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Abstract

Objectives: To quantify associations of serum alarmins with risk of rheumatoid arthritis-associated interstitial lung disease (RA-ILD).

Methods: Using serum collected at enrolment, three alarmins (IL-33, thymic stromal lymphopoietin [TSLP] and IL-25) were measured in a multicentre
prospective RA cohort. ILD was classified using systematic medical record review. Cross-sectional associations of log-transformed (IL-33, TSLP) or
quartile (IL-25) values with RA-ILD at enrolment (prevalent RA-ILD) were examined using logistic regression, while associations with incident RA-ILD
developing after enrolment were examined using Cox proportional hazards. Covariates in multivariate models included age, sex, race, smoking status,
RA disease activity score and anti-cyclic citrullinated antibody positivity.

Results: Of 2835 study participants, 115 participants (4.1%) had prevalent RA-ILD at baseline and an additional 146 (5.1%) developed incident ILD.
There were no associations between serum alarmin concentrations and prevalent ILD in unadjusted or adjusted logistic regression models. In contrast,
there was a significant inverse association between IL-33 concentration and the risk of developing incident RA-ILD in unadjusted (hazard ratio [HR]
0.73 per log-fold increase; 95% Cl: 0.57, 0.95; P=0.018) and adjusted (HR 0.77; 95% CI: 0.59, 1.00; P=0.047) models. No significant associations of
TSLP or IL-25 with incident ILD were observed.

Conclusion: In this study, we observed a significant inverse association between serum IL-33 concentration and the risk of developing incident
RA-ILD, but no associations with prevalent ILD. Additional investigation is required to better understand the mechanisms driving this relationship
and how serum alarmin IL-33 assessment might contribute to clinical risk stratification in patients with RA.

Keywords: rheumatoid arthritis, interstitial lung disease, alarmin, interleukin-33, thymic stromal lymphopoietin, interleukin-25, fibrosis.

Rheumatology key messages

¢ Alarmins are danger signals released with cell/tissue damage, implicated in tissue fibrosis and RA.
¢ Prior studies have not examined associations of circulating alarmins with incident RA-ILD risk.

¢ Serum IL-33 levels are inversely associated with the risk of incident ILD in patients with RA.

Introduction

Clinically relevant interstitial lung disease (ILD) affects up to 10% not been made [2]. ILD is among the most over-represented

of individuals with rheumatoid arthritis (RA) [1], a complication
that is associated with substantial morbidity, reduced quality of
life and higher mortality. In contrast to improvements in all-cause
and cardiovascular mortality observed in patients with RA over
the last 20 years, similar gains in respiratory-related deaths have

causes of death in RA and is associated with a median life expec-
tancy of just 3-7 years [2—4]. Given these prognostic implications
and recent advances in management, the early identification of
patients at risk for ILD is increasingly paramount. Currently, the
identification of RA-related ILD (RA-ILD) relies primarily on
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advanced imaging and pulmonary function testing in symptom-
atic patients. It is known, however, from systematic screening
studies that up to 20-30% of patients have evidence of subclinical
ILD on advanced imaging [35, 6], suggesting that many with RA
are at risk of developing progressive lung disease even in the ab-
sence of pulmonary symptoms. Numerous peripheral blood bio-
markers, including autoantibodies, genetic polymorphisms, lung
epithelial-related proteins, and cytokines, among others, have
been proposed as screening tools to facilitate earlier identification
of patients with RA-ILD [7].

IL-33, a member of the IL-1 cytokine family, is one such
biomarker with data suggesting its involvement in the patho-
genesis of RA and pulmonary fibrosis [8, 9]. Recognized as an
alarmin, IL-33 is constitutively expressed in the nuclei of epi-
thelial and endothelial cells and is released during cellular
damage, binding the ST2 receptor (ST2R) to activate pro-
inflammatory pathways. However, it is also increasingly rec-
ognized that the IL-33/ST2 signalling pathway has a dual
role, exerting potential lung protective effects through promo-
tion of type 2 immunity and anti-inflammatory/pro-resolving
mediators to regulate tissue homeostasis and repair [10, 11].
IL-25 and thymic stromal lymphopoietin (TSLP) are addi-
tional alarmins released by activated epithelial cells that can
also drive type 2 immunity as well as promote lung fibrogene-
sis and inflammation with potential roles in idiopathic pulmo-
nary fibrosis [12]. The role of IL-25 and TSLP in RA-ILD has
not been well-described.

Whether circulating IL-33 might serve as a biomarker of
RA-ILD has been the subject of limited investigation. There
have been no studies examining whether circulating IL-33
concentrations predict the future risk of ILD development in
patients with RA. Thus, we sought to examine the association
of serum alarmins IL-33, IL-25 and TSLP with RA-ILD.
Using a well characterized cohort of patients with RA, we
tested the hypothesis that higher alarmin concentrations
would be positively associated with ILD risk in patients with
RA.

Methods

Study design and patient population

We performed both a cross-sectional study examining associ-
ations of biomarkers with prevalent ILD and a cohort study
examining associations of alarmin concentrations with inci-
dent ILD among participants from 16 enrolment sites in the
Veterans Affairs Rheumatoid Arthritis Registry (VARA) [13].
VARA is an ongoing multicentre cohort study with sites
across the USA that includes patients >18 years satisfying the
1987 American College of Rheumatology classification crite-
ria for RA [14]. Patients are followed longitudinally during
the process of routine rheumatology care. Each site had ap-
proval from a site-specific Institutional Review Board and all
patients provided written informed consent. This study was
approved by the VARA Scientific Ethics and Advisory
Committee.

ILD classification

ILD status was identified through standardized medical re-
cord review [15-17]. In brief, participants were classified as
having RA-ILD if they had a provider diagnosis of ILD in the
medical records and either (i) chest CT scan features of ILD
or (ii) histopathological abnormalities from a lung biopsy
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consistent with ILD. Relevant procedures were completed as
part of routine care, and clinical reports were reviewed. As
previously reported [4], ILD patterns from CT reports are
available for less than half of relevant cohort participants,
prohibiting meaningful analyses of ILD subtype among those
with either prevalent or incident disease. For this analysis,
patients were considered to have prevalent RA-ILD if the date
of clinical diagnosis was prior to registry enrolment, whereas
incident RA-ILD was defined as those whose first clinical
diagnosis followed enrolment.

Serum alarmin measurement

Banked serum samples were assayed for IL-33, IL-25 (also
recognized as IL-17E) and TSLP using U-PLEX immunoas-
says (Meso Scale Discovery [MSD], Rockville, MD, USA).
Serum samples were collected at enrolment, processed and
banked at —70°C for future research. Longitudinal samples
are not available for VARA participants. Alarmin assays were
performed according to the manufacturer’s protocol and ana-
lysed on the MESO QuickPlex SQ 120 imager (MSD). A
modification of the IL-33 assay (adding 600 mM acetic acid)
was performed to dissociate cytokine complexed to the
IL1RL1 (ST2) receptor [18]. Acidified serum was then neu-
tralized with 500 mM Trizma base in buffer 43 (MSD) con-
taining a ST2/IL-33R antibody to remove soluble receptor.
Receptor free serum was then added to the immunoassay for
quantification of total IL-33 concentrations. IL-33 and TSLP
concentrations were log-transformed for analyses, given
skewed distributions that were normalized following transfor-
mation. As a meaningful proportion of IL-25 values fell below
the detectable threshold (7 =454, 16%), IL-25 was examined
in categories with undetectable concentrations serving as the
referent group. Low, moderate and high categories were de-
fined using tertiles of detectable values.

Measurement of serum cytokines and
autoantibodies

Using the same banked serum, additional cytokine concentra-
tions were determined using a separate MSD multiplex panel
[19]. Assays were performed on the MESO QuickPlex SQ
120 imager (MSD). Analytes were pre-selected from a larger
panel of 33 cytokines/chemokines based on prior reports
showing that IL-33 induces Th2 immune responses and its
neutralization via monoclonal antibody targeting also leads
to changes in Th1 cytokine concentrations [20-22]. Th2 cyto-
kines assessed included IL-2, IL-4, IL-5, IL-6 and IL-10. Th1
cytokines assessed in this study included IFN-y, TNF-o and
IL-12. Rheumatoid factor (RF) and antibodies to cyclic
citrullinated peptide (anti-CCP) were quantified as previously
described and categorized as positive using manufacturer-
defined thresholds [23]. In cases where anti-CCP or RF
concentrations were not available, seropositivity status was
extracted from the registry database.

Covariables

Baseline demographics, disease-specific characteristics and addi-
tional covariables were obtained from the registry database or
links available through the national VA Corporate Data
Warehouse (CDW). These included age, sex, race (self-reported
from a fixed set of categories: White, Black or African
American, Other), BMI (kg/m?), smoking status (current, for-
mer, never), a diagnosis of chronic obstructive pulmonary
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disease (COPD), 28-joint Disease Activity Score (DAS28), meth-
otrexate use, prednisone use and use of anti-TNF agents (ac-
counting for the vast majority of biologic use at enrolment).
BMI was extracted from the vital sign packages in CDW and
the closest BMI value (within 30days) to the enrolment date
was utilized. Enrolment observations with missing BMI data
were imputed by carrying forward from the most proximate
clinical encounter. The presence of COPD was defined using di-
agnostic codes at the time of registry enrolment.

Statistical analyses

Characteristics of the study population, overall and by alar-
min quartiles/categories, were described at the time of cohort
enrolment. Primary analyses utilized logistic regression for
cross-sectional analyses examining associations of alarmins
with prevalent RA-ILD and Cox proportional hazards regres-
sion for longitudinal analyses examining associations with in-
cident RA-ILD. In time-to-event analyses, participants were
followed from enrolment until the earliest of ILD diagnosis,
death (assessed using linkage to the National Death Index) or
end of study period (16 December 2019). For graphical pur-
poses, a Kaplan—-Meier estimate of RA-ILD cumulative inci-
dence by quartile of baseline IL-33 was generated. Preselected
covariates from enrolment included in multivariable models
included age, sex, race, smoking status (never as referent cate-
gory), DAS28 score (categorized as remission/low disease ac-
tivity or moderate/high disease activity) and anti-CCP
positivity. Using a complete case approach, those with missing
values for race (n =4) were categorized as ‘other’. To account
for missing data for smoking status (z=141) and DAS28
(n=152), these variables were modelled to include a separate
‘unknown’ category. An additional sensitivity analysis was
conducted that included COPD as a covariate as this is a

Table 1. Baseline participant characteristics overall and by IL-33 quartile
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common comorbidity in patients with RA-ILD. In a separate
analysis, to reduce effects of possible misclassification in lon-
gitudinal analysis, participants developing ILD in the first
year of registry follow-up were excluded.

To explore whether associations with RA-ILD might be
driven through Th1 or Th2 immunity, correlations between
log-transformed alarmins and the aforementioned cytokines
(n=2655) and autoantibodies (7 =2497 for anti-CCP and
n=2501 for RF) were examined using Spearman correlation
in subcohorts for whom these data were available. Analyses
were completed using Stata v17 (Stata Corp, College Station,
TX, USA) within the VA Informatics and Computing
Infrastructure (VINCI) environment.

Results

Participant characteristics

Baseline characteristics of 2835 study participants, overall
and by IL-33 quartile, are shown in Table 1. Overall, at the
time of enrolment, participants were older, predominantly
male, seropositive, and had longstanding disease. IL-33 con-
centrations were higher in younger participants, women and
in former/never smokers with RA. Those in the highest IL-33
quartile were more likely to be in low disease activity or re-
mission and less likely to be RF positive, taking anti-TNF
therapy, or to have COPD. Characteristics by TSLP quartile
and IL-25 category are shown in Supplementary Table S1 and
S2, available at Rheumatology online. In contrast to observa-
tions with IL-33, TSLP concentrations were higher with older
age, self-reported White race, ever smokers, those with higher
disease activity, COPD and prednisone use. Anti-TNF use
was less frequent in those with higher TSLP values. IL-25 val-
ues were higher among participants identifying as White,

Measure Overall (n=2835) Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-value
Age, mean (s.D.), years 65 (11) 65 (10) 65 (11) 65(11) 63 (12) <0.001
Sex, 7 (%) 0.002
Female 342 (12) 69 (10) 88 (12) 73 (10) 112 (16)
Male 2493 (88) 640 (90) 621 (88) 636 (90) 596 (84)
Race, 1 (%) 0.551
White 2193 (77) 542 (76) 546 (77) 557 (79) 548 (77)
Black/AA 447 (16) 126 (18) 109 (15) 105 (15) 107 (15)
Other 195 (7) 41 (6) 54 (8) 47 (7) 53(8)
Smoking status, 7 (%) <0.001
Current 681 (24) 184 (26) 187 (26) 166 (23) 144 (20)
Former 1464 (52) 374 (53) 340 (48) 397 (56) 353 (50)
Never 549 (19) 121 (17) 124 (17) 115 (16) 189 (27)
Unknown 141 (5) 30 (4) 58(8) 31 (4) 22 (3)
BMI, mean (5.0.), kg/m? 28 (6) 29 (5) 29 (6) 28 (6) 28 (6) 0.335
DAS28, mean (s.n.) 3.7 (L.5) 3.8 (1.5) 3.9 (1.6) 3.7 (1.6) 3.5 (L.5) 0.001
DAS state, 1 (%) 0.002
Remission/low 1152 (41) 279 (39) 258 (36) 286 (40) 329 (46)
Moderate/high 1631 (58) 414 (58) 435 (61) 408 (58) 374 (53)
Unknown 52(2) 16 (2) 16 (2) 15 (2) 5(1)
Methotrexate use, 7 (%) 1239 (54) 323 (54) 314 (56) 311 (56) 291 (50) 0.206
Prednisone use, 7 (%) 929 (40) 255 (42) 244 (43) 220 (39) 210 (36) 0.064
Anti-TNF use, 1 (%) 652 (23) 185 (26) 173 (24) 147 (21) 147 (21) 0.034
Anti-CCP positive, 7 (%) 1998 (77) 509 (77) 493 (81) 487 (77) 509 (75) 0.132
RF positive, 7 (%) 1933 (77) 501 (77) 477 (82) 468 (77) 487 (74) 0.007
RA disease duration, mean (s.D.), years 11 (11) 12 (12) 12 (11) 11 (11) 11 (11) 0.055
COPD, 7 (%) 450 (16) 137 (19) 120 (17) 93 (13) 100 (14) 0.006

P-values generated using Kruskal-Wallis tests for continuous measures, > tests for categorical measures. AA: African American; COPD: chronic obstructive

pulmonary disease.
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those with higher disease activity and those without anti-TNF
use.

RA-ILD status

At baseline, there were 115 participants (4.1%) with preva-
lent RA-ILD. Of the remaining 2746 participants, 146 (5.3%)
developed incident RA-ILD over 24355 patient-years of
follow-up (28 developed RA-ILD during the first year of
follow-up). The median time from enrolment to the develop-

ment of incident RA-ILD was 3.0years (interquartile range
[IQR] 1.2-6.3 years).

Cross-sectional associations of alarmins with
prevalent RA-ILD

Overall median (IQR) serum concentrations of IL-33, TSLP,
and IL-25 were 159 (99-224), 2.9 (1.9-4.4) and 0.24 (0.07-
0.58) pg/ml, respectively. Among those with prevalent ILD,
IL-33, TSLP and IL-25 were 167 (91-214), 3.2 (2.1-4.8) and
0.26 (0.08-0.56) pg/ml, respectively. There were no associa-
tions observed between baseline serum concentrations of IL-
33, TSLP or IL-25 and prevalent ILD in either unadjusted or
adjusted logistic regression models (Table 2). Results of the
adjusted model were not changed with the inclusion of COPD
as an additional covariate (data not shown).

Associations of baseline alarmin concentrations
with incident RA-ILD

The cumulative incidence of RA-ILD development by IL-33
quartile is shown in Fig. 1. After 10 years of follow-up, ~8%
of patients with RA in the lower two quartiles had developed
ILD compared with ~4% in the upper two quartiles.

In unadjusted Cox proportional hazards models, there was
a significant inverse association between IL-33 concentration
and the risk of developing incident RA-ILD (hazard ratio
[HR] 0.73 per log-fold increase; 95% CI: 0.57, 0.95) (Fig. 2,
left panel). This association was unchanged after multivari-
able adjustment (HR 0.77; 95% CI: 0.59, 1.00; P=0.047)
(Fig. 2, right panel). Risk estimates were unchanged in sensi-
tivity analyses that included COPD as an additional covariate
(HR 0.77), and after excluding those developing RA-ILD dur-
ing the first year of follow-up (HR 0.77) (Table 3). Although
not achieving statistical significance, there were trends sug-
gesting inverse associations between TSLP concentration and

Table 2. Associations of alarmin levels with prevalent rheumatoid arthritis
associated interstitial lung disease (RA-ILD; present at the time of
enrolment)

Unadjusted Adjusted
OR (95% CI) P-value OR (95% CI) P-value
1L-33 0.95(0.71,1.28) 0.743 1.02 (0.75,1.38) 0.906
TSLP 1.21(0.95,1.54) 0.130 1.04(0.79,1.36) 0.787
1IL-25
Undetectable Ref. Ref. Ref. Ref.

Low-moderate 1.20 (0.71,2.04) 0.500 1.17(0.68,1.99) 0.575
High-moderate 1.17 (0.68,1.99) 0.575 1.16 (0.67,1.99) 0.596
High 1.08 (0.63,1.87) 0.773 1.03(0.59,1.78) 0.926

Results of logistic regression models (separate models for each analyte
examined); IL-33 and TSLP log-transformed and reported per log-fold
increase; IL-25 examined in categories; covariates in adjusted models
included age, sex, race, smoking status, 28-joint Disease Activity Score
(DAS28) state, and anti-cyclic citrullinated peptide (anti-CCP) antibody
positivity. OR: odds ratio; TSLP: thymic stromal lymphopoietin.
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RA-ILD risk in models that were unadjusted (HR 0.87; 95%
CL: 0.69, 1.09; P=0.222) or adjusted (HR 0.79; 95% CI:
0.61,1.01; P=0.056) (Fig. 2). There were no significant asso-
ciations between IL-25 concentrations with incident RA-ILD
in either unadjusted or adjusted models (Fig. 2).

Correlations between baseline alarmin
concentrations and Th1/Th2 cytokines/
autoantibodies

Correlations between individual alarmins were universally
weak, ranging from »=0.124 to 0.311, albeit statistically sig-
nificant (P < 0.0001) (Supplementary Table S3, available at
Rheumatology online). Additional correlations of baseline IL-
33, TSLP and IL-25 with cytokines and autoantibodies, also
quantified at baseline, were universally negligible to weak
with corresponding correlation coefficients ranging between
—0.09 and 0.15.

Discussion

Since its discovery nearly 20 years ago [24], [L-33 has been
shown to have pleiotropic functions. In addition to acting as a
damage-associated molecular pattern, IL-33 engages the ST2
receptor on a variety of immune cells including T regulatory,
Th2, natural killer, dendritic, B lymphocyte, polymorphonu-
clear cells, and macrophages, eosinophils and basophils, in
addition to group 2 innate lymphoid cells. Consequently, IL-
33 yields either pro- or anti-inflammatory effects, depending
on the microenvironment or disease state [9, 25]. It is sug-
gested, for example, that IL-33 may simultaneously provide
anti-inflammatory and anti-proliferative functions during
early stages of disease evolution but may paradoxically exac-
erbate inflammation or fibrosis with more established disease.
Potential pro-fibrotic effects have been attributed to IL-33-
mediated promotion of M2 macrophage polarization, which
promotes tissue repair and wound healing [8]. IL-33 is in-
creased, for example, in the bleomycin-induced lung injury
model [26-28]. Moreover, IL-33 mRNA and protein are in-
creased in bronchoalveolar lung fluid from patients with idio-
pathic pulmonary fibrosis (IPF) and scleroderma-associated
ILD compared with controls [29, 30].

0.10 1
0.08
0.06

0.04 1

0.024
0.00 4 F*
T T T T T
0 5 10 15 20
Years
1st Quartile ----- 2nd Quartile
---------- 3rd Quartile — — - 4th Quartile

Figure 1. Cumulative incidence of developing incident rheumatoid arthritis
associated interstitial lung disease (RA-ILD) based on baseline quartile of
IL-33 concentration. Graph depicts Kaplan-Meier estimates of RA-ILD
cumulative incidence (or the cumulative probability function), by quartile
of serum IL-33 concentration measured at the time of study enrolment

20z AInr 01 uo Jasn Y3 INJD NOILVYINYOANI I3T19NVHO Ad €€1.0€2/866 L/L/€9/o1014E/ABOj0jewnay/wod dno-olwapede//:sdjy Wwoly papeojumoq


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/kead535#supplementary-data

2002

IL-33 0.73 (0.57—0.95)
TSLP 0.87 (0.69—1.09)
IL-25

Undetectable 1.0 (Referent)

T

Low 1.20 (0.71—2.04)
Moderate 1.17 (0.68—1.99)
High 1.08 (0.63—1.87)

T 1

0.0 0.5 1.0 1.5 2.0 25
Hazard Ratio (95% CI)

Jill A. Poole et al.

IL-33 0.77 (0.59—1.00)
TSLP 0.79 (0.61—1.01)
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Figure 2. Univariate (left) and multivariable (right) associations of alarmin concentrations with the development of incident rheumatoid arthritis-associated
interstitial lung disease (RA-ILD). Results of univariate and multivariable Cox proportional hazards regression models (separate models for each analyte
examined; multivariable models adjusted for age, sex, race, smoking status, 28-joint Disease Activity Score and anti-cyclic citrullinated peptide antibody).
Univariate P-values: IL-33: 0.018; TSLP: 0.222; IL-25 (trend test): 0.930; multivariable P-values: IL-33: 0.047; TSLP: 0.056; IL-25 (trend test): 0.912; IL-33
and TSLP log-transformed, HR reported per log-fold increase. HR: hazard ratio; TSLP, thymic stromal lymphopoietin

Table 3. Results of sensitivity analyses examining association of 1L-33
levels with the development of incident rheumatoid arthritis-associated
interstitial lung disease (RA-ILD)

HR (95% CI) P-value

Model excluding participants 0.77 (0.58,1.03) 0.076
developing RA-ILD in
first year of follow-up

Model including COPD as 0.77 (0.60, 1.00) 0.051

additional covariate

Results of multivariable Cox proportional hazards regression models
adjusted for age, sex, race, smoking status, 28-joint Disease Activity Score
and anti-cyclic citrullinated peptide antibody positivity. IL-33 and TSLP log-
transformed, HR reported per log-fold increase. COPD: chronic obstructive
pulmonary disease; HR: hazard ratio; TSLP: thymic stromal lymphopoietin.

Previous research has implicated IL-33 in the pathogenesis
of both RA and RA-ILD. In RA, articular cartilage explants
produce increased levels of IL-33 along with other pro-
inflammatory cytokines [31]. Preclinical experiments have
shown that treatments targeting the IL-33/ST2R axis reduce
disease severity in both collagen-induced arthritis and
autoantibody-induced arthritis [21, 32], two commonly used
animal models for RA. In patients with RA, circulating IL-33
has been positively correlated with autoantibody levels of
both RF and anti-CCP levels [33, 34] as well as disease sever-
ity [34, 35], although at least one study reported no associa-
tion with measures of disease activity [33]. In reference to
lung involvement in RA, our group previously demonstrated
that IL-33 expression is increased in lung tissues from a mu-
rine model of RA-ILD as well as from patients with RA-
associated lung disease compared with lung tissues of controls
[36]. Two additional cross-sectional investigations examined
the potential utility of serum IL-33 as a biomarker in RA-ILD,
both reporting increased concentrations of this biomarker in

patients with established RA-ILD compared with RA patients
without lung disease or healthy controls [34, 35].
Collectively, these data informed our a priori hypothesis that
higher circulating concentrations of IL-33 would be associ-
ated with the risk of both prevalent and incident RA-ILD. In
contrast to these previous results and our a priori hypothesis,
we found no associations of IL-33 or alternative alarmin (i.e.
IL-25, TSLP) concentrations with the cross-sectional preva-
lence of RA-ILD at the time of study enrolment. In contrast to
prior reports, we did not detect any meaningful correlations
between IL-33 and RF levels. Likewise, rather than detecting
positive correlations between IL-33 and disease activity, we
identified modest inverse associations between IL-33 concen-
tration and disease activity as defined by the DAS28.

Underscoring a major strength of our approach, the current
effort is among the first to examine the relationship between
circulating alarmins and the risk of developing new-onset
RA-ILD in a prospective fashion. Beyond the availability of
longitudinal data, there are other differences in reports that
could help to explain discrepant findings. In addition to a
much larger study sample available (7 =2835 patients with
RA in this study vs 7 =121 or n= 50 in others [34, 35]), char-
acteristics of the study populations differed. Reflecting the na-
tional veteran population, our study consisted predominantly
of older men while prior studies included patients with RA
that were younger (mean age of 51 years in both studies) and
more often female (76 % to 84%). In contrast to the multivari-
able models used in our study, prior analyses examining the
relationship of IL-33 with ILD did not account for confound-
ers. This may be particularly relevant given the associations
observed in our study between alarmin concentrations and
covariates examined.

Another strength of this study was the inclusion of alternative
alarmin analytes, allowing us to examine whether associations
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observed applied more broadly to other alarmins including
TSLP and IL-25. Although the associations observed for these
alternative analytes did not reach statistical significance, there
were trends suggesting a similar protective association between
baseline TSLP concentration and the future risk of RA-ILD.
Notably, associations between TSLP with RA-ILD risk were
stronger following multivariable adjustment than in unadjusted
analyses, reflecting strong associations between TSLP and all of
the covariates modelled with the exception of anti-CCP antibody
positivity (Supplementary Table S1, available at Rbheumatology
online). Similar to IL-33, TSLP has been associated with pleio-
tropic effects. In addition to serving as a danger signal following
tissue damage, TSLP has been shown to promote M2 (pro-
fibrotic) macrophage polarization and tissue healing following
ischaemic injury. In separate studies using the bleomycin-
induced injury model of IPF, TSLP has been suggested to exert
both pro- and anti-fibrotic effects [37, 38].

Our finding of a statistically significant inverse association
between serum IL-33 level and incident ILD risk in patients
with RA is both novel and potentially impactful. Given the
complex effects of IL-33, more work will be needed to identify
mechanisms and to understand whether this association is
causal or if circulating IL-33 serves as a surrogate of reduced
risk during pre-clinical stages of ILD. If replicated, our find-
ings showing a the lack of correlation between IL-33 and mul-
tiple cytokines, including markers of Th1- and Th2-related
immunity, as well as autoantibody concentrations suggest
that the inverse association observed is independent of path-
ways involving these analytes. Thus, IL-33 and alarmins rep-
resent a potentially novel pathophysiological process
contributing to RA-ILD development. Our results, though
contrary to our original hypothesis, are perhaps consistent
with reports from other disease states that have identified IL-
33 as being potentially protective against progressive tissue
damage. Using an animal model of myocardial ischaemia and
reperfusion (I/R) injury, Ruisong and colleagues found that
tissue deposition of IL-33 was increased following I/R [39],
akin to increased IL-33 staining observed in lungs of patients
with RA-ILD [36]. However, pre-treatment with intravenous/
recombinant IL-33 resulted in marked reductions in myocar-
dial injury, myocyte apoptosis and tissue inflammation.
Observations of similar IL-33-mediated protection against /R
injury have been replicated by others in relation not only to
myocardial infarction, but also to stroke [40, 41]. Whether
IL-33 plays a paradoxical and compartmentalized role in
RA-ILD wherein circulating IL-33 facilitates tissue homeosta-
sis prior to ILD onset (or early in its evolution) while lung tis-
sue deposition promotes fibrosis [26-29] remains to be
elucidated.

Released primarily from damaged epithelial cells, IL-33 is
also actively secreted from a variety of immune cells [42].
Whether peripheral immune cells or damaged barrier epithe-
lial cells serve as the primary source of circulating 1L-33
detected pre-ILD remains to be defined. It is recognized that
the inflammatory microenvironment can modify IL-33 func-
tion. Full length IL-33, for example, is cleaved by neutrophil
proteases expressed during inflammation and these changes
can render a mature, more biologically active form [43]. In
the current study, we used a multiplex assay measuring total
IL-33, including both full-length and mature forms. Thus, it is
unknown to what degree different forms of IL-33 contributed
to our findings. If the reduced risk of incident RA-ILD were
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to be attributable to a specific form of IL-33, our findings
would serve as a conservative estimate of this risk.

There are other limitations to this study including our focus
on a predominantly older male population with a prevalent
history of smoking that could limit generalizability, although
these same characteristics are also well-recognized risk factors
for RA-ILD and were accounted for as covariates. Although
this investigation is among only a few to quantify associations
of biomarkers with incident disease, serum samples from this
cohort were available only at the time of study enrolment and
data from this cohort specific to ILD pattern (e.g. UIP vs non-
specific interstitial pneumonia [NSIP]) were not universally
available. Given the limited number of incident and prevalent
cases with known pattern data, analyses of ILD subtypes
were not performed. Such analyses would be informative as
stronger associations with UIP might be indicative of mecha-
nisms linked more closely to tissue fibrosis whereas stronger
associations with NSIP might implicate anti-inflammatory
effects. Data on the severity of ILD by pulmonary function
tests or semiquantitative CT scoring were not universally
available, which limited the ability to evaluate associations
with disease stage. Similarly, there may be misclassification of
ILD diagnosis date, which prohibited analyses based on ILD
disease duration. Finally, assessment of ILD was retrospec-
tive, which likely underestimates the presence of mild or sub-
clinical RA-ILD. We would expect such misclassification, in
addition to heterogeneity in ILD subtypes and severity repre-
sented among cases, to bias findings towards the null.

In summary, we report herein a significant inverse associa-
tion between serum IL-33 concentrations and the risk of inci-
dent RA-ILD. Specifically, for each log-fold increase in serum
IL-33 at enrolment, patients were ~20-30% less likely to de-
velop ILD over follow-up, an association that was indepen-
dent of other ILD risk factors in this population. Additional
work is needed to understand the mechanisms driving this re-
lationship and to better understand how serum IL-33 and re-
lated biologic pathways might contribute to the development
of ILD in patients with RA.
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Supplementary material is available at Rheumatology online.
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