17 T cell production
pathogenic disease driver cytokines including IL-17A, IL-17F,
TNF, and others.?®

Currently, three JAK inhibitors (JAKI) are licensed or soon to
be adopted in SpA-associated arthropathy including tofacitinib
(considered a pan-JAKIi), upadacitinib (predominantly JAK1 inhi-
bition, with reports of JAK2 inhibition in certain assays ranging
from 2- to 60-fold less selectivity than JAK1) and deucravacitinib
(highly selective Tyk2 inhibition).®~'* The exact mechanism of JAKi
efficacy in SpA is unclear because the pivotal IL-17A, IL-17F, and
TNF cytokines do not signal directly via the JAK pathway.'®'® The
IL-23 signaling is mediated by JAK2-Tyk2 and subsequent
STAT3 phosphorylation veering lymphoid cells toward IL-17 pro-
duction.’"'® A proposed mechanisms JAKi efficacy in SpA is
blocking IL-23-dependent JAK2-Tyk?2 signaling.*®

However, JAKi is not a panacea for all SpA-related,
spectrum-associated inflammation including IBD, which con-
trasts to TNF monoclonal antibody inhibition that treats all joint
and intestinal manifestations. For example, tofacitinib has minimal
CD efficacy and consequently is not licensed for that indication.?°
Furthermore, in contrast to IL-23 blockers, Tyk2 inhibition with
deucravacitinib failed to show efficacy in UC despite good efficacy
for both psoriasis and PsA,*" although JAKT inhibition that blocks
the common y chain needed for T cell proliferation and activation
is license in IBD. Of note, IL-10 is a key cytokine linked to inborn
errors of innate immunity with early onset IBD but is not linked to
SpA spectrum skeletal inflammation.?? Furthermore, IL-10 signals
via JAK1 and?® Tyk2 and could thus be a pivotal cytokine in
potential differences between enthesis and intestinal immunology
across the SpA spectrum.

Upadacitinib, a JAK1 inhibitor (2- to 60-fold selective over
JAK2, >100-fold selective over JAK3, and does not inhibit
Tyk2),12142% has proven efficacy in AS, PsA, UC, and, recently,
CD.2572° Given the differential efficacy for JAKi across SpA spec-
trum disorders and IBD, we explored the impact of JAKi on both
enthesis innate and adaptive immune responses to better under-
stand the emerging reverse translational immunology pertaining
to JAKi in SpA spectrum disorders.

MATERIALS AND METHODS

Peripheral blood and normal spinous process enthesis were
obtained from 32 donors with no systemic autoimmune or inflam-
matory diseases who were undergoing spinal decompression
or surgery for scoliosis correction of thoracic or lumbar
vertebrae using methodology previously described.®° Written
informed consent to participate was given by all patients before
taking part, and research was conducted in compliance with
the Helsinki Declaration. Entheseal sample collection was
approved by the Northwest-Greater Manchester West
Research Ethics Committee (REC:16/NW/0797). Patients

and/or the public were not involved in the design, conduct,
reporting, or dissemination plans of this research. Data are
available on reasonable request.

The collected enthesis samples were separated into soft tis-
sue and peri-entheseal bone (PEB) with subsequent PEB minced
into small fragments <5 mm?, followed by mechanical digestion
with cells collected after phosphate buffered saline (PBS) wash-
ing. Thereafter, cells were strained and red cells lysis was per-
formed using the ammonium chloride method with two PBS
washing steps and resuspension in RPMI 1640 (10% fetal bovine
serum, 10 U/mL of penicillin and streptomycin). T cells were fur-
ther enriched from entheseal cells with pan T cell isolation kit
(Miltenyi). Peripheral blood leukocytes were isolated using red cell
lysis with ammonium chloride. Three PBS washes were per-
formed before resuspension in RPMI 1640.

Isolated cells were plated at 5 x 10° cells per well in 96 well
plates in RPMI 1640. For T cell stimulation, 96 well plates were
coated with 1 pg/mL of anti-CD3 (Life Technologies, orthoclone
T 3) before cell seeding and stimulation with 2.5 pg/mL of
anti-CD28 with or without the addition of 25 ng/mL of IL-18 and
IL-23. For upadacitinib inhibition of T cell activation, cells were
pretreated with varying upadacitinib (indicated in the Results sec-
tion) concentrations in a separate well for one hour before transfer
to an anti-CD3-coated 96 well plate and subsequent stimulation.
For myeloid activation, cells were pretreated with or without upa-
dacitinib (concentration indicated in the Results section) for one
hour before stimulation with either lipopolysaccharide (LPS)
(10 ng/mL), IL-18 (25 ng/mL), IL-836a (100 ng/mL), mannan
(10 pg/mL), zymosan (10 pug/mL), or IL-10 (concentration indi-
cated in the Results section). THP-1 cell lines were cultured in
RPMI 1640 and plated at 2 x 10° cells per well in 96 well plates
before stimulation.

For cytokine blocking experiments, neutralizing antibodies
anti-IL-10Ra, anti-IL-19, and anti-IFN o/f Receptor 1 (IFNAR1)
(Supplementary Table S1) were added to cells at the concentra-
tions, indicated in the Results section, one hour before stimulation.
NF-kB inhibition experiments conducted on peripheral blood leuko-
cytes used the specific inhibitor caffeic acid phenethyl ester at 1 M
added to cells three hours after LPS stimulation.®' Following stimu-
lation, cells were pelleted by centrifugation and supernatants col-
lected for cytokine analysis. Cells were collected for further
analysis by flow cytometry or isolation of RNA.

Luciferase assay. THP-1 cells stably transduced with an
NF-kB-driven luciferase reporter were pretreated with 1 uM of
upadacitinib one hour before stimulation with 10 ng/mL LPS.
Luciferase activity was then measured each hour after LPS stimu-
lation (O-5 hours). Luciferase activity was measured by the addi-
tion of Dual-Glo substrate and buffer solution (Promega)
according to the manufacturer’s instructions, allowing 20 minutes
of incubation time (room temperature), followed by measurement
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of luminosity by a Cytation 5 multimode plate reader (Agilent
BioTek).

Flow cytometry. For intracellular analysis of cytokines,
cells were treated with GolgiPlug (BD Biosciences; 1 pL per 10°
cells) eight hours before analysis. Cells were stained for cell viabil-
ity (Zombie Fixable Dyes, BioLegend, 1:1,000, 20-minute incuba-
tion) before blocking with 10% mouse serum and 1% human IgG
for 10 minutes. Cells were then stained with surface marker anti-
bodies (Supplementary Table S1) at concentrations indicated by
the manufacturers for 30 minutes in staining buffer (PBS, 1 mM
EDTA, 2% bovine serum albumin with BD brilliant stain buffer).
For analysis of intracellular cytokines, after surface staining cells
were fixed and permeabilized using a BD Cytofix/Cytoperm fixa-
tion/permeabilization kit according to the manufacturer’s instruc-
tions and then stained with intracellular cytokine antibodies for
30 minutes (Supplementary Table S1). Stained cells were ana-
lyzed on a Beckman-Coulter Cytoflex LX cytometer.

For analysis of phosphorylated STAT1, cells were fixed in 4%
paraformaldehyde for 10 minutes at 37°C immediately after stim-
ulation. Cells were then permeabilized using BD Phosflow Perm
Buffer Ill for 30 minutes on ice. After fixation, cells were resus-
pended in staining buffer and anti-pSTAT1 (Supplementary
Table S1) for one hour. Cells were analyzed on a Beckman-
Coulter Cytoflex LX cytometer.

Bulk RNA sequencing and analysis. RNA was extracted
from cell pellets (~5 x 10° cells) using the Total RNA Purification
Kit (Norgen Biotek). Sequencing libraries were prepared, and
sequenced (PE150, 9 Gb per sample) on the lllumina NovaSeq X
plus at Novogene (Novogene). Following quality control (removal
of low-quality reads and reads containing adapters and poly-N),
reads were aligned to the reference genome using Hisat 2 version
2.0.5. featureCounts version 1.5.0-p3 was used to count reads
and calculate fragments per Kb of transcript per million bp
sequenced. Differential expression analysis was performed with
DESeq?2 (DESeg2RPackage 1.20.0), and adjusted P values cal-
culated using the Benjamin and Hochberg’s approach. Genes
with a adjusted P value <0.05 were assigned as differentially
expressed. The clusterProfiler R package was used to test the
statistical enrichment of differentially expressed genes in Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways, with
pathways with corrected P values <0.05 considered significantly
enriched. Gene set enrichment analysis (GSEA) for KEGG path-
ways was performed using the GSEA analysis tool (http://
broadinstitute.org/gsea/index.jsp).

Cytokine measurement and statistical analysis.
Cytokines were measured either by enzyme-linked immunosor-
bent assay (ELISA) (IL-23, TNFa; Thermofisher) or by bead-based
multiplexed immunoassay (LEGENDplexTM, BioLegend) accord-
ing to the manufacturer’s instructions. GraphPad Prism software

was employed with analysis of variance employment to calculate
significance and Dunnet’s test used for multiple comparisons.
Specific statistical tests are described in the corresponding figure
legends. Significant differences between control and test with
P values less than 0.05 were denoted with an asterisk, as indi-
cated in the figure legends, or labeled with the exact P value when
they were greater than 0.05 but there were trends evident. Any
specific statistical tests are outlined in the figure legends.

RESULTS

JAKi strongly inhibiting entheseal T cell activity. We
initially evaluated upadacitinib as an exemplar of JAKi with broad
efficacy across SpA and IBD. Entheseal leukocytes were pre-
treated with upadacitinib and then stimulated with IFNy for
15 minutes. IFNy signaling requires activation of JAK1 and JAK2
to facilitate STAT1 phosphorylation, which allows translocation
to the nucleus and subsequent gene transcription.®? Analysis by
intracellular flow cytometry demonstrated upadacitinib effectively
prevented phosphorylation of STAT1 (Figure 1A).

To evaluate upadacitinib effects on T cel-derived SpA-
driving cytokines TNFa and IL-17, entheseal leukocytes were pre-
treated with upadacitinibo at concentrations representative of
patient sera levels over the course of a dose (0.1-10 pM),3® then
stimulated for 48 hours with type-17-driving cytokines (IL-23 and
IL-1B) and anti-CD3/CD28 antibodies for T cell receptor (TCR)-
dependent activation of T cells with upadacitinib significantly
down-regulating TNFa, IL-17A, and IL-17F production from acti-
vated T cells, thus showing how JAKi block activation of enthe-
seal derived T cells (Figure 1B). Intracellular flow cytometry on
CD3-enriched entheseal T cells treated in the same conditions
showed reduction in TNFa* and IL-17A* CD3" cells after TCR
activation when pretreated with upadacitinib (Figure 1C; gating
strategy shown in Supplementary Figure S1).

Upadacitinib up-regulating CD14" entheseal cell IL-
23 and TNFa induced via Toll-like receptor activation.
Entheseal leukocytes were pretreated with upadacitinib (0.1-10
uM) before stimulation with LPS (10 ng/mL) to evaluate the impact
of JAKi on IL-23 and TNF production. Following 24-hour stimula-
tion, IL-23 and TNFa supernatants were measured using ELISA.
Upadacitinib addition strongly up-regulated LPS-induced IL-23
and TNFa production, with approximately 10- to 20-fold
increased levels observed at 1 pM upadacitinib pretreatment
(Figure 2A and B). Because these results showed an increase in
cytokine production even at 0.1 uM, we extended the range of
upadacitinib down to 100 pM. As shown in Figure 2C and D, the
effect is strongest at 1 uM, yet it is still evident at 10 n.

To determine whether IL-23 and TNFa up-regulation was
unique to LPS stimulation, we tested other pathogen-associated
molecular patterns and inflammatory cytokines. Zymosan and
1 uM of upadacitinib also further increased IL-23 production (P <
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0.01), and a nonsignificant increased trend when stimulated with We have previously shown entheseal monocytes are important
IL-36y, demonstrating this effect is beyond LPS (Figure 2E). All producers of IL-23 following LPS stimulation and therefore per-
stimuli tested that exhibit this effect (Figure 2E) signal via NF-«xB formed isolation and depletion of CD14* monocytes from entheseal
suggesting a common mechanism for myeloid cell activation. isolates.®* As shown in Figure 2F, depletion of CD14* monocytes
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Figure 1. JAK1 inhibition strongly inhibits entheseal T cell activity. (A) Isolated entheseal cells untreated or stimulated with IFNy (20 ng/mL;
15 minutes) with or without Upa (10 pM) and pSTAT1 measured by flow cytometry. (B) Isolated entheseal cells stimulated with anti-CD3 (1 pg/
mL), anti-CD28 (2.5 ug/mL), IL-18, and IL-23 (25 ng/mL each) for 48 hours for T cell activation with and without indicated concentrations of upa-
dacitinib. Secreted cytokines TNFa (n = 5), IL-17A (n = 5), and IL-17F (n = 4) were measured by enzyme-linked immunosorbent assay. (C) Enriched
CD3" entheseal cells were treated as in panel B and analyzed for intracellular IL-17A and TNFa by flow cytometry. Gating strategy is shown in Sup-
plementary Figure S1. Dot plots show CD45"CD3* gated population (gating strategy Supplementary Figure S1). Flow cytometry (A and C) is rep-
resentative of three independent experiments. *P < 0.05 (statistical test), data are presented as means with SEMs (B). Act, activation; FMO,
fluorescence minus one; IFNy, interferon y; IL-17A, interleukin 17A; NS, untreated entheseal cells; pSTATT1, phosphorylated STAT1; TNFa, tumor
necrosis factor a; Upa, upadacitinib.
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ablated the upadacitinib-induced IL-23 level enhancement, and iso-
lated CD14* cells strongly exhibited IL-23 up-regulation after LPS
stimulation following pretreatment with upadacitinib (Figure 2F), sug-
gesting that upadacitinib-induced up-regulation of IL-23 and TNFa
production was monocyte lineage cells.

Transcriptional analysis implicating IL-10 signaling
in JAKi-induced myeloid activation. Given that JAKs are
not directly involved in pathogen recognition receptor or IL-1 fam-
ily receptor signaling pathways, it seems likely that upadacitinib is
impacting JAK-dependent secondary responses downstream of
myeloid differentiation factor 88 (MyD88) or NF-kB signaling. We
therefore leveraged bulk RNA sequencing (RNAseq) to observe
transcriptional changes between untreated, LPS-treated, and
LPS with upadacitinib-treated entheseal cells to determine how
JAKi increased inflammatory myeloid responses. Isolated
entheseal leukocytes were treated with LPS with or without 1 uM
of upadacitinib for 12 hours to allow for secondary response to
cytokines downstream of MyD88/NF-«B signaling before RNA iso-
lation. Bulk RNAseq analysis highlighted increased expression of
numerous proinflammatory cytokines following upadacitinib and
LPS treatment (Figure 3A), confirming findings observed in
Figure 2. IL23A (encoding IL-23 p19) was the most significantly
up-regulated gene identified with a 10.5-fold increase. Other key
genes involved in enthesitis were up-regulated including CSF2
(encoding granulocyte-macrophage CSF), IL12B, IL6, and nota-
bly CD80 and CD83 encoding the M1-associated costimulatory
receptors. Numerous IFN-stimulated genes (ISGs) were strongly
down-regulated by the addition of upadacitinib (Figure 3A).

KEGG pathway enrichment analysis of upadacitinib-treated
samples showed the 20 most significantly enriched pathways
(Figure 3B) contained NF-«kB, JAK-STAT, and IL-17 signaling
pathways in addition to cytokine-cytokine receptor interaction
(Figure 3B). GSEA gave normalized enrichment scores of 1.36
(adjusted P = 0.104), 1.24 (adjusted P = 0.281), 1.51 (adjusted
P =0.102), and 1.41 (adjusted P = 0.104), respectively, for each
pathway (Figure 3C). Transcript levels for NF-kB core enriched
genes signaling pathways showed increased expression of
inflanlnmatory mediators and NF-«B signaling components follow-
ing upadacitinib and LPS treatment, suggesting JAK1/JAK2 inhi-
bition may result in loss of negative regulation of NF-«B signaling
(Figure 3C).

The role of NF-kB in driving the upadacitinib-induced
increase in IL-23 was investigated using both THP-1 monocytic
cellline (n = 3) and peripheral blood leukocytes (n = 6). Although
THP-1 cells did not show as strong of an LPS plus upadacitinib-
dependent effect as primary cells, increased TNFa secretion
when pretreated with upadacitinib was evident (Supplementary
Figure S2A). An increase in NF-kB activity via an NF-kB-driven
luciferase reporter with upadacitinib was noted (Supplementary
Figure S2C). Furthermore, NF-«kB inhibition in peripheral blood
leukocytes treated with a specific NF-«kB inhibitor caffeic acid

phenethyl ester three hours after LPS stimulation significantly
reduced secretion of IL-23 in cells pretreated with upadacitinib
(Supplementary Figure S3).

The anti-inflammatory cytokine IL-10 is a major regulator of
NF-«kB signaling via JAK1/Tyk2 signaling, and previous reports
have shown JAK1 inhibition of IL-10 signaling may increase
peripheral blood myeloid cell activity.*® Examination of our RNA-
seq data showed many IL-10-induced regulators of NF-«xB activ-
ity were down-regulated in the LPS with upadacitinib condition
including suppressor of cytokine signaling 1 (SOCS1), SOCSS,
strawberry notch homolog 2, and TNFAIP3 interacting protein 3
(TNIP3) (Figure 3D).

A recent transcriptomics report by Aschenbrenner et al®®
identified IL-10 as a key IL-23 regulator in the gut. The authors
treated monocytes with LPS with or without an IL-10R-blocking
antibody and used transcriptomics to identify key IL-10 regulated
genes. Examining the expression IL-10-regulated genes in our
data set compared to the data set from Aschenbrenner et al*°
revealed a similar expression patterns with a few notable excep-
tions (Figure 3E). Of the 52 genes identified as significantly regu-
lated by IL-10 blockade in the data set from Aschenbrenner
et al,%® 30 genes were regulated in the same direction by upada-
citinib in our data set, whereas only 4 genes were oppositely
regulated, suggesting a considerable amount of overlap in data
sets of LPS with IL-10 blockade and LPS with upadacitinib
(Figure 3E). Those genes regulated in the opposite direction as
in the data set from Aschenbrenner et al®® (GBP1, GBP4
[encoding guanylate binding protein 1 and 4 respectively],
CXCL9, and CXCL10) are known ISGs and would therefore be
expected to be down-regulated by JAK1 inhibition.

Interrupted IL-10 signaling as a primary driver of
JAKi-induced entheseal myeloid cell activation. To assess
the role of upadacitinib-induced IL-10 blockade in inducing
increased myeloid activity, we treated entheseal cells with an
IL-10R-neutralizing antibody before stimulation with LPS and
compared secretion of IL-23 to that induced by pretreatment
with upadacitinib. The addition of an IL-10R-neutralizing
antibody increased secretion of IL-23 in a dose-dependent
manner (Figure 4A). Conversely, addition of increasing concen-
trations of recombinant human IL-10 (1-100 ng/mL) to
LPS-stimulated cells pretreated with a low dose of upadaciti-
nib (10 nM) reduced secretion of IL-23 (Figure 4B). Intriguingly,
blockade of IL-10 signaling did not replicate the same levels of
upadacitinib-induced IL-23 and showed a larger impact in
peripheral blood cells than in entheseal cells. A total of
25 pg/mL of IL-10Ra blocking antibody increased IL-23 secre-
tion to 50% of that induced by upadacitinib addition in
peripheral blood leukocytes, yet only achieved 25% of
upadacitinib-induced IL-23 in donor-matched PEB leukocytes,
suggesting other mechanisms play a role in the observed
upadacitinib-induced inflammation (Figure 4C).
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Figure 2. JAK1 inhibition increases NF-kB-driven IL-23 and TNFa from CD14* entheseal cells. Entheseal cells untreated or stimulated with LPS
(10 ng/mL) with an indicated concentration of Upa for 24 hours and (A and C) IL-23 and (B and D) TNFa measured by enzyme-linked immunosor-
bent assay (ELISA). (E) Entheseal cells stimulated with LPS, mannan, zymosan, IL-1B, IL-36a with and without 1 M Upa, and IL-23 measured by
ELISA. (F) Peripheral blood leukocytes, CD14* depleted peripheral blood leukocytes, or isolated CD14* cells were treated with 10 ng/mL LPS with
or without Upa. Figures are representative of (A) 11, (B) 9, (C) 5, or (D-E) 3 independent experiments. *P < 0.05, **P < 0.01, **P < 0.001, **P <
0.0001 (statistical test). Data are presented as means with SEMs. IL-23, interleukin 23; LPS, lipopolysaccharide; NS, untreated entheseal cells;
PEB, peri-entheseal bone; TNFa, tumor necrosis factor a; Upa, upadacitinib. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43210/abstract.
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Although RNAseq data implicated IL-19 signaling as an up-
regulated anti-inflammatory pathway following LPS stimulation
(Supplementary Figure S4), blockade of IL-19 did not impact
IL-23 levels (Figure 4D). Similarly, RNAseq data highlighted a
down-regulation of ISGs known to regulate MyD88 and NF-«B
driven pathways following upadacitinib addition; however, type |
IFN receptor blockade did not impact IL-23 production
(Figure 4D).

JAK1/Tyk2 pathway importance in driving JAKi-
induced myeloid inflammation. These results suggest that
increased IL-23 and other proinflammatory mediator secretion
following addition of upadacitinib to LPS-stimulated cells is largely
dependent on IL-10 signaling, and therefore JAK1/Tyk2 path-
ways. Therefore, we tested whether the upadacitinib-induced
increase in IL-23 can be replicated by the use of a Tyk2 inhibitor
and avoided selective JAK3 inhibition. PEB isolated cells were
pretreated with pharmacologically relevant concentrations of
either deucravacitinib (Tyk2 inhibitor) or ritlecitinib (JAKS inhibitor)
before stimulation with LPS. Addition of deucravacitinib to LPS-
treated PEB cells strongly induced IL-23 (Figure 4E) and TNFa
(Figure 4F) secretion in analogy to upadacitinib-treated cells. In
contrast, ritlecitinib had no significant impact on either I1L-23 or
TNFa secretion, indicating the disrupted negative feedback loop
is JAK1/Tyk2-dependent further implicating IL-10 signaling
(Figure 4E and F).

Upadacitinib promoting M1 development in LPS-
activated entheseal monocytes. In addition to highlighting
the importance of JAK1/TYK2 signaling in controlling 1L-23
production, our RNAseq data showed the upadacitinib with
LPS group had reduced expression of several
M2-associated genes compared to the LPS-treated group.
Previous work has also suggested JAKi can promote M1
development in peripheral blood mononuclear cells.®” We
therefore explored whether upadacitinib treatment favored
the development of entheseal M1 phenotype monocytes.

LPS-stimulated PEB cells pretreated with upadacitinib for
24 hours were cytometrically analyzed for monocyte
CD163, CD209, and CD80 expression. Reduced CD163
and CD209 expressions and increased CD80 expression
were noted compared to LPS stimulation alone (Figure 5A
and B), indicating that upadacitinio promoted M1
phenotype.

JAK mediating T cell inhibition retained in face of
JAK-mediated increased myeloid activity. Our results indi-
cated upadacitinib activated and promoted the production of criti-
cal SpA-driving cytokines from entheseal myeloid cells.
Furthermore, KEGG pathway enrichment analysis of upadacitinib-
treated, LPS-stimulated cells highlighted the IL-17 signaling path-
way as one of the most significantly enriched pathways (Figure 3B
and C), suggesting an increased potential to drive pathologic T cell
responses. These observations, however, are at odds with the clin-
ical observation and aforementioned findings (Figure 1) that upada-
citinib is an effective therapeutic in enthesitis and SpA disease.
Therefore, we tested whether upadacitinib remains an effective
inhibitor of T cell activity in the context of LPS and JAKi-induced
increased myeloid activity.

Isolated entheseal cells were stimulated with both LPS and
anti-CD3 for 48 hours to activate both myeloid and lymphoid
compartments, with or without upadacitinib pretreatment. Anti-
CD28 was not used to capture the effect of the myeloid-
dependent costimulatory signal. Supernatants were collected
and measured for IL-23, IL-6, TNFa, IL-17A, IL-17F, and IL-22.
Despite the observation that the addition of upadacitinib, again,
increased Th17-driving cytokines and proinflammatory cytokines
when stimulated with LPS, T cell-derived IL-17A, IL-17F, and IL-
22 induced by LPS with anti-CD3 remained significantly down-
regulated when pretreated with upadacitinib (Figure 6A-F) indi-
cating that upadacitinib effectively prevented type-17 T cell acti-
vation in the face of LPS-mediated increased myeloid entheseal
immune cells activation.

Figure 3. RNA sequencing (RNAseq) highlights extensive innate immune activity and indicates disrupted negative feedback. (A) Volcano plot
displaying differentially expressed genes from RNAseq data between entheseal cells treated with LPS (10 ng/mL) and upadacitinib (Upa) (1 uM)
and entheseal cells treated with LPS alone for 12 hours. Genes of interest and interferon stimulated genes are annotated. Green indicates
down-regulated in LPS + Upa versus LPS alone. Red indicates up-regulated in LPS + Upa versus LPS alone. (B) Dot plots of 20 most significantly
up-regulated and down-regulated KEGG pathways enriched in LPS + Upa condition vs LPS alone. Dot size indicates counts of genes enriched in
the pathway; color indicates significance. Pathways of interest are emboldened. (C) GSEA of KEGG pathways of interest highlighted in B showing
normalized enrichment scores, expression heatmaps for leading edge genes in the gene set, and GSEA plots. (D) Log2 fold-change in genes
known to regulate NF-«kB activity. Green indicates down-regulated in LPS + Upa versus LPS alone. Red indicates up-regulated in LPS + Upa ver-
sus LPS alone. (E) Comparison of Log2 fold-change in gene expression of our LPS + Upa versus LPS alone data set to a gene set of significantly
regulated genes identified by Aschenbrenner et al®® comparing LPS + IL-10R blockade to LPS alone. Colored points signify genes are significantly
differentially expressed (adjusted P < 0.05). Green points indicate genes are regulated in the same direction in both our data set and the data set
from Aschenbrenner et al*®; red points indicate genes are regulated in the opposite direction in each data set. Data are representative of three
independent experiments. Adjusted P values calculated using Benjamin and Hochberg’s approach. GSEA, gene set enrichment analysis; IL-
10R, interleukin 10R; KEGG, Kyoto Encyclopedia of Genes and Genomes; LPS, lipopolysaccharide; NFKBIZ, NF-kB inhibitor zeta; SBNO2,
Strawberry notch homolog 2; SOCS7, suppressor of cytokine signaling 1; Upa, upadacitinib; ZFP36, zinc-finger protein 36. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43210/abstract.
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Figure 4. Disrupted IL-10 and JAK1/Tyk2 negative feedback pathways lead to increased myeloid activity in JAK-inhibited entheseal cells.
(A) Entheseal cells were untreated or stimulated with LPS (10 ng/mL) and either Upa or anti-IL-10Ra neutralizing antibody at the indicated concentra-
tions, and secreted IL-23 measured by enzyme-linked immunosorbent assay (ELISA). (B) Entheseal cells treated with both LPS (10 ng/mL) and Upa
(0.1 wM) were given an increasing concentration of recombinant IL-10, and secreted IL-23 measured by ELISA. (C and D) Donor-matched peripheral
blood leukocytes (red) and entheseal cells (PEB; blue) were pretreated with indicated concentration of cytokine- or receptor-neutralizing antibodies
before stimulation with LPS (10 ng/mL). Data show IL-23 secretion expressed as a percentage of IL-23 induced by 10 ng/mL LPS + 1 uM Upa.
The asterisk indicates significance compared to LPS condition in peripheral blood, whereas the pound sign (#) indicates significance compared to
LPS in PEB. The double dagger sign () indicates significance < 0.05 between peripheral blood and PEB of the same condition. (D) Data illustrating
lack of IL-23 induction following blockade of IL-19 or type | IFN signalling prior to LPS stimulation. (E and F) Entheseal cells were treated with LPS
(10 ng/mL) with or without 10 WM to 1 nM Upa, Deucra (Tyk2 inhibitor), or Ritle (JAK3 inhibitor) for 24 hours. (E) IL-23 and (F) TNFa were measured
by ELISA. Data are expressed as fold increase over LPS-stimulated cells. Figures are representative of four independent experiments. *P < 0.05,
P < 0.01, P < 0.0001, ###P < 0.001, data are mean with SEM. Deucra, deucravacitinib; IL-10, interleukin 10; LPS, lipopolysaccharide; NS,
untreated entheseal cells; PEB, peri-entheseal bone; Ritle, ritlecitinib; TNFa, tumor necrosis factor a; Upa, upadacitinib. Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43210/abstract.
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DISCUSSION

Several cytokine-targeted therapies have shown variable
efficacy in AS and other SpA domains.*®%° For example, despite
efficacy in axial and peripheral SpA, anti-IL-17A therapy is not
effective in IBD.*° Another example is anti-IL-23 therapy, which
is very effective in treating psoriasis and peripheral arthritis but
was inefficacious in AS.*" Although JAKi blocks a multitude of
cytokines either directly or indirectly, a Tyk2 inhibitor that antago-
nizes the IL-23 pathway has failed in UC.2" In the present work,
we offer a molecular explanation for why JAKi may not be a pana-
cea for SpA spectrum disorders, namely in innate immune-driven
inflamlmation that typically occurs in the intestine in SpA and IBD.

Although IL-10 antagonism is not an issue for skeletal immu-
nobiology, it may be very important for intestinal immunobiology
because humans with loss-of-function mutations in IL-10 or the
IL-10R are prone to early onset IBD,?? and IL-10 single-nucleotide
polymorphisms are also linked to IBD.*? Blockade of IL-10 by the
Tyk2 class of drugs may thus not be beneficial in the intestinal envi-
ronment, whereas the broader immune inhibition afforded by upa-
dacitinib may protect against this effect in vivo in humans,
perhaps via an effect on the common y chain cytokine receptor that
strongly regulates both innate and adaptive T cells.*® Our findings
suggest that SpA spectrum disorders that are immunologically het-
erogeneous with predominant innate immune involvement may
respond less well to JAKi therapy. In that regard, CD is
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Figure 5. JAK1 inhibition favors M1 phenotype development in entheseal monocytes. (A) Expression of CD163, CD80, and CD209 in entheseal
CD14" monocytes (CD45*CD3"CD19"CD14"HLA-DR"). Entheseal cells were stimulated with LPS (10 ng/mL) with or without Upa (1 M) for
24 hours and expression of M1-phenotype marker (CD80) and M2-phenotype markers (CD163 and CD209) were assessed by (A and B) flow
cytometry. Gating strategy is shown in Supplementary Figure S1. (B) MFI was calculated for quantification of expression levels. P values are dis-
played on figures. Figures are representative of four independent experiments. Data are presented as means with SEMs. LPS, lipopolysaccharide;
MFI, median fluorescence intensity; NS, untreated entheseal cells; Upa, upadacitinib. Color figure can be viewed in the online issue, which is avail-

able at http://onlinelibrary.wiley.com/doi/10.1002/art.43210/abstract.
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Figure 6. JAK1 inhibition blocks type-17 cytokine production despite increased myeloid-derived Th17-driving cytokines. Entheseal cells treated
with LPS (10 ng/mL) with or without Upa (1 uM), anti-CD3 (CD3) with or without upadacitinib, or LPS + anti-CD3 with and without Upa for
48 hours. Secreted (A) IL-23, (B) IL-6, (C) TNFa, (D) IL-17A, (E) IL-17F, and (F) IL-22 were measured by bead-based immunoassays.
Figures are representative of three (A and B) and five (C—F) independent experiments. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. Data
are presented as means with SEMs. IL-23, interleukin 23; LPS, lipopolysaccharide; NS, untreated entheseal cells; TNFa, tumor necrosis factor

a; Upa, upadacitinib. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43210/
abstract.

strongly linked to innate immunity and barrier dysfunction via
the nucleotide-binding oligomerization domain—containing pro-
tein 2 (NOD2) pattern recognition receptor (primarily expressed
by monocytes) along with other genes associated with innate
immune-driven inflammation.***® Furthermore, patients with

UC than in CD.*®*" The efficacy of drugs that impact T cell
function, such as cyclosporine and vedolizumab, is much
greater in UC than CD, implying stronger population level T cell
dysregulation in UC.*® In the light of our findings on LPS and
JAKi-mediated activation of myeloid cells, it is possible the

IBD have weaker major histocompatibility complex class |
(MHC-I) associations compared to the SpA spectrum disor-
ders, but the magnitude of MHC-I associations is greater in

lack of robust and consistent JAKi efficacy in CD may repre-
sent the failure to suppress a more innate immune-centered
pathology.
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The enthesis is the key target tissue in SpA and PsA and the
normal enthesis has a resident immune cell population in both
the soft tissue immediately adjacent to the fibrocartilage and
the anchoring bone. Emergent translational immunology sug-
gests that pan-JAKIi, JAK1 inhibition, or Tyk2 inhibition works
for SpA-related arthropathy, and our current findings suggest
that JAKi blocked entheseal lymphocytes key proinflammatory
cytokines including TNFa, IL-17A, and IL-17F in keeping with
the known robust efficacy of JAKi in SpA-related arthropathy.*®

However, conversely, entheseal myeloid cell activation
increased in LPS-stimulated macrophage populations treated
with JAKI. Yet, despite the increased activation, JAK-mediated
lymphocyte function suppression was unaffected. Given the
importance of the IL-23 pathway in the SpA-related diseases
with its abundant entheseal and intestinal myeloid cell produc-
tion, our findings suggest the efficacy of JAKi in SpA is mediated
via the adaptive immune system in the face of potential
increased activity within the myeloid compartment. This appears
to be clinically relevant in the context of Tyk2 inhibition that has
failed in UC (thus far reported in a press release).?"

Our findings at first glance seem counterintuitive, in other
words, why would the elevation of several myeloid-related cyto-
kines be associated with good arthritis disease control? As shown
in the summary schematic diagram of the mechanisms at play
(see the graphical abstract), we traced such cytokine elevations to
entheseal myeloid cell IL-10 pathway inhibition and subsequent fail-
ure to initiate negative feedback to control drivers of proinflamma-
tory cytokine production such as NF-«B. Indeed, IL-10-specific
blockade emulated the results seen in upadacitinib-treated cells
and specific inhibition of NF-«kB three hours after stimulation with
LPS in peripheral blood leukocytes that had been pretreated with
upadacitinib  significantly reduced the secretion of IL-23
(Supplementary Figure S3). The importance of paracrine IL-10 in
controlling gut monocyte IL-23 expression has been reported pre-
viously by Aschenbrenner et al,*® and the transcriptional changes
measured in cells treated with LPS and anti-IL-10Ra antibody
closely resembles that of entheseal cells treated with LPS and upa-
dacitinib in our work (Figure 3C). Although they did not elucidate
the mechanisms by which IL-10 induced the negative feedback,
we noted a decrease in the expression of several IL-10-regulated
genes known to regulate NF-kB activity, most notably SOCS1
and SOCSS3 (Figure 3D); however, further work is required to
understand their impact on entheseal monocyte-derived IL-23.

Previous studies have shown that blood myeloid cell JAKi was
associated with increased cytokine production.®5374° Although
strongly IL-10-dependent, blockade of IL-10 did not completely
replicate the increased levels of cytokines observed by upadacitinib
addition. This may, in part, be due to the high receptor density of IL-
10R on human monocytes, making complete inhibition of signaling
using receptor-specific antibodies challenging.®® This difference
was particularly notable in the entheseal leukocytes compared to
peripheral blood, in which IL-23 was only up-regulated to 25% of

upadacitinib-induced levels versus 50% in blood by blockade of
IL-10 (Figure 4C). The failure of JAK3 inhibition to replicate the
observed increases in IL-23 and TNFa following JAK1 and Tyk2
inhibition strongly implicates JAK1/Tyk2 pathways in this mecha-
nism, yet blockade of IFN signaling and IL-19 (both implicated in
transcriptomic data) did not impact cytokine production
(Figure 4D). These results suggest, in addition to IL-10, other
unknown mechanisms are also contributing to the observed
increase in proinflammatory cytokines and may be more important
in entheseal biology than in peripheral blood.

One of the study’s limitations is that upadacitinib also has effi-
cacy against JAK2 signaling. We were unable to rule out JAK2
involvement because of the lack of highly specific JAK2 inhibitors,
therefore the observed effect of using upadacitinib and deucravaciti-
nib may not only be due to a JAK1/Tyk2-dependent manner but also
may involve JAK2 signaling. Although previous work has suggested
JAKS inhibition to promote myeloid production of proinflammatory
cytokines,*® these experiments were performed with low-dose tofa-
citinib, which is now known not to be JAKS3 specific. Furthermore, in
our hands, addition of the highly selective JAK3 inhibitor ritlecitinib
to LPS-stimulated entheseal cells did not promote secretion of
SpA-driving cytokines, namely IL-23 or TNFa. Interestingly, TNFa,
which is produced by both myeloid and T cells, was up-regulated
by addition of upadacitinib to LPS-treated cells, yet only to approxi-
mately 25% of the output induced from T cells by TCR activation
alone. Furthermore, as previously observed, the addition of upadaci-
tinib to TCR-activated T cells completely ablated TNFa production.
Yet, when cells are stimulated with both LPS and anti-CD3 and pre-
treated with upadacitinib, TNFa can only be reduced to the levels
observed in LPS- and upadacitinib-treated myeloid cells, indicating
that upadacitinib may independently increase myeloid cells TNFa
production while also inhibiting T cell TNFa production, with these
findings pointing to a key role of conventional T cells in vivo in SpA
pathogenesis rather than TNFa from other sources.

In conclusion, JAKi in an in vitro enthesitis model system was
associated with disparate impacts of the myeloid and lymphoid
compartments and suggested that although upadacitinib effec-
tively blocked the adaptive immune system, LPS-mediated innate
immunity was preserved or even up-regulated following JAKI.
Given the pervasive gut barrier dysfunction in SpA, bacterial mole-
cules including LPS seem clinically relevant. Given the immunologic
heterogeneity in SpA spectrum disorders and allied conditions,
these findings provide a map toward therapy in SpA spectrum dis-
ease and why JAKI, especially with Tyk2 blockade in IBD, may not
be a SpA disease spectrum panacea. In essence, the blockade
of IL-10 by JAKI, especially Tyk2 inhibition, may lead to a differ-
ential effect of therapy across SpA spectrum joint and intestinal
disease. One limitation of our work is the lack of data from IBD
tissues, but the work from Aschenbrenner et al®® strongly dem-
onstrates the importance of IL-10 in the control of IL-23 in gut
monocytes, which suggests identical mechanism are also oper-
ational in IBD. Additionally, genome-wide association studies
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clearly show the importance of innate immune dysregulation in
CD.® Our findings offer an explanation as to why Tyk2 antago-
nism and potential detrimental impacts on IL-10 signaling may
account for divergent therapy landscape between intestinal
and skeletal immunotherapy under the more restricted cytokine
antagonism via Tyk2 blockade compared to other JAKSs.
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BRIEF REPORT

Effect of Long-Term Voclosporin Treatment on Renal
Histology in Patients With Active Lupus Nephritis With
Repeat Renal Biopsies

Brad H. Rovin," '/ Clarissa Cassol,? Samir V. Parikh,” = Amit Saxena,® ' Neil Solomons,* Vanessa Birardi,”
Ernie Yap,” Clint W. Abner,® David R. W. Jayne,” * and Robert B. Huizinga®

Objective. This study characterized the impact of voclosporin on kidney histology in patients with lupus nephritis
(LN) who had protocolized repeat kidney biopsies in the AURORA clinical trials.

Methods. Patients were randomized to voclosporin or placebo treatment for up to 3 years; all patients received
mycophenolate mofetil and low-dose glucocorticoids. Patients had baseline kidney biopsies within 6 months before
study start and repeat biopsies after approximately 18 months of study treatment. The revised National Institutes of
Health indices for LN activity and chronicity (Cl) were calculated in addition to a semiquantitative assessment of
vascular and tubular lesions.

Results. Sixteen patients in the voclosporin group and 10 patients in the control group had both baseline and
repeat kidney biopsies. Patient clinical characteristics were similar at baseline. In the voclosporin group, most (n =
13) patients had pure class IV lesions (pure class V, n = 1; mixed, n = 2). In the control group, three patients had pure
class IV (pure class lll, n = 3; pure class V, n = 1; mixed, n = 3). Most of the voclosporin-treated patients had no change
in CI (n = 8) or a change no greater than 2 (n = 6); control-treated patients also had no change in CI (n = 3) or a change no
greater than 2 (n = 6). No trends in vascular lesions or tubular compartment changes were observed.

Conclusion. Outcomes from this small subgroup show that exposure to study treatment was not associated with
nephrotoxicity based on histopathologic evaluation after 18 months. These data are reassuring and further contribute

to the safety profile of voclosporin for the treatment of adults with active LN.

INTRODUCTION

Lupus nephritis (LN) can lead to loss of kidney function and is
associated with a high risk of end-stage kidney disease and
death." Response to treatment can be slow, and treatment reg-
imens are associated with considerable toxicity.® LN is character-
ized by proteinuria, which is damaging to kidneys and is
independently associated with cardiovascular morbidity, throm-
bosis, chronic kidney disease, and an increased mortality risk.*
Decline in proteinuria is a marker of treatment response and over-
all prognosis.>®
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Immunosuppressants, including calcineurin inhibitors (CNIs),
are used in the treatment of LN, as recommended by recent treat-
ment guidelines.>~” CNlIs work through inhibition of T cell function,
resulting in disease modification and inhibition of synaptopodin
degradation, stabilizing the podocyte cytoskeleton.® Additionally,
CNIs have a hemodynamic effect associated with reversible vaso-
constriction of the afferent arterioles that can acutely decrease
proteinuria.®

A factor limiting chronic use of CNls is the potential for neph-
rotoxicity. First-generation CNls cyclosporine A (CsA) and tacroli-
mus (Tac) have been implicated in the development of irreversible
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chronic lesions in the kidney, particularly when used at higher
doses in the solid organ transplant setting.'®='®

Voclosporin, a second-generation CNI, is indicated for the
treatment of adults with active LN and has a distinct pharmaco-
logical and clinical profile compared with CsA and Tac.'® In the
AURORA clinical program, a voclosporin-based triple therapy
regimen with mycophenolate mofetil (MMF) and low-dose gluco-
corticoids (GCs) resulted in rapid and sustained proteinuria reduc-
tions in patients with active LN with an acceptable long-term
safety profile.'®® Based on these results, recent American Col-
lege of Rheumatology guidelines recommend voclosporin as part
of a triple immunosuppressive regimen as a first-line treatment
option for all LN classes.”

To assess the impact of voclosporin on kidney histopathol-
ogy in patients with LN, the AURORA clinical program included a
protocolized repeat kidney biopsy substudy. Results from
patients enrolled in this substudy are reported here.

PATIENTS AND METHODS

Study design. The AURORA clinical program was com-
posed of two phase 3 clinical trials: the pivotal 1-year AURORA
1 study and the follow-up 2-year AURORA 2 study. The study
designs of AURORA 1 and AURORA 2 have been reported.'®1®
Briefly, patients in AURORA 1 were randomized to receive
double-blind voclosporin (23.7 mg twice daily), or matching pla-
cebo, with MMF (target 2 g/day) and GCs.'* Patients in AURORA
2 continued on the same double-blind study drug (voclosporin or
placebo), MMF, and GCs at the doses used at the end of
AURORA 1 (Figure 1).'"® The AURORA 1 inclusion criteria
required patients to have a locally read baseline kidney biopsy
with evidence of active LN requiring treatment and International

AURORA 1
One-Year Study

Society of Nephrology/Renal Pathology Society (ISN/RPS) 2003
classification of lll, IV, and/or V disease.’” AURORA 2 inclusion
criteria required patients to complete study treatment in AURORA
1, and, in the opinion of the investigator, required continued
immunosuppressive therapy.

AURORA 2 patients had an opportunity for a kidney biopsy
to be performed at approximately 6 months into AURORA 2 as
part of an elective repeat kidney biopsy substudy. Additional
inclusion criteria specific for the biopsy substudy required that
the locally read kidney biopsy at baseline had been performed
within 6 months of screening for AURORA 1 and investigator con-
firmation that biopsy sample requirements could be met, includ-
ing staining of samples and transfer of slide images to a central
laboratory, as well as substudy-specific, patient-signed, informed
consent.

The protocol was approved by an institutional review board
or independent ethics committee at each trial site; all participants
provided informed consent in accordance with the Declaration of
Helsinki and International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use and Good
Clinical Practice guideline. The aggregated data underlying this
article, the study protocol, and statistical analysis plan will be
shared with researchers on reasonable request to the corre-
sponding author.

Kidney biopsy sample preparation. Baseline and
repeat kidney biopsies were processed by local laboratories to
prepare slides for the central reads using recuts of the original
biopsy blocks. Slides were prepared for routine light microscopy
and stained with hematoxylin and eosin, periodic acid-Schiff
(PAS), Masson’s trichrome, and Jones’ methenamine silver-
PAS. Once processed, four whole-slide scanned images,

AURORA 2
Two-Year Continuation Study

) A - i’

MMF + GCs

Randomization

MMF + GCs
| %

Month ‘_Repeat biopsy
12 substudy (n=26)

MMF + GCs

MMF + GCs

r |
Month
36

Figure 1. AURORA 1 and AURORA 2 study designs. AURORA 1 enrolled patients with active lupus nephritis, urine protein-creatinine ratio

greater than or equal to 1.5 g/g (=2 g/g for class V) and estimated glomerular filtration rate greater than 45 mL/min/1.73 m?; patients were random-
ized to receive double-blind voclosporin (23.7 mg twice daily) or matching placebo, with MMF (target 2 g/day) and low-dose oral GCs. A protocol-
defined GC taper included intravenous methylprednisolone on days 1 and 2. Oral GC was initiated on day 3 with 20 to 25 mg/day prednisone or
equivalent and tapered to a target dose of 2.5 mg/day by week 16. Patients in AURORA 2 continued on the same double-blind study drug (voclos-
porin or placebo), MMF, and GCs at the doses used at the end of AURORA 1. GC, glucocorticoid; MMF, mycophenolate mofetil.
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corresponding to each of these four stains, were captured and
transferred electronically to a central United States—based Col-
lege of American Pathologists—accredited laboratory (Arkana
Laboratories, Arkansas, USA). Histopathologic grading and
assessment were conducted by one reader from a panel of seven
nephropathologists; the same reader reviewed both the baseline
and repeat kidney biopsies obtained from the same patient.
Nephropathologists were blinded to treatment arm, biopsy
sequence (baseline or repeat), clinical parameters of patients,
and initial biopsy reports from the local pathologists.

Histologic assessments. A total of 37 patients from the
AURORA 2 study enrolled in the kidney biopsy substudy; 16 in
the voclosporin group and 10 in the control group had sufficient
kidney biopsy samples at both baseline and repeat to allow activ-
ity indices (Als) and chronicity indices (Cls) to be assessed. Grad-
ing of baseline and repeat biopsies was based on the revised
National Institutes of Health (NIH) indices for LN activity and chro-
nicity, following the 2018 update to the ISN/RPS Al and Cl scoring
system.'819

Additional manifestations associated with CNI nephrotoxicity
were assessed in vascular and tubular compartments. Vascular
assessment included arterial sclerosis, thrombotic microangiopa-
thy, and arteriolar hyalinosis. Tubular compartment assessment
focused on the presence of isometric tubular vacuolization, a non-
specific morphologic finding often seen with CNI-induced
toxicity.2°

Clinical parameters. Assessed clinical outcomes
included complete renal response (CRR, defined as a urine
protein-creatinine ratio [UPCR] <0.5 g/g; stable estimated glo-
merular filtration rate [eGFR]; low-dose GCs [<10 mg prednisone
per day for >3 consecutive days or for >7 days during the 8 weeks
before assessment], and no rescue medication), partial renal
response (PRR; defined as a reduction in UPCR of >50% from
baseline), blood pressure, UPCR, laboratory assessments and
adverse events (AEs). Kidney function was assessed with cor-
rected eGFR (Chronic Kidney Disease Epidemiology Collabora-
tion equation) using a prespecified ceiling of 90 mL/min/1.73 m?
and compared with the results of the overall AURORA population.

RESULTS

Baseline demographics and disease characteristics for
biopsy substudy patients were generally like those of the overall
AURORA 1 population. For instance, mean UPCR at baseline in
the substudy was 4.59 g/g in the voclosporin group and 4.71
g/g in the control group compared with the overall AURORA
1 population that had 4.14 g/g in the voclosporin group and
3.87 g/g in the control group.'® The biopsy substudy population
represented seven countries with the largest number from Peru,
and most patients were of Hispanic or Latino ethnicity (Table 1).

The median time between the baseline kidney biopsy and
start of AURORA 1 was 0.99 months (range 0.3-4.8 months) for
the voclosporin group and 1.49 months (range 0.3-1.7 months)
for the control group of the biopsy substudy. The repeat kidney
biopsy occurred after a median of 17.8 months (range 15.2—
23.6 months) of study treatment for the voclosporin group and
16.5 months (range 13.6-21.4 months) for the control group. Of
the patients in the biopsy substudy, all but three completed
36 months of study treatment; one patient in the voclosporin
group and two in the control group discontinued study drug early
because of AEs.

The median dose of study drug (voclosporin or placebo) in
the biopsy substudy was 42.5 mg/day in the voclosporin group
and 47.2 mg/day in the control group, consistent with the overall
AURORA 1 population reporting 41.3 mg/day study drug in the
voclosporin group and 45.5 mg/day in the control group. Expo-
sure to GCs and MMF was also similar between substudy groups
during the AURORA 1 and AURORA 2 studies. Before the base-
line kidney biopsy in AURORA 1, several patients in the voclos-
porin group and in the control group reported GC and MMF use
(Table S1).

Clinical findings. Higher rates of CRR and PRR were
observed in the voclosporin group of the biopsy substudy. In
biopsy substudy patients, the early mean reductions in UPCR
observed in AURORA 1 were maintained out to 3 years in
AURORA 2, with no increase in UPCR at the follow-up visit taking
place 4 weeks after study drug discontinuation, consistent with
the results of the overall AURORA study population (Tables S2
and S3; Figure S1).

Over the 3-year study period, corrected mean eGFR
remained stable and within the normal range in both groups of
the biopsy substudy, consistent with findings from the overall
AURORA population (Table S2; Figures S2 and S3)."%'® Mean
blood pressure and levels of electrolytes, glucose, and serum cre-
atinine were stable over time in the substudy, consistent with pre-
vious reports. 516

There were no unexpected AEs related to treatment; the
safety profile and frequency of AEs in the substudy were similar
to the overall AURORA 1 and AURORA 2 populations.’®' In
the substudy patients treated with voclosporin, the AE of “glo-
merular filtration rate (GFR) decreased” by MedDRA preferred
term was reported in six (37.5%) patients in year 1 and two
(12.5%) patients in year 2, with no reports in year 3; no AEs of
GFR decreased were reported in the control group. AEs led to
permanent discontinuation of study treatment in two patients
(renal impairment and disseminated tuberculosis both considered
by the investigator as related to the study drug) in the control
group and in one patient in the voclosporin group who experi-
enced worsening systemic lupus erythematosus considered by
the investigator as unrelated to voclosporin.
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Table 1. Baseline demographics and disease characteristics of Table 1. (Cont’d)
pakt;ePtZ IT the voclosporin and control groups of the kidney biopsy Voclosporin Control
substudy Characteristics (n=16) (n=10)

. Voclosporin Control SLEDAI nonrenal score

Characteristics (n=16) (n=10) Mean (SD) 6.4 (4.01) 4.1(2.33)

Age, years Median (min, max) 6.0 (0, 12) 4.0(2,8)
Median (IQR) 27.0 (24-33) 33.5(27-43) Prior use of ACEI/ARBs, n (%) 13(81.3) 8 (80.0)

Sex, n (%) * Data from pretreatment baseline in AURORA 1 for 10 patients in
Female 15(93.8) 9 (90.0) the control group and 16 patients in the voclosporin group of the

Race,® n (%) biopsy substudy. Kidney function assessed with corrected eGFR
Mestizo 9(56.3) 4(40.0) (Chronic Kidney Disease Epidemiology Collaboration equation)
White 4(25.0) 3(30.0) using a prespecified ceiling of 90 mL/min/1.73 mZ2 ACEi,
Asian 301 848) 3 (30'0) angiotensin-converting enzyme inhibitor; ARB, angiotensin Il
hnicity n (9 ’ ’ receptor blocker; C3, complement 3; C4, complement 4; dsDNA,

Ethnicity,” n (%) double-stranded DNA; eGFR, estimated glomerular filtration rate;
Hispanic or 9(56.3) 6(60.0) IQR, interquartile range; LN, lupus nephritis; max, maximum; min,

Latino minimum; SD, standard deviation; SLE, systemic lupus erythemato-
Non-Hispanic or 7 (43.8) 4 (40.0) sus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index;
non-Latino UPCR, urine protein-creatinine ratio.

Region, n (%) @ Race and ethnicity of patients in AURORA 1 were self-reported
North America 0(0.0) 3(30.0) Hsing a fixed set of predefined categories.

: : Low C3 was defined as less than 90 mg/dL.
Latin America 9(56.3) 4(400) ¢ Low C4 was defined as less than 16 mg/dL.
Europe 4(250) 2(200) 9 High anti-dsDNA was defined as greater than 25 IU/mL.
Asia 3(18.8) 1(10.0)
Country, n (%)
Belarus 1(6.3) 2 (20.0) - .. . ,
Mexico 163) 2 (20.0) . Activity and chronicity scoring. Median Cl and Al Wgre
Peru 8 (50.0) 2(20.0) similar between treatment groups of the substudy at baseline
Philippines 3(18.8) 1(10.0) and remained stable over time (Table 2; Table S4). Individual Cls
IS 222 i over time were variable between patients, with increases
Ukraine 1(6.3) 0(0.0) , P T ’
USA 0(0.0) 3(20.0) decreases, and no change in score observed in both groups.
Time since LN diagnosis, years Most patients in the voclosporin group had no change in Cl (n =
- Median (lgLFé)d' . 3.5(1.0-5.0) 4.0 (1.0-10.0) 8) or a change of <2 (n = 6); one patient had a decrease from
Ime since 1agNosIs, years . .
Median (IQR) 3.5(1.0-5.5) 6.0 (1.0-14.0) 7 to 4 and another had an increase from 6 to 10. The latter patient

Biopsy class, n (%) discontinued the study because of an AE of worsening systemic
Pure C:aSS i 2(20)3 3(2848) lupus erythematosus. In the control group, most patients had a
Pure class IV 13(81.3) (30.0) _ A . )

Pure class V 1(63) 1(10.0) score change <2 (n = 6); three patl|ents had no change in CI, and
Mixed class IlI/V 2(12.6) 3(30.0) one had a decrease from 5 to 1 (Figure S4).
or IV/V . , Baseline Al of O was reported for 69% of the patients in the
€GFR, mL/min/1.73 m voclosporin group and 30% of the control group of the substudy
Corrected, 80.3 (16.4) 82.6(12.3) , , ,
mean (SD) population; three patients with an Al of 0 had a component of

UPCR, g/g class V LN. Of the 11 patients classified with only proliferative LN
Mean (SD) 4.59(2.5) 4.7(2.6) (class lll or IV) and an Al of 0, 7 had chronic damage with Cls rang-
>2 g/g, n (%) 13(81.3) 9(90.0) ) - . .

3, mg/dL ing from 3 to 10, and the remaining 4 patients had no chronic
Mean (SD) 78.1(37.36) 90.9 (39.74) damage at baseline. All patients with baseline histologic activity
Median (mbiﬂ, max) 71.5(29, 149) 97.5 (39, 158) had resolution at repeat biopsy with an Al of O or a large decline,

0,

C 4Lcr)T:\g /BE/O) 10622 i) apart from one patient in the control group that had an Al of 4 at
Mean (SD) 15.6 (8.93) 17.1 (10.77) baseline and 3 at the repeat biopsy (Table 2; Figure S4).

Median (min, max) 12.0 (8, 41) 14.0 (6, 37)
Low, n (%)“ 10 (62.5) 6 (60.0) .

Anti-dsDNA antibodies, [U/mL Vascular and tubular evaluation. Vascular and tubular
Mean (SD) 55.7 (70.2) 86.2 (107.9) examination and scoring was performed in both baseline and
M‘?r?]'i"’r‘]” . 25.0(2,238) 52.0(2,339) repeat kidney biopsies. No trends in vascular changes were
High déDNA, n (%)° 7 (438) 6 (60.0) observed. One patient in the voclosporin group and three patients
Missing 1(6.3) 0(0.0) in the control group had arteriolar hyalinosis on repeat biopsy that

SLEDAI total score was not present on the baseline biopsy. Two patients in the
Mean (SD) 13.9 (5.68) 10.9(3.73) | . q tient in th trol had art
Median (min, max) 14.0 (4, 24) 12.0(6,17) voclosporin group and one patient in the control group had arte-

rial sclerosis on repeat biopsy not apparent on the baseline biopsy
(Continued) (Table 2).
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Table 2. Patient-level histology data in the voclosporin group*®

AURORA 1 baseline

Biopsy scores, baseline/repeat®

Biopsy sCr, UPCR, Time from biopsy Renal response
Patient no.  class®  mg/dL g/g to enrollment, days Al Cl AS TMA  AH mv at month 18¢
Voclosporin
1 Y 1.30 1.9 146 0/0 6/10 NA/3 1/0 11 0/0 PRR
2 \% 1.26 3.5 10 0/0 10/9 11 0/0 0/0 0/0 CRR
3 % 1.24 8.7 31 9/1 8/9 2/0 0/0 11 ”n PRR
4 \% 0.37 5.7 36 0/4 10/8 NA/O 0/0 0/0 0/0 CRR
5 % 0.92 3.9 43 0/0 5/5 NA/O 0/0 0/0 0/0 PRR
6 \% 0.48 2.0 37 4/0 4/5 3/3 0/0 11 1/0 CRR
7 1\ 0.45 2.8 58 0/0 714 0/1 0/0 1/0 0/1 CRR
8 \% 0.80 6.5 7 0/0 3/3 0/0 0/0 11 0/0 CRR
9 % 0.69 8.7 27 6/1 3/3 NA/O 0/0 0/0 0/0 PRR
10 1% 1.19 42 15 4/0 3/3 2/2 0/0 0/0 0/0 CRR
11 1\ 0.77 7.1 83 6/0 2/2 0/2 0/0 0/0 0/0 CRR
12 \% 0.37 2.5 15 0/0 0/2 0/0 0/0 0/0 0/0 PRR
13 Y 0.69 1.5 7 0/0 0/2 0/1 0/0 0/1 0/0 CRR
14 \% 0.55 7.3 41 0/0 0/0 0/0 0/0 0/0 0/0 PRR
15 IV/V 1.09 4.9 20 0/0 0/0 NA/NA 0/0 0/0 0/0 CRR
16 \ 0.69 2.1 14 0/0 0/0 11 0/0 0/0 0/0 No response
Control
17 1A% 1.09 9.1 52 0/0 7/9 3/3 0/0 0/0 0/0 PRR
18 Y 0.60 7.0 9 1/0 4/4 3/3 0/0 0/1 0/0 No response
19 VIV 0.99 54 47 10/1 4/4 0/1 0/0 11 0/0 CRR
20 % 113 2.1 49 6/0 3/4 1/0 0/0 0/1 0/0 CRR
21 1% 0.77 2.2 42 5/0 1/3 2/2 0/0 0/0 0/0 CRR
22 \ 0.43 1.7 13 1/0 4/2 2/2 0/0 0/0 0/0 No response
23 \% 0.57 4.0 7 0/0 5/1 2/NA 0/0 1/0 0/0 PRR
24 MM 0.76 7.7 48 0/0 0/1 2/0 0/0 0/0 0/0 No response
25 M1 0.77 3.3 51 4/3 1/0 3/3 0/0 0/1 0/0 CRR
26 I 0.67 4.5 30 3/0 0/0 0/0 0/0 0/0 0/0 CRR

* Analysis includes data from before treatment in AURORA 1 (baseline) to month 18 of AURORA 2 for 26 patients in the kidney biopsy substudy.
AH, arteriolar hyalinosis; Al, activity index; AS, arterial sclerosis; Cl, chronicity index; CRR, complete renal response; ITV, isometric tubular vacuo-
lization; NA, no arteries available for assessment; PRR, partial renal response; sCr, serum creatinine; TMA, thrombotic microangiopathy; UPCR,

urine protein-creatinine ratio.

@ Biopsy class was assigned at baseline based on local pathology read according to the 2003 Nephrology/Renal Pathology Society classification.'”

b Histopathologic grading based on the National Institutes of Health indices for lupus nephritis activity (scale 0-24) and chronicity (scale 0-12)

18

¢ All patients who achieved CRR at month 18 also had PRR. Vascular assessment included AS (0 = absent, 1 = mild, 2 = moderate, and 3 = severe),
TMA (0 = absent and 1 = present), AH (0 = absent and 1 = present), and ITV (0 = absent and 1 = present).

DISCUSSION

This is the first study to assess histologic changes in the kid-
neys of patients with active LN enrolled in a randomized, blinded
clinical trial and treated with voclosporin or placebo in combina-
tion with MMF and low-dose GCs. Exposure to voclosporin for a
median of 18 months was not associated with onset or progres-
sion of nephrotoxicity based on evaluation of histologic compart-
ments and vascular lesions.

Cls, histologic measurements of chronic kidney injury,
remained stable at follow-up in both treatment groups.?' Given
that injury patterns may not be comprehensively captured by the
NIH Al and Cl scoring system, we also evaluated the vascular
and tubular compartments for arterial sclerosis, arteriolar hyalino-
sis, isometric tubular vacuolization, and thrombotic microangiop-
athy, lesions that are commonly associated with CNI
nephrotoxicity.’"'? Notably, our data did not indicate any signifi-
cant trends or signals of CNI nephrotoxicity in either treatment

group.

For most patients, Al, a histologic measure of kidney inflam-
mation, decreased or remained unchanged between baseline
and repeat biopsies. Of patients with an Al >1 at baseline, all but
two patients in the control arm achieved a clinically important
decline in Al at the repeat biopsy, consistent with their clinical out-
come as complete or partial renal responders. However, two
patients with significant residual activity on repeat biopsy, includ-
ing a placebo-treated patient with an Al of 3 and a voclosporin-
treated patient with an Al of 4, were also considered complete
renal responders at repeat biopsy. This may represent the known
discordance between clinical and histologic response seen in
patients with LN.%272% Alvarado et al reported on 25 patients with
LN with repeat biopsies and found that, despite achieving clinical
CRR (n = 16), nine patients had an Al >0 and five had an Al >2.2°

Unexpectedly, and of potential concern, were the substudy
patients enrolled into the AURORA 1 trial with an Al of 0. Eight of
these 14 patients had moderate to severe chronic kidney damage
based on Cl scores that could contribute to the clinically relevant
levels of proteinuria at trial entry. The remaining six patients
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demonstrating no activity or chronic damage at baseline had ele-
vated proteinuria that decreased demonstrably with treatment.
Two of the six patients had a class V component on biopsy that
likely accounted for their proteinuria at baseline. Proteinuria in
the remaining four patients is more difficult to explain. This may
reflect the known discordance of proteinuria with histologic find-
ings, variations in determining the Als and Cls among nephro-
pathologists, and limitations of these tools to capture all clinically
relevant histologic lesions.?>2° Finally, study enroliment was
based on the local investigator’s judgment and local pathology
readings without adjudication or verification by the study sponsor.
From this experience, we propose that future studies in LN
include protocolized central verification of LN activity to adjudicate
results for all LN trials.

The AURORA clinical program provided a unique opportunity
to evaluate repeat kidney biopsies following extended treatment
with voclosporin compared with placebo. Clinical efficacy results
in this substudy were consistent with outcomes reported in the
larger studies demonstrating that voclosporin was effective at
reducing or resolving proteinuria.'®'® Given the toxicity of protein-
uria to the kidney, the ability of voclosporin to lower proteinuria
even in patients with chronic kidney damage, resulting from its
impact on glomerular hemodynamics and podocyte structure,
provides an additional tangible example of the benefit of voclos-
porin in LN.

Interpretation of this analysis is preliminary, limited by small
sample size and selection bias of including AURORA 2 patients,
who found treatment in AURORA 1 (either voclosporin or placebo)
acceptable and who elected to continue the same blinded ther-
apy in AURORA 2. The repeat biopsy substudy of AURORA
2 overlapped with the COVID-19 pandemic; pandemic-related
restrictions likely limited the ability to participate. Additionally,
although findings reported here after 18 months of treatment are
reassuring, evaluating repeat kidney biopsies after longer expo-
sure periods and in larger patient subgroups representative of
the global LN population (eg, patients with impaired renal function
or patients of African ancestry) is necessary to better understand
the safety of voclosporin in a real-world setting. Finally, the NIH
indices used for histologic assessments in this study are estab-
lished as a semiquantitative tool in LN and are used clinically and
in research for both initial and repeat biopsy evaluation. In addition
to the use of molecular diagnostics and noninvasive biomarkers,
ongoing work promises to expand the clinical value of the NIH
indices as classification and prognostic tools to optimize the eval-
uation and management of LN.27%°

These data demonstrate that treatment with voclosporin for
approximately 18 months, in combination with low-dose MMF
and GCs, is not associated with increased risk of kidney injury.
The lack of histologic evidence of nephrotoxicity in this small sub-
group, in addition to the positive clinical outcomes demonstrated,
further our understanding of the safety and efficacy of long-term
voclosporin use in LN.
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Deep Immunophenotyping and Clustering Identifies
Biomarkers Predictive of Lymphoma in
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Objective. Patients with primary Sjdégren disease (pSD) are prone to develop non-Hodgkin lymphoma (NHL), but
relevant biomarkers are lacking. We aimed to determine new biomarkers predictive of NHL in patients with pSD.

Methods. Two hundred six patients with pSD fulfilling American College of Rheumatology/EULAR 2016 criteria
were included and divided into three groups: pSD, lymphoproliferative pSD (Arl-pSD), and NHL-pSD. Deep flow cytom-
etry immunophenotyping of B and T cell compartments as well as serum interferon-a (IFNa) quantification were cou-
pled to clinical, biologic, and histopathologic data analysis.

Results. We identified CD11c*™ FcRL5" tissue-like memory B cells and IFNy* TNFa™ conventional T cells as signif-
icantly associated with NHL in pSD. These clusters showed progressive enrichment in Arl-pSD and NHL-pSD as com-
pared to pSD. The combination of these two population abundances discriminates patients with NHL-pSD with a
sensitivity of 78.9% and a specificity of 76.8%, thus overcoming alone the performance of the sum of conventional
clinical and biologic markers such as cryoglobulinemia vasculitis, parotid enlargement, adapted clinical EULAR Sj6g-
ren’s Syndrome Disease Activity Index, rheumatoid factor antibodies, low C4 and elevated serum IFNa levels (68.4%
and 78.0%, respectively). CD11¢c* FcRL5* tissue-like memory B cells were associated with occurrence of mucosa-
associated lymphoid tissue (MALT) marginal-zone NHL, whereas IFNy* TNFa* conventional T cells were more indica-
tive of non-MALT B cell NHL.

Conclusion. We unveil novel biomarkers of NHL in pSD based on an integrative analysis coupling deep immuno-
phenotyping and clinical, biologic, and histopathologic data. Furthermore, these markers allow distinguishing B cell

NHL subtypes in pSD.
INTRODUCTION

Primary Sjogren disease (pSD) is a systemic autoimmune
disease characterized by lymphoid infiltration of salivary and lacri-
mal glands. The most severe systemic complication concerning
patients with pSD is the development of B cell ymphoma, which

Dr Marques’ work was supported by a French state grant (“research year”
grant, awarded by the Ministry of Health) for the completion of her science
thesis.
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occurs in 5% to 10% of patients. The risk is estimated to be
15 to 20 times higher than that of the general population.’™
pSD is then one of the most relevant models for studying the links
between autoimmunity and lymphomagenesis. The subtypes of
pSD-related lymphoma include non-Hodgkin B cell lymphoma
(NHL), with a predominance of marginal-zone lymphoma (MZL),
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which arises in mucosa-associated lymphoid tissue (MALT) pri-
marily involving extranodal sites, such as salivary glands and
parotid glands.*™ Diffuse large cell B cell ymphoma (DLBCL), an
aggressive B cell lymphoma, represents the second most com-
mon subtype develop by patients with pSD. DLBCL might occur
either as de novo or by transformation of an indolent MZL, given
the clonal relationship identified between these two types.®°

Current pathophysiologic models describe abnormal activa-
tion of mucosal epithelial cells by a trigger not yet identified. Such
persistent innate and adaptive immune system stimulation leads
to the dysregulated production of antinuclear, anti-Ro/SSA, anti-
La/SSB, and rheumatoid factor (RF) autoantibodies, resulting in
the formation and accumulation of immune complexes (ICs).
These ICs amplify the production of interferon-a (IFNa), a crucial
cytokine in the pathophysiology, via endogenous activation of
plasmacytoid dendritic cells'® that could cause the chronic stimu-
lation of autoreactive clonal RF B cells, which are enriched within
the infiltrated tissues and are a potential source of prelymphoma-
tous B cells.”™™"® Such a clonal B cell population is thought to rep-
resent a key component in the complex process leading to tumor
escape. A correlation has been established between NHL-pSD
and the presence of anergic, clonal, and autoreactive CD217/ow
B cells. These B cells mainly produce autoantibodies and display
somatic hypermutation profiles, which is characteristic of a strong
and long-lasting selection by autoantigens, suggesting that they
can represent the actual source of prelymphomatous B cells in
pSD.14'15

Risk factors for NHL-pSD include a combination of clinical,
biologic, and pathologic features mainly reflecting the B cell
hyperactivation. These markers include permanent swelling of
salivary glands, lymphadenopathy, splenomegaly, cryoglobuline-
mia vasculitis (CryoVas), elevated EULAR Sjdégren’s Syndrome
Disease Activity Index (ESSDAI), CD4 T cell ymphopenia reflected
by a CD4/CD8 T cell ratio <0.8, C4 consumption, hypergamma-
globulinemia, monoclonal gammopathy, and RF autoantibodies,
as well as pathologic evidence of a high focus score and local
organizations in tertiary lymphoid structures in minor salivary
gland biopsy samples.'®2" These elements are neither sensitive
nor specific enough, alone or in combination, for the detection of
patients with pSD at a higher risk of lymphoma. Patients with
pSD presenting one or more of these markers are numerous,
forming a very heterogeneous group from which it is
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tremendously difficult to distinguish those at risk for developing
lymphoma.

Only a few studies have evaluated the relevance of deep
immunophenotyping for the prediction of NHL in patients with
pSD. To determine new biomarkers predictive of NHL in pSD,
we initiated the generation of this study involving 206 patients with
pSD fulfiling American College of Rheumatology (ACR)/EULAR
2016 criteria,>®> which was divided into three groups: pSD, lym-
phoproliferative pSD (Arl-pSD), and NHL-pSD. Deep flow cytom-
etry immunophenotyping of B and T cell compartments, coupled
with clinical, biologic, and histopathologic data analysis, was per-
formed systematically. We also quantified IFNa because of its
important role in the pathophysiology of pSD, which
is supported by previous work focusing on lymphoma and Sjog-
ren disease showing up-regulation of IFN genes in Sjogren
patients with lymphoma. although this associationhas not been
specifically proven yet.?® Unsupervised and supervised analyses
were conducted in this work with the purpose of (1) identifying
clusters of NHL-pSD patients along with their shared and specific
cell parameters and (2) characterizing potential biomarkers of
NHL in pSD.

MATERIALS AND METHODS

Patients. We successively included patients with pSD
observed at the Department of Internal Medicine at Pitié-Salpé-
triere Hospital, Paris, France, between April 2007 and September
2022. All patients met the ACR/EULAR 2016 criteria®® for pSD.
Clinical, biologic, histopathologic and therapeutic regimen data
were collected. The items of the ESSDAI score, the reference score
for rating disease activity, were collected at inclusion. We estab-
lished an adapted clinESSDAI, corresponding to a clinESSDAI as
defined by Seror et al (which features removal of the biologic
domain and modification of weighting of certain domains2%), with-
out the “lymphadenopathy” domain. Patients with pSD were
divided into three groups based on their ymphoproliferative status.
The nonlymphoproliferative pSD group (named pSD) included
patients with pSD without clinical or biologic features of lympho-
proliferation. The at risk of lymphoma pSD (Arl-pSD) group con-
sisted of patients with at least one clinical or biologic feature of
lymphoproliferation on the day of inclusion and/or at any time

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/art.43207).
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during the course of the disease as follows: clinical features
included parotid enlargement, lymphadenopathy, splenomegaly,
and CryoVas; biologic features included hypergammaglobulinemia
(>20 g/L), monoclonal gammopathy, cryoglobulinemia, RF anti-
bodies (>15 IU/mL), and C4 consumption (<0.16 g/L). The
lymphoma-associated pSD (NHL-pSD) group included patients
with histologically confirmed previous or current lymphoma associ-
ated with pSD. At inclusion, patients were randomly assigned to
two distinct cohorts defined as the “discovery” set and the “valida-
tion” set. Patient characteristics were compared using Fisher’s
exact test for qualitative variables and Student’s t-test for quantita-
tive values. The study was approved by the local ethics committee
of Pitié-Salpétriere Hospital - CPP-IV lle de France and was con-
ducted in accordance with the Declaration of Helsinki. All partici-
pants provided written informed consent. Patients and the public
were not involved in this research. Deidentified patients’ data and
statistical analysis are available upon reasonable request to the
corresponding author.

Mouse G6 antibody production and labeling. Mouse
G6 antibody is an anti-idiotypic monoclonal antibody discovered
in a screen against RFs that selectively binds to IGHV1-69
heavy-chain germline gene 51p1 alleles and is highly expressed
in several B cell malignancies and autoimmune diseases.?®2°
IGHV1-69 was recently shown to be expressed by extranodal
MZL clonotypes in pSD." It was produced in the Monoclonal
Antibody Production Unit of the Clinical Immunology Service of
University of Birmingham and conjugated to Qdot 655 fluoro-
chrome using the SiteClick Antibody Labeling Kit (ThermoFisher
Scientific) according to the manufacturer’s instructions.

Flow cytometry data acquisition. Peripheral blood
mononuclear cells were obtained by Ficoll separation and were
stained for 30 minutes at 4°C with monoclonal antibodies listed in
Supplementary Table 1. Cells were stained for cell surface markers,
then permeabilized with the Intracellular Fixation & Permeabilization
Buffer Set (eBioscience, 88-8824-00) and then stained with intracel-
lular markers according to the manufacturer’s instructions for
30 minutes at 4°C. Sample acquisitions were performed on a BD
LSR Fortessa SORP (BD Biosciences) and a CytoFLEX LX
(Beckman Coulter) flow cytometer. To make the staining and acqui-
sition protocols feasible and reproducible, samples were indepen-
dently processed in 19 different batches on the same cytometer
using the same acquisition template (which includes channel gains
and compensations) that was created for the first batch.

IFNa quantification. Serum IFNa was quantified using the
SIMOA IFNa Advantage Kit on an HD-1 analyzer (Quanterix) fol-
lowing the manufacturer’s instructions. The IFNa concentration
in the samples was interpolated from the calibration curve by mul-
tiplying it by the dilution factor. Final concentrations were then
expressed in pg/mL. Samples with nondetectable values were

evaluated according to the limit of detection value; samples above
the detection range were replaced by the upper limit of quantifica-
tion as previously described.?’

Statistical analysis. Flow cytometry data. Flow cytometry
data (flow cytometry standard [FCS] format) from all groups were
first imported into FlowdJo version 10.9, in which compensations
were optimally adjusted, and lymphocyte-shaped single cells
were exported to facilitate the subsequent analysis. Then newly
exported FCS files for both T and B panels were opened, pro-
cessed, and analyzed using the PICAFlow R package, which we
had previously developed for the unsupervised and semiauto-
mated analysis of flow/mass cytometry data.’® The package
allows one to control/correct the compensation matrix, to trans-
form each channel of the data set, and to remove batch/run
effects for each channel of the data set using the GaussNorm
method. As the frequency of NHL-pSD among all patients with
Sjégren disease was rather low, a full randomized cohort
generation would have led to severe disbalance of the patients
with NHL-pSD between the cohorts, which would have impaired
the precision and robustness of our unsupervised analysis. To
avoid this problem, the two generated subcohorts (discovery
and validation) were constructed to be identical in size (n =
103 for each), to contain the same number of patients from each
group (pSD, Arl-pSD, and NHL-pSD), and to present similar clini-
cal features, as shown in Table 1. Of note, the whole flow cytom-
etry data processing and analysis through PICAFlow was
performed independently on these two subcohorts. Results are
presented as scatter plots showing the median with the 95% con-
fidence interval, and differences between groups of interest (pSD,
Arl-pSD, and/or NHL-pSD) were assessed with either Kruskal-
Wallis or Dunn tests.

Other statistical analyses. Receiver operating characteristic
(ROC) curves were calculated using the ROCit R package with
the empirical method and default parameters. Log2 fold change
(Log2FC) values were computed using the median of the
associated series as metric. We used either Fisher’s exact test for
categorical values (the first six items of the subfigure) or the Mann-
Whitney test for the continuous values (the last four items of the
subfigure). P values were corrected using the Benjamini-Hochberg
methodology. Adjusted P values <0.05 were deemed significant.

RESULTS

Characteristics of patients with pSD. Two hundred six
patients with pSD were included, comprising 88 with pSD,
99 with Arl-pSD, and 19 with NHL-pSD (Table 1); 185 (89.8%)
were women, the median age was 58 years (interquartile range
20 years), and 125 (62.8%) were White. Two independent
cohorts were formed simultaneously, with no statistically sig-
nificant differences in clinical, biologic, pathologic, and thera-
peutic data (Supplementary Table 2). The discovery set
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Table 1. Characteristics of patients with pSD*
pSD (n = 88) Arl-pSD (n = 99) NHL-pSD (n = 19) Total (n = 206)

General features

Age, median (IQR), y 58.0 (21) 54 (20.5) 60 (17) 58 (20)
Female, n (%) 81(93.1) 89 (89.9) 14(73.7) 185 (89.8)
Ethnic group, n (%)
White 68 (79.1) 46 (47.4) 11 (57.9) 125 (62.8)
Other 18 (20.9) 51 (52.6) 8(42.1) 74 (37.2)
Body mass index, median (IQR) 25.1(7.5) 23.9(7.9) 23(6.5) 24.6 (7.8)
Tobacco chronic exposure, n (%) 13(15.9) 31(13.8) 7(41.2) 42 (21.8)
Prolonged alcohol exposure, n (%) 4(4.9) 3(3.2) 1(5.9) 8 (4.1)
Sjogren features
Disease duration, median (IQR), mo 49 (104) 485 (107.5) 40(171) 48 (108.5)
Oral dryness, n (%) 73 (85.9) 72 (83.7) 15(88.2) 172 (86)
Ocular dryness, n (%) 75 (88.2) 73 (84.9) 15(88.2) 175 (87.5)
Anti-SSA antibodies, n (%) 37 (45.1) 73 (75.3) 14 (82.4) 124 (63.3)
Anti-SSB antibodies, n (%) 13(15.9) 45 (46.4) 7 (41.2) 65 (33.2)
Salivary gland Chisholm stage Il or IV, 45 (71.4) 48 (66.7) 13(92.9) 106 (71.1)
n (%)
Salivary gland focus score, median 1.0(0.89) 1.0 (1.03) 2.4(2) 1(1.1)
(IQR)
Organ involvement, n (%)
Constitutional symptoms 10(11.9) 27 (27.6) 13 (76.5) 50 (25.1)
Enlarged parotid 0(0) 24(24.5) 4(23.5) 28 (14)
Lymphadenopathy 1(1.2) 22 (22.5) 4(23.5) 27 (13.5)
Splenomegaly 0(0) 4(4.1) 1(5.9) 5(2.5)
Articular 43 (50.6) 65 (66.3) 9 (52.9) 117 (58.5)
Cutaneous and/or vascular 0(0) 47 (48.0) 13(76.5) 81 (40.5)
Pulmonary 7(8.2) 22 (22.5) 2(11.8) 31(15.5)
Renal 0(0) 5(5.1) 2(11.8) 7 (3.5)
Muscular 3(3.5) 8(8.2) 1(5.9) 12 (6)
Peripheral nervous system 27 (31.8) 20(20.4) 10 (58.8) 57 (28.5)
Central nervous system 5(5.9) 8(8.2) 2(11.8) 15 (7.5)
Hematologic 2 (2.4) 17 (17.4) 7 (41.2) 26 (13)
Lymphoma 0(0) 0(0) 19 (100) 19 (9.4)
Adapted clinESSDAI score at visit, 3.0(5) 6.0(12) 15.0(12) 5(11.8)
median (IQR)
Biologic features
Hemoglobin, median (IQR), g/dL 13.5(1.2) 12.8(1.3) 11.5(1.6) 13(2)
Platelet count, median (IQR), 10%/L 253 (71) 250 (79) 262 (78) 252 (80)
Lym%hocyte count, median (IQR), 1.6(0.8) 1.4(0.9) 1.2(0.8) 1.5(9.2)
10°/L
Serum creatinine level, median (IQR), 66 (17) 68 (17) 68 (23) 68 (18)
pmol/L
Rheumatoid factor > 15 IU/mL, n (%) 1(1.4) 45 (51.7) 11(73.3) 63 (36.6)
C3<0.82g/L,n (%) 4 (5.5) 15(17.2) 3(21.4) 22 (12.6)
C4<0.16g/L n (%) 10(13.7) 21(24.1) 10 (62.5) 41 (23.4)
Cryoglobulinemia, n (%) 0(0) 13(14.3) 4(26.7) 17 (9.4)
Gamma globulins, median (IQR), g/L 10.5(3.3) 13.8(6.7) 18.0 (5) 12 (5.6)
Previous treatments, n (%)
Plaguenil 41 (49.4) 49 (50.5) 10 (62.5) 100 (51)
Glucocorticoids 26 (31.0) 36 (37.1) 14 (82.4) 76 (38.4)
Immunosuppressors 21 (24.1) 23 (23.7) 9(52.9) 55 (27.9)
Rituximab 1(1.2) 6 (6.1) 8 (47.1) 15(7.6)
Treatments at visit
Plaguenil, n (%) 32(38.1) 34(35.8) 8(47.1) 74(37.8)
Glucocorticoids, n (%) 19 (22.6) 28(29.2) 8 (47.1) 55(27.9)
Glucocorticoids dose (equivalent 55(2) 10(8.5) 10(9) 8(5)
prednisone), median (IQR), mg/L
Immunosuppressors, n (%) 6(7.1) 21(21.9) 5(29.4) 26(13.2)
Rituximab, n (%) 0(0) 0(0) 3(17.6) 3(1.5)
Time since last rituximab infusion, NA NA 1(1-25) 1(1-25)

median (IQR), mo

* Arl-pSD, lymphoproliferative pSD; clinESSDAI, clinical EULAR Sjogren’s Syndrome Disease Activity Index; IQR, interquartile
range; NA, nonapplicable; NHL, non-Hodgkin lymphoma; pSD, primary Sjégren disease.
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included 44 patients with pSD, 49 with Arl-pSD, and 10 with
NHL-pSD, and the validation set included 44 patients with
pSD, 50 with Arl-pSD, and 9 with NHL-pSD. We used clinical
(ie, parotid enlargement, lymphadenopathy, splenomegaly,
CryoVas) and biologic (ie, hypergammaglobulinemia, RF posi-
tivity, low C4 level, and cryoglobulinemia) well-described
markers of lymphoproliferation in pSD to perform the clustering
of the whole cohort using the Uniform Manifold Approximation
and Projection (UMAP) dimensionality reduction method
(Figure 1A). The overlays of logarithm-transformed IFNa levels
and a focus score greater than 1 are represented in Figure 1B.

Supervised and unsupervised analysis of B
lymphocytes panel. We first analyzed the sets in a supervised
manner to focus on 10 well-described B cell populations

A

(Figure 2A). We extracted the median percentage of each cell
population among the total B cells and then represented the dif-
ferences as Log2FC for the Arl-pSD and NHL-pSD groups, con-
sidering pSD as the reference (Figure 2B). We observed that
only atypical memory B cells (AtMs) and tissue-like memory B
cells (TLMs), two B cell populations well described in autoimmune
and lymphoproliferative diseases, presented a linear and continu-
ous accumulation through the Arl-pSD and NHL-pSD groups in
both the discovery and validation data sets (Supplementary
Figure 1A). Then, to confirm and explore further the phenotype
observed in the supervised approach based on “classical
gating,” we proceeded with unsupervised analyses of the FCS
files obtained from the cytometer using the PICAFlow R pack-
age.?® We used UMAP dimensionality reduction as well as hierar-
chical clustering to establish a finite number of B cell clusters for

Clinical features Biological features

Parotidomegaly Hypergamma-
Lymphadenopathy globulinemia o
Hepatomegaly RF positivity n.l
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B
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s -1 =
) 2 2
-5
-10
“ UMAP’1 ”
Figure 1.

pSD
Arl-pSD
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Salivary gland focus score
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- Focus score > 1
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Clustering analysis in a cohort with pSD. (A) Clustering of the entire cohort using the UMAP) dimensionality reduction method, incor-

porating clinical and biologic markers of lymphoproliferation in pSD. (B) Overlays of logarithm-transformed IFNa levels and a focus score greater
than 1. Arl-pSD, lymphoproliferative pSD; CryoVas, cryoglobulinemia vasculitis; IFNa, interferon-a; NHL, non-Hodgkin lymphoma; pSD, primary
Sjogren disease; RF, rheumatoid factor; UMAP, uniform manifold approximation and projection.
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the pSD, Arl-pSD, and NHL-pSD groups (Figure 2C). We finally
obtained eight distinct B cells clusters (labeled from MC-B1 to
MC-B8) for which we computed the Log2FC between the refer-
ence group (pSD) and the others (either Arl-pSD or NHL-pSD)
(Figure 2D).

We performed the analysis workflow separately on the dis-
covery and the validation sets and only kept the clusters that
had matching phenotypes in these two data sets. Among these
eight clusters, MC-B1 and MC-B2 showed a progressive enrich-
ment through lymphoproliferation. Then we decided to compare
the performance of AtMs, TLMs, MC-B1, and MC-B2. We
applied three criteria to define a population as relevant in dis-
criminating pSD, Arl-pSD, and NHL-pSD (Figure 2E): (1) the
abundance of the cluster should linearly progress through lym-
phoproliferation (percentage pSD < percentage Arl-pSD <
percentage NHL-pSD); (2) the abundance of the cluster in each
group should be at least 2%; and (3) the Log2FC between pSD
and Arl-pSD and between pSD and NHL-pSD should be at least
0.3, thus representing an ~23% to 24% increase. MC-B1 was
the only cluster to meet all these criteria and was thus consid-
ered as the most potent parameter in discriminating pSD, Arl-
pSD, and NHL-pSD. The MC-B1 cluster phenotype corre-
sponded to CD21~ CD27~ CD11c* FcRL5™ B cells, defined as
CD11c¢c™ FcRL5* TLMs (Figure 2F, Supplementary Figure 2C
and 2E). Thus, the unsupervised clustering confirmed the
expansion of TLMs in NHL-pSD observed in the supervised
analysis and refined the phenotype of these TLMs by identifying
CD11c and FcRL5 as positive membranous markers. The pro-
portion of CD11¢c* FcRL5" TLMs gradually increased through
lymphoproliferation, representing a median of 3.49% of B cells
in pSD, 4.39% of B cells in Arl-pSD, and 8.23% of B cells in
NHL (Figure 2G and Supplementary Figure 2G).

Supervised and unsupervised analysis of T
lymphocytes panel. The same workflow was then performed
on the T panel. We first analyzed 10 different T cell populations
(Figure 3A and B). We observed that Th1, Th2, Th17, and
Th17.1 cells presented a linear and progressive accumulation
through the Arl-pSD and NHL-pSD groups in both the discovery
and validation data sets (Supplementary Figure 1B). Again using
the PICAFlow R package,?” we extracted the two UMAP dimen-
sions for the pSD, Arl-pSD, and NHL-pSD groups (Figure 3C)
and obtained six distinct T cells clusters (labeled from MC-T1 to
MC-T6) for which we computed the Log2FC between the refer-
ence group (pSD) and the other ones (either Arl-pSD or NHL-
pSD) (Figure 3D). Among these six clusters, only MC-T1 and
MC-T2 showed a progressive enrichment through lymphoproli-
feration. Hereafter, we decided to compare the performance of
Th1,Th2,Th17,Th17.1, MC-T1, and MC-T2 clusters. We applied
the same three previously described criteria to define a population
as relevant (Figure 3E). MC-T1, defined as IFNy* TNFa* conven-
tional T cells, was the only cluster to meet all these criteria

(Figure 3F, Supplementary Figures 3D and 2D). The proportion
of IFNy" TNFa* conventional T cells progressively increases
through lymphoproliferation, representing a median of 2.58% of
T cells in pSD, 3.47% of T cells in Arl-pSD, and 6.55% of T cells
in NHL-pSD (Figure 3G and Supplementary Figure 2H).

ROC analysis. We compared the performance of CD11c*
FcRL5* TLMs and IFNy* TNFa* conventional T cells with previously
known markers for identifying NHL-pSD among patients with pSD
in the whole cohort. We established ROC curves for clinical (ie,
parotid enlargement, splenomegaly, lymphadenopathy, CryoVas,
adapted clinESSDAI) and biologic (ie, hypergammaglobulinemia,
RF antibodies, low C4 level, cryoglobulinemia) items, analyzed as
qualitative variables, as well as for salivary gland biopsy focus
scores and the serum IFNa levels, analyzed as quantitative vari-
ables. The sum of all those items reached a sensitivity of 68.4%
and a specificity of 78.0% (Figure 4A). The CD11c* FcRL5" TLM
abundance reached a sensitivity of 73.7% and a specificity of
67.3%, and the IFNy* TNFa™ conventional T cell abundance shown
a sensitivity of 73.7% and a specificity of 68.5%. Thus, the isolated
sum of both biomarkers alone led to a sensitivity of 78.9% and a
specificity of 76.8% (Figure 4B). Similarly, we generated the ROC
curve of the sum of clinical, biologic, and histopathologic items
(Figure 4A) in addition to CD11c* FcRL5" TLM and IFNy*" TNFa*™
conventional T cell abundances (Figure 4B), ultimately reaching a
sensitivity of 89.5% and a specificity of 72.0% (Figure 4C).

Clustering of patients with NHL-pSD. Next, we
assessed the performance of CD11¢” FcRL5" TLM and IFNy*
TNFa™ conventional T cell abundances alone by stratifying
patients. We computed UMAP dimensional reduction using only
CD11c¢* FcRL5" TLM and IFNy* TNFa* conventional T cell abun-
dances for each patient of our cohort and plotted the resulting
two UMAP dimensions (Figure 5A). Unexpectedly, three different
clusters emerged: C1, which showed low abundance of CD11¢c*
FcRL5" TLMs and IFNy*™ TNFa™ conventional T cells (Figure 5B,
left); C2, which showed high abundance of CD11c* FcRL5"
TLMs but low abundance of IFNy* TNFa*conventional T cells;
and C3, which showed low abundance of CD11¢* FcRL5" TLMs
but high abundance of IFNy* TNFa™ conventional T cells. Four-
teen of the 19 patients with NHL-pSD (73.7%) clustered in C2
(n=7)or C3 (n=7). Interestingly, biologic, clinical, and histopath-
ologic features of C2 and C3 patients highly differed (Figure 5C).
C2 was enriched in patients with “classical” B cell proliferation
clinical (ie, CryoVas, lymphadenopathy, parotid enlargement)
and biologic (ie, low C4 level, RF positivity) markers. C2 patients
also presented higher ESSDAI scores, higher salivary gland focus
scores, and higher IFNa serum levels than C3 patients.

We then focused our analysis on patients with NHL-pSD across
C2 and C8 clusters. The proportion of them having MALT NHL was
higher in the C2 NHL-pSD group than in the C3 NHL-pSD group
(85.7% vs 14.3%; P ~ 0.087). In comparison to C3 patients with
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logic markers. (B) Analysis of the cumulative abundance of CD11¢* FcRL5" TLMs and IFNy* TNFa* Tconv. (C) ROC curve for the sum of clinical,
biologic, histopathologic items and the identified biomarkers. clinESSDAI, clinical EULAR Sjoégren’s Syndrome Disease Activity Index; CryoVas,
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matoid factor; ROC, receiver operating characteristic; Se, sensitivity; SG, salivary gland; Sp, specificity; Tconv, conventional T cells; TLM, tissue-

like memory B cell; TPR, true positive rate.

NHL-pSD, C2 patients with NHL-pSD presented with more CryoVas
(100% vs 57.1%; P ~ 0.385) and RF antibodies (100% vs 71.4%;
P =~ 0.592) (Figure 5D). On the other hand, the patients with NHL-
pSD from the C3 cluster were more prone to be male (42.9% vs
14.3%; P ~ 0.592) and more frequently showed anti-SSB anti-
body positivity (57.1% vs 28.6%; P = 0.592). C3 NHL-pSD
included a center-like large B cell lymphoma, an Epstein-Barr
virus—associated aggressive lymphoma, Waldenstrom’s dis-
ease, a lymphoplasmacytic lymphoma, and two low-grade lym-
phomas. However, patients with NHL-pSD from both clusters
seem to share some features, such as overall age, anti-SSA anti-
body positivity, and C4 consumption. Of note, patients with
NHL-pSD from cluster C2 showed increased median abun-
dance of CD11¢c* FcRL5" TLMs (18.2% vs 5.6%; P = 0.0024)
and decreased median abundance of IFNy" TNFa* conventional
T cells (6.1% vs 15.9%; P = 0.0024) as compared to C3 patients
with NHL-pSD. Also, C2 patients with NHL-pSD had increased
median levels of serum IFNa as compared to C3 patients with
NHL-pSD (0.037 vs 0.007 pg/mL; P = 0.473).

DISCUSSION

In this study, we described a large cohort of 206 patients
with pSD, along with their demographic, clinical, biologic,

histopathologic, and immunologic data. First, we used the combi-
nation of several markers of lymphoproliferation traditionally
described in the literature (ie, parotid enlargement, lymphadenop-
athy, splenomegaly, CryoVas, hypergammaglobulinemia, low C4
level, RF antibodies, cryoglobulinemia, and minor salivary gland
biopsy focus score) to cluster patients with pSD. The association
of each of these markers with lymphoma has been well described
over the last decade in large series.'®'92°%% We also investigated
serum IFNa level in our cohort, as literature already highlighted the
IFN signature as a potential biomarker.®' Although all the previ-
souly mentioned features were able to identify nonproliferative
pSD, they were insufficient, even in combination, to delineate
patients with NHL.

We aimed to use deep immunophenotyping of blood sam-
ples from patients with pSD to determine new biomarkers of
NHL. We identified CD11¢* FcRL5" TLMs and IFNy* TNFa* con-
ventional T cells as significantly associated with NHL in pSD.
These two lymphocyte populations increased gradually and sig-
nificantly during transition to lymphoma, representing a median
of 8.23% of B lymphocytes and 6.55% of T lymphocytes in NHL
(ie, 2.5 times more than in pSD without lymphoproliferation). The
enrichment of these two populations was correlated with the con-
ventional aforementioned clinical, biologic, and histopathologic
markers predictive of lymphoma in pSD. Interestingly, the
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combination of these two populations alone allowed a significant
gain in sensitivity in the prediction of lymphoma compared to the
sum of all conventional clinical and biologic markers, reaching a
sensitivity of 78.9% (vs 68.4%) for a slight decrease in specificity
(76.8% vs 78%). The combination of all the markers allows for a
supplementary gain in sensitivity (89.5%) at the expense of a loss
in specificity (72.0%). These two populations, not yet described in
the literature to our knowledge, therefore represent an innovative
biomarker to identify patients who are more prone to develop lym-
phoma during their disease course.

Remarkably, we were able to identify two clusters of NHL-
pSD along with their shared and specific cell parameters.
CD11c* FcRL5* TLMs enabled the detection of a homogeneous
group of patients with MALT NHL exhibiting known clinical and
biologic characteristics found in classic NHL-pSD, such as
lymphadenopathy, CryoVas, RF antibodies, and a high level of cir-
culating IFNa. Conversely, the C3 cluster isolated thanks to IFNy*

TNFa™ conventional T cells contained highly distinct B cell
NHL-pSD, including three low-grade NHLs but only one MALT
NHL. The clinical and biologic data of these patients show signifi-
cantly less B cell hyperactivation markers than in C2 patients, and
their serum IFNa levels did not differ from those in the overall
cohort of patients with pSD. In summary, these patients may have
gone unnoticed by clinicians because they would not have been
detected by the current known biomarkers in the disease. Clus-
ters C2 and C3 also included patients without a diagnosis of lym-
phoma. Longitudinal monitoring of these patients will be crucial to
identify progression of certain individuals from the Arl-pSD group
to the NHL-pSD group and monitor the evolution of their
CD11c* FcRL5" TLMs and IFNy* TNFa*conventional T cells.

We refined for the first time the phenotype of CD21~ cells in
pSD by identifying them as TLMs expressing CD11¢ and FcRL5.
This phenotype corroborates a growing literature that has been
studying the phenotype and functionality of nonclassic memory
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B cells (MBCs) across various other autoimmune diseases prone
to lymphomagenesis, such as rheumatoid arthritis, systemic
lupus erythematosus, or hepatitis C virus—associated cryoglobuli-
nemic vasculitis.>*=® Although heterogeneous, these B cell
populations share several features, including low expression of
CD21 and CD27 and high expression of genes not usually
expressed by classic MBCs, including T-bet, CD11c, and a vari-
ety of inhibitory receptors, notably members of the FCRLs. They
have a maturation profile mediated by the antigen and are
enriched in autoreactive clones. Of note, we previously
established a correlation between lymphoproliferation and the
expansion of anergic, clonal, autoreactive, and strongly antigen-
selected CD27°CD21~ TLMs in Ar-pSD."*' By studying
patients with pSD who presented at least 30% of CD217"°" B
cells in their peripheral B cell compartment, we identified three
patients with  monoclonal expansions in their blood. All
three showed the highest frequency of expanded clones in
CD217°" B cells, suggesting that these monoclonal expansions
may originate from this compartment.

Determining whether the CD11c* FcRL5" TLM population
could indeed represent the prelymphomatous B cell source in
pSD is a central and crucial question to assess. Growing data
from the literature suggest that “B cell maturation and evolution
towards lymphoma likely take place in ectopic lymphoid struc-
tures, particularly those displaying a fully organized architecture
with segregated T and B cell areas and germinal center (GC)-like
structures, collectively termed tertiary lymphoid organs
(TLOs).%27%6" Ectopic GCs are detected by microscopy in one-
third of the salivary glands from patients with pSD. They are the
site of the maturation of B lymphocytes via the process of locally
driven somatic Ig variable heavy- and light-chain gene hypermuta-
tion (SHM).®”°® In addition, serum levels of CXCL13 and CCL11,
two cytokines involved in the development of GC-like structures,
are associated with the occurrence of lymphoma in pSD.%%"
We can hypothesize that in a chronic inflammatory environment,
such as pSD salivary glands, ICs may accumulate. These would
then be presented by dendritic cells (DCs) to CD4* T cells in the
T cell zone and differentiate into IFNy-expressing Th1 and Tfh1
cells. In the B cell zone, DCs present ICs to naive B lymphocytes.
At the B-T border, Tth1 cells could induce the differentiation of
CD11c* FcRL5" TLMs that enter the GC, where they clonally
expand by proliferation and undergo Ig class switching and
SHM, leading to RF-positive clones and ultimately
lymphoma.'':12:83

Interestingly, we also highlighted for the first time the correla-
tion between lymphoproliferation and a CD4* T cell population
(named MC-T1) whose phenotype is close to Th1 lymphocytes.
They are conventional T cells expressing both IFNy* and TNFa™.
Over the past decade, IFNs have emerged as key cytokines in
the pathophysiology of the disease. A strong IFNa signature has
been clearly demonstrated in the peripheral blood and salivary
glands from patients with pSD.*?“® Further evidence for a role of

IFNs comes from genome-wide association studies suggesting
pre-existing genetic anomalies along with up-regulation of IFN-
associated genes in the blood and salivary glands of patients with
pSD.*3 Interestingly, specific type I-related transcript (IFIT-3)
was localized in salivary duct epithelial cells, whereas type
lI-related transcript (GBP-2) was found in both lymphoid aggre-
gates and duct epithelial cells localized in the site of inflammatory
cell infiltration, suggesting a specific role of type Il IFN in lympho-
mageneis.*” Of note, both IFNa and IFNy induce BAFF produc-
tion in monocytes, which in turn stimulates B cells proliferation
and survival. Importantly, BAFF levels are correlated with disease
activity, clonal B cell expansion in salivary glands, and lymphoma
occurrence in pSD.*849

One of the main limitations of our study is the small number of
patients with NHL and its cross-sectional, nonlongitudinal nature.
It will be essential to prospectively evaluate an even larger cohort
of patients with pSD to determine whether there is a progressive
enrichment of CD11c¢™ FcRL5" TLMs or other B cell subsets in
patients with Arl-pSD who ultimately develop lymphoma during
follow-up.

The methodology used combined an unsupervised appro-
ach, data normalization, and deep cluster analysis to identify the
populations of interest as accurately as possible. Notably, the rel-
evance of the two identified biomarkers in the discovery set was
assessed in a validation cohort. Nevertheless, it would be neces-
sary to assess identified B and T cell populations in a large inde-
pendent series of patients with pSD including a large number of
patients with NHL-pSD to validate our results. Another limitation
was the absence of analysis conducted within the salivary glands
of the patients. It appears necessary to perform the same experi-
ments within the inflamed and infiltrated tissue to verify their
involvement in the maturation processes described earlier. Future
research should also be conducted to characterize these cells at
the molecular and functional levels.

Finally, our work opens up interesting prospects both clini-
cally and therapeutically. The identification of CD11c* FCcRL5*
TLMs and IFNy* TNFa™ conventional T cells using flow cytometry
could be routinely conducted to assist clinicians in managing
patients at risk of developing pSD-NHL. Although the pathophys-
iology of the disease involves activation of the innate and adaptive
immune systems, most immunosuppressive or immunomodula-
tory treatments successfully used in other autoimmune models
have failed in pSD.%°®! Therefore, the identification of new cellular
and molecular targets such as CD11¢c* FcRL5" TLMs and IFNy*
TNFa*conventional T cells brings new therapeutic perspectives.

In conclusion, this study enhances our knowledge of
pSD-associated lymphomagenesis and provides promising bio-
markers, namely CD11¢c* FcRL5" TLMs and IFNy* TNFa™ con-
ventional T cells, for identifying patients at higher risk of
developing lymphoma in pSD. These findings could have signifi-
cant clinical implications for early detection of high-risk patients
with pSD and improved patient management. Further research
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is needed to confirm and expand these results, potentially leading
to targeted therapeutic strategies in the future.
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Time-Dependent Effect of Prophylactic
Trimethoprim-Sulfamethoxazole on the Incidence
of Serious Infections in Antineutrophil Cytoplasmic
Antibody-Associated Vasculitis: A Target Trial
Emulation Study

Yun Kyu Kim," Jeffrey R. Curtis,> ) Se Rim Choi,? Jina Yeo,* Min Jung Kim,® Yun Jong Lee,® ) Eun Bong Lee,’

and Jun Won Park’

Objective. The objective of this study was to investigate the effect of prophylactic trimethoprim-sulfamethoxazole
(TMP-SMX) on the incidence of serious infections in patients with antineutrophil cytoplasmic antibody-associated
vasculitis (AAV).

Methods. This multicenter cohort study was designed to emulate a target trial that studied 296 patients with
AAV who were treated with rituximab (RTX) or cyclophosphamide (CYC) as induction therapy. Patients were
grouped based on the administration of TMP-SMX within 14 days following induction therapy (n = 240 and
56 patients in prophylaxis and control groups, respectively) (intention-to-treat) and also as a time-dependent
exposure (time-varying). Inverse probability weighting was applied to minimize the baseline imbalance between
the two groups. The primary outcome was one-year incidence of serious infection.

Results. During the 252.1 person-years of observation, 77 cases of serious infections were recorded in
65 patients with a fatality rate of 18.5%. Most serious infections (n = 66, 85.7%) occurred within the first
180 days of observation. The prophylaxis group showed a significantly lower incidence of serious infections
than the control group (hazard ratio [HR] 0.48 [95% confidence interval (Cl) 0.32-0.72]). However, this
beneficial effect of TMP-SMX was only significant during the first 180 days (HR 0.41 [95% CI 0.22-0.76]) and
not thereafter (HR 3.67 [95% CI 0.46-29.43)]) (interaction P = 0.044). This result was also consistent with
the time-varying analysis result. Based on one case of severe adverse drug reaction related to TMP-SMX, the
number needed to harm was 127.4, whereas the number needed to treat to prevent one serious infection
was 8.0.

Conclusion. Prophylactic TMP-SMX significantly reduced the risk of serious infections in patients with AAV,

particularly during the first six months of induction therapy with RTX or CYC.
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INTRODUCTION

Antineutrophil cytoplasmic antibody—associated vasculitis
(AAV) is a group of autoimmune diseases characterized by the
severe inflammation of small blood vessels and the development
of autoantibodies to the proteinase 3 or myeloperoxidase.” AAV
poses significant clinical challenges because of potential major
organ involvement, especially the respiratory tract and kidney.? *
To achieve remission of life-threatening AAV, glucocorticoids
(GCs) combined with either rituximab (RTX) or cyclophosphamide
(CYC) have been recommended.* However, these intensive
immunosuppressive therapies increase the risk of infection, which
is the most frequent cause of death, especially in the early phase
of the disease.>™® Hence, preventing serious infection-related
complications is crucial to improve the treatment outcome
of AAV.

Trimethoprim-sulfamethoxazole (TMP-SMX) is widely used
as primary prophylaxis against Pneumocystis jirovecii pneumonia
(PJP) in patients who are immunocompromised, including
those with rheumatic diseases receiving immunosuppressive
treatment.®'© Notably, a few observational studies recently sug-
gested that prophylactic TMP-SMX could reduce the risk of seri-
ous infections, as well as PJP."""'2 Based on these findings, the
EULAR recommended the prophylactic use of TMP-SMX against
PJP and other infections in patients with AAV."® However, the
effect of TMP-SMX on the incidence of non-PJP-related infection
has not been confirmed in other studies. Furthermore, the risk of
serious infections could be influenced by various patient-specific
factors, including disease activity, comorbidities, and immuno-
suppressive treatment. Moreover, the interaction between these
factors and the efficacy of prophylactic TMP-SMX against serious
infections has not been thoroughly investigated. Using a target
trial emulation framework, this observational study aimed to
investigate the effect of prophylactic TMP-SMX on serious infec-
tions and the clinical factors influencing its effectiveness in a
large-scale cohort of patients with AAV.

PATIENTS AND METHODS

Patients. This study was designed to emulate a hypotheti-
cal target trial in which patients with AAV received or did not
receive prophylactic TMP-SMX (Supplementary Table 1).'
Detailed description of our study design is provided in Supple-
mentary Text 1. We included patients with AAV from four tertiary
referral hospitals in South Korea. From the electronic medical
database of each institution, we identified patients with new onset
or relapsing AAV who received RTX or intravenous CYC as induc-
tion therapy between 2005 and 2023. All patients were diag-
nosed with either granulomatosis with polyangitis (GPA),
microscopic polyangiitis (MPA), or eosinophilic granulomatosis
with polyangiitis (EGPA) according to the 2022 American College
of Rheumatology/EULAR classification criteria for AAV.'>7

Patients were excluded from the study if they were <18 years of
age at the time of induction with RTX or CYC, had concomitant
malignancy or history of solid organ transplantation, or started
the induction therapy at another hospital. The flow chart of patient
inclusion is shown in Supplementary Figure 1.

This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the institutional review board of
each center. The requirement for patient consent was waived
because of the retrospective nature of the study.

Exposure to prophylactic TMP-SMX. In this study, phy-
sicians at each institution determined the selection process of
patients for prophylactic TMP-SMX. In addition, because there
were no established guidelines for discontinuing TMP-SMX, the
decision about when or whether to discontinue was also made
at the physician’s discretion. The TMP/SMX dosage was either
one single-strength tablet (TMP 80 mg and SMX 400 mg) daily
or one double-strength tablet (TMP 160 mg and SMX 800 mg)
every other day, adjusted according to the patient’s renal func-
tion. No patients received alternative prophylactic agents, such
as dapsone or aerosolized pentamidine.

In this study, the index date (day 0) was defined as 14 days
after the initiation of RTX or CYC as induction therapy. This
14-day lead-in period was established to ensure a stable study
population and sufficient time for evaluating the prophylactic effi-
cacy of TMP-SMX. Patients who developed serious infection
or censored during the lead-in period were excluded.
Exposure to TMP-SMX was determined using two approaches
(Supplementary Figure 2). First, an intention-to-treat (ITT) design
was used in which each patient was classified into the prophylaxis
group if he/she received the prophylactic TMP-SMX at the index
date. In the ITT analysis, classified patients remained in their orig-
inal group regardless of later treatment changes. Second, a time-
varying analysis (ie, as-treated) was performed in which each
person-day observation was classified according to whether the
patient received prophylactic TMP-SMX. In this approach,
patients were able to dynamically transit between exposed and
unexposed categories without restriction, defining consecutive
periods of exposure or nonexposure as episodes. In both analy-
ses, observation for all patients started on the index date and con-
tinued until either death, loss to follow-up (defined as no visit for
more than 6 months since the last visit), or 52 weeks from the
index date, whichever occurred first.

Data collection. Clinical information on the demographics,
comorbidities, laboratory and radiologic findings, prescribed
medications, and history of infection was collected from the elec-
tronic health record database (EHR) of each hospital. At each
enrolled hospital, prescription data—covering all medications,
their prescribed duration, and dosages for both inpatients and
outpatients—were systematically documented in an integrated
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database. This comprehensive recording allowed us to verify the
prescription details of medications, including TMP-SMX.

Data on baseline characteristics were collected during the
14-day lead-in period. The Birmingham Vasculitis Activity Score
(BVAS) was calculated using BVAS version 3.8 Severe anemia
was defined as a hemoglobin level of <8.0 g/dL, lymphopenia as
a lymphocyte count of <800/uL, and azotemia as a glomerular fil-
tration rate (GFR) of <60 mL/min/1.73 m?. Baseline GC dose was
defined as the mean daily prednisone-equivalent dose during the
lead-in period, and GCs pulse was defined as the administration
of intravenous methylprednisolone (250-1,000 mg/day) or an
equivalent dose for 1 to 5 days. High-dose GCs was defined as
a mean dose of GCs >30 mg/day of prednisone or its
equivalent.'® For the time-varying analysis, data on time-varying
confounders were collected. These included laboratory values
such as hemoglobin level, lymphocyte count and GFR, and GCs
dose at each patient visit, which occurred every two to eight weeks.

Outcome. The primary outcome was the occurrence of
serious infections, which were defined as any infection requiring
intravenous antimicrobial treatment, hospitalization, or extended
hospital stay. An extended hospital stay was defined as a pro-
longed hospitalization due to infection treatment, such as when
a patient developed an infection during hospitalization for induc-
tion therapy that necessitated an extended stay for infection man-
agement. To identify all serious infections, we collected data on
hospitalization and prescribed intravenous antimicrobial agents
to the study population at each center. Also, we reviewed all med-
ical records from the enrolled hospitals to capture serious infec-
tion cases that occurred outside of them. Based on these data,
suspicious cases of serious infection were initially identified. Sub-
sequently, two independent authors (YKK and JWP) reviewed
the medical records to confirm the presence of severe infection.

Secondary outcomes included infection-related death and
the occurrence of severe adverse drug reactions (ADR) related
to TMP-SMX. All adverse events (AEs) were evaluated by two
independent authors (YKK and JWP) and assigned a likelihood
of causation based on their timing and recognized patterns. The
severity of each AE was evaluated using the Common Terminol-
ogy Criteria for Adverse Events version 5.0."° A severe AE was
defined as having a grade 3 or higher severity. Cases with proba-
ble/likely or certain causation were considered ADRs.%° We per-
formed a risk-benefit analysis of prophylactic TMP-SMX by
comparing the number needed to treat (NNT) for one year to pre-
vent a serious infection with the number needed to harm (NNH)
due to a severe ADR.

Statistical analysis. There were no missing values for clin-
ical factors, laboratory findings, or prescription information; there-
fore, there was no imputation of missing values. Comparison of
clinical factors between the two groups was performed using the
chi-square test for categorical variables and Student’s t-test for

continuous variables. Differences in one-year incidence rates
between the two groups were compared using Poisson
regression.

In the target trial emulation framework, we emulated random-
ization by adjusting for baseline covariates using inverse probabil-
ity weighting (IPW) (Supplementary Text 1).2" The prophylactic
efficacy of TMP-SMX was estimated using a Cox proportional
hazards model with adjustment using robust standard errors
accounting for the clustering effect of the participating institutions.
The proportional hazards assumption was assessed using scaled
Schoenfeld residuals. Because the incidence of serious infection
could be influenced by time from the induction therapy, it was
anticipated that the prophylactic effect of TMP-SMX could be
dependent on the interval of time since induction with RTX or
CYC was initiated. Therefore, we performed a prespecified analy-
sis using piecewise Cox regression to investigate the time point at
which TMP-SMX significantly influenced the risk of serious infec-
tion.?223 This method segments the observation period into pre-
defined time intervals and enables hazard ratios (HRs) to vary
across these intervals.

To determine explanatory risk factors for serious infection,
we also conducted Cox regression on the unweighted popula-
tion. The baseline clinical factors showing a relevant association
(P < 0.1) in the univariable Cox regression analysis were entered
into the multivariable analysis. The effect of prophylactic TMP-
SMX on outcomes was estimated in various subgroups stratified
by these factors.

We also conducted several sensitivity analyses. First, the
prophylactic efficacy of TMP-SMX was estimated adjusting for
the risk factors for serious infection rather than applying IPW.
Second, the effect of prophylactic TMP-SMX on outcomes was
estimated using the Anderson and Gill model to consider recur-
rent events of serious infection.?* Third, AAV relapse was added
to the censoring criteria. Finally, to address the potential for mis-
classification when defining patient group based on TMP-SMX
administration on the index date, we redefined the lead-in period
as the 28 days after induction therapy and re-classified patients
based on whether they received prophylaxis for at least 14 days
during this period. In this sensitivity analysis, follow-up for all
patients began 28 days after induction with RTX or CYC. All sta-
tistical analyses were performed using R version 4.3.2, and statis-
tical significance was set at P < 0.05.

RESULTS

Baseline characteristics. This study included
296 patients with AAV who received either RTX or CYC as
induction therapy. Of these, 240 were in the prophylaxis group,
and 56 were in the control group. In the prophylaxis group, the
mean + SD duration of using prophylactic TMP-SMX was
168.5 + 186.7 days. Approximately 45.8% of patients
(n = 110) in the prophylaxis group discontinued the use of
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Table 1. Baseline characteristics of the study population*

Prophylaxis group Control group SMD before SMD after
Baseline characteristics (n = 240) (n=56) IPW IPW
Age, mean +SD, y 63.7+134 61.5+159 0.149 0.051
Female, n (%) 134 (55.8) 34 (60.7) 0.099 0.034
Weight, mean + SD, kg 588+ 11.2 58.0 +13.1 0.058 0.008
Hypertension, n (%) 71 (29.6) 22 (39.3) 0.205 0.007
Diabetes, n (%) 47 (19.6) 11(19.6) 0.001 0.017
Chronic hepatitis B, n (%) 2(3.6) 6(2.5) 0.062 0.024
Severe anemia, n (%) 14 (5.8) 3(5.4) 0.021 0.093
Lymphopenia,b n (%) 60 (25.0) 14 (25.0) <0.001 0.028
GFR, mean + SD, mL/min/1.73 m? 52.7+40.7 59.9+394 0.179 0.064
ANCA positivity, n (%) 207 (86.2) 41 (73.2) 0.329 0.076
PR3-ANCA/c-ANCA 22 (9.2) 11 (19.6)
MPO-ANCA/p-ANCA 185(77.1) 30(53.6)
Underlying AAV, n (%) 0.432 0.040
GPA 69 (28.7) 25 (44.6)
MPA 161 (67.1) 26 (46.4)
EGPA 10(4.2) 5(8.9)
New onset AAVY, n (%) 213(88.8) 49 (87.5) 0.039 0.010
BVAS, mean + SD, 169+6.4 149+6.5 0.304 0.065
Lung involvement, n (%) 160 (66.7) 37 (66.1) 0.013 0.006
RTX, n (%) 165(68.8) 36 (64.3) 0.095 0.038
GCs pulse, n (%) 106 (44.2) 21 (37.5) 0.136 0.072
Mean GCs dose, mean + SD, mg* 459+19.6 39.2+23.0 0.314 0.072

* AAV, ANCA-associated vasculitis; ANCA, antineutrophil cytoplasmic antibody; BVAS, Birmingham Vasculitis
Activity Score; EGPA, eosinophilic granulomatosis with polyangiitis; GCs, glucocorticoids; GFR, glomerular filtration
rate; GPA, granulomatosis with polyangiitis; IPW, inverse probability weighting; MPA, microscopic polyangiitis;
MPO, myeloperoxidase; PR3, proteinase 3; RTX, rituximab; SMD, standardized mean difference.

@ Defined as hemoglobin <8g/dL.
b Defined as <800 lymphocytes/uL.

¢ Mean daily dose of GCs were measured within 14 days before the index date.

prophylactic TMP-SMX within the first 180 days of observation.
Of these, 19 patients discontinued because of AEs, whereas
the remaining 91 patients discontinued based on physician dis-
cretion. Among the 56 patients in the control group, 11 (19.6%)
initiated TMP-SMX at some point after the index date but
remained classified in the control group in the ITT analysis. The
mean + SD daily dose of GC at baseline was 44.6 + 20.4 mg of
prednisone equivalent, which decreased to 6.9 + 5.7 mg by day
180 (Figure 1).

The baseline characteristics of the study population are
shown in Table 1. MPA was predominant in the study population
(63.2%), followed by GPA (31.8%) and EGPA (5.1%). Compared
with GPA, patients with MPA had lower GFR (39.6 vs 76.7
mLU/min/1.73 m% P < 0.001), higher BVAS (17.3 vs 15.3;
P =0.022), and comparable proportion of pulmonary involvement
(68.4% vs 70.2%; P = 0.869). Most patients (n = 262, 88.5%)
were newly diagnosed with AAV and had undergone an initial
induction therapy. A total of 201 patients (67.9%) received RTX
(rather than CYC) to induce remission. Patients in the prophylaxis
group had a higher BVAS score (16.9 vs 14.9; P = 0.040),
received a higher GC dose, and were more likely to have MPA
than those in the control group. After applying IPW, all measured
covariates were well-balanced (standardized mean difference
<0.1). In time-varying analysis, 445 episodes (251 with
TMP-SMX and 194 without TMP-SMX) were analyzed and all

measured covariates including time-dependent confounders
were well-balanced after weighting (Supplementary Table 2).

Incidence of serious infection. During the 252.1
person-years of observation (mean + SD of follow-up duration =
310.9 + 109.7 days per patient), 77 cases of serious infections
occurred, with an incidence rate of 30.5 [95% confidence interval
(95% CI) 24.2-37.9] per 100 person-years. This included three
cases of hospitalization at other hospitals due to serious infec-
tions. The clinical features of the observed serious infections are
described in Supplementary Table 3. There were 35 bacterial
infections, 7 viral infections, 7 non-PJP-related fungal infections,
5 PJP cases, and 23 clinically diagnosed bacterial infections with-
out microbiologic confirmation. The most common anatomic site
of infection was the respiratory tract (54.5%), followed by the gas-
trointestinal tract (13.0%), urinary tract (11.7%), and skin and soft
tissues (10.4%). In patients who experienced recurrent infections
(n = 11), the mean + SD interval between infections was 47.3 +
32.0 days. Most serious infections (n = 66, 85.7%) occurred
within the first 180 days (incidence rate 49.9 of 100 person-
years), with a significantly higher incidence than in the period after
180 days (incidence rate 9.2 of 100 person-years; and incidence
rate ratio (IRR) 5.43 [95% CI 2.87-10.28)) (Figure 1). Regarding
the GC dose, in 32 (41.6%) cases, patients were receiving
<15mg/day of prednisone or its equivalent at the time of serious
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Pattern of the prophylactic use of TMP-SMX and incidence of serious infection in the study population. Each horizontal line indicates

the follow-up period of each patient. Blue and yellow lines indicate follow-up with and without prophylactic TMP-SMX. TMP-SMX, trimethoprim-

sulfamethoxazole.

infection. Among 65 patients who experienced serious infections,
12 (18.5%) died from these infections during the observation
period.

The efficacy of prophylactic TMP-SMX. The crude inci-
dence rate (per 100 person-years) of serious infections was
numerically lower in the prophylaxis group than in the control
group (28.6 vs 39.0; P = 0.252) (Supplementary Table 4). Five
cases of PJP were observed with a significantly higher incidence
in the control group (1.0 vs 6.5; P = 0.037).

After applying IPW, we plotted Kaplan-Meier curve for time
to serious infection in both the ITT analysis and time-varying anal-
ysis (Figure 2). In the ITT analysis, prophylactic TMP-SMX signifi-
cantly reduced the one-year incidence of serious infection with
an overall HR of 0.48 [95% CI 0.32-0.72]. This effect remained
consistent after excluding PJP and viral infections (HR 0.63
[95% CI 0.44-0.90Q]). In addition, infection-related mortality in the
prophylaxis group was significantly lower than that in the control
group (HR 0.23 [95% CI 0.10-0.53]). This result was consistent

with that obtained in the time-varying analysis of the effect of pro-
phylactic TMP-SMX (Table 2).

Time-dependent effect of prophylactic TMP-SMX on
the risk of serious infection. For the primary outcome, the
examination of the Schoenfeld residuals provided some evidence
for violation of the proportional hazards assumption (P = 0.051 for
ITT analysis). The efficacy of prophylactic TMP-SMX was more
evident during the first 180 days (Figure 2). The time-dependent
HR plot indicated that the HR in the prophylactic group
approached the null at this time point (Supplementary Figure 3).
Piecewise Cox regression at fixed change points on day
180 showed that the prophylactic effect of TMP-SMX was prom-
inent in the initial period but was not significant thereafter in either
ITT or time-varying analyses (Table 3). Compared with the alterna-
tive time point at day 120, the difference in the effect of prophylac-
tic TMP-SMX was more pronounced at day 180, during which the
treatment-by-period interaction showed a lower P value. This
result was consistent with that obtained from the measurement
of time-stratified IRR for overall serious infections in the IPW-
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Figure 2. Kaplan-Meier curve showing one-year incidence of serious infection based on (A) ITT analysis and (B) time-varying analysis.
HR, hazard ratio; ITT, intention-to-treat; TMP/SMX, trimethoprim-sulfamethoxazole. Color figure can be viewed in the online issue, which is avail-

able at http://onlinelibrary.wiley.com/doi/10.1002/art.43185/abstract.

applied pseudopopulation. During the first 180 days of observa-
tion, the IRR of the prophylaxis group was initially 0.48 [95% Cl
0.26-0.87] (P = 0.016) and afterward was 4.56 [95% CI 0.58-
35.73] (P = 0.149).

Risk factors for serious infection. In the unweighted
univariable Cox regression, old age (age > 60), hypertension, lym-
phopenia, azotemia, MPA, new onset AAV, high BVAS
(BVAS >16), lung involvement, GCs pulse, and high-dose GCs
were associated with increased frequency of serious infections
(Supplementary Table 5). There was no significant difference in
the risk of serious infections between the patients receiving RTX
and those receiving CYC (P = 0.837). In the multivariable analysis,
old age, lymphopenia, azotemia, and lung involvement signifi-
cantly increased the risk of serious infection.

The effect of TMP-SMX was evaluated in various subgroups to
identify the clinical factors affecting its prophylactic efficacy
(Figure 3). The effect of prophylactic TMP-SMX was more promi-
nent in patients with baseline lymphopenia (P value for interaction
<0.001), azotemia (P = 0.005), MPA (P = 0.013), or relapsed AAV
(P = 0.067). Other clinical factors, such as old age, hypertension,
high BVAS score, lung involvement, GCs pulse, and high-dose
GCs, did not significantly affect the effect of prophylactic TMP-SMX.

Safety of TMP-SMX. During the 127.4 person-years
of TMP-SMX prophylaxis, 35 cases of AE occurred
(Supplementary Table 6), 8 of which were ADRs related to pro-
phylactic TMP-SMX (incidence rate 6.28 [95% Cl 2.87-11.68]
per 100 person-years) (Supplementary Table 7). However,
among these AE cases, 27 (77.1%) patients discontinued
TMP-SMX. There was only one case of severe ADR, which was
a liver function test abnormality. This was resolved shortly after
the discontinuation of TMP-SMX. Based on the safety assess-
ment, the NNH for severe ADR was 127.4, whereas the NNT for
preventing one case of serious infection was 8.0.

Sensitivity analysis. First, prophylactic TMP-SMX
showed similar efficacy in the unweighted study population
based on the conventional multivariable Cox regression
(adjusted HR 0.42 [95% CI 0.32-0.56]). The prophylactic effi-
cacy of TMP-SMX was evident during the initial 180 days of
follow-up (Supplementary Figure 4). Second, to consider
recurrent events of serious infection, we used the Andersen
and Gill model to allow for recurrent events in the survival
analysis. In the Andersen and Gill model, TMP-SMX
showed a significant impact during the first 180 days

Table 2. Prophylactic efficacy of TMP-SMX based on ITT analysis and time-varying analysis*

ITT analysis® Time-varying analysis®°
HR (95% Cl) Pvalue HR (95% Cl) Pvalue
Serious infection 0.48 (0.32-0.72) <0.001 0.46 (0.25-0.86) 0.014
Serious infection except PJP and viral infection 0.63 (0.44-0.90) 0.011 0.60 (0.30-1.21) 0.155
Infection-related mortalit 0.23(0.10-0.53) <0.001 0.22 (0.05-0.94) 0.041

* Cl, confidence interval; HR, hazard ratio; IPW, inverse probability weighting; ITT, intention-to-treat; PJP, Pneumo-
cystis jirovecii pneumonia; TMP-SMX, trimethoprim-sulfamethoxazole.

@ Analysis was performed after applying IPW.

b The intracluster effect caused by multiple episodes in the same patient was accounted for.
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Table 3. Piecewise HR (95% CI) of prophylactic TMP-SMX for serious infection at fixed change points of day 120 and day 180 based on ITT

analysis and time-varying analysis*

Day 120 Day 180
Treatment-
Baseline to Day 120 Treatment- Baseline to Day 180 by-period
day 120, HR onward, HR by-period day 180, onward, HR interaction,
Change-point (95% Cl) (95% Cl) interaction, Pvalue HR (95% Cl) (95% Cl) P value
ITT analysis® 0.41(0.21-0.80)  0.97(0.22-4.32) 0.301 0.41(0.22-0.76)  3.67 (0.46-29.43) 0.044
Time-varying 0.42(0.21-0.82)  0.78 (0.26-2.38) 0337 0.40(0.21-0.77)  1.48(0.40-5.48) 0.074

analysis®®

*Cl, confidence interval; HR, hazard ratio; IPW, inverse probability weighting; ITT, intention-to-treat; TMP-SMX, trimethoprim-

sulfamethoxazole.
@ Analysis was performed after applying IPW.

P The intracluster effect caused by multiple episodes in the same patient was accounted for.

(HR 0.48 [95% Cl 0.27-0.87]) but insignificant afterward
(Supplementary Figure 5), which was consistent with our main
result. Furthermore, the effect of prophylactic TMP-SMX did
not change when AAV relapse (n = 22) was included in the cen-
soring criteria (Supplementary Figure 6) or when the lead-in
period was extended to 28 days (Supplementary Figure 7).

DISCUSSION

In this study, we demonstrated that the prophylactic use of
TMP-SMX significantly lowered the risk of serious infection in
patients with AAV with the greatest impact observed during the
initial 180 days of the observation period. The benefits were more
evident in patients with additional risk factors for serious

Subgroup Prophylaxis Control p-value
Overall 240 56 = 0.001
Age 0.711
<60 78 25 —=—

=60 162 31 =

Hypertension 0.611
No 169 34 —a—

Yes 71 22 —=—

Lymphopenia 0.001
No 180 42 —=—

Yes 60 14 =

Azotemia 0.005
No 97 26 I = i

Yes 143 30 =

Disease 0.013
MPA 161 26 =

other AAV 79 30 e |

Onset 0.067
New 213 49 =

Relapse 27 7 f = |

BVAS 0.232
<16 100 33 —=—

216 140 23 ——

Lung involvement 0.691
No 80 19 —a—

Yes 160 37 —a—

GCs pulse 0.147
No 134 35 —=—

Yes 106 21 —=—

High dose GCs 0.449
No 40 20 —a—

Yes 200 36 —=—

| | | | | |
0.12 0.25 050 1.0 20 4.0

Figure 3. Clinical factors affecting the prophylactic efficacy of TMP-SMX. AAV, antineutrophil cytoplasmic antibody—-associated vasculitis; BVAS,
Birmingham Vasculitis Activity Score; GC, glucocorticoid; MPA, microscopic polyangiitis; TMP-SMX, trimethoprim-sulfamethoxazole.
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infections. To the best of our knowledge, this is the first large-
scale cohort study to focus on factors affecting the prophylactic
effect of TMP-SMX.

Patients with AAV are more susceptible to serious infections
than the general population because of disease-specific organ
damage, potential long-term effects of widespread inflammation,
and medications used to treat AAV.® The increased susceptibility
to infection is most significant in the early phase because of inten-
sive immunosuppressive treatment; thus, infection is one of the
common causes of early mortality in patients with AAV.” 825 This
study confirmed these reports, as indicated by the 1-year inci-
dence of serious infection after induction therapy using RTX or
CYC of 30.5 per 100 person-years, with a significant fatality rate,
which suggests that decreasing the risk of serious infections is
crucial for improving treatment outcomes in patients with AAV.

Despite its significant impact on the prognosis of patients with
AAV, there have been few studies on optimal management to mini-
mize the risk of infection. Notably, some recent studies have sug-
gested that prophylactic TMP-SMX could prevent serious infections
in patients with AAV as well as PJP,""1226 which is consistent with
the results of this study, in which the prophylaxis group was associ-
ated with an approximately 50% reduction in serious infections com-
pared with the control group. The mechanisms underlying the
reduced incidence of serious infections in patients receiving
prophylactic TMP-SMX remain unclear. However, TMP-SMX has
broad-spectrum antimicrobial effects against bacteria, fungi, and
protozoa,?” which may allow the removal of pathogens in patients
with AAV. A recent meta-analysis demonstrated that prophylactic
TMP-SMX was associated with a lower incidence of bacterial infec-
tions in patients with HIV infection.?® Although the antimicrobial effect
of TMP-SMX has not been thoroughly investigated in patients with-
out HIV, our results strongly suggest that prophylactic TMP-SMX
provides additional benefits in patients with AAV beyond reducing
the risk of PJP. Furthermore, we demonstrated a favorable safety
profile of prophylactic TMP-SMX, with the NNH for serious ADR
being significantly higher than the NNT to prevent one case of serious
infection. This risk-benefit assessment indicates that prophylactic
TMP-SMX should be administered to patients with AAV receiving
induction immunosuppressive treatment.

Although we have demonstrated the beneficial effects of
prophylactic TMP-SMX on the risk of serious infection, the opti-
mal duration remains uncertain. Because the risk of serious
infection is influenced by disease activity and degree of immu-
nosuppression, the risk likely varies according to the interval
from the start of induction treatment. Interestingly, this study
showed that approximately 86% of serious infections occurred
during the first 180 days of the observation period, and the pre-
ventive effect of TMP-SMX was evident only during this period.
Because the effect of prophylaxis is dependent on the inci-
dence of the target disease, stable disease activity and
tapering of GC 180 days after baseline could have contributed
to the observed result. Previous studies on the effect of

prophylactic TMP-SMX on PJP risk showed that tapering pred-
nisone dose to <15 mg/day might be a relevant threshold for
considering its withdrawal.®?° However, in this study, patients
received a lower dose of GC (mean + SD: 6.9 + 5.7 mg/day of
prednisone) on day 180, and approximately 40% of the serious
infections occurred when patients were receiving less than
15 mg/day of prednisone or its equivalent. These findings sug-
gest that prolonged use of TMP-SMX, for at least six months
from the initiation of induction therapy, may be necessary to
ensure a better outcome in patients with AAV.

This study had some limitations. First, the baseline character-
istics of the patients in the prophylaxis and control groups were
significantly different because of the retrospective nature of our
study. Although we attempted to minimize selection bias by
applying IPW, unmeasured confounders such as compliance to
prophylactic TMP-SMX could have affected our results. Second,
although we thoroughly reviewed the EHR data to capture all rel-
evant information on hospitalization at other institutions, some
external hospitalizations may not have been recorded in our data-
base. However, we would not expect differential reporting
according to whether patients received concomitant TMP-SMX
or not, thus biasing toward the null. Third, the duration of
TMP-SMX use in the prophylaxis group was heterogeneous,
and approximately 50% of the patients discontinued it within
180 days, which could have led to a biased estimate of the effect
of TMP-SMX. We showed consistent results in the time-varying
analysis performed to determine exposure to TMP-SMX.
However, its effect on serious infection other than PJP and viral
infection was less significant in time-varying analysis. Because
time-varying analysis accounts for changes in TMP-SMX use over
time, it inherently divides each patient’s observation period into
smaller time segments, which substantially increases the variance
of treatment effect. Therefore, we believe that our finding should
be further validated in future larger scale studies with a more
homogeneous pattern of prophylactic TMP-SMX prescription.
Finally, because patients with an index date before 2018 could
not have contracted COVID-19, the impact of prophylactic
TMP-SMX on the incidence of COVID-19 and related infectious
complications could not be fully estimated in this study.

In conclusion, we showed that prophylactic TMP-SMX signifi-
cantly reduced the overall incidence of serious infections beyond
just PJP in patients with AAV undergoing induction therapy with
CYC or RTX. The prophylactic effect is most pronounced in the ini-
tial period following induction therapy when the risk of serious infec-
tion peaks. Although the additional benefits of TMP-SMX should be
confirmed in future randomized studies, it may impact clinical prac-
tice for better treatment outcomes in patients with AAV.
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Maintenance of Remission After Tocilizumab Withdrawal
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Objective. The SEMAPHORE trial evaluated the efficacy and safety of tocilizumab (TCZ) treatment in patients with
glucocorticoid (GC)-dependent polymyalgia rheumatica (PMR). TCZ reduced GC dose and disease activity at week 24.
This study aimed to assess relapse rates after stopping TCZ treatment in patients achieving remission at week 24.

Methods. In the randomized study, 101 patients received intravenous TCZ (8 mg/kg) or placebo for 24 weeks. Of the
49 patients treated with TCZ, 33 achieved the primary outcome (PMR activity score <10 and GC dose reduction of <5
mg/day or >10 mg). All 33 patients except one stopped TCZ treatment at week 24 and completed a visit at week 32, with
optional follow-up visits every eight weeks until week 48. Relapse was defined as the failure of the primary composite out-
come during follow-up or the need for one or more TCZ infusion. Results were analyzed using Kaplan-Meier curves.

Results. Among the 33 patients who received TCZ in remission at week 24, seven stopped follow-ups before week
48, and two of the remaining 26 patients (7.7 %) sustained remission in the following six months. 24 (92.3%) of the total
patients experienced a relapse. The median time to relapse was 15 weeks (interquartile range, 8-25 weeks).

Conclusion. Among patients with GC-dependent PMR in remission after a six-month TCZ treatment, only a minor-
ity of the patients remained relapse-free after TCZ discontinuation. This study suggests that a six-month treatment
course is not long enough to withdraw the TCZ. Further studies are needed to determine the optimal TCZ treatment
duration and strategies for cessation to prevent relapses.
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INTRODUCTION

Polymyalgia rheumatica (PMR) is an inflamsmatory condition
characterized by pain and stiffness in the shoulders and pelvis
experienced by people after 50 years of age. Glucocorticoids
(GCs) are the first-line treatment, "2 and patients are expected to
be weaned off GCs after a 12 month taper. However, a quarter
of all patients with PMR continue treatment with GCs five years
after PMR diagnosis.®

In the SEMAPHORE trial,* tocilizumab (TCZ), an anti-
interleukin 6 receptor, reduced both disease activity and GC
usage in patients with GC-dependent PMR. One hundred
patients were randomized into two groups, one to receive TCZ
and one to receive a placebo during a 24-week course. The pri-
mary outcome was the composite score, which was defined as
a PMR activity score (PMR-AS)® <10 when the GC concentration
decreases by <5 mg per day or when the decrease of the GC
concentration was >10 mg compared with that of the inclusion.
Thirty-three patients (67%) in the cohort treated with TCZ com-
pleted the primary outcome, which was significantly greater than
that of the placebo arm, 16 out of 51 (31%), and 24 out of
49 (49.0%; P < 0.001), had low disease activity without steroids.

Nevertheless, as of today, no strategy for TCZ withdrawal
has been evaluated, and no prospective study has assessed
relapses after TCZ discontinuation. In the current observational
prospective extension study, we aimed to assess sustained
remission after a six-month treatment with TCZ in the patients
with GC-dependent PMR included in the SEMAPHORE trial,
who achieved the primary endpoint.

PATIENTS AND METHODS

Study design and patient population. The inclusion cri-
teria for the SEMAPHORE trial, a randomized parallel-group
placebo-controlled, double-blinded study, were previously thor-
oughly detailed.* In summary, patients were =50 years old, fulfilled
Chuang’s classification criteria for PMR® and experienced disease
relapse when the prednisone-equivalent (GC) dose was
decreased to less than 10 mg/day, which was the SEMAPHORE
definition of GC-dependency. Patients with manifestations of
giant cell arteritis (GCA) were excluded. All participants were ran-
domly assigned a ratio of 1:1 to receive intravenous 8 mg/kg of
TCZ every four weeks or a corresponding placebo for 24 weeks.
The GCs were tapered in accordance with the disease activity
(PMR-AS), following a protocol previously described.* The final
TCZ infusion was at week 20, the SEMAPHORE primary outcome
was assessed at week 24, and the extension study lasted from
week 24 to week 48. The investigators were advised to stop
TCZ at week 24 if patients were in remission. No procedure was
required beyond week 24 if patients were not in remission.

In this follow-up phase of the SEMAPHORE trial, all patients
who achieved the primary endpoint at week 24 had a visit at week

32. Further follow-up visits were optional and planned every eight
weeks until week 48 (Supplementary Figure 1). Additionally,
follow-up stopped at the time of PMR relapse. Relapse was
defined in the current extension study as the cessation of sus-
tained remission. This included patients requiring a new infusion
of TCZ, those with a PMR score of at least 10, or those needing
an increase in GC dosage by >5 mg/day or more than 10 mg
per day compared with baseline were considered to be relapsing.
Anonymization regarding the original treatment group was main-
tained throughout the entire follow-up phase. During the follow-
up phase, the patient could receive or not receive an open-label
TCZ dose at each visit, according to the clinician’s decision.

The trial was conducted in accordance with the Declaration
of Helsinki and International Conference on Harmonisation guide-
lines for Good Clinical Practice. The trial protocol was approved
by the appropriate ethics committee (CPP Ouest V). Patients pro-
vided written informed consent.

Outcomes. The primary outcome of the current follow-up
study was sustained remission, defined as the maintenance of
the primary outcome of the SEMAPHORE trial (sustained low dis-
ease activity level, PMR-AS < 10) and a conserved low GC dose)
with no TCZ treatment among patients who completed the com-
posite endpoint of the treatment phase at week 24.

PMR-AS is a composite score for monitoring treatment in
clinical practice and for use in therapeutic trials. The core set com-
prises five parameters, including a biologic factor (C-reactive pro-
tein [CRP] levels), a patient-reported outcome (pain intensity on a
visual activity scale from 0 to 10), morning stiffness duration
(in minutes, x 0.1), a physician’s assessment of global activity
(0-10), and a clinical examination (upper limb elevation 0-3).°

Among the secondary outcomes, we assessed the time to
relapse, patient features at the time of relapse, TCZ reports, and
safety of TCZ from week 24 to week 48 of follow-up. Furthermore,
we evaluated the efficacy of TCZ among patients who were not in
remission after six months of therapy.

Statistics. Patient characteristics at inclusion for patients in
remission at week 24 and for patients who relapsed during the fol-
lowing weeks were recorded. Data are presented as frequencies
and percentages for qualitative variables and as headcounts,
means, SDs, medians, quartiles, minimums, and maximums for
quantitative variables.

A Kaplan-Meier analysis was performed to describe the time
to relapse from week 24 while censoring for patients lost to follow-
up or by the end of the study. Adverse events during the exten-
sion phase were recorded and described accordingly.

RESULTS

Among the 33 patients who completed the primary outcome
in the SEMAPHORE study and were considered in remission at
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week 24, the mean age was 67.6 + 8.3 years. The median GC
dose at inclusion in the SEMAPHORE trial was 10.0 mg/day
(interquartile range [IQR] 10.0-15.0), and 0 mg at week 24 after
six doses of TCZ (IQR 0.0-3.0). Eighty-eight percent of the
patients did not have GC treatment (Table 1). After week 24, all
33 patients considered in remission discontinued TCZ treatment
except one (Supplementary Figure 2). The median PMR-AS at
inclusion was 20.3 and was 3.7 (IQR 1.7-6.7) at week 24. The
median follow-up time was 50.0 weeks (IQR 48.9-52.3), or
26 weeks after week 24.

At week 48, seven out of 33 patients did not complete the
optional follow-up. Two of the remaining 26 patients experienced
remission within the following six months, whereas 24 patients
relapsed. At week 48, the relapse-free remission rate was
27.3% (95% confidence interval [CI] 11.9-45.4), as estimated by
the Kaplan-Meier analysis. The median time to relapse was
15 weeks (95% Cl 8.7-24) after TCZ discontinuation (Figure 1).

Table 1. Characteristics of 33 patients who achieved the primary
outcome in the SEMAPHORE trial at week 24*

Characteristics Value

At inclusion in the SEMAPHORE trial
Demographics

Age, mean = SD, y 67.6+83

Women, n (%) 23(69.7)
PMR characteristics

Disease duration, month, median (IQR) 19.0(9.0-42.0)

CRP PMR-AS, median (IQR)
Ongoing treatments
GC dosage, median (IQR)

20.3(15.1-29.0)

10.0(10.0-15.0)

GC dosage <5 mg/day, n (%) 3(9.1)
GC dosage >5 mg/day, n (%) 30(90.9)
Methotrexate use, n (%)
Current 10(30.3)
Never 16 (48.5)
Prior 7(21.2)
Follow-up duration, median (IQR), weeks 50.0 (48.9-52.3)
At week 24 of the SEMAPHORE trial
PMR characteristics
CRP PMR-AS, median (IQR) 3.7(1.7-6.7)
Patient VAS score, median (IQR) 2.0(0.4-3.0)
Physician VAS score, median (IQR) 0.5(0.0-1.0)
Elevation of the upper limbs, n (%)
0 0
<90 0
90 13.0)
>90 32 (97.0)
Morning stiffness, median (IQR), min 5.0 (0.0-15.0)
CRP level, median (IQR), mg/dL 0.0 (0.0-0.4)
Ongoing treatments
GC dosage, median (IQR), mg/day 0.0 (0.0-3.0)
No GG, n (%) 22 (66.7)
GC dosage <5 mg/day, n (%) 29 (87.9)
GC dosage >5 mg/day, n (%) 4(12.1)

* Primary outcome was defined as in remission with a decrease in
GC (PMR-AS < 10 and GCs <5 mg/day or a decrease in GCs 210 mg
compared to the baseline). CRP, C-reactive protein; GC, glucocorti-
coid; IQR, interquartile range; PMR, polymyalgia rheumatica; PMR-
AS, polymyalgia rheumatica activity score; TCZ, tocilizumab; VAS,
visual analog scale.

The earliest relapse occurred 76 days after the last TCZ infusion.
In other words, TCZ prevented clinical relapses or increased
CRP levels for a minimum of 11 weeks.

At the time of relapse, 13 out of 24 relapsing patients had no
GC treatment, and the median GC dose for the 24 relapsing
patients was O mg/day (IQR 0-10, range 0-25). The median
CRP level was 5.2 mg/L (IQR 1.2-16.0, range 0-44), and the
median PMR-AS was 12.0 (IQR 5.0-22.9). The increase in the
PMR-AS was driven mainly by the increase in the median (IQR)
patient visual analog scale (VAS) score, 6.0 (2.8-7.2). The other
patients’ characteristics at the time of relapse are displayed in
Supplementary Table 1. Among the patients who did not experi-
ence any relapse, an increase of GC dose below 5 mg/day was
observed in two of them (Supplementary Table 2). This minimal
increase is not clinically relevant, therefore was not considered to
be a relapse.

Among the 16 patients treated with TCZ but not in remission
at week 24, four (25%) achieved remission after continuing TCZ
treatment for another 24 weeks. The other 12 patients with GC-
dependent PMR did not achieve remission but achieved
decreased GC treatment during the follow-up extension.

Infections were reported in 45% of patients after a six-month
course of TCZ. No major other side effects arose, as depicted in
Supplementary Table 3.

DISCUSSION

In this extension of the SEMAPHORE trial, among the
patients with GC-dependent PMR in remission after 24 weeks of
treatment with TCZ, more than 90% relapsed in the following six
months. Relapse occurred approximately 15 weeks after treat-
ment discontinuation. This finding suggests that a six-month
treatment plan in patients with GC-dependent PMR is not suffi-
cient to achieve long-lasting treatment-free remission.

Seven patients did not complete the thorough six-month
follow-up and quit the study before any relapse was noted, as
allowed in the study design. Together with the two patients who
did not relapse at week 48, nine patients did not relapse at the
end of the follow-up period. This short follow-up time among
the former seven patients could drastically impact the rate of
remission maintenance. Because few patients did not relapse at
week 48, analyses to determine predictive factors of relapse
could not be performed.

To the best of our knowledge, no other prospective study
has focused on strategies to discontinue TCZ in patients
with GC-dependent PMR. In a retrospective study’ including 53
patients with PMR who were mostly GC-dependent, TCZ was
administered for 12 months, and strategies for discontinuation
were analyzed. Although 48% of the attempts to abruptly stop
TCZ failed and led to a relapse, significantly more patients with
progressive dose tapering or time spacing (79% and 87%,
respectively) achieved TCZ-free remission.



TOCILIZUMAB WITHDRAWAL IN PATIENTS WITH POLYMYALGIA RHEUMATICA

1419

1.0 O Placebo © Tocilizumab
0.8
E
€ 06
2]
3
& 044
&
0.2 1
©
OIOA T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40
Time (Week)
(n=33) (n=33) (n=27) (n=18) (n=15) (n=10) (n=7) (n=1) (n=1) (n=1) (n=0)
(n=16) (n=15) (n=14) (n=11) (n=10) (n=8) (n=5) (n=0) (n=0) (n=0) (n=0)

Figure 1. Relapse-free survival among patients with GC-dependent PMR in remission after six months of treatment with tocilizumab. Remission
was defined as a PMR-AS <10 and daily GC dose of <5 mg/day or a daily GC dose decreased by >10 mg. Day 0 was the visit at week 24 in the
SEMAPHORE trial. The last tocilizumab infusion was at week 20 in the SEMAPHORE study. GC, glucocorticoid, PMR, polymyalgia rheumatica;
PMR-AS, polymyalgia rheumatica activity score. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.

com/doi/10.1002/art.43221/abstract.

Conversely, in the TENOR trial,® which included patients with
new onset PMR, 20 patients received only three monthly TCZ
infusion treatments and no GCs at the start of the trial. After three
months, all patients were in remission and received tapered GC
treatment starting at 7.5 mg per day. TCZ-free remission was
sustained for all patients at six months. Among the 14 patients
retrospectively retrieved two years after the start of the TENOR
trial,? 12 experienced no relapse. Similarly, two other trials
included only patients with new onset PMR. In the PMR-SPARE
study by Bonelii et al,'® subcutaneous TCZ was administered for
16 weeks, with the last assessment conducted eight weeks later
(at week 24). In a study by Lally et al,"" intravenous TCZ was
administered for 12 weeks, with the final assessment conducted
three months later. In both studies, TCZ was shown to reduce
PMR activity in patients with new onset PMR. Therefore, these
data suggest that patients with GC-dependent PMR and patients
with GC-naive PMR present different characteristics and might
benefit from different treatment strategies.

PMR and GCA are closely associated; 40% to 60% of
patients with GCA present with PMR symptoms, and 14% to
20% of patients with PMR suffer from GCA.'? Hence, treatment
studies in patients with GCA are interesting to consider in PMR
care. A few studies have investigated the decrease of TCZ treat-
ment in patients with GCA. The Giant Cell Arteritis Actemra ran-
domized trial evaluated the efficacy in patients who were GC-
naive and patients with relapsing GCA who were placed into four
different arms, including one arm given TCZ treatment weekly,

one arm given TCZ treatment every other week, and two placebo
groups.'® In a two-year extension after week 52, physicians were
able to withdraw TCZ treatment from patients in remission.'
Among the 125 patients included in the groups treated with TCZ
who thoroughly completed the two-year extension, 90% to 95%
were in remission. At the end, only 25 out of 81 (30.9%) patients
who received a weekly TCZ dose and eight out of 36 (22.2%)
patients who received a dose every other week were in remission
after a one-year course of TCZ and could discontinue GC and
TCZ treatments while maintaining two-year remission. Thus,
together with smaller or retrospective studies,'® this study high-
lights the high rates of relapse in patients who were diagnosed
with GC-dependent GCA, as we observed in patients with GC-
dependent PMR.

At the time of relapse in our study, the median CRP level was
5.2 mg/L (IQR 0-16), despite an expected normalized CRP level
when patients received TCZ. In a retrospective study of GCA
patients, 59% of patients treated with TCZ displayed an increase
in CRP levels at the time of relapse, ' but this record of elevation
remains sparse and inconsistent.'® Nevertheless, the different
PMR activity scores presented excellent correlations (x = 0.90),
although no CRP levels were analyzed.'”

At the time of relapse, the PMR-AS was increased to 12.0,
whereas it was 3.7 at week 24. The increase in the PMR-AS
score was driven mainly by the patient’s VAS score, despite a
short duration of morning stiffness and a low physician-
determined VAS score. Therefore, we can hypothesize that a
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different relapse definition, which is based solely on objective
features rather than patient-reported outcomes, would result
in a lower relapse rate.

Our study has numerous strengths. The prospective design
of the study allows comprehensive and thorough data collection.
Moreover, the study focuses on patients who were GC-
dependent with long disease durations, which is relevant from dif-
ferent perspectives. TCZ tends to be indicated in patients who
were GC-dependent with several relapses, as described in the
latest French Rheumatology Society guidelines.! GCs remain
the first-line treatment with an interesting cost—effectiveness ratio.
Therefore, the inclusion of patients who are GC-dependent is
consistent with the current use of TCZ in therapeutic strategies.
The cost-effectiveness of TCZ in the treatment of patients with
PMR remains to be debated.

However, our study is not without limitations. This study is
only an extension, and despite its prospective design, the popula-
tion depended on the few patients whose primary outcome was
successful in the SEMAPHORE trial. Additionally, seven of the
patients quit the follow-up before week 48. Hence, only a limited
number of patients were included in our analysis.

Among patients with GC-dependent PMR in remission
after a six-month TCZ treatment, only a minor portion of
patients remained relapse-free after treatment discontinuation.
Further investigations with a controlled design are needed to
evaluate different strategies for TCZ discontinuation. PMR
might be considered a chronic disease among patients with
GC-dependent PMR, and further cost-efficacy studies for TCZ
should be conducted. Additionally, TCZ tapering strategies
are under evaluation in dedicated studies among patients with
GCA,"® and similar works need to be conducted in patients
with PMR.
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Aberrant Glycosylation of IgG in Children With Active Lupus
Nephritis Alters Podocyte Metabolism and Causes
Podocyte Injury

Rhea Bhargava,' {/ Rohit Upadhyay,’ Cong Zhao,” Prasad Katakam,' Scott Wenderfer,® "/ Jing Chen," Hua He,?
Richard Cummings,* Maria G. Tsokos,* and George C. Tsokos”

Objective. Podocytes are integral to the maintenance of the glomerular filtration barrier. Their injury results in
proteinuria and disease progression in lupus nephritis (LN). Aberrant IgG glycosylation drives podocyte injury in LN
and leads to cytoskeletal rearrangement, motility changes, and decreased nephrin production. Based on these find-
ings, we hypothesized that IgG glycosylation patterns differentiate systemic lupus erythematosus (SLE) with and with-
out LN and that this aberrant glycosylation reprograms podocyte metabolism.

Methods. IgG was isolated from 40 pediatric SLE and from 7 healthy control samples. N-glycan analysis was performed
using mass spectrometry. IgG deglycosylation was performed through enzymatic treatment by Peptide N-Glycosidase F for
functional studies in podocytes. Untargeted metabolomics was performed in cultured podocytes after exposure to healthy
IgG, LN-derived IgG, or deglycosylated LN-IgG and analyzed by metabolite set enrichment analysis. Digital droplet polymer-
ase chain reaction was used to evaluate urine cells and podocytes in culture for pyruvate kinase expression.

Results. The glycosylation pattern of IgG from children with LN was different from that in children with SLE without kidney
involvement. Successful treatment led to normalization of IgG glycosylation. Cultured podocytes treated with LN-derived IgG
had a lower rate of glycolysis compared to podocytes incubated with deglycosylated LN-IgG or IgG from healthy volunteers.
Untargeted metabolomics of podocytes revealed glycolysis as the most enriched pathway in LN and identified five key metab-
olites (pyruvic acid, phosphoenolpyruvic acid, 2-phosoglycerate, 3 phosphoglycerate, and fructose 1,6 bisphosphate) in which
their levels significantly differed among podocytes exposed to LN-derived IgG (LN-IgG) compared to healthy IgG and deglyco-
sylated LN-IgG. This analysis also revealed clustering around a rate limiting step of glycolysis catalyzed by PKM (Pyruvate
Kinase M). Urine analyses revealed elevated pyruvic acid and greater expression of pyruvate kinase in podocytes shed in urine
in patients with LN compared to levels in patients with SLE without kidney involvement. Podocytes in culture had elevated
PKM levels when exposed to LN-IgG compared to IgG from patients with nonrenal SLE and LN in remission.

Conclusion. Aberrant IgG glycosylation develops in children with LN and adversely alters podocyte metabolism,
rendering these cells vulnerable to injury. Successful treatment reverses IgG glycosylation to patterns comparable to
those in patients with nonrenal SLE. These data lay a strong foundation for larger translational studies evaluating the
potential of IgG glycosylation as a predictive and pharmacodynamic biomarker for LN. This work also supports a need
for the development of approaches to control the aberrant glycosylation of self-targeting IgG in patients with LN as a
mechanism to minimize podocytopathy.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoinflam-
matory disease, with significant kidney involvement in roughly
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50% of cases.! One of the defining features of lupus nephritis
(LN) is autoimmune injury of podocytes, the epithelial cells resting
on the outer surface of glomerular capillaries that secrete
and maintain the glomerular basement membrane and are
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responsible for removing adhered IgG and albumin.?® Podocyte
injury is the main cause of proteinuria in LN, and low podocyte
count (podocytopenia) leads to irreversible glomerular damage.*”
We and others have previously demonstrated that LN in adult
patients is characterized by aberrantly glycosylated circulating IgG
(LN-derived IgG [LN-IgG]) that is injurious to podocytes. Our work
has further illustrated that LN-IgG injures podocytes at least in part
by upregulating the expression of calcium [Ca?*]/calmodulin-
dependent kinase IV (CaMK4) and subsequently its downstream
signaling pathways, with the sequelae of cytoskeletal dysfunction
and repressed expression of the key glomerular slit diaphragm pro-
tein nephrin.®°

Although as yet unproven, this mechanism of renal injury is
likely to be especially prominent in children. SLE in children tends
to be more aggressive, with more major organ involvement than
in adults."” LN is not only the primary manifestation in 60% to
80% of childhood-onset SLE but also the most important determi-
nant of morbidity and mortality in this population.'? Because immu-
nosuppressive treatment protocols are only able to achieve
complete remission in less than 50% of patients with LN, up to
40% of patients with SLE go on to develop irreversible chronic kid-
ney disease. The high frequency of SLE progression from no
kidney involvement to irreversible kidney injury highlights a para-
mount need for identification of early blood and urinary biomarkers
that precede observable changes in clinical parameters such as
glomerular filtration rate (GFR) and/or creatinine clearance.'®"®
The appearance of aberrantly glycosylated IgG has great potential
as one such an early biomarker because results in adults indicate
it is likely to be one of the precipitating events of LN.8~1°

The composition of IgG glycan chains in patients with LN is
also important because the quantity and nature of these (ie, the
glycome) can determine whether a given antibody may have a
harmful or beneficial effect.’®2? For example, our work has
shown that the presence of galactose in IgG glycosyl chains pro-
tects against podocyte injury, but the presence of fucose
promotes podocyte injury through the CaMK4 signaling path-
way.® Consistent with our work, another study has shown that
the presence of fucose at the IgG N-linkage site can affect IgG
binding to several receptors and is associated with greater
antibody-dependent cellular cytotoxicity than when glycan chains
lack a core fucose.'” The combination of a terminal sialic acid with
galactose in the penultimate position has been reported to be
associated with decreased inflammation, a reduction in the bind-
ing of the antibody to its Fc receptor, and the regulation of other
cell interactions.'”2"22

The role played by IgG glycosylation in mediating the cyto-
skeletal alterations associated with podocyte injury in LN remains
incompletely understood. Our earlier mechanistic studies

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.43200.
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identified CaMK4 up-regulation as being central to this
process.2 "% However, these studies have left open the question
of whether the aberrant IgG glycosylation in patients with LN
could also affect cytoskeletal function by modulating intracellular
Ca?* ([Ca2*]i) concentrations. Ca?* is the activating cofactor for
CaMK4 (and thus signaling pathways downstream of it), and is
also well established to regulate cellular cytoskeleton shape and
cell motility through its allosteric activation of key metabolic
enzymes and metabolite shuttles and its interactions with actin
binding proteins that modulate actin polymerization and
depolymerization.?®2° The potential importance of Ca®* in LN is
illustrated by work showing that elevation of Ca?*i levels by a vari-
ety of stimuli can cause podocyte, which, if unchecked, can lead
to increased glomerular permeability and albuminuria.?* There is
also evidence that LN may lead to impairments in energy generat-
ing metabolic pathways such as glycolysis and lipid oxidation.?®
Podocytes require robust ATP synthesis to maintain their cyto-
skeleton and glomerular filtration barrier proteins,?” and further,
ATP energy is required for the active process of clearing base-
ment membranes of adhered albumin and immune complexes.
Some studies have highlighted a primary role for mitochondria in
normal podocyte ATP generation, whereas others have found
anaerobic glycolysis as the predominant metabolic pathway.2’~2°
29 As a result, any adverse effects of LN-IgG on either aerobic or
anaerobic ATP production would render the podocyte less able to
conduct these functions and could contribute to the proteinuria
associated with LN.

In this study, we evaluated the IgG glycome in a pediatric
SLE cohort and found that the composition and amount of IgG
glycosylation changes toward a phenotype that is more harmful
to podocytes over the course of the disease. These composi-
tional changes can distinguish renal from nonrenal SLE and
treatment-responsive from treatment-resistant disease. Further,
we demonstrate that IgG glycosylation can change podocyte
calcium handling and induce potentially harmful reprogramming
of the glycolytic pathway in podocytes, presenting novel mecha-
nistic pathways for LN-associated renal injury and offering
potential therapeutic targets for LN.

MATERIALS AND METHODS

Mass spectrometry analysis of IgG N-glycans.
N-glycans were released from 100 pg of purified IgG samples.
Samples were resuspended in 40 uL of lysis buffer (5% sodium
dodecyl sulfate, 50 mM triethylammonium bicarbonate [TEAB],
pH 7.1). Homogenized samples were then treated with dithio-
threitol at a final concentration of 10 mM and incubated at 95°C
for 10 minutes to reduce disulfide bonds. After cooling to room
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temperature, samples were acidified with 1.2% phosphoric acid
and mixed by vortex. Acidified samples were diluted in 310 uL
of binding buffer (90% methanol, 100 mM TEAB, pH 7.1)
before applying to S-trap plate and processed according to
manufacturer’s protocol with some modifications (ProtiFi, LLC).
Samples were then incubated with 1 pL of Peptide:N-glycosidase
F (PNGase F) in 20 mM ammonium bicarbonate overnight at
37°C. Released N-glycans were cleaned with a hypercarb col-
umn and eluted with 50% acetonitrile and 0.1% trifluoroacetic
acid. Released N-glycans were dried by Speedvac, then resus-
pended in 0.1% piperidine. Samples were analyzed on a Thermo
Fisher Orbitrap Fusion Lumos Mass Spectrometer coupled to a
Dionex Ultimate 3000 LC-MS (Liquid Chromatography/Mass
Spectrometry) system. Samples were directly injected into the
MS via the loading pump of the LC system. Data were analyzed
using Skyline, Thermo Fisher Freestyle, and GlycoWorkBench
software.

Immortalized human podocyte cell line. The immor-
talized human podocyte cell line was cultured as previously
described.® ' In short, cells were cultured in RPMI 1640 contain-
ing 10% fetal bovine serum, insulin, transferrin, and selenium.
They proliferated at 33°C and differentiated into mature podo-
cytes within 7 to 10 days when transferred to 37°C, due to the
temperature-sensitive SV40-T gene and a telomerase gene. After
being transferred to 37°C for 10 days, the cells were treated with
IgG (10 pg/mL) from patients with SLE and active LN, patients
with SLE without kidney involvement, or healthy controls. The
cells were collected 24 to 72 hours after stimulation.

Measurement of intracellular calcium. Podocytes
were cultured and differentiated in 96 well plates to near conflu-
ence. Fluo-4, AM (Invitrogen, Catalog no. F14201) stock (1 mM)
was dissolved in the cell media to achieve a final concentration
of 4 uM for use in the experiments. Cells were loaded with
Fluo-4 for 30 minutes, and then IgGs (10 pug/mL) were added to
the cells for different time points up to 60 minutes at 10-minute
time intervals. Cells were washed with phosphate buffered saline
(PBS) before fluorescence measurements. Fluorescence was
measured using a BioTek Synergy HT Multi-Detection Microplate
Reader (BioTek) through excitation at 494 nm and emission at
506 nm wavelength.

Quantitative polymerase chain reaction. Purified total
RNA (0.2-1 ug) was used to prepare complementary DNA (cDNA)
through high-capacity RNA to cDNA kit (Applied Biosystems, cata-
log no. 4368814). Candidate gene expressions were estimated
using the fluorescent dye SYBR Green methodology and CFX96
Touch Real-Time polymerase chain reaction (PCR) (Bio-Rad). Bioin-
formatically validated primer sets (QuantiTect Primer Assays, Qia-
gen, or Integrated DNA Technologies) were purchased for use in
SYBR Green-based reverse transcriptase PCR. Real-time

fluorescence from SYBR Green (Applied Biosystems) was mea-
sured by the Bio-Rad CFX Manager 3.1 System Software. Gene
expression was normalized to the endogenous controls (B-actin or
GAPDH) and comparative C(T) (2—-[AACT]) values were estimated.
Relative gene expression was calculated through the 2—(AACT)
method and expressed in arbitrary units relative to paired controls.

Scratch or wound-healing assay. Human podocytes
were plated in six-well plates and treated after reaching 70% to
80% confluency. Scratches were created using a sterile 200 pL
pipette tip. Following scratch formation, cells were immediately
treated with vehicle, LN-IgG, or deglycosylated LN-IgG for
72 hours. Areas covered by cells were quantified and subjected
to statistical analysis. Areas covered by cells were imaged
between 0 and 72 hours for quantification.

Phalloidin staining. Briefly, human podocytes were
exposed to healthy IgG, LN-IgGs, or deglycosylated LN-IgGs,
and cells were washed with PBS at the end of incubation and fixed
with 4% paraformaldehyde. Fixed cells were washed three times
with PBS, and permeabilized cells were washed with Triton X-100
(0.1%) and bovine serum albumin (2%) in PBS. Permeabilized cells
were incubated with normal goat serum (Cell Signaling Technology,
catalog no. 5425S) plus 0.1% Triton X-100 (PBS with Tween 20)
for one hour to block nonspecific binding and subsequently with
Phalloidin DyLight 488 (green; catalog no. 21,833) to visualize their
cytoskeletal architecture. Stained cells were mounted with cover-
slips using UltraCruz Aqueous Mounting Medium (Santa Cruz
Biotechnology, catalog no. sc-24,941). We captured images on
original magnification, x20, or x40 using a fluorescent microscope
(M5000, Thermo Fisher Scientific). We used ImageJ software to
quantitate and analyze Immunofluorescence (IF) images.

IgG isolation and tagging and metabolomics sample
preparation and analysis. Ig were isolated using Melon
Gel IgG Spin Purification Kit (Thermo Scientific; catalog
no. 45206),"® following manufacturer instructions. For untargeted
metabolomics (endogenous metabolites), cells were grown in a
10-cm (or 60-cm) dish. After aspirating the culture media from
the dish, adherent cells were washed with 5 mL of cold PBS and
immediately harvested with 1 mL of cold 80:20 Methanol (EMD
Millipore catalog no. MX0486-6) to water (volume/volume) harvest
solution. Snap-frozen vials containing the pellet were stored at
—80°C in a sample box until analysis was performed by Gigantest.
Metabolite set enrichment analysis (MSEA) was performed to
identify the biologically meaningful patterns using the MetaboAna-
lyst 6.0 software (https://www.metaboanalyst.ca).

Seahorse glycolytic rate assay. Glycolytic parameters
were determined in the Agilent Seahorse XFe24 analyzer using a
Glycolytic Rate Assay Kit available from the manufacturer. Human
podocytes were seeded in Seahorse XF24 cell culture microplates
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and then pretreated with healthy 1gG, LN-IgG, or deglycosylated
LN-IgG for either 4 or 24 hours.

Droplet digital PCR. All reagents were purchased for use
with the reverse transcriptase droplet digital PCR (RT-ddPCR) sys-
tem (Bio-Rad). Predesigned primer and probe sets for human PKM
(oyruvate kinase), NPHS1(nephrin), and NPHS2(podocin) were
acquired from Thermo Scientific. A primer and probe set for human
GAPDH were designed and synthesized by Thermo Scientific. For
each target gene, the amount of total RNA in a PCR reaction was
determined by a pilot ddPCR using serial diluted total RNA, in
which the determined amount is in a linear range. Following droplet
generation and PCR ampilification, droplets were analyzed on the
QX200 droplet reader, and target gene copy numbers were deter-
mined using the QuantaSoft analysis software (Bio-Rad). The data
were normalized based on the copy number of the human GAPDH
messenger RNA (MRNA) in each sample.

Direct ATP measurement. The total amount of ATP in
cells (intracellular) and in cell media (extracellular) was determined
by using the ATP determination kit from Thermo fisher scientific
(catalog no. A22066). Differentiated podocytes in 96 well plates
were exposed with healthy IgGs, LN-IgGs, and deglycosylated
LN-IgGs for up to 48 hours. Cell lysate and cell supernatant was
used for ATP determination as indicated by the manufacturer.
The amount of ATP was determined by comparison with a curve
obtained by using known amounts of ATP. FLUOstar Optima
(BMG Labtech) multidetection microplate luminometer was used
to quantify luminescence produced by the ATP assay.

Ethics, approval, and statistics. Data collection was
approved by the institutional review board at Baylor College of
Medicine. Informed assent and consent were obtained from the
patients and caregivers before enrolling in the study, in accor-
dance with principles of the Declaration of Helsinki.

Paired t-tests were employed to assess the association
within six months for the type of glycan biomarkers between

baseline and follow-up, as well as for features of chain and com-
plex types. The generalized estimating equation (GEE) models
were applied to analyze the association of LN with glycan
markers, LN with features of chain, and LN with complex type
among all baseline participants. Moreover, Spearman correlation
coefficients and the Wilcoxon rank test were used to compare
clinical features associated with the type of glycan biomarkers,
features of the chain, and complex types among all participants
at baseline.

RESULTS

Description of the patient cohort. We studied 30 chil-
dren with a diagnosis of SLE who enrolled into the study from a
single center in Houston, Texas, between 2015 and 2021. Inclu-
sion criteria in the cohort included age 2 to 18 years and having
at least 4 of 11 classification criteria from the 1997 revised
American College of Rheumatology system for SLE. Deidentified
clinical and pathologic information was extracted from patient
records. Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI) 2000 scores were used to assess disease activity and
severity,%° and renal SLEDAI (rSLEDAI) scores were calculated
using the four urinary metrics of the SLEDAI®"32 (Table 1).

We also analyzed 10 paired samples from children with LN,
collected before and six months after initiation of immunosup-
pressive treatment for LN. Immunosuppressive therapy consisted
of hydroxychloroquine and glucocorticoids along with various
combinations of mycophenolate, cyclophosphamide, anti-CD20,
and intravenous IgG (IVIG).

Description of the IgG glycome. We detected 28 distinct
glycan chains on IgG, all of which shared a (Mannose)3(N-
acetylglucosamine)2 stem. Nine of the 28 chains lacked core
fucosylation, whereas 1 chain had both a core and a terminal
fucose residue. The remaining chains exhibited a single core
fucose residue on their stems. Sixteen chains had terminal sialyla-
tion, whereas only three chains displayed terminal galactosylation.

Table 1. Demographics and characteristics of the individuals in the study cohort*

Baseline characteristic SLE without LN LN Quiescent SLE LN after treatment
Sex, n (%)

Female 9 (90) 8 (80) 7 (70) 8 (80)

Male 1(10) 2 (20) 3(30) 2 (20)
SLEDAI, range 9-17 10-33 0-3 4-25
Renal SELDAV, range 0 8-16 0 0-16
UPCR, range, mg/mg 0.06-0.26 0.3-15 0.02-0.11 0.08-5.8
Serum Cr, range, mg/dL 0.4-0.7 0.4-2.0 0.5-0.7 04-1.4
eGFR, range, mL/1.73m?/min 82-137 31-186 73-124 46-132
Anti-dsDNA, range, IU 0-1,280 0-2,560 0-1,280 0-1,280
(3% range, mg/dL 14-126 5-51 89-151 5-118

* anti-dsDNA, anti-double-stranded DNA titers; Cr, creatinine; eGFR, estimated glomerular filtration rate; LN, lupus
nephritis; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; UPCR,

urinary protein-creatinine ratio.
@ C3 complement levels.
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Terminal sialic acid residues had a penultimate galactose in all
chains. Among the 16 chains with terminal sialic acid residues,
6 chains had incomplete sialylation with an exposed terminal
galactose. Eight glycan chains lacked any terminal galactose or
sialic acid. The detected glycan chains along with their ion name
and structure are displayed in Supplementary Figure 1.

Association of response to immunosuppressive
therapy in LN with IgG glycomic alterations. We sought
to determine whether treatment of LN with immunosuppressive
induction therapy brought any changes to the IgG glycome.
Accordingly, we compared the IgG glycan composition of
20 paired LN samples collected at diagnosis and six months after
immunosuppression therapy. In this cohort, seven patients
received oral mycophenolate as induction therapy, whereas three
patients received intravenous cyclophosphamide. There was one
child who received both mycophenolate and cyclophosphamide
during the six-month follow-up period. Overall glycosylation of
lgG was reduced after immunosuppression (Figure 1A). Notably,
two chains characterized by the presence of terminal galactose
and absence of sialylation (G9 and G10), were significantly
up-regulated following induction therapy (Figure 1B and C).
Conversely, 11 glycan chains showed significant decrease after
treatment (G5, G11, G14, G19-G22, and G25-G27), 9 of which
are characterized by terminally capped sialylated glycans
(Figure 1D-N). Consistent with the findings of changes in the
prevalence of specific chains, we observed a decrease in over-
all sialylation, an increase in overall neutral (uncharged) glycans,
and an increase in overall terminal galactosylation after patients
with LN underwent induction therapy (Figure 10-Q). Statistical
details for these analyses are shown in Supplementary Table 1.

To address the effects of pharmacotherapy, we compared
the 1gG glycome of children who experienced complete remis-
sion after immunosuppressive induction therapy (responders)
to those who had persistent LN activity (nonresponders).
Response to therapy was defined as rSLEDAI returning to O after
six months of treatment. We found that glycan chain G9 was up-
regulated in nonresponders but unchanged in responders,
whereas the opposite effect was observed with glycan G1. The
pattern of G9 up-regulation and G1 down-regulation was a dif-
ferential characteristic between responders and nonresponders
(Figure 2A and B). A similar observation showing G9 as a differ-
entiator for responders and nonresponders had previously been
observed in our study in adults.® Further examination of the
overall IgG glycome characteristics revealed that levels of mono-
antennary undecorated glycans, and biantennary galactosylated
glycans were also differentiators of responders from nonre-
sponders (Figure 2C and D).

Taken together, data from these experiments show that
although levels of most glycans decreased after treatment, gly-
cans with terminal galactose residues increased. Moreover G1,
G9, and monoantennary complex chains emerged as potential

biomarkers for monitoring how well a patient responds to induc-
tion therapy.

Distinct signature of IgG glycosylation in active LN
compared to nonrenal SLE. Because the IgG glycosylation
“signature” in patients with LN can be altered by SLE treatment,
an obvious next question was whether there were specific
glycosylation signatures associated with the progression from
quiescent SLE to active SLE without renal involvement and sub-
sequently from active SLE without renal involvement to LN. To
answer this question, we evaluated the IgG glycome of children
with active LN, active nonrenal SLE, and quiescent SLE and used
GEE models to examine the association between IgG glycosyl
chain composition and rSLEDAI, adjusting for age, sex, and race.
Our data identified four chains (G20, G22, G23, and G26)
elevated in patients with LN relative to levels in patients with quies-
cent disease, three of which (G20, G22, and G23) also increased
with rSLEDAI (Figure 2E-G, Supplementary Tables 2 and 3). All
three were characterized by terminal sialic acid residues with pen-
ultimate galactose. Of these, G20 was also statistically greater in
patients with LN than in patients with nonrenal SLE (Figure 2E).
Because this chain had also been found to decrease significantly
after successful LN treatment (Figure 1H), our data would indicate
that it might be particularly relevant to renal injury. Stepping back
for a broader perspective, we also examined how the overall IgG
glycan composition correlates with key clinical and serologic fea-
tures indicative of active LN, such as low or declining GFR, ele-
vated rSLEDAI scores, double-stranded DNA antibodies, low
complement levels, hematuria, and proteinuria. We found that tri-
antennary glycans capped with sialic acid and a penultimate
galactose were in fact associated with all of the foregoing param-
eters (declining GFR in particular), whereas neutral glycans nega-
tively correlated with GFR. In contrast, biantennary complex
glycans were associated with better renal health as defined by
higher GFR (Supplementary Tables 4 and 5).

In our comparison between active SLE without renal involve-
ment and quiescent disease, we noted increased levels of three
chains (G4, G5, and G6) lacking galactosylation and sialylation
(Figure 2I1-K). Conversely, the chain G18, distinguished by a termi-
nal fucose, showed reduced levels in active SLE compared to the
quiescent state. Notably, G18 also exhibited decreased levels in
active LN relative to quiescent disease (Figure 2L).

In summary, the previously mentioned data suggest that IgG
glycosylation may potentially be a tool for monitoring LN activity
and differentiating SLE with and without LN. The G20:G18 ratio
may have particularly good potential as a biomarker for LN
because G20 was significantly greater and G18 was significantly
lower in LN compared to both active SLE without renal involve-
ment and quiescent SLE. Triantennary glycans capped with ter-
minal sialic acid and penultimate galactose were associated with
features that signify LN and rSLEDAI, making this pattern also
characteristic of LN.
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Figure 1. Induction therapy alters the IgG glycome in LN. (A) Overall glycosylation of IgG in paired samples before and six months after induction
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(n=10). *P < 0.05, P < 0.01, **P < 0.001. LN, lupus nephritis.

Glycosylation of IgG in LN causing cytoskeletal
injury, altered calcium handling, and reduced
metabolism in podocytes. Although data in this and earlier
reports®'%32 indicate that IgG glycosylation changes during the
course of LN and is associated with kidney injury, the role that
the attached glycans may play in the pathogenesis of LN remains
only partially elucidated. To explore this question further, we
treated IgG isolated from patients with LN with PNGase F
(deglycosylated LN-IgG) to remove glycan residues from the
protein elements and conducted a series of experiment in
which we incubated cultured podocytes for up to 72 hours with
either LN-IgG, deglycosylated LN-IgG, or IgG isolated from
untreated control patients without SLE. Consistent with our
earlier results, podocytes exposed to native LN-IgG had disor-
ganized cytoskeletons and lower motility compared to those
exposed to control IgG or deglycosylated IgG (Figure 3A and
B). Given the central role of Ca* in cytoskeletal organization,
we evaluated calcium flux in podocytes exposed to LN-IgG in
the presence and absence of glycans. LN-IgG exhibited a pro-
nounced elevation in (Ca®")i, exceeding the comparable
increases observed with deglycosylated LN-IgG and control
IgG (Figure 3C). LN-IgG also repressed the expression of

nephrin MRNA and protein relative to levels seen with both
deglycosylated LN-IgG and control Ig-G (Figure 3D).

Because podocytes require a substantial level of ATP to
maintain their cytoskeletal structure and function,* we hypothe-
sized that aberrant IgG glycosylation may cause metabolic repro-
gramming of these cells toward a phenotype with a reduced
metabolic capacity, and that this could be contributory to the eti-
ology of LN. To explore this hypothesis in cultured podocytes,
we first analyzed their real-time ATP production, oxygen con-
sumption, and lactic acid release using the Agilent Seahorse
XFe24 Metabolic Analyzer and determined that they derive
more than 90% of their ATP production from glycolysis
(Figure 4A). We also noted that ATP was decreased in podo-
cytes exposed to LN-IgG compared to healthy IgG. This decline
was abrogated when these cells were exposed to deglycosy-
lated LN-IgG (Supplementary Figure 2). Based on this knowl-
edge, we next used a glycolytic rate assay to evaluate the
change in multiple glycolytic parameters after exposure of cul-
tured podocytes to LN-IgG for either 4 or 24 hours. We found
that cultured podocytes incubated with either native or degly-
cosylated LN-IgG for four hours had lower rates of basal and
compensatory glycolysis compared to cells exposed to I1gG
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from healthy volunteers (Figure 4B). This depressed glycolytic effect
persisted out to 24 hours in podocytes incubated with native LN-
IgG but disappeared in podocytes exposed to deglycosylated LN-
IgG, in which glycolysis was found comparable to the controls
(Figure 4C). We also explored the cellular energy phenotype of
podocytes under these three conditions by plotting oxygen con-
sumption rate (an index of aerobic metabolism) against the extracel-
lular acidification rate (an index of anerobic metabolism). Podocytes
exposed to deglycosylated LN-IgG appeared more energetic than

those exposed to native LN-IgG, suggesting that IgG glycosylation
impeded the ability of podocytes to use both glycolysis and mito-
chondrial respiration to generate ATP for repair and maintenance
of their cytoskeletal structure under autoimmune stress (Figure 4D).

Characterization of podocyte metabolic
reprogramming by glycosylated IgG from patients
with LN. We performed untargeted intracellular metabolomics
in podocytes after treatment with healthy IgG, native LN-IgG, or
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deglycosylated LN-IgG to clarify specific metabolic pathways
involved in podocyte injury in LN. Overall, 332 metabolites were
identified across nine samples, 56 of which were significantly dif-
ferent between cells treated with native and deglycosylated LN-
lgG (Supplementary Table 6). We subsequently conducted MSEA
using the database of pathway-associated metabolite sets (Small
Molecule Pathway Database) to compare the metabolomes of
podocytes incubated with native and deglycosylated IgG. The
top 20 metabolic pathways affected by LN-IgG glycosylation (gly-
cosylated or deglycosylated) were identified (Figure 5A). Metabo-
lites in the glycolytic pathway were among the most affected by
lgG deglycosylation, with an overall 8.4-fold enrichment when
the IgG glycosyl chains were removed. Within this pathway, levels
of five glycolytic intermediates (fructose 1,6 biphosphate,
pyruvic acid, 2-phosphoglycerate, 3-phosphoglycerate, and
phosphoenolpyruvic acid) proved to be highly sensitive to IgG
deglycosylation. Interestingly, IgG-deglycosylation—dependent
increases consistent with the overall enrichment in this pathway
were seen in only three of these five glycolytic intermediates
(2-phosphoglycerate, 3-phosphoglycerate, and phosphoenolpyru-
vic acid), whereas deglycosylation-dependent decreases were

seen in the other two (fructose 1,6 biphosphate and pyruvic acid)
(Figure 5B). These differential changes of metabolite levels
within the same major pathway provide powerful evidence of
podocyte metabolic reprogramming in LN that is dependent
on IgG glycosylation.

We next sought to determine whether there was evidence of
this type of metabolic reprogramming in human LN. Active LN has
been associated with significantly changed levels of a large number
of metabolic intermediates, including pyruvate,® in conjunction with
the appearance of viable podocytes®® in the urine. These observa-
tions, in combination with our cultured podocyte data showing
increased podocyte pyruvate in response to native LN-IgG, led us
to focus on urinary pyruvate and its potential sources in our cohort
of patients with LN. Consistent with the metabolic reprogramming
observed in cultured podocytes, we found increased urinary pyruvic
acid levels in patients with active LN compared to patients with non-
renal SLE (Figure 5C), and this was accompanied by an equally sig-
nificant increase in the expression of pyruvate kinase mRNA in
podocytes isolated from urine (PKM) (Figure 5D). To validate this
increase in pyruvate kinase MRNA in our cultured podocyte model,
we compared PKM expression in cultured podocytes incubated
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with either IgG isolated from patients with LN, patients with SLE
without renal involvement, or IgG from patients whose LN was in
remission. Consistent with our in vivo urinary data, we found that
PKM expression was elevated in podocytes exposed to LN-IgG
compared to both IgG derived from LN in remission and SLE with-
out renal involvement (Figure 5E).

Taken together, these metabolic data suggest that IgG gly-
cosylation can impair ATP production through glycolytic repro-
gramming in podocytes (Supplementary Figure 2), leaving them
vulnerable to stress and susceptible to injury. Further, data from
human urine confirm that pyruvic acid is a potential biomarker for
LN and suggest that PKM may have potential as a therapeutic tar-
get within the glycolytic pathway.

DISCUSSION

We present evidence that the glycosylation profile of IgG
undergoes significant changes during the course of SLE in chil-
dren, exhibiting distinct patterns in children with active LN com-
pared to those in remission. These findings suggest that the IgG

glycosylation profile holds promise as a secondary pharmacody-
namic and disease activity biomarker in LN. Mechanistically, we
discovered that glycosylation plays a critical role in the injurious
effects of IgG on podocytes in pediatric patients with LN, poten-
tially impairing podocyte metabolism and leaving these terminally
differentiated cells less capable of adapting to stress and injury.
LN is the most common critical organ complication of SLE that
affects approximately 60% of patients with SLE.*” The mortality
rate in LN is 6-fold higher than in those with SLE without kidney
involvement and 26-fold higher in those who progress to end-
stage kidney disease.®®* The significant morbidity associated
with LN highlights the need for novel early biomarkers defined by
biologic vulnerabilities that can identify individuals at the greatest
risk for LN in SLE and potentially allow treatment paradigms to
shift to a proactive approach.

Podocyte injury is an early event in the pathogenesis of LN, and
protecting podocyte integrity can ameliorate LN in mice.*® We have
previously demonstrated that aberrant IgG  glycosylation
drives podocyte injury in adult LN,®° leading to the overarching
hypothesis that delineation of the evolution of aberrant glycosylation
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Figure 5. Glycans on IgG can alter podocyte metabolism. Untargeted metabolomics was performed in podocytes exposed to LN-IgG and
deglycosylated LN-IgG. Overall, 332 metabolites were identified across nine samples, 56 of which were significantly different between cells treated
with native and deglycosylated LN-derived IgG. (A) Top 25 enriched pathways enriched by deglycosylation are presented according to the results
of metabolite set enrichment analysis. (B) Aberrantly regulated metabolites with P value < 0.05, fold change >2, or reciprocal of fold change
value >2. All data were presented as means + SEMs (n = 3). *P < 0.05; **P < 0.01. (C) Urine pyruvic acid levels were increased in LN. *P <
0.01, Mann-Whitney U-test. (D) Urine derived cells had higher PKM (pyruvate kinase M) transcription in LN compared to SLE without LN. **P <
0.01, two-tailed t-test. (E) Cultured podocytes were exposed to IgG from individuals with SLE with and without LN. Podocyte PKM levels were
higher in podocytes exposed to LN-derived IgG compared to SLE without kidney involvement and LN in remission. Results are expressed as
means + SEMs (n = 3 in each group for metabolomic studies, n = 5 in each group for urine data), and statistical differences were calculated using
one-way analysis of variance with Tukey’s post hoc test. **P < 0.01, **P < 0.001. conc., concentration; DG, deglycosylated; LN, lupus nephritis;
SLE, systemic lupus erythematosus. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/

art.43200/abstract.

during the natural course of SLE may yield key data to explain the
onset of kidney involvement in SLE. In this study, we evaluated a
pediatric SLE cohort and found distinct differences in the IgG glycan
signature present in SLE with and without LN and that specific IgG
glycan patterns could also distinguish active LN from those in remis-
sion. Interestingly, we were also able to identify IgG glycan patterns
that were able to differentiate children with LN who responded to

treatment compared to nonresponders. Although our findings
require confirmation in a larger cohort involving both adult and pedi-
atric patients, this study lays the foundation for the development of
IgG glycans as noninvasive, potentially early biomarkers for LN.
Several studies have demonstrated that the effector function
of IgG is dependent on the Fc-glycan chain attached to it, largely,
the modulation of antibody binding to Fcy receptors.** Our
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findings are of special interest because podocytes do not express
traditional Fcy receptors but instead they express the neonatal Fc
receptor (FcRn).® We have previously demonstrated that mono-
meric IgG, regardless of its glycosylation status, can bind to FcRn
and enter the podocyte.®°

Podocytes play an active role in removing proteins including
lgG from the glomerular basement membrane, and an impairment
of the clearance machinery is likely to be a common mechanism
promoting glomerular disease.® To sustain their function, podo-
cytes rely on a constant energy supply.2’~2° Here, we illustrate
that IgG glycans can detrimentally impact podocyte bioenergetics
by potentially inducing metabolic reprogramming and that podo-
cytes may process or adapt to nonpathogenic IgG but undergo
considerable stress when exposed to the pathogenic IgG present
in LN and, in turn, may also fail to adapt to the increased energy
requirements of the repair process. Untargeted metabolomics
identified key glycolytic metabolites that were differentially regulated
in podocytes dependent on whether they were exposed to patho-
genic native LN-IgG or nonpathogenic deglycosylated LN-IgG. To
our knowledge, this is the first study that evaluates podocyte met-
abolic pathways in a model of LN and that demonstrates the ability
of glycans to alter metabolic processes. More importantly, we were
able to demonstrate that at least one of these metabolic changes,
an increase in urinary pyruvate, could plausibly translate to human
LN as a novel completely noninvasive monitoring strategy for
kidney involvement in SLE.

Our data from adults with LN revealed that IgG fucose was
associated with podocyte pathogenicity, whereas the presence of
terminal galactose was found to be protective against podocyte
injury. Although the changes in galactosylation noted in the current
pediatric cohort corroborated our initial findings in adults, here, we
also found a correlation between the presence of sialic acid in IgG
glycans and the clinical severity of LN. Sialylation has been shown
to decrease with age,*>*® and this may explain these differences.
Genome-wide association studies in autoimmune disease have
identified loci linked to N-glycosylation (ST6GAL1, B4AGALT1, and
FUTB8) encoding glycosyltransferases that are associated with the
addition of fucose and galactose or the transfer of sialic acid resi-
dues to galactose.*” Our findings may suggest accelerated aging
in lupus, but the overall significance of these differences requires
further confirmation in a larger comparative adult and pediatric
cohort. The anti-inflammatory effect of IVIG has been in part attrib-
uted to its glycosylation status.?® In this cohort, only five children
received IVIG during their disease course, whereas only one child
received it as part of their induction therapy for LN. Given the small
number of patients who received IVIG and the samples not being
collected at the time of IVIG administration, this is less likely to be
a confounder in our analysis. The small sample size is also a limita-
tion; however, the data do support the need for larger studies to
evaluate glycans as biomarkers for SLE.

The triggers for aberrant glycosylation in SLE have not been
fully elucidated. Abnormally elevated cytokines can modulate 1gG

glycan patterns probably by regulating intracellular glycosyltrans-
ferases in human B cells. Cytokine-mediated, T cel-dependent
activation of B cells may also atter IgG N-glycosylation.*® Addition-
ally, metabolites may account for the observed differences in glyco-
sylation patterns between SLE with and without LN.*

In summary, we demonstrate that IgG glycosylation changes
with SLE disease activity, exhibits a distinct signature in LN, and
can differentiate responders from nonresponders to induction ther-
apy. Data in this report also confirm that aberrant IgG glycosylation
can lead to podocyte injury in childhood-onset LN in addition to the
previously reported podocyte injury in adult LN.8 Mechanistically
we demonstrate that aberrant IgG glycosylation may alter the
metabolome of podocytes, possibly lowering their capacity for
compensatory increases in ATP production to repair injury due to
autoimmune stimuli. More importantly, we provide a solid founda-
tion for a larger biomarker study to determine the potential of the
glycome to distinguish LN from nonrenal SLE, which, if successful,
could improve our ability to monitor disease activity and identify
patients with SLE more likely to develop kidney disease.
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Objective. To assess the impact of differences in the timing of initial biologic disease-modifying antirheumatic drug
(bDMARD) therapy using the Childhood Arthritis and Rheumatology Research Alliance (CARRA) Start Time Optimiza-
tion of biologics in Polyarticular Juvenile Idiopathic Arthritis (JIA) (STOP-JIA) — consensus treatment plans study on out-
comes through three years.

Methods. Start Time Optimization of biologics in Polyarticular-JIA participants with CARRA Registry follow-up
through three years were eligible. Outcomes included American College of Rheumatology clinically inactive disease
(CID) off glucocorticoids, clinical Juvenile Arthritis Disease Activity Score based on 10 joints inactive disease (cJA-
DAS-10-ID) (cJADAS-10-ID: cJADAS-10 < 2.5), clinical remission on medication (CRM), and proportion of time in CID
and/or cJADAS-10-ID. Latent class trajectory modeling (LCTM) was applied to identify participant subgroups sharing
similar disease courses over this period.

Results. A total of 297 participants were included (n = 190 step-up [SU], 76 early combination [EC], and 31 biologic
first). At the three-year visit, CID was achieved by 35%, 42%, and 44 %, respectively (P = 0.35 for SU versus EC). EC
was superior to SU in achieving CRM (59.9% vs 40.6%; P = 0.012), time spent in CID (38% versus 30%; P = 0.04),
and cJADAS-10-ID (51% versus 41%; P = 0.02). Slow, moderate, and rapid improvement trajectories were identified
by LCTM; bDMARD initiation within the first (odds ratio [OR] 5.33) or second (OR 2.67) month from baseline was asso-
ciated with the rapid improvement trajectory.

Conclusion. EC was superior to SU across three years for outcomes reflecting time spent in lower disease activity.
Starting bDMARD within two months predicted rapid improvement and maintenance of inactive disease. These results

support the hypothesis that early bDMARD initiation reduces overall disease burden in pJIA.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common pediat-
ric rheumatic disease and has been found to be an important
cause of childhood-onset disability. The polyarticular forms of
JIA (pJIA) are defined by involvement of at least five joints and
are associated with a particularly high risk of persistently active
disease that may result in joint damage and permanent disability.
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Timely treatment with systemic therapies, including conventional
synthetic disease modifying antirheumatic drugs (csDMARDs)
and biologic disease-modifying antirheumatic drugs (0DMARDs),
has been shown to reduce the risk of joint damage and improve
quality of life and functional outcomes.'? Recent studies show
that the majority of patients with pJIA can achieve inactive disease
(ID), but the actual percentages differ between studies, and the
optimal strategy to attain ID is unknown.®=® This remains an active
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area of research to further improve outcomes for children
with pJIA.

The primary objective of the Start Time Optimization of bio-
logics in Polyarticular-JIA (STOP-JIA) study was to compare the
effectiveness of the Childhood Arthritis and Rheumatology
Research Alliance (CARRA) consensus treatment plans (CTPs)
for untreated pJIA in achieving American College of Rheumatol-
ogy (ACR) clinically inactive disease (CID)® off of glucocorticoids
(GC) at 12 months. The CTPs differed in the timing of bDMARD
introduction: step-up (SU) (initial treatment with csDMARD mono-
therapy and adding a bDMARD at or after three months if
needed); early combination (EC) (initial treatment with both a
¢csDMARD and a bDMARD); and biologic first (BF) (initial treat-
ment with bDMARD monotherapy). Although there were no signif-
icant differences between the CTPs in the achievement of CID off
of GCs at 12 months in the primary study, a significantly higher
proportion of children in the EC group achieved inactive disease
at 12 months as assessed by the clinical Juvenile Arthritis Disease
Activity Score using a maximum of 10 joints (cJADAS-10) (cJA-
DAS-10-ID <2.5) and the pediatric ACR70 as compared with the
SU group.’® Latent class trajectory modeling (LCTM) of the partic-
ipants’ disease course (as defined by cJADAS-10-ID) identified
three distinct disease trajectories through the 12 months, which
was characterized by slow, moderate, or rapid disease activity
improvement over time. The odds of being in the rapid improve-
ment trajectory increased by more than threefold for patients
treated with bDMARDs within three months from baseline.®
Together, these analyses suggested a potential benefit at
12 months of earlier bDMARDs introduction in the treatment of
children with pJIA.

However, because pJIA is a chronic disease, it is particularly
important to measure the impact of initial therapies on longer-
term outcomes that may ultimately be more significant and rele-
vant in reducing overall disease burden. Therefore, the objective
of the current study was to measure the impact of initial CTP
and the timing of bDMARD introduction on disease outcomes
for the STOP-JIA cohort through the three-year study period.
Qutcomes “through three years” are defined as those that
occurred at any time during the entire period from the baseline
visit until the three-year visit, whereas “at the three-year visit” is
limited to an outcome at the three-year time point.

PATIENTS AND METHODS

Patients. Patients with untreated pJIA who were age
<19 years at diagnosis and presented to 1 of 56 CARRA Registry
sites participating in STOP-JIA were enrolled between December
2015 and August 2018. CARRA Registry data, including disease
activity assessments, medication start and stop dates, and Seri-
ous Adverse Events/Events of Special Interest reporting were col-
lected for STOP-JIA participants at 3, 6, 9, and 12 months and
every 6 months (+3 months) thereafter at routine clinical care

visits. To capture as many patients as possible who had follow-
up at around the three-year time point, the study cohort included
those with a registry visit at 30 (£3) months, 36 (+3) months, or
42 (£3) months. The analysis cohort for disease trajectory using
LCTM included participants with at least one calculable
cJADAS-10 measurement in every year of study enrollment
through three years to ensure that the analyses adequately cap-
tured the longitudinal disease course of study participants. The
primary STOP-JIA study was approved by the Duke University
Medical Center institutional review board (Pro00054616) and
used the same consent as the CARRA Registry. See
Appendix A for CARRA registry site principal investigators, subin-
vestigators, and research coordinators.

Treatment strategies. Development and descriptions of
the CTPs have been previously published.”® Because validated
cJADAS-10 cutoffs for disease activity were available at the time
of the STOP-JIA study,? attaining a score of <2.5 was used as a
goal for disease activity status and used to guide shared
decision-making about treatment at 3, 6, 9, and 12 months and
every 6 months (3 months) thereafter.

Outcomes. The following outcomes were assessed at Reg-
istry visits for each participant: 1) the individual ACR pediatric core
set components?; 2) ACR criteria for CID off GCs®; 3) ACR clinical
remission on medication (CRM), which was defined as CID at >2
consecutive CARRA Registry visits spanning at least 6 months'®;
and 4) the cJADAS-10 disease activity states."! To capture dis-
ease burden over time, time-weighted measures of CID and
cJADAS-10-ID were calculated for each patient that represented
the percentages of follow-up time spent in these states. When a
patient was in the same disease activity state at two consecutive
visits, the full duration between those visits was attributed to that
state. If a patient’s disease activity state changed between visits
(eg, from inactive to active disease), half of the duration between
visits was assigned to each state (Supplementary Table 1).
Patient-reported outcomes (PROs) were captured every 3
months for the first 12 months of treatment and then every 6
months. These included the patient global assessment of overall
well-being (patient/parent global assessment score), the Child-
hood Health Assessment Questionnaire, and the following Patient
Reported Outcome Measurement Information Systems outcome
measures: global health assessment, pain interference, mobility,
and upper extremity. Medication safety was assessed through
adverse event reporting mechanisms in place for the Registry.

Statistical analyses. A score was calculated for all partici-
pants that captured the propensity for each participant to be on
the assigned CTP.8 The propensity scores were used in regres-
sion models to compute inverse-probability-of-treatment-
weighted (IPTW) comparisons of outcomes between CTP
groups, with further adjustment by a small number of covariates
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with residual imbalance. We computed differences in proportions
with CID, cJADAS-10-ID, and ACR70 at the three-year time point,
differences in proportions ever achieving CRM (CID for six or more
months) during the three years, and differences in mean per-
centages during the three-year period spent in CID and
cJADAS-10-ID. Missing outcome values at each time point during
follow-up were imputed from a model that included all available
outcome data (both at the same time and other times), CTP group,
and baseline values of the physician global score, the patient/
parent global score and the active joint count. All IPTW compari-
sons between CTPs were pooled across 30 imputed datasets.
Analyses were performed in R 4.3.2 using the packages twang
for calculating propensity scores and mice for imputation. '~

LCTM. We applied LCTM to identify subgroups of partici-
pants sharing similar disease courses within the 36 months fol-
lowing STOP-JIA baseline, and to evaluate whether the timing of
receiving a bDMARD was associated with a participant’s
trajectory class. Longitudinal disease activity, measured by
cJADAS-10, was considered the class-defining variable in the
model. Models were fitted for each of three definitions of early
receipt of a bDMARD: by one, two, or three months from enroll-
ment. Each model also included a propensity score (PS), repre-
sented by PS quintile, to adjust for differences in patient mix
between those that did and did not receive a bDMARD early.
Details of the modeling approach are described in Supplementary
Methods.

RESULTS

A total of 297 patients had at least one CARRA Registry visit
30 to 42 months after enrollment, including 190 patients (64%)
originally started on SU, 76 (36%) on EC, and 31 (10%) on BF
(Table 1). When compared with patients who did not have a
follow-up visit 30 to 42 months after enrollment, patients who
had follow-up tended to be younger at baseline, less likely to be
Black, and more likely to be White (as determined by a larger stan-
dardized mean difference (Supplementary Table 2). There were
no other large differences between patients with and without
follow-up at baseline.

Comparisons between CTPs for three-year outcomes. There
were no significant differences between CTPs in the proportion of
participants who achieved CID off GCs at the three-year time
point for either the observed values or the PS adjusted and
imputed estimates (EC 42.6%, BF 44.3%, SU 34.9) (Table 2).
There were also no significant differences between CTPs in cJA-
DAS10 ID at the three-year visit (adjusted estimates 61.3% EC,
58.6% BF, and 46.8% SU).

A higher proportion of patients in the EC group achieved
CRM during the three-year follow-up as compared with the SU
group (59.9% versus 40.6%; difference 19%, 95% Cl 4.2-34.3,
P =0.012) (Table 3); there was no significant difference in achieve-
ment of CRM between EC and BF groups (P = 0.316). Comparing

the percentage of time spent in CID through three years between
CTPs, patients receiving EC treatment spent a statistically signifi-
cantly higher proportion of time in CID (37.7%) compared with
SU treated patients (29.5%; P = 0.041; Table 3). The proportion
of time spent in cJADAS-10-ID, was also higher for the EC versus
SU group (561.2% versus 41.1%; P = 0.018). Figure 1, which
shows the percentages of participants in each cJADAS-10 dis-
ease activity state over time by CTP, represents this finding
graphically; more patients in the EC CTP achieved inactive and
low disease activity states than in the other two CTP groups dur-
ing the 3 years. Seventeen participants experienced 22 SAEs,
and 36 patients experienced 40 events of special interest that
were not classified as SAEs (Supplementary Tables S23-6). No
deaths were reported.

Latent trajectory classes. A total of 259 patients had at
least one cJADAS-10 measurement in each year of follow-up.
The best-fitting model identified three distinct disease trajectories
in the cohort, characterized by rapid, moderate, and slow
improvement in disease activity over time (Figure 2 and Supple-
mentary Figure 1). Patients in the rapid improvement group expe-
rienced the fastest improvement in disease activity, achieving
cJADAS-10-ID (cJADAS-10 < 2.5) within the first year of study
enrollment, and remained inactive throughout years 2 and
3. Patients in the moderate and slow improvement groups had
higher disease activity at baseline, compared with the rapid
improvement group. Moderate and slow improvement groups
also exhibited improved cJADAS-10 scores within the first year,
although the moderate improvement group achieved this at a fas-
ter rate. While patients in the moderate improvement group con-
tinued to improve in years 2 and 3 and had mean scores in the
minimal disease activity range (CJADAS-10 >2.5-5) by year
3, mean scores for patients in the slow improvement group con-
tinued in the moderate disease activity range (CJADAS-10 >5-
16) throughout years 2 and 3. Of 259 patients in the total cohort,
20 (7.7%) were classified as slow improvement, with no variation
by model. The number of patients classified as rapid and moder-
ate improvement varied by model, ranging from 165 (63.7%) to
176 (68%) for rapid, and 63 (24.3%) to 74 (28.6%) for moderate
improvement groups (Supplementary Table 7). Seventy-four of
the 171 patients (43.3%) who had the rapid improvement trajec-
tory received bDMARDs within 2 months of enrollment (Supple-
mentary Table 8). In all models, the mean posterior class-
membership probabilities exceeded 0.80 for all three classes,
indicating clear separation of class membership (Supplementary
Table 7). With the exception of similar disease activity at baseline
for the moderate and slow improvement groups, mean predicted
trajectories and 95% predicted intervals for the three classes did
not intersect (Figure 2), indicating clear separation of class mem-
bership. We also did not observe statistically significant differ-
ences in disease duration among children in different latent
trajectory classes.
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Table 1. Baseline characteristics of patients included in the three-year analysis*

SU EC BF
Baseline characteristics (n =190) (n=76) (n=31) P value SMD
Age, median (IQR), y 10.6 (5.8-13.5) 11.3(8.7-15.0) 11.7 (5.1-14.0) 0.070 0.213
Female, n (%) 142 (74.7) 59 (77.6) 16 (51.6) 0.016 0.376
Race, n (%) 0.935 0.075
Black 11 (5.8) 5 (6.6) 2 (6.5)
Other 35(18.4) 17 (22.4) 7(22.6)
White 144 (75.8) 54(71.1) 22 (71.0)
Months since symptom onset, median (IQR) 5.8(2.9-16.5) 6.9 (3.4-17.2) 45 (2.3-17.3) 0.459 0.071
Months since diagnosis, median (IQR) 0.0 (0.0-0.9) 0.0 (0.0-0.4) 0.6 (0.0-2.1) 0.039 0.198
Disease course, n (%) 0.018 0.571
Enthesitis related 11 (5.8) 6(7.9) 6(19.4)
Extended oligoarticular 11 (5.8) 0(0.0) 2 (6.5)
Poly (RF-) 123 (64.7) 41 (53.9) 12 (38.7)
Poly (RF+) 32(16.8) 21(27.6) 6(19.4)
Psoriatic 10 (5.3) 5(6.6) 3(9.7)
Undifferentiated 3(1.6) 3(3.9) 2 (6.5)
Physician global assessment, median (IQR) 5.0 (3.5-6.5) 6.0 (5.0-8.0) 6.0 (5.0-8.0) <0.001 0.389
Patient/parent global, median (IQR) 4.0 (1.5-6.0) 5.0 (3.0-7.0) 5.0 (3.0-7.0) 0.015 0.307
cJADAS-10, median (IQR) 17.0 (14.0-20.5) 21.0(18.0-23.0) 19.0 (16.0-22.0) <0.001 0.452
Number of joints with active arthritis, median (IQR) 9.0 (6.0-15.0) 14.5(9.0-22.2) 8.0 (6.0-16.0) <0.001 0.329
CHAQ, median (IQR) 0.6 (0.2-1.3) 1.0(0.5-1.5) 0.9 (0.6-1.8) 0.027 0.261

* Visit within the following window: =30 to 42 months. The P values and SMDs compare the three CTP groups for the 297 patients in the three-
year cohort. P values are from chi-squared tests for categorical variables and Kruskal-Wallis tests for continuous variables. BF, biologic first;
CHAQ, Childhood Health Assessment Questionnaire; JADAS-10, clinical Juvenile Arthritis Disease Activity Score based on 10 joints; CTP, consen-
sus treatment plans; EC, early combination; IQR, interquartile range; Poly, polyarticular; RF, rheumatoid factor; SMD, standardized mean differ-
ence; SU, step-up.

The timing of bDMARD initiation was assessed as a predictor
of trajectory membership using slow improvement as the refer-
ence (Table 4). Odds ratios (ORs) listed for being in the rapid or
moderate improvement groups therefore represent the relative
odds of being in the respective group rather than the slow
improvement group when a bDMARD is started early. These anal-
yses showed that timing of bDMARD initiation was a significant
predictor of disease trajectory. Specifically, those treated with
bDMARDs within the first month after baseline assessment were
much more likely to follow the rapid improvement trajectory
(OR 5.38; 95% confidence interval [Cl] 1.35-21.1; P=0.017) than

the slow improvement trajectory. Similarly, initiation of bDMARDs
within the first 2 months was associated with the rapid improve-
ment trajectory (OR 2.67; 95% CI 1.09-6.53; P = 0.032). Of note,
34 patients (19.7%) in the rapid improvement group and
7 patients (10.4%) in the moderate improvement group did not
receive a bDMARD during the 3 years, and all patients in the slow
improvement group received bDMARDs at some time during the
3 year follow-up. PROs improved in all CTP groups over
the three-year timeframe, with the EC patients improving most.
However, the differences between CTPs were small, and the
small sample size and low response rates make interpretation

Table 2. Differences between CTPs in achievement of ACR CID off GCs or ACR remission at three years*

Adjusted
Unadjusted estimate, %
estimate, % (95% Cl)

IPTW difference between CTPs, %
difference (95% Cl)

Versus biologic first Versus SU

CID off of GCs at three years

Early combination 34.9 42.6 (28.2-57.0) -1.7(-25.1to0 21.7, P=0.887) 7.7 (-8.6t0 24.0; P=0.353)
Biologic first 40.7 44.3 (25.3-63.3) - 9.4(-11.91t0 30.7, P=0.387)
SU 34.2 34.9 (25.7-44.1) - -

cJADAS-10 inactive disease
at three years

Early combination 60.7 61.3 (47.6-74.9) 2.6 (-20.6 t0 25.9; P = 0.824) 14.5(-1.4t0 30.3; P=0.073)
Biologic first 63.6 58.6 (39.2-78.0) - 11.8(-9.3t0 33.0; P=0.273)
SU 56.6 46.8 (37.7-55.8) - -

* Estimates at three years for patients who had a visit in the 30 to 42 month window; unadjusted estimates are based on observed data, and
adjusted estimates are based on the imputed datasets with both IPTW and regression adjustment. A total of 242 participants had observed
data at three years for CID and 226 for cJADAS-10. All 297 contributed to the adjusted estimates at three years. cJADAS-10 inactive disease is
cJADAS-10 < 2.5. ACR, American College of Rheumatology; CID, clinically inactive disease; JADAS-10, clinical Juvenile Arthritis Disease Activity
Score based on 10 joints; Cl, confidence interval; CTP, consensus treatment plans; GC, glucocorticoid; IPTW, inverse-probability-of-treatment-
weighted; PS, propensity score; SU, step-up.
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Table 3. Differences between CTPs in achievement of ACR Clinical Remission, percentage of time spent in CID or cJADAS-10 through three

years”®

Unadjusted
estimate, %

Adjusted
estimate, % (95% Cl)

IPTW difference between CTPs, % difference (95% Cl)
Versus BF Versus SU

ACR clinical remission at any time
through three years

EC 50.0 59.9 (47.1-72.7) 12.3(-11.7t0 36.3; P=0.316) 19.2 (4.2-34.3; P=0.012)
BF 323 47.6 (26.7-68.5) - 6.9 (-15.7 to 29.6; P = 0.547)
SU 36.3 40.6 (32.9-48.3) - -
Percentage of time spent in ACR CID
through three years
EC 413 37.7 (31.0-44.5) -0.6 (-13.7to 12.6; P = 0.934) 8.2(0.3-16.1; P=0.041)
BF 355 38.3(26.9-49.7) = 8.8 (-3.3t020.8; P=0.154)
SU 31.8 29.5(25.7-33.3) = =
Percentage of time spent in cJADAS-10
inactive disease
EC 559 51.2 (43.9-58.4) 4.0(-9.6t0 17.6; P=0.565) 10.1(1.7-18.4; P=0.018)
BF 48.6 47.2 (35.8-58.5) - 6.1 (-6.4t0 18.5; P =0.338)
SU 44.8 41.1(36.9-45.3) -

* Estimates at three years for patients who had a visit in the 30 to 42 month window; unadjusted estimates are based on observed data, and
adjusted estimates are based on the imputed datasets with both IPTW and regression adjustment. cJADAS-10 inactive disease is cJADAS-10 <
2.5. ACR, American College of Rheumatology; BF, biologic first; CID, clinically inactive disease; JADAS-10, clinical Juvenile Arthritis Disease Activ-
ity Score based on 10 joints; Cl, confidence interval; CTP, consensus treatment plans; EC, early combination; IPTW, inverse-probability-of-treat-

ment-weighting; SU, step-up.

difficult (see Supplementary PROs section: Supplementary Fig-
ure 2 and Supplementary Tables 9-16).

DISCUSSION

JIA is a chronic disease associated with ongoing disease
burden, with both short and long-term outcomes of particular
importance to patients, caregivers, and clinicians. Our previously
published results of the STOP-JIA study outcomes at 12 months®
found no significant differences between CTP groups in achieving
the primary outcome of CID off GCs at 12 months. However, the
study did show that EC treatment led to significantly higher per-
centages achieving cJADAS-10-ID and pediatric ACR70 than
SU treatment. Moreover, the trajectory analysis of the STOP-JIA
cohort over 12 months® indicated that starting bDMARDs early
greatly increased the odds of achieving rapid rather than slow
improvement. We therefore sought to determine whether initial
CTP treatment was associated with improved outcomes and tra-
jectories over a longer, three-year follow-up period. These new
analyses, based upon longer-term data available after completion
of the STOP-JIA trial, were made possible by the embedded
design of the STOP-JIA trial within the CARRA Registry, which
clearly speaks to the scientific value of investments made for
such long-term, observational efforts and clinical research
infrastructure.'®

The current STOP-JIA three-year analysis reveals that
patients started on the EC CTP spent significantly more time in
inactive disease states, as measured by CID and cJADAS-10-
ID, than patients started on the SU CTP, despite no differences

at the three-year time point between CTP groups in percentage
of patients achieving either CID or cJADAS-10-ID off GCs. The
EC group also achieved CRM more frequently than those who
started the SU CTP. The 8% difference in the percentage of
follow-up time spent in CID corresponds to one additional month
per year (0.08 x 12 = 0.96 months) in CID. Although numerically
small, one month per year in CID may reflect a clinically significant
and meaningful difference in disease activity that may also result in
reduction of disease burden.

LCTM modeling through three years also indicated that
early introduction of bDMARDs greatly increased the odds of
membership in the rapid improvement trajectory group com-
pared with the slow improvement group. Interestingly, results
of the current, long-term analysis determined that this “window”
for early introduction constituted bDMARD introduction within
1 or 2 months from baseline, rather than the 3-month window
found in our previous 12-month cohort analysis. Notably, the
trajectory analysis demonstrated that the rapid improvement
group—the group that achieved cJADAS-10-ID fastest—also
went on to sustain a state of inactive disease throughout three
years of follow-up, in contrast to the other groups. As in the pre-
vious 12-month cohort analysis, a small number of patients
attained the rapid improvement trajectory with csDMARDs
alone, suggesting again that a subgroup of patients do not
require use of bDMARDs. The current analysis did not identify
characteristics that predicted which patients could achieve rapid
improvement and maintain cJADAS-10-ID with csDMARD
monotherapy. Additional research is therefore needed to identify
these patients, ideally at initiation of treatment.
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Figure 1. cJADAS-10 disease activity states through three years for each CTP group. Percentages of patients in each disease activity state
based on the observed cJADAS-10 at that visit. When a patient had a missing value at that visit, the average imputed cJADAS-10 was used.

The imputation model included observations from 0 to 42 months. cJADAS-10, clinical Juvenile Arthritis Disease Activity Score based on 10 joints;
CTP, consensus treatment plan.
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Figure 2. LCTM of cJADAS-10 through three-year period. Each curve shows the estimated mean cJADAS-10 versus time for the correspond-
ing trajectory group, along with a 95% Cl band in gray. The horizontal line represents the threshold for definition of cJADAS-10 inactive disease (e,
cJADAS-10 < 2.5). Cl, confidence interval; cJADAS-10, clinical Juvenile Arthritis Disease Activity Score based on 10 joints; LCTM, latent class tra-
jectory modeling. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43216/
abstract.
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Table 4. Predictors of latent trajectory class membership, using the slow improvement trajectory as the reference

group”

Timing of bDMARD initiation from

Rapid improvement

Moderate improvement

baseline assessment OR (95% Cl) P value OR (95% Cl) P value
<1 month 5.33(1.35-21.1) 0.017 2.40(0.57-10.2) 0.235
<2 months 2.67 (1.09-6.53) 0.032 1.38(0.41-4.64) 0.610
<3 months 2.10(0.68-6.51) 0.198 0.88(0.27-2.85) 0.826

* bDMARD, biologic disease-modifying antirheumatic drug; Cl, confidence interval; OR, odds ratio.

Our results are consistent with previous studies in adult rheu-
matoid arthritis (RA) and considerably extend and strengthen a
previously very limited body of evidence regarding the impact of
effective treatment timing on outcomes in JIA. Data from adult
RA suggest that earlier introduction of bDMARD may reduce joint
damage and improve functional outcomes.'®'” Previous studies
attempting to answer this question for JIA have been limited in
number and more equivocal, including several shorter-term clini-
cal trials and observational studies. The “Aggressive combination
drug therapy in very early polyarticular juvenile idiopathic arthritis”
(ACUTE-JIA) trial randomized patients with pJIA to infliximab/
methotrexate combination therapy, methotrexate monotherapy,
or triple therapy (sulfasalazine, methotrexate, hydroxychloroquine)
and found that a statistically significant higher proportion of
patients receiving infliximab/methotrexate achieved pediatric
ACR75° at 12 months than the other two study arms.'® Further-
more, ACUTE-JIA found that patients receiving infliximab/
methotrexate spent a longer amount of time in inactive disease
than the other two arms. However, PROs did not differ between
treatment arms, each showing similar improvements.’® The
“TRial of Early Aggressive Therapy in polyarticular JIA “(TREAT-
JIA) randomized patients to methotrexate or methotrexate/etan-
ercept/prednisone and found no difference between treatment
arms in the achievement of CID at 12 months.'® Importantly, how-
ever, TREAT-JIA showed that the likelihood of CID at six months
increased by 30% for each month closer to disease onset that
treatment was started. Similarly, data from observational studies,
including a report from the “Biologika in der Kinderrheumatologie”
and “Juvenile Arthritis Methotrexate/Biologics Long-Term Obser-
vation” registries?® found that patients who received bDMARD
within two years of diagnosis were more likely to be in drug-free
remission, have lower disease activity, and report better overall
well-being and improved functional status as compared with
patients who started these medications later. These results sug-
gested that the impact of bDMARD start time may become more
apparent over time and play a role in modulation of disease
course. More recently, the “Behandel-Strategieen (BeSt)-for-
Kids” study randomized patients to three initial treatment arms—
bDMARD and csDMARD (EC), csDMARD alone (SU), and
csDMARD plus GC therapy—using a treat-to-target approach.?"
Treat-to-target is a therapeutic strategy in which stricter disease
control is achieved through treatment escalation when needed

to maintain low disease activity goals and is currently recom-
mended in both JIA and RA to improve disease outcomes.?22
BeSt-for-Kids showed that although patients who started on EC
therapy improved more quickly and were better able to maintain
low disease activity, approximately 70% of patients in all treat-
ment groups achieved CID at 24 months after baseline. Although
the numbers were small (30 in each arm), and occurrence of dis-
ease flares upon treatment withdrawal during the trial compli-
cated the analysis, the BeSt-for-Kids results, together with those
of STOP-JIA, suggest that a strategy that combines early
bDMARD initiation with treat-to-target could be even more effec-
tive, and this paradigm needs to be tested. The “Comparison of
STep-up and step-down therapeutic strategies in childhood
ARthritiS” (STARS) is a step toward this goal: it is a randomized
controlled clinical trial that will study SU treatment intensification
coupled with treat-to-target in oligo and polyarticular JIA, com-
pared with “step down,” in which EC is initiated without additional
treat-to-target®* and has a planned enroliment of 260 participants
and long-term follow-up of five years.

A limitation of the current study is that not all STOP-JIA par-
ticipants had sufficient longitudinal data for inclusion in this
three-year outcomes analysis, and we therefore assessed for
potentially meaningful differences in characteristics between
included and excluded participants. However, differences in
baseline characteristics between these groups were small; the
largest difference was that of demographics: included patients
were younger, possibly because of older patients transitioning to
adult providers, and there were fewer Black participants who
had three-year follow-ups. Multiple imputation was used to
reduce bias from missing data, but this method assumes missing
values can be predicted from observed values. Regarding base-
line disease characteristics, although we found differences in JIA
categories and disease severity measures between CTP groups,
these differences (higher severity and activity scores in the EC
and BF CTP groups) were similar to those reported between the
groups in our earlier, 12-month analysis.® Although statistical
methods were used to reduce confounding by indication through
PS weighting and adjustments for disease severity, all such bias
may not have been eliminated. Because initial CTP choices
reflected patient and physician preferences, there was an unequal
number of patients who started on each CTP; this limited com-
parisons involving the BF group, which had the fewest patients.
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In summary, the three-year results from the STOP-JIA study
clearly demonstrate that EC treatment increases the duration of
time spent in inactive disease and likelihood of achieving remis-
sion on medications. Furthermore, early introduction of b DMARD
markedly increases the likelihood of achieving rapid improvement
and maintaining CID for most patients with polyarticular JIA.
These improved outcomes are likely to meaningfully reduce over-
all disease damage and the long-term burden of disease. None-
theless, achievement of sustained inactive disease remains
elusive, with more than half of patients continuing to experience
active disease at the time of the three-year visit. It is possible that
adding treat-to-target to EC treatment may improve outcomes
further and is an important topic for future research. Furthermore,
the identification of a small subgroup of patients with favorable
outcomes on ¢csDMARD monotherapy, ie, without bDMARD
use, suggests the importance of additional research to identify
early disease course predictors of response to csDMARDs alone.
Future studies of the STOP-JIA cohort, which will incorporate
combined analyses of clinical and multiomics factors, including
important long-term radiographic, physical function, social
achievement status, as well as other PROs, will improve under-
standing of the impact of early bDMARD therapy and enhance
future treatment decision-making by patients, parents, and
clinicians.

In conclusion, the results of this long-term, three-year STOP-
JIA analysis now provide convincing evidence that very early intro-
duction of bDMARDs, specifically as part of EC therapy for pJIA,
is warranted for the vast majority of patients with pJIA, and that
the traditional SU “pyramid” paradigm should be reconsidered in
the current bDMARD era.
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BRIEF REPORT

Innate Lymphoid Cell Phenotypic and Functional Alterations
in Patients With Systemic Juvenile Idiopathic Arthritis
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Lorenzo Moretta,” Fabrizio De Benedetti,” ' and Giusi Prencipe?

Objective. Systemic juvenile idiopathic arthritis (sJIA) is a chronic childhood disease classically attributed to innate
immune cell dysregulation. This study aimed to elucidate the role of innate lymphoid cells (ILCs), including natural killer
(NK) cells and helper-ILCs (hILCs), in sJIA during clinically inactive disease (CID) through phenotypic and functional
analysis.

Methods. Peripheral ILCs from children with sJIA during CID receiving interleukin-1 (IL-1) inhibitors (n = 40) were
analyzed by flow cytometry and compared to 23 healthy children (HC) and 22 patients with unrelated autoinflammatory
diseases taking IL-1 inhibitors. Plasma proteomic profiling was also performed.

Results. Patients with sJIA showed a significant reduction in circulating NK cell frequencies compared to HC, with
an increased proportion of CD56”"9" NK cells. Although overall hILC frequencies were comparable to HC, ILC1s were
increased, whereas ILC precursors were reduced. ILC1 frequency correlated positively with IL-18 plasma levels,
whereas ILC2 frequency correlated negatively. Functional assessments revealed that NK cells from patients with sJIA
had variable interferon y (IFNy) production upon IL-18/IL-12 stimulation, inversely correlating with IL-18 levels. Addi-
tionally, hILCs from these patients showed a specific impairment in IFNy production despite normal IL-13 production,
potentially linked to decreased IL-18 receptor a expression in ILC1s. Proteomic analysis confirmed IL-18 as the most
up-regulated cytokine in sJIA plasma.

Conclusion. Patients with sJIA in CID exhibit significant innate immune abnormalities, including altered ILC subset
distribution and impaired IFNy production, strongly associated with IL-18 levels. These findings suggest ongoing
immune dysregulation despite clinical remission, underscoring a potential role for ILCs and cytokine interaction in sJIA

pathogenesis.
INTRODUCTION

Systemic juvenile idiopathic arthritis (sJIA), or Still disease, is a
chronic childhood disorder of unknown cause, characterized by
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arthritis and systemic inflammatory features, including rash and
spiking fever.! The pathogenesis of sJIA is complex and dysregula-
tion of innate immune cells is prominent, supporting the classifica-
tion of sJIA as an autoinflammatory disorder. Approximately 10%
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to 156% of patients develop macrophage activation syndrome
(MAS), a potentially fatal hyperinflammatory syndrome classified
among the secondary hemophagocytic lymphohistiocytosis.?
The effect of the innate proinflamsmatory cytokines interleukin-18
(IL-1B), IL-6, and IL.-18 may explain many features of the disease.
On the other hand, the contribution of interferon y (IFNy) seems to
be more relevant for MAS development. Indeed, increased
circulating concentrations of IFNy and IFNy-induced chemokines
CXCL9 and CXCL10 have been found in patients with sJIA with
MAS as compared to patients with active sJIA without MAS.®

Innate lymphoid cells (ILCs), including natural killer (NK) cells
and helper-ILCs (hILCs), are important cellular sources of IFNy.
hILCs serve as the innate counterpart of T helper cells and are spe-
cialized in the secretion of cytokines. In peripheral blood (PB), hILCs
include ILC1s, ILC2s, and ILC precursors (ILCPs), whereas mature
ILC8s are present only in tissues. ILC1s express the transcription
factor T bet and produce IFNy. ILC2 express GATAS and produce
IL-13, whereas ILCPs consist of precursors capable of differentiat-
ing into mature ILC subsets in response to specific inflammatory
signals. Because of their shared ability to produce IFNy as a signa-
ture cytokine, NK cells and ILC1s were initially collectively referred
to as “group 1 ILCs.”*®

Patients with active sJIA display an NK cell dysfunction, char-
acterized by decreased number and reduced IFNy production
and cytotoxicity, possibly due to hyporesponsiveness®’ to IL-
18. Although a growing body of evidence in recent years has
implicated ILCs in the pathogenesis of inflammatory arthritis,
including JIA, rheumatoid arthritis, and spondyloarthritis,®° the
role and phenotype of hILCs in sJIA remain largely unexplored.

The main goal of treatment in sJIA is to rapidly achieve clini-
cally inactive disease (CID).'° Given the central role of IL-1 and
IL-6 in its pathogenesis, inhibitors targeting these cytokines have
become standard therapies over the past decades. Nevertheless,
despite favorable responses to IL-1 and IL-6 blockade, particu-
larly with early treatments, a subset of patients (15-30%) remains
nonresponsive.’’ Moreover, several observations suggest that
abnormalities of innate immunity persist in patients with sJIA and
CID. These abnormalities involve circulating myeloid cells'?
and elevated IL-18 circulating levels.”'® In fact, IL-18 levels often
remain high in patients with sJIA and CID, normalizing only after
prolonged remission.'? In the present study, we aimed to investi-
gate the presence and function of ILCs in the PB of patients with
sJIA during CID, focusing on their potential role in persistent
immune dysregulation and disease pathogenesis.

PATIENTS AND METHODS

Patients and samples. Forty patients with sJIA, as defined
by the International League of Associations for Rheumatology

Address correspondence via email to Linda Quatrini, PhD, at linda.
quatrini@opbg.net.

criteria,"* were enrolled in this study (Supplementary Table 1). Al
patients had CID, as defined according to the Wallace criteria, ™°
were off glucocorticoids, and were receiving IL-1 inhibitors (ana-
kinra [n = 31] or canakinumab [n = 9]). Among the 31 patients
treated with anakinra, 19 patients were on a daily regimen,
whereas 12 patients were on a tapered schedule (decalage), with
9 patients following step 1 (alternate-day regimen) and 3 patients
following step 2 (once every three days). Of the nine patients
receiving canakinumab, five patients were on full-dose therapy,
whereas four patients were on a tapered regimen (three patients
receiving doses every 8 weeks and one patient receiving doses
every 10 weeks).

Additionally, 22 patients, receiving IL-1 inhibitors (anakinra [n
= 11] or canakinumab [n = 11]), with unrelated autoinflammatory
diseases (AlIDs) were also enrolled (Supplementary Table 1). A
control group of 23 healthy children (HC) (12 of 23 were female
[53%]; median age 11.0 years, interquartile range [IQR] 5.0-
15.0 years) was recruited from the division of Rheumatology at
Bambino Gesu Children’s Hospital. These children were evalu-
ated for joint pain but were found to have noninflammatory condi-
tions. Biologic samples (plasma and PB mononuclear cells
[PBMCs]) were collected. PBMCs were isolated by density gradi-
ent centrifugation and cells were used for both phenotypic analy-
sis by flow cytometry and cytokine production assays. Because
limited blood volumes were available from pediatric patients, not
all analyses were performed on every sample. The study was
approved by the Ethics Committee of Bambino Gesu Children’s
Hospital (1683 OPBG 2018), and written informed consent was
obtained from patients and/or their parents.

Cell stimulation, flow cytometry analysis, and
cytokine detection. Freshly isolated PBMCs were left unstimu-
lated or stimulated with phorbol 12-myristate 13-acetate (PMA)
(Sigma) (10 ng/mL) plus ionomycin (Sigma) (1 pg/mL) in the pres-
ence of Golgi Plug (BD Biosciences) for three hours at 37°C. Alter-
natively, cells were stimulated overnight with IL-12 (Miltenyi)
(10 ng/mL) and IL-18 (R&D) (100 ng/mL) at 37°C, and Golgi Plug
was added for the last four hours of stimulation. At the end of
the stimulation, cells were stained for flow cytometry analysis.
PBMCs were analyzed by flow cytometry using directly conju-
gated monoclonal antibodies. The following antibodies were used
for cell surface staining: CD3-FITC, CD19-FITC, CD14-FITC,
CD127-APC, CD218 (IL-18 receptor a [IL-18RA])-APC
(Miltenyi), CD56-PECy7, CD127-PE, CD45-KrO, CD3-APC-
A700, CD14-APC-A700, CD19-APC-A700, CD94-APC,
CD117-ECD, CRTH2-FITC (from DURACIone dry preformu-
lated custom antibody panel, Beckman Coulter), and
CD7-PECF594 (BD Biosciences). Dead cells were excluded
using LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen).
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After surface staining, stimulated cells were fixed and permea-
bilized using  Fixation/Permeabilization ~ Solution  Kit
(BD Biosciences) to detect intracellular cytokines with the fol-
lowing antibodies: IFNy-APCeFluor780 (eBioscience) and
IL-13-PE (Miltenyi). For the analysis of freshly isolated PBMCs,
lymphocytes were first gated, then dead cells, doublets,
CD457, and lin(CD3, CD14, CD19)* cells were excluded. NK
cells were gated as CD94* cells, whereas hILCs were gated
as CD94~CD127* cells. Among hILCs, ILC1s were gated as
CD117"CRTH27, ILC2s were gated as CRTH2*, and ILCPs
were gated as CD117"CRTH2".

For the analysis of stimulated PBMCs, lymphocytes were first
gated, then dead cells, doublets, CD7~ and lin(CD3, CD14,
CD19)* cells were excluded. NK cells were gated as CD56" cells,
whereas hILCs were gated as CD127" cells.

Data were acquired with a Cytoflex LX flow cytometer
(Beckman Coulter) and analyzed using FlowJo software version
10.8.1 (BD Biosciences). Plasma levels of IL-18 were measured
by enzyme-linked immunosorbent assay using a commercial kit
(R&D), according to the manufacturer’s instructions.

Ex vivo culture of HC PBMCs and NK cells. NK cells
were isolated from HC PBMCs by negative selection using the
RosetteSep Human NK Cell Enrichment Cocktail (Stemcell Tech-
nologies). Total PBMCs were cultured in 10% fetal bovine serum-—
supplemented RPMI 1640 medium with the indicated concentra-
tions of IL-18 (R&D) and, in addition to IL-18, NK cells were cul-
tured with IL-2, IL-1B, and IL-6 (R&D, 10 ng/mL each). After six
days, total PBMCs or NK cells were stimulated with IL-18/IL-12
as described in the previous paragraph for subsequent cytofluori-
metric analysis.

Proteomic assay. Plasma samples were analyzed using
the Olink Target 48 cytokine panel based on the highly
sensitive and specific proximity extension assay technology
as previously described.'® Briefly, each target protein was rec-
ognized by double antibodies linked to complementary DNA
tags that hybridize when in proximity, subsequently quantified
using a high throughput microfluidic real-time polymerase
chain reaction instrument, Olink Signature Q100. Proteins
exhibiting values below the limit of detection in over 80% of
samples were excluded from the dataset. The data were pre-
processed using the NPX Manager Software (version 1.16.0).
Data were analyzed with R and Olink Analyze R package (ver-
sion 1.3.0).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software version 8.0.1. Data are shown
as medians and IQR. To compare two groups, the Mann-Whitney
U-test was used. To compare two groups in the proteomics anal-
ysis we used multiple t-tests with Welch correction. To compare
more than two groups Kruskal-Wallis test was used, followed by

uncorrected Dunn’s test. For correlation analyses, the Spearman
test was used. P values less than 0.05 were considered
significant.

RESULTS

Composition of the circulating ILC compartment in
patients with sJIA. We analyzed the composition of the circu-
lating ILC compartment in patients with sJIA receiving IL-1 inhibi-
tors during CID. NK cells and hILCs were compared to those
observed in HC. Additionally, to evaluate the potential effects of
IL-1 inhibitors in modulating the number of ILCs in patients with
sdIA, NK cells and hILCs were also assessed in the PB of patients
with unrelated AlDs, who were receiving IL-1 inhibitors. NK cells
were gated among live lymphocytes as lin-CD94™ cells, whereas
hILCs were gated as |in"CD94"CD127* (Supplementary
Figure 1A). The frequency of NK cells within lymphocytes and
their absolute number were significantly lower in patients with
sdIA compared to HC (Figure 1A and B). Among NK cells, the
frequency of CD56°"9™ cells was significantly higher in patients
with sdIA compared to HC and patients with AID (Figure 1C).
The frequency and absolute numbers of hiLCs were instead
comparable among patients with sJIA, patients with AID, and
HC (Figure 1D and E). In patients with sJIA, the frequencies of
hILCs, but not of NK cells, correlated with the duration of ther-
apy with IL-1 inhibitors (Supplementary Figure 1B and C). Alto-
gether, our data show that patients with sdJIA during CID are
characterized by a marked reduction of circulating NK cells,
accompanied by an increase in the percentage of CD56P"9™
cells, whereas no significant abnormalities are observed in the
percentage and number of hiLCs.

Abnormal hILC subset proportions in patients with
sJJA. and CID correlating with IL-18 plasma
concentration. We next investigated the composition of the
hILC compartment by measuring the frequency of each subset
among lymphocytes in patients with sJIA during CID. ILC1s were
identified as CD117"CRTH2™, ILC2s as CRTH2* and ILCPs as
CD117*CRTH2™ (Supplementary Figure 1A). Compared to HC,
patients with sJIA showed a significant increase in both the fre-
quency and absolute number of ILC1s (Figure 2A and D), and a
reduction in both the frequency and absolute number of ILCPs
(Figure 2C and F). Although the frequency of ILC2 was compara-
ble between the two groups (Figure 2B), patients with sJIA had
significantly reduced absolute numbers of ILC2s (Figure 2E).

Furthermore, we analyzed the proportion of each subset
within hILCs. In line with the data on the frequency among total
lymphocytes and cell numbers (Figure 2A-F), we found a signifi-
cantly higher proportion of ILC1s and a lower proportion of ILCPs
in patients with sdIA (Figure 2G-). Of note, these abnormalities
were specific to sJIA because they were not observed in patients
with AID similarly receiving the same IL-1 inhibitor treatment.
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Figure 1.

NK cell frequency and number in the peripheral blood of patients with sJIA are decreased compared to HC. (A-C) Scatter dot plots

and bars showing the medians and interquartile ranges (IQR) of (A) NK cell frequency within live lymphocytes, (B) their absolute number, (C) and
the frequency of CD56”"™M NK cells among total NK cells. D and E, Scatter dot plots and bars showing the medians and IQR of (D) hILC frequency
within live lymphocytes and (E) their absolute number. Symbols represent individual patients. A, C, and Dn =23 HC; n=31sJIA;n=14 AID.Band
En=17 HC; n =26 sJIA; n =7 AID. Kruskal-Wallis test was used, followed by uncorrected Dunn’s test. (P < 0.01; **P < 0.005; ****P < 0.001).
AID, autoinflammatory disease; HC, healthy children; hILC, helper innate lymphoid cell; NK, natural killer; sJIA, systemic juvenile idiopathic arthritis.

Given the observed changes in NK cell numbers and in hILC
subset proportions in patients with sdIA, we next investigated
whether these abnormalities were linked to the circulating levels
of IL-18, which is the signature inflammatory cytokine in sJIA.
We found a significant positive correlation between ILC1 propor-
tion among hILCs and IL-18 plasma concentration (Figure 2L).
Consistently, a significant negative correlation between ILC2 pro-
portion and IL-18 levels was also found (Figure 2L). ILC2 (but not
ILC1) cell number/mL negatively correlated with IL-18 plasma
concentration (r = -0.4017, P = 0.0419). These abnormalities
were not linked to surface expression levels of the IL-18 receptor,
as we observed that ILC1 from patients with sJIA expressed sig-
nificantly lower levels of IL-18RA compared to HC and patients
with AID (Figure 2M and Supplementary Figure 2A and B). To fur-
ther explore the role of IL-18, we stimulated HC PBMCs with IL-
18, and we found a reduction in ILCP and an increase in ILC1 pro-
portions among hILC, suggesting that IL-18 drives ILCP differen-
tiation toward ILC1 (Supplementary Figure 2C and D).
Collectively, our data show that patients with sJIA during CID
exhibit an abnormality in the hILC subset proportions, character-
ized by an increase in the ILC1 subset that is associated with cir-
culating levels of IL-18 and a decrease in the ILCP subset.

Dysfunctional IFNy production in response to IL-18
stimulation by NK cells and hILCs. To assess the capacity
of NK cells and hILCs to produce IFNy in patients with sJIA as
compared to HC, we stimulated PBMCs and measured intracellu-
lar IFNy in these subsets by flow cytometry (Figure 3A-D, Supple-
mentary Figure 3, and Supplementary Figure 4A-D). To evaluate
the intrinsic cellular potential to synthesize cytokines, we used
PMA/ionomycin as a nonspecific stimulus (Supplementary
Figure 3A). Alternatively, we stimulated cells with IL-18 in the pres-
ence of IL-12 (Supplementary Figure 3B). We found that in
patients with sdIA, the frequency of NK cells capable of producing
IFNy in response to both PMA/ionomycin and IL-18/IL-12 was
comparable to that of HC (Figure 3A). However, we found that,
on ex vivo cell stimulation with IL-18 and IL-12, patients with sJIA
clustered into two distinct subgroups: 5 of 14 patients were
hyperresponders (% IFNy + median = 62.8), whereas the remain-
ing 9 of 14 patients were hypo- or null responders (% IFNy +
median = 3.4) (Figure 3A). The median treatment duration did
not differ significantly between hyperresponsive and hyporespon-
sive patients. Interestingly, we found a negative correlation
between the percentage of IFNy + NK cells and the circulating
levels of IL-18 (Figure 3 B). In line with these data, we observed
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were determined by the Spearman correlation test. Symbols represent individual patients. (M) Scatter dot plots and bars showing for each ILC
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that preincubating ex vivo NK cells from HC with increasing IL-18
concentrations reduced their subsequent ability to produce IFNy
in response to IL-18/IL-12 stimulation in a dose-dependent man-
ner (Supplementary Figure 4E and F). This desensitization was

independent of the presence of IL-1p and IL-6, other cytokines

that characterize sJIA milieu (Supplementary Figure 4E and F).
Regarding hiLCs, despite a significantly higher proportion of

ILC1s in patients with sJIA (Figure 2G), the frequency of IFNy +
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hILCs following both PMA/ionomycin or IL-18/IL-12 stimulations
was significantly lower in patients with sJIA compared to HC
(Figure 3C). Differently from NK cells, no significant correlation
between the percentage of IFNy and hILCs, and the circulating
levels of IL-18 was found in IL-18/IL-12 stimulation (Figure 3D).
As expected, IL-13 was not produced by hILCs in response to
IL-18 with IL-12 (data not shown). In PMA/ionomycin stimulation,
the frequency of hILCs positive for IL-13, the signature cytokine
for ILC2, was comparable between sJIA and HC (Figure 3E).
Given the opposite correlation of ILC1 and ILC2 frequencies
among hILCs with IL-18 plasma concentration (Figure 2L), we
investigated whether there was any association with hILC ability
to produce the ILC1 and ILC2 signature cytokines IFNy and
IL-13, respectively. Consistently, IL-18 plasma concentration
negatively correlated with the frequency of IL-13 and hILCs,
whereas no correlation was observed with the frequency of IFNy
and hiLCs (Figure 3F).

Overall, these findings indicate that in patients with sJIA
during CID, hILCs display a specific functional impairment in
IFNy production. Conversely, in patients with sJIA, the respon-
siveness of NK cells to ex vivo stimulation with IL-18 and IL-12,
in terms of IFNy production, is associated with in vivo IL-18
plasma levels.

Proteomic profile of patients with sJIA during CID.
To explore the plasma proteomic profile of children with sJIA
during CID while receiving IL-1 inhibitors, we quantified the
concentrations of 44 proteins in 35 patients and 5 HC. These
data confirmed that IL-18 levels were the highest among all
the proteins assessed in sJIA samples, and we observed that
samples clustered according to IL-18 concentration rather
than diagnosis (Supplementary Figure 5A). Indeed, patients
with lower plasma levels of IL-18 clustered together with HC
and displayed increased expression of tumor necrosis factor
superfamily 10 (TNFSF10) and TNFSF12 compared to patients
with higher IL-18 levels (Supplementary Figure 5A). Principal
component analysis of the protein data set confirmed that
patients could not be distinguished from HC (Supplementary
Figure 5B), suggesting a similar inflammatory profile between
the two groups. Indeed, except for IL-18, which was the top
up-regulated cytokine in patients with sJIA, differential analysis
between sJIA and HC samples revealed that only IL-15 and
colony stimulating factor 3 (CSF3) (also known as G-CSF) were
significantly up-regulated in patients with sJIA (Supplementary
Figure 5C). Correlation analysis between the expression of
pairs of proteins allowed to identify a disease-associated pat-
tern during CID, consisting of 12 proteins including the IFNy-
CXCL9/CXCL10 axis (Supplementary Figure 6). Additionally,
we integrated proteomics with the phenotypic and functional
ILC analysis data. This comprehensive approach allowed to
identify additional correlations and confirmed that ILC

phenotypes and functions were primarily linked to IL-18 levels
during CID in patients with sJIA (Figure 3G).

DISCUSSION

In this study, we performed immunophenotyping of the ILC
compartment in the PB of patients with sJIA during CID receiving
IL-1 inhibitors. Similar to what has been shown in active
disease,'® we found a decreased frequency and number of NK
cells in patients during CID compared to HC. Notably, we also
observed that these patients exhibited an increase in the percent-
age of NK CD56°"9" cells compared to HC. This subset of NK
cells is typically associated with IFNy production rather than cyto-
toxic activity. These data expand on what is already known and
suggest that a reduced NK cell frequency may represent a persis-
tent dysfunctional feature of sJIA, even during the inactive phase
of the disease.

In contrast to NK cells, we found that in patients with sJIA
during CID the frequency and number of hILCs were comparable
to HC. Furthermore, in these patients, the hILC frequency posi-
tively correlated with the duration of IL-1 inhibitor treatments, sug-
gesting that prolonged control of disease activity may facilitate the
recovery of circulating hiLCs. Within the hILC compartment,
patients with sJIA exhibited a significant increase in ILC1 and a
decrease in ILCP frequencies and absolute numbers compared
to HC. Importantly, these changes were specific to sJIA and not
observed in patients with other autoinflammatory diseases receiv-
ing IL-1 inhibitors, suggesting a unique pattern of hILC dysregula-
tion in sJIA. Additionally, we found that both ILC1 and ILC2
proportions among hiLCs correlated with plasma IL-18 levels, fur-
ther supporting the pivotal role of IL-18 in sJIA pathogenesis. The
positive correlation between IL-18 levels and the proportion of
ILC1s, alongside the negative correlation with the ILC2 propor-
tion, highlights the influence of IL-18 on the hILC landscape. The
high IL-18 plasma levels may be responsible for the IL18-driven
ILC1 expansion observed, as suggested by the ILCP-ILC1 con-
version induced by stimulating HC PBMCs with IL-18 ex vivo. Fur-
thermore, the negative correlation between IL-18 levels and the
frequency of IL-13" hILCs underscores the IL-18’s role in skewing
the balance away from ILC2-driven responses, which could have
anti-inflammatory effects. Consistent with our results, hILCs
respond to IL-18 during inflammation, with IL-18 driving preferen-
tial ILCP differentiation toward ILC1s and production of IFNy."”

Regarding the functional capability of ILCs, we found that
both NK cells and hILCs from patients with sJIA exhibited func-
tional abnormalities. Despite the higher frequency of CD56P M
cells, NK cells from patients with sJIA displayed a heterogeneous
response to IL-18/IL-12 stimulation, with some patients being
hyperresponders and others hypo- or nonresponders. This vari-
ability in NK cell response was inversely correlated with circulating
IL-18 levels, suggesting a potential desensitization mechanism
induced by prolonged exposure to high IL-18 concentrations.
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Similar findings have been reported in patients with sJIA during
active disease and at disease onset.®’” This IL-18 desensitization
mechanism is also supported by our data on HC NK cells, showing
a dose-dependent loss of responsivity to further IL-18 stimulation
on preincubation with this cytokine. These findings suggest that
prolonged IL-18 exposure may induce a refractory state in NK cells,
potentially impairing their ability to mount an appropriate immune
response in inflammatory conditions. Reduced IFNy production
by NK cells in response to IL-18 may represent a protective mech-
anism aimed at preventing excessive IFNy production and, conse-
quently, the development of MAS during active sdIA. However, in
patients with sdIA with low IL-18 plasma levels, despite proteomic
data indicating a similarity with HC cytokine expression patterns,
NK cells were hyperresponsive to this cytokine in terms of IFNy pro-
duction, therefore suggesting that a decrease in IL-18 plasma con-
centration during CID may not be associated with a recovery of
physiologic NK cell function. This hypothesis aligns with data dem-
onstrating that leukocytes from patients with inactive sJIA exhibit
underlying alterations in Toll-like receptor signaling and a skewed
monocyte phenotype, even in patients who are clinically and tran-
scriptionally comparable to healthy individuals.'?

Conversely, despite the increased proportion of ILC1s in
patients with sJIA and CID, hiILCs demonstrated significant func-
tional impairment in their ability to produce IFNy on stimulation
with PMA/ionomycin or IL-18/IL-12, while maintaining normal IL-
13 production. This impairment may be due to reduced IL-18RA
expression on ILC1s in patients with sJIA and could represent a
protective mechanism to avoid excessive IFNy production.

Proteomic integration analysis confirmed that ILC pheno-
types and functions were predominantly associated with IL-18
levels, further emphasizing its role as a key driver of immune dys-
regulation in sJIA. Additionally, hierarchical clustering revealed
distinct groups of highly correlated cytokines, indicating shared
biologic pathways. Notably, a very well-defined cluster, including
CXCL9, CXCL10, and IFNy, along with nine other proteins, was
identified, suggesting a distinct inflammatory signature driven by
IFNy in patients with sJIA, even during CID.

Because of the low frequency of ILCs in the PB, a limitation of
this study is that the number of cells obtained from children’s
samples was insufficient to perform all analyses in parallel for each
patient. To avoid potential alterations in cell subset proportions
and function because of cell thawing, we conducted our analyses
on freshly isolated PBMCs. This approach limited the number of
patients we could enroll, particularly those with treatment-naive
sJIA at disease onset.

Despite these limitations, our study provides the first pheno-
typic and functional characterization of ILCs in patients with sJIA
during CID. Our findings underscore the persistent dysregulation
of innate immune cells in patients with sJIA, even in the absence
of active disease symptoms, and highlight the potential patho-
genic role of specific immune cell subsets and cytokine interac-
tions. We demonstrate that NK cells and hiLCs in patients with

sJIA during CID exhibit opposite dysfunctional features, with NK
cells being more responsive to IL-18 stimulation and hILCs show-
ing an intrinsic impairment in IFNy production, compared to the
respective subsets in HC. These findings further contribute to
the definition of recovery from active disease as a state of com-
pensation? or adaptation to an altered inflammatory environment,
rather than a reversion to an initial normal state.
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Clinical Images: Subacromial bursitis with rice bodies as an initial solo presentation of rheumatoid arthritis

The patient, a 69-year-old woman with chronic polyarthritis, was referred to our department. She had visited an orthopedic clinic a year
before this referral for a three-month history of left shoulder pain. Tenderness and swelling were detected only in the left shoulder and
not in the other joints. (A) Radiography showed no calcification or bone erosions, (B) whereas ultrasonography revealed an effusion in
the subacromial bursa with multiple hypoechoic to hyperechoic nodules. (C) T2-weighted magnetic resonance imaging showed multiple
nodules of low-signal intensity in the distended fluid-filed subacromial bursa. Tan nodules were arthroscopically extracted, revealing typ-
ical rice bodies. (D) The brown component comprised the bursal lining with old blood and iron pigmentation (formalin fixed). Pathologic
examination revealed that typical rice bodies consist of an amorphous acidophilic core surrounded by fibrin. Bursal lining showed synovial
villous hypertrophy, a band-like zone of chronic inflammation, and perivascular aggregates. (E and F) No cartilaginous or chondrocyte pro-
liferation was detected (hematoxylin and eosin stain, x20). No evidence of malignancy or infection was detected. Arthroscopic bursectomy
resulted in complete improvement. However, eight months after surgery, polyarthritis occurred in the fingers, hands, knees, and right
shoulder, which persisted for two months. At our department, ultrasonography revealed joint synovitis. Serum rheumatoid factor and
anti—cyclic citrullinated peptide antibodies were highly positive. The patient was diagnosed with rheumatoid arthritis (RA) and treated with
methotrexate. Rice bodies can develop at any time and are not associated with disease activity in RA." However, patients who develop
only subacromial bursitis with rice bodies as an initial manifestation of RA are extremely rare.? These cases should be carefully followed
up, even after surgical improvement, because polyarthritis may develop later in the course of RA.
The author would like to thank Editage (www.editage.com) for English language editing.
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Clinical Images: Acute vision loss due to granulomatosis with polyangiitis

A 70-year-old man presented with progressive hearing loss and persistent postnasal drip for five months. Despite starting antibiotics, the
patient’s condition remained refractory. The patient suddenly experienced vision loss two weeks before presentation. Physical examina-
tion revealed complete blindness, positive relative afferent pupillary defect in the right eye, and hearing loss. Ophthalmoscopy revealed
no abnormalities. Audiometry demonstrated severe bilateral mixed hearing loss. Laboratory findings showed elevated C-reactive protein
level (6.94 mg/dL), erythrocyte sedimentation rate (115 mm/h), and positive proteinase 3 antineutrophil cytoplasmic antibody level (89.7
IU/L). Antinuclear antibody, T-SPOT.TB test, and blood culture results were negative. Angiotensin-converting enzyme, lysozyme, serum
IgG4, interleukin-2 receptor, and all tumor marker levels were normal. Axial (A, arrows) and coronal (B, arrow) T2-weighted enhanced mag-
netic resonance imaging showed high intensity and contrast effect around the right optic nerve, the so-called “tram track sign” and “donut
sign,” which indicated optic perineuritis. Furthermore, sinusitis was detected (C, arrows). Computed tomography showed poor air-
containing and soft shadows in the bilateral mastoid antrums (D, arrows) and fluid accumulation in left maxillary sinus (D, arrowhead) that
suggested otitis media and sinusitis. A biopsy specimen from the right maxillary sinus revealed lymphocyte and plasma cell infiltration
around the capillaries in hematoxylin and eosin staining (E, arrowheads), and Elastica-van Gieson staining showed elastic fiber disruption
in the vessel wall (F, arrowheads), which indicated small-vessel vasculitis. Thus, granulomatosis with polyangiitis (GPA) was diagnosed.
Methylprednisolone at 1,000 mg was initiated, followed by intravenous administration of rituximab at 500 mg weekly and gradual tapering
of prednisolone. Symptoms and laboratory and imaging findings gradually improved. Therefore, optic perineuritis due to GPA should be
considered a cause of sudden vision loss.
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Granulomatosis with polyangiitis presenting as
strawberry gingivitis: methodologic aspects: comment
on the article by Liu et al

To the Editor:

With interest, we read the report by Liu et al' describing a
patient with strawberry gingivitis, attributed to granulomatosis
with polyangiitis (GPA). The authors state “...co-localization stain-
ing for proteinase 3 (PR3) and IgG revealed specific PR3-ANCA
[anti-neutrophil cytoplasmic antibody] positivity... (Figure C, D)”
and “This case underscores the diagnostic challenge of GPA,
especially in ANCA-negative presentations by [indirect immuno-
fluorescence] IIF, necessitating reliance on histopathology and
targeted immunologic testing to establish a diagnosis.” Unfortu-
nately, the presented histopathology and immunologic testing
results have substantial inadequacies. Central to their argument
is their interpretation of stainings of PR3 and IgG in approximately
the same location as conclusive evidence of specific presence of
PR3-ANCA. We respectfully disagree with this conclusion
because it is not proven by the evidence provided.

PR3, the target of PR3-ANCA, is expressed mainly by neu-
trophils. Upon neutrophil priming by inflammatory cytokines,
PR3 expression on the cell surface is up-regulated by binding to
NB1 (also known as CD177), and it can also be released by acti-
vated neutrophils into the extracellular environment during the
process of NETosis or other forms of inflammatory neutrophil cell
death.?® Detection of PR3 in inflamed tissue is therefore not spe-
cific for GPA. Furthermore, colocalization with IgG in immunohis-
tochemistry does not demonstrate that IgG is bound to a
colocalized protein in a specific antibody—antigen binding manner.
Thus, the statement that colocalization staining for PR3 and IgG
would reveal specific PR3-ANCA positivity appears to be a mis-
conception. Furthermore, Figure 1C and 1D are uninterpretable
because the underlying anatomic structures cannot be identified,
the images do not seem to represent serial sections, and
Figure 1C seems to show only stained PR3 and 1D shows only
stained IgG, without clear red-green overlap anywhere.

The serologic diagnosis of GPA could also be challenged.
The patient first tested negative for ANCA by IIF but was nonethe-
less classified as having GPA after a low-positive PR3-ANCA
enzyme-linked immunosorbent assay (ELISA) result. This testing
sequence is not consistent with the latest ANCA-testing consen-
sus guidelines, which recommend the use of a high-quality
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antigen-specific immunoassay as the preferred first screening
method. If this test reveals low antibody levels (as in this case), a
second, different immunoassay or IIF is advised for confirmation.*
Therefore, the PR3-ANCA test result reported here (weakly posi-
tive ELISA with negative IIF) is not conclusively supportive of GPA.

In summary, although strawberry gingivitis is considered
pathognomonic for GPA, and the follow-up with persistently ele-
vated cytoplasmic ANCA and PR3-ANCA levels makes the diag-
nosis of GPA plausible, we would like to add a word of caution
regarding the diagnostic methods employed here. GPA can be
difficult to diagnose, and it is important to only embrace diagnos-
tic methods with validated sensitivity and specificity to avoid over-
diagnosis and possibly overtreatment.
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Reply

To the Editor:

We sincerely appreciate the interest in our report’ and the
detailed comments made by van der Woude et al. We would like
to address the concerns as follows:

1. Clarification on Figures 1C and 1D

Because of journal requirements, figure legends were not
included, which may have led to some misunderstandings
regarding Figure 1C and 1D, which depict IgG and proteinase
3 (PR3) costaining in healthy human gingiva and strawberry
gingivitis, respectively. To clarify, we provide more detailed
staining images in Figure 1.

2. Colocalization of IgG and PR3

We acknowledge that IgG and PR3 colocalization staining
alone does not confirm specific immune binding between
PR3 and IgG. However, given the available immunodetection
methods at the time, we were unable to use more precise immu-
nologic techniques to determine the exact tissue localization of
PR3-specific antineutrophil cytoplasmic antibodies (ANCASs).

Figure 1.

Despite this limitation, the observed colocalization of IgG and
PR3 in the patient sample, compared to the control, still suggests
the potential presence of PR3-ANCA-specific antibodies, which
remains meaningful for the diagnosis of granulomatosis with
polyangiitis (GPA).

3. Diagnostic workflow limitations

As oral medicine specialists, we recognize that there were
limitations in our adherence to the latest GPA diagnostic guide-
lines. In our case, we followed the 1999 ANCA-testing consensus
guidelines?, using indirect immunofluorescence (IIF) for initial
screening, followed by PR3-ANCA enzyme-linked immunosor-
bent assay (ELISA) for further assessment. We acknowledge that
the most recent consensus guidelines recommend using specific
PR3-ELISA as the first-line screening method, followed by a con-
firmatory test if the result is weakly positive. However, even under
the latest guidelinese’, a combination of lIF and PR3-ELISA results
should be considered to improve diagnostic accuracy. Given that
our patient showed negative IIF and weakly positive PR3-ELISA,
additional laboratory tests would indeed be required to confirm a
GPA diagnosis. Thus, we maintain that local tissue biopsy
remains a valuable diagnostic tool for helping confirm GPA. IgG
and PR3 colocalization analysis may aid in GPA diagnosis,

A) IgG and proteinase 3 (PR3) costaining in gingival samples from a healthy control (top left: DAPI; top right: IgG-FITC; fluorescein iso-

thlocyanate. bottom left: PR3-Cy3; cyanine 3 bottom right: merged image). (B) Corresponding staining in the patient’s gingival sample.
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particularly in cases in which conventional ANCA testing yields
inconclusive results. However, we acknowledge that this
approach has not been validated in the literature and recognize
the limitations of our immunodetection method, including the
absence of more advanced techniques such as confocal
microscopy—-based antibody affinity assays or bimolecular
fluorescence complementation.

We appreciate your insightful comments and the oppor-
tunity to clarify these points. We hope that our responses
adequately address your concerns and contribute to a construc-
tive discussion.

Hanghang Liu

Xian Liu
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Methodological considerations for “Proinflammatory
dietary pattern and the risk of female gout”: comment
on the article by Rai et al

To the Editor:

We read with great interest the article by Rai et al titled “Pro-
inflammatory Dietary Pattern and the Risk of Female Gout: Sex-
Specific Findings From Three Prospective Cohort Studies.”"
Although the authors provided a detailed discussion of the
study’s limitations, we wish to highlight additional methodological
considerations that could further refine the interpretation and gen-
eralizability of these findings.

First, the study predominantly enrolled US White health care
professionals— a population with socioeconomic status, health
literacy, and health care access markedly higher than the general
population. This selection bias may limit the external validity of

conclusions when extrapolated to other racial and ethnic groups
(e.g., African American, Hispanic individuals) and low-and mid-
dle-income countries,? particularly given well-documented racial
disparities in gout incidence.®

Second, although validated food frequency questionnaires
(FFQs) were used to calculate empirical dietary inflammatory pat-
tern (EDIP) scores, inherent recall bias and classification errors in
FFQs likely attenuated true diet-gout associations.” The exclusive
reliance on EDIP as a proinflammatory diet metric, without con-
current measurement of inflammatory biomarkers such as
C-reactive protein or interleukin-6, precludes validation of its bio-
logical plausibility. Furthermore, prolonged EDIP update intervals
fail to capture short-term dietary fluctuations that may dynamically
influence gout risk, and discontinuing EDIP assessments follow-
ing metabolic disease diagnoses (e.g., diabetes) introduces infor-
mation truncation bias by neglecting reverse causation between
disease progression and dietary modifications.

Third, the Cox proportional hazards models incorporated
time-varying adjustments for covariates (e.g., body mass index
[BMI], smoking status) but relied solely on stratification and covar-
iate adjustment to address confounding. This approach may
inadequately control for unmeasured time-varying confounders,
such as temporal shifts in medication use (e.g., urate-lowering
therapies) and socioeconomic status. Treating BMI as a causal
mediator through stratification risks overadjustment bias, poten-
tially obscuring the direct effect of dietary patterns on gout patho-
genesis mediated via adiposity-independent inflammatory
pathways.

Finally, although most alcoholic beverages were classified as
“anti-inflammatory” components, this categorization may conflate
risks in subgroups with alcohol misuse or impaired hepatic and/or
renal function. Although sex-specific differences were empha-
sized, the analysis omitted exploration of estrogen levels, oral
contraceptive use, or hormone replacement therapies—
all factors known to modulate both inflammatory pathways and
uric acid metabolism.®

Despite these limitations, the study provides compelling
epidemiological evidence for sexually dimorphic associations
between proinflammatory diets and gout risk. Future research
should prioritize diverse populations, validate dietary indices
against clinical biomarkers, employ time-dependent EDIP met-
rics or machine learning algorithms (e.g., random forests) to cap-
ture nonlinear dietary effects, and utilize causal mediation
models or Mendelian randomization analyses to elucidate sex-
specific biological mechanisms. Such advancements would
substantially enhance the translational relevance of dietary inter-
ventions in gout prevention.

Fusen Chen and Jiatao Li contributed equally to this work.
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Reply

To the Editor:

We read with interest the comments by Dr Chen et al regarding
our article' and appreciate the opportunity to address the methodo-
logic considerations raised. First, we acknowledge our study popu-
lation was not representative of the US general population, and, as
mentioned in our article, replication in diverse populations will be
valuable. Moreover, despite the homogeneity of our cohorts in
terms of health literacy and health care access, they offer many
strengths to longitudinally evaluate diet-disease associations,
including the availability of repeated measures and well-
characterized physician-diagnosed gout cases. Still, although the
absolute rates of gout and distribution of dietary intake in this study
are more readily generalizable to White US health professionals, the
underlying biologic effects of the empirical dietary inflammatory pat-
tern (EDIP) (reflected by the hazard ratios) are likely to be similar
among other Americans, as has been shown when comparing risk
factor levels and risk factor associations between the more selected
UK Biobank cohort and more representative UK populations.?

Second, the prospective nature of our study (wherein
disease-free participants are routinely surveyed about their diets

before disease onset) minimizes the possibility of recall bias.
Moreover, one key strength of using the validated food frequency
questionnaire (FFQ) is its lack of reliance on participants’ memory,
as usual intake is typically easier to describe versus recalling what
specific foods were eaten at any given meal in the past.® Any
remaining misclassification is expected to be nondifferential with
respect to our outcome and would likely simply attenuate the
observed association toward the null. Chen et al further postu-
lated that the EDIP lacks concurrent biomarker measurement
and validation; we noted the EDIP was indeed developed and val-
idated using biomarker data (C-reactive protein, interleukin-6, and
tumor necrosis factor a receptor 2) in our three cohorts as well as
the Women’s Health Initiative.* Next, although Chen et al are cor-
rect that our use of cumulatively averaged repeated measures of
EDIP will not capture short-term dietary fluctuations, the current
study focused on the public health—related question of long-term
diet and new-onset gout rather than recurrent flare risk among
those with gout. Indeed, another key strength of using the
FFQ is minimization of within-person variation (generated by
short-term dietary fluctuations), which may dampen observed
associations between habitual diet and disease risk.® Regarding
the possibility of reverse causation introduced by our modeling
approach, we note that our approach is actually intended to min-
imize potential bias resulting from a change in diet following the
diagnosis of another condition.®

Third, Chen et al remarked that our modeling approach “may
inadequately control for unmeasured time-varying confounders,
such as temporal shifts in medication use (eg, urate-lowering ther-
apies).” As in all observational studies (and acknowledged in our
article), unmeasured confounding remains possible. Importantly,
this is a gout-free population, and therefore participants are highly
unlikely to be using urate-lowering therapy; however, we did adjust
for available medications known to be associated with gout risk,
including diuretics and postmenopausal hormone therapy. With
respect to body mass index (BMI) overadjustment, we presented
estimates before and after BMI adjustment (with the latter repre-
senting the association independent of adiposity).

Finally, as mentioned in our Methods section, we note that we
adjusted for alcohol intake because of its established positive asso-
ciation with gout, which is likely to be even higher among those with
impaired hepatic and/or renal function. Although our cohort did not
have data on estrogen levels for all participants, we did adjust for
menopausal status and postmenopausal hormone use.

In summary, we appreciate the comments but wish the
readers to take away our article’s principal finding: consuming a
more anti-inflammatory diet may modulate systemic and meta-
bolic inflammation, potentially reducing gout risk and its life-
threatening comorbidities, particularly for women.
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Enhancing predictive biomarkers in limited cutaneous
systemic sclerosis: the role of type | interferon score
and sex considerations: comment on the article by

Di Donato et al

To the Editor:

| sincerely thank Di Donato et al for their valuable insights and
detailed analysis." Their study effectively highlights the important
role of the serum type | interferon (IFN) score as a predictive bio-
marker for disease progression in limited cutaneous systemic
sclerosis (IcSSc), which has significant clinical relevance. This is
an innovative approach that could improve personalized treat-
ment for patients with IcSSc. However, although the conclusions
of this study are valuable, | would like to offer a few suggestions
to deepen the understanding of these associations.

The first concern is that the study cohort consists primarily of
female patients (96%), which is much higher than the sex distribu-
tion of systemic sclerosis (SSc) in the real world (about 80%
female).? This raises concerns about the generalizability of the
results. Although male patients with SSc are less common, they
generally have worse prognoses.? The study did not include
enough male participants, which may obscure the specific predic-
tive value of the IFN score in sex subgroups. Future studies
should consider a more balanced sex representation or expand
the male cohort to verify the predictive value of the IFN score
across the sexes.

Another limitation is the reliance on the baseline IFN score to
predict disease progression without considering changes in the
IFN score over time. Using a single time point measurement does
not capture the dynamic nature of IcSSc disease progression.
Longitudinal measurements of the IFN score could provide a
more accurate understanding of how fluctuations in type | IFN
activity are related to disease flares or improvements. This would
offer a more comprehensive understanding of the role of IFN sig-
naling throughout the disease course, especially when patients
receive treatments that may affect these scores.

Although the study reports excellent performance metrics
(area under the curve and C-index) for its predictive model, the
generalizability of the findings is limited by the lack of external val-
idation. It remains unclear how the model would apply to other
IcSSc cohorts or perform in real-world settings. There are signifi-
cant ethnic differences in the clinical phenotype and antibody pro-
file of SSc, with Asian patients having higher rates of anti-Scl70
antibody positivity and African American patients at greater risk
for interstitial lung disease.® | suggest that future research include
independent validation cohorts from different clinical environ-
ments or regions to ensure the predictive value of the IFN score.

In conclusion, | hope that the authors will take these issues
into account to further improve the robustness of their study,
and we look forward to more insightful studies of IFN scores in
the future.
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Reply

To the Editor:

We appreciate the interest of Dr Li in our study on the role of
the type | interferon (IFN) score in predicting disease progression
in limited cutaneous systemic sclerosis (IcSSc)." Their comments
provide valuable feedback, and we take this opportunity to
expand on the highlighted aspects of our work.

The first point raised is on the sex distribution in our cohort
being reportedly higher than the one observed in systemic sclero-
sis. We recruited consecutive patients with IcSSc. The higher pro-
portion of female patients is consistent with the well-documented
sex distribution in IcSSc. Multiple studies, including the largest
analysis of patients with IcSSc from the European Scleroderma
Trials and Research (EUSTAR) database,? have reported a higher
proportion of female patients within this subset, with women
accounting for approximately 90% of cases, a significantly greater
prevalence compared to diffuse cutaneous systemic sclerosis
(dcSSc). Notably, male patients tend to present with more severe
disease phenotypes, including a faster progression of skin
involvement, with up to 60% developing dcSSc within the first
year of symptom onset.® Therefore, our cohort reflects real-world
data, and its generalizability should be considered in this context.

As to the second point raised, it is important to clarify that our
study does not rely on a baseline IFN score measured at disease
onset. Rather, we studied a prevalent cohort with a median dis-
ease duration of 8 (interquartile range 10) years. This would rather
underscore the notion that the predictive value of the IFN score for
future outcomes remains valid at any time point. Nonetheless, we
fully acknowledge the importance of evaluating longitudinal
changes in the IFN score in relation to both disease events and
treatment. This aspect is currently under investigation, and our

ongoing analysis will provide insights into the temporal dynamics
of the IFN score and the proportion and clinical features of
patients who have a significant change in their IFN status over
time. These data, once available, will contribute to a deeper
understanding of the role of type | IFN activation in disease pro-
gression and response to therapy.

The third point raised relates to an external validation of our
data. We agree independent validation will be crucial to assess
its generalizability, and we encourage further efforts in this direc-
tion, including testing across different ethnic backgrounds. Spe-
cifically, in our current data set, the majority of are of White
European background (93.3%), with only a small representation
of East Asian and Middle Eastern participants. Given this imbal-
ance, our sample size is not sufficient to draw meaningful com-
parisons across ethnic groups. Nonetheless, exploring potential
racial differences remains an important avenue for future research
in larger and more diverse populations.
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