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ABSTRACT

Rheumatoid arthritis (RA) is‘a chronic inflammatory autoimmune discase characterized by
persistent synovitis and synovial hyperplasia. Although interleukin 1 (IL~1) signaling is an important
inflammatory pathway in RA, the regulation of IL-1 receptor accessory protein (IL-1RAP) has not
been comprehensively characterized.

This cross-sectional study evaluated IL-1RAP alterations in RA at the transcriptional and
protein levels, including its. membrane-bound and soluble forms. Thirty female RA patients were
stratified according to disease activity into low, moderate, and high disease activity subgroups, and
15 healthy controls were included. Sutface expression of membrane-bound IL-1RAP (mIL-1RAP)
was assessed on peripheral blood leukocyte subsets, including CD4+ and CD8+ T cells, B cells,
monocytes, and granulocytes. Plasma soluble IL-1RAP (sIL-1RAP) levels were measured, and
relative mRNA expression of ILTRAP, IIL1A, IL.1B, IL.1R7, IL.1R2, and IL.7TRN was quantified in
petipheral blood mononuclear cells (PBMCs).

mIL-1RAP expression was increased in several immune cell subsets, patticulatly in patients with
high discase activity, and was positively associated with disease activity. In contrast, circulating sIL-
1RAP levels wete reduced and inversely associated with disease activity. IL7RAP, II.7B, and IL.TRN
transctipts were elevated, with the highest expression in patients with high disease activity. IL.7R7 and
IL.7R2 expression temained unchanged, whereas I.7.4 upregulation was limited to high disease
activity.

These findings suggest disease activity—dependent alterations in IL-1RAP—related pathways in
RA. IL-1RAP may represent a candidate biomarker of disease activity, but larger longitudinal studies
are needed to validate its diagnostic, monitoring, and therapeutic relevance.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory
autoimmune disease characterized by persistent
synovitis, synovial hyperplasia, and the development of
autoantibodies, particularly rheumatoid factor (RF) and
anti-cyclic citrullinated peptide (anti-CCP) antibodies.'-?
As a heterogencous disorder, RA manifests with
variable clinical phenotypes; however, if left untreated,
it may lead to progressive cartilage degradation, bone
erosion, and irreversible physical disability.!> The
pathogenesis of RA involves complex crosstalk between
innate and adaptive immune responses, and the
recruitment of effector leukocytes into the synovial
compartment contributes to the formation of a pro-
inflammatory microenvironment.!-?

RA affects approximately 0.5% to 1% of adults
worldwide and imposes a considerable clinical and
economic burden through chronic pain, progressive joint
damage, disability, reduced quality of life, impaired
work productivity, and long-term treatment costs.’™
Although RF, anti-CCP, ESR, and C-reactive protein
(CRP) remain valuable biomarkers in RA; they may not
fully capture disease activity<and inflammatory
heterogeneity in all patients.>’ Thus, complementary
biomarkers are needed to improve patient stratification,
refine disease activity assessment, and /support
longitudinal monitoring.

The interleukin 1 (IL-1) superfamily plays an
important role in RA pathogenesis.® Pro-inflammatory
members, particularly IL-1B, contribute to cartilage
damage and bone erosion by stimulating fibroblast-like
synoviocytes to produce matrix metalloproteinases and
by promoting osteoclastogenesis.®!” The clinical use of
IL-1 inhibitors, such as anakinra and canakinumab,
further highlights the relevance of this pathway.!!:12
However, targeting individual ecytokines may yield
incomplete responses because of the involvement of
other IL-1 family members, including IL-33 and IL-36,
and the presence of cytokine redundancy.'>'* Since
many patients still fail to achieve remission, targeting
shared signaling components such as IL-1 receptor
accessory protein (IL-1RAP) may provide a broader
approach to modulating the IL-1 family network. !>

IL-1RAP functions as a shared co-receptor within
the IL-1 receptor family and participates in signaling
complexes for IL-1, IL-33, and members of the IL-36
subfamily.'® Upon cytokine binding to its primary
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receptor, IL-1RAP contributes to the formation of a
heterotrimeric complex required for downstream
signaling pathways.!®!” Notably, IL-1RAP exists in
distinct isoforms, including a membrane-bound form
(mIL-1RAP), which is essential for signal transduction,
and a soluble form (sIL-1RAP), which may act as a
natural decoy receptor that modulates the activity of IL-
1 family cytokines.!”

Despite the key role of IL-1RAP as a signaling hub
in inflammatory| diseases, its expression and regulatory
patterns have not been sufficiently explored in RA. Most
previous.studies “have primarily focused on gene
expression, reporting increased /L /RAP mRNA levels in
the peripheral blood of patients with active RA.!'S!
However, data at the protein level, particularly regarding
the surface expression of mIL-lRAP on specific
leukocyte subsets, remain. limited. Furthermore,
circulating levels of sIL-1RAP and their association with
clinical disease activity have not been clearly established
in these patients.

Therefore, the present cross-sectional study was
designed to characterize IL-1RAP-related alterations in
patients with RA " across transcriptional, membrane-
bound; and soluble compartments. We assessed the
surface expression of membrane-bound IL-1RAP (mIL-
1RAP) across major peripheral blood leukocyte subsets,
including CD4* and CD8" T cells, B cells, monocytes,
and granulocytes, while simultancously measuring
plasma soluble IL-1RAP (sIL-1RAP) levels. We also
quantified the relative expression of ILIRAP and
selected IL-1 pathway—related genes in peripheral blood
mononuclear cells (PBMCs). Finally, we analyzed the
association between IL-1RAP-related parameters and
DAS28-ESR disease activity scores to explore the
potential relevance of IL-1RAP as a disease activity—
associated biomarker candidate in RA.

Study Participants

This cross-sectional study included 30 female
patients with RA who were consecutively recruited from
the Rheumatology Clinic of Rasool Akram Hospital,
Tehran, Iran, between December 2024 and May 2025.
Only female patients were included to reduce sex-related
immunological variability in this exploratory cohort.
The inclusion criteria for RA patients were age 18—65
years, a confirmed diagnosis of RA according to the
2010 American College of Rheumatology/European
League  Against Rheumatism  (ACR/EULAR)

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

IL-1 Receptor Accessory Protein in Rheumatoid Arthritis

classification criteria, written informed consent, and
availability of the clinical and laboratory data required
for disease activity assessment. The diagnosis of RA was
confirmed by a rheumatologist.

Patients were excluded if they had concomitant
autoimmune or chronic inflammatory diseases, active
acute or chronic infection, known malignancy,
pregnancy or lactation, recent vaccination, recent
surgery or trauma, or use of immunomodulatory
medications outside the routine RA treatment regimen
that could interfere with the immunological outcomes of
the study. The RA patients included in this study were
not treatment-naive and were receiving routine RA
treatment at the time of enrollment. To minimize
treatment-related variability, patients were included
only when their treatment regimen was clinically stable,
as far as documented, before sample collection.

Disease activity was assessed using the 28-joint
Disease Activity Score with Erythrocyte Sedimentation
Rate (DAS28-ESR). The DAS28 score was calculated
using the number of tender and swollen joints, ESR
levels, and the patient’s global health @ssessment
measured on a visual analogue scale (VAS; 0-100 mm).

Based on DAS28-ESR values; ~patients were
stratified into 3 equal subgroups representing. distinct
disecase activity states: low  disease ' activity
(DAS28>2.6 and <3.2, n=10), moderate disease
activity (DAS28>3.2 and <5.1, n=10), and high
disease activity (DAS28>5.1, n=10). Patients with
inactive disease or remission (DAS28 <2.6). were
excluded to minimize heterogeneity related to remission.
The disease(activity. classification was confirmed by a
rheumatologist. The detailed demographic and clinical
characteristics are summarized in. Table 1.

The control group consisted of 15 age- and sex-
matched healthy individuals with no personal or family
history (first- or second-degree relatives) of autoimmune
or chronic inflammatory diseases. Healthy controls were
excluded if they had active or recent infection, recent
vaccination, use  of .immunosuppressive  or
immunomodulatory medications, known malignancy,
pregnancy or lactation, recent surgery or trauma,
positive RF or anti-CCP tests, or elevated inflammatory
markers such as CRP or ESR.

Sample Collection and PBMC Isolation

Peripheral blood samples (12 mL) were collected
from each participant by venipuncture using appropriate
laboratory collection tubes. Clot activator tubes were

used for serum isolation and measurement of CRP, RF,
and anti-CCP. EDTA-containing tubes were used for
complete blood count (CBC) analysis, whole blood flow
cytometry, PBMC isolation (5 mL), and plasma
separation for sIL-1RAP measurement. Blood for ESR
measurement was collected in the appropriate tube
according to routine clinical laboratory procedures.
PBMCs were isolated immediately after collection
by density gradient centrifugation using Ficoll (Peivand
Gene Pazhouh < Co.;, Iran) according to the
manufacturer’s instructions. Briefly, whole blood was
diluted 1:1 with phosphate-buffered saline (PBS) and
carefully-layered “over. the-gradient medium. After
centrifugation at 400g for 20 minutes at room
temperature with the brake off, the PBMC interface
layer was collected and washed twice with PBS. The
isolated PBMCs were stored in RNX-Plus reagent
(SinaClon, Iran) at —80°C until RNA extraction.

Flow Cytometry

Immunophenotyping of peripheral blood cells was
performed using 100 pL. of fresh whole blood. Cells
were stained with fluorochrome-conjugated monoclonal
antibodies against CD4 (FITC, clone MEM-241), CD8
(PE, clone MEM-31), CD14 (FITC, clone MEM-18),
and CD11b (FITC, clone ICRF44), all purchased from
EXBIO (Vestec, Czech Republic); CD19 (PerCP, clone
4G7; BD Biosciences, USA); and IL-1RAP (APC, clone
REAS558, REAfinity™; Miltenyi Biotec, Germany).
Antibody titration was performed before the main
experiments to determine optimal staining volumes.

After staining, erythrocytes were lysed using 1x BD
FACS™ Lysing Solution (BD Biosciences, USA), and
cells were washed and resuspended in wash buffer. Data
acquisition was performed immediately using a
FACSCalibur flow cytometer (BD Biosciences, USA).
After erythrocyte lysis, leukocyte populations were
identified using forward scatter/side scatter (FSC/SSC)
characteristics and lineage-specific markers. CD4" T
cells, CD8" T cells, B cells, granulocytes, and
monocytes were gated as shown in Figure 2.
Fluorescence minus one (FMO) controls were used to
establish gating boundaries for IL-1RAP positivity and
to support consistent gate placement across samples.

A total of 20, 000 to 45 000 events were acquired per
sample, with an average of approximately 26 700 events
per sample. Data were analyzed using FlowJo software
(version 10.10.0; Tree Star, Ashland, OR, USA). IL-
1RAP surface expression was reported as geometric
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mean fluorescence intensity (gMFI) within each gated
leukocyte subset.

Quantification of sIL-1RAP with Enzyme-linked
Immunosorbent Assay (ELISA)

Plasma concentrations of sIL-1RAP were measured
using a commercially available DuoSet® ELISA
Development System for human IL-1RAcP/IL-1R3
(DY676, R&D Systems, USA), together with the
DuoSet® Ancillary Reagent Kit 2 (DY008, R&D
Systems, USA), according to the manufacturer’s
instructions. Based on a preliminary serial dilution test,
plasma samples were diluted 1:100 before analysis. All
samples and standards were assayed in duplicate.
Optical density was measured at 450 nm with
wavelength correction at 570 nm using a microplate
reader (Biohit, Finland). Concentrations were calculated
from a seven-point standard curve using a four-
parameter logistic (4-PL) curve-fitting model and
adjusted according to the dilution factor.

RNA Extraction, Complementary DNA (cDNA)
Synthesis, and Quantitative Real-Time PCR (¢qRT-
PCR)

Total RNA was extracted from PBMCs using RNX-
Plus reagent (SinaClon, Iran) according to the
manufacturer’s instructions. RNA " concentration and
purity were assessed using a . NanoDrop
spectrophotometer (Thermo  Scientific, USA).
Subsequently, 1.5 ug of total RNA from each sample
was reverse-transcribed into. cDNA using the Easy
cDNA Ultra™ Synthesis Kit (Pars Tous Biotechnology,
Iran).

Target. gene  expression ~was quantified by
quantitative real-time PCR using RealQ Plus 2x Master
Mix Green (Ampliqon, Denmark) and gene-specific
primers (Metabion, Germany). Reactions were
performed in duplicate on a Rotor-Gene Q real-time
PCR system (QIAGEN, Hilden, Germany). Thermal
cycling conditions consisted.of an initial denaturation
step at 95 °C for 10 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds and
annealing/extension at 60 °C for 1 minute. Cycle
threshold (Ct) values >40 were considered below the
limit of quantification and were excluded from the
analysis. Relative gene expression levels were
calculated using the comparative Ct method (2724%),
with B-actin (ACTB) as the endogenous reference gene.
Primer sequences are listed in Supplementary Table 1.
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Statistical Analysis

All statistical analyses were performed using
GraphPad Prism software (version 10.6.1; GraphPad
Software, San Diego, CA, USA). Data distribution was
assessed using the Shapiro—Wilk test. For normally
distributed variables, comparisons between two
independent groups were performed using the unpaired
t test with Welch correction when appropriate, whereas
comparisons among multiple groups were performed
using one-way analysis of variance (ANOVA) followed
by Tukey multiple comparisons test. For non-normally
distributed  variables;. . comparisons between two
independent groups were performed using the Mann—
Whitney U test, whereas comparisons among multiple
groups were performed using the Kruskal-Wallis test
followed by Dunn’s multiple comparisons test.

For multiple-group analyses, adjusted p values from
the corresponding post hoc tests were reported.
Correlations  between < disease  activity  and
immunological parameters were evaluated using
Spearman’s rank-order correlation coefficient. Data are
presented as meantstandard deviation (SD) for normally
distributed variables or median (interquartile range,
IQR) for non-normally distributed variables. All tests
were two-tailed, and p<.05 was considered statistically
significant.

RESULTS

Demographic and Clinical Characteristics of Study
Participants

A total of 30 female patients with RA and 15 age-
and sex-matched healthy controls were included in this
study. The baseline demographic and clinical
characteristics of the participants are summarized in
Table 1. There was no statistically significant difference
in age between RA patients (50.2+10.35 years) and HCs
(50.6+£9.70 years; p=.60), indicating appropriate age
matching between the groups.
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Table 1. Demographic and clinical characteristics of participants.

Characteristics High disease Moderate disease Low disease RA patients Healthy
activity RA (n=10) activity RA (n=10) activity RA (n=10) (n=30) controls (n=15)

Age, mean+SD, y 49.80+9.45 53.50+9.25 47.30+12.19 50.2+10.35 50.60+9.70

DAS28 score, median  6.87 (6.24, 7.18) 5.05 (4.99, 5.08) 3.09 (2.99, 3.13) 5.05 NA

(IQR) (3.11, 6.34)

TJC, median (IQR) 15.5(13.5,17) 5.5(4,0) 1(1,2.25) 5.5(2,14) NA

SJC, median (IQR) 7.5 (6, 10) 2(1,3) 000, 1) 2(0.75, 6.25) NA

Patient VAS, 73.00+11.60 43.00+9.487 17.50+£7:546 44.50+24:89 NA

mean+SD, mm

CRP, median (IQR),  22.08 16.15 (12.6, 22.82) 4.821(3.9, 8.77) 14.75 1.63 (1.08, 2.24)

mg/L (16.73,27.64) (8:34,21.99)

ESR, mean+SD, 57.80+15.95 47.4+13.36 19.50+6.205 41.57£20.42 13.07+5.561

mm/h

Anti-CCP, median
(IQR), U/mL

Anti-CCP positivity,
% (n)

RF, median (IQR),
IU/mL

RF positivity, % (n)

RBC, median (IQR),
x10%/uL

WBC, mean£SD,
x10%/uL

PLT, median (IQR),
x10%/uL

198 (122, 355)
90 (9)
195.5
(29.32, 470.5)

80 (8)

421 (3.89, 4.54)

6.94+2.13

273 (231,332)

118 (27,185)

80 (8)

144.5 (43.92,319.5)

80 (8)

4.26 (4.06,4.71)

6.80+1.91

270 (226, 308)

142 (50, 251)

13855, 247)

3.65(2.79, 4.41)

90 (9) 86.7 (26) 0 (0)

54.15/(22.23, 98.76 8.2(6.4,11.03)

144.4) (28.03,315.6)

70 (7) 76.7 (23) 0 (0)

4.37 (4.00, 4.70) 427 4.55 (4.33,4.79)
(4.02, 4.62)

7224214 6.99+2.00 7.07+1.35

237210, 282)

261 (221, 292)

233 (210, 291)

Anti-CCP: anti-cyclic citrullinated peptide; CRP: C-reactive protein; DAS28: disease activity score 28; ESR: erythrocyte sedimentation
rate; IQR: interquartile range; NA: not applicable; PLT: platelet count; RA: rheumatoid arthritis; RBC: red blood cell count; RF:
rheumatoid factor; SD: standard deviation; SJC: swollen joint count; TJC: tender joint count; VAS: visual analogue scale; WBC: white

blood cell count.

Based on DAS28-ESR scores, RA patients were
stratified into low disease activity (n=10), moderate
disease activity (n=10), and high disease activity (n=10)
subgroups. As expected, clinical measures of disease
activity, including tender joint count (TJC), swollen
joint count (SJC), and patient global assessment
measured by VAS, increased progressively from the low
disease activity subgroup to the high disease activity

subgroup. Inflammatory markers were also higher in
patients with more active disease, with increased CRP
and ESR levels observed across disease activity
subgroups (p<0.001).

Autoantibody levels, including anti-CCP and RF,
were higher in the high disease activity subgroup than in
the low disease activity subgroup (p<0.001 for both
comparisons). Anti-CCP positivity was observed in
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86.7% of RA patients, while RF positivity was detected
in 76.7%. In contrast, hematological indices, including
WBC, RBC, and platelet counts, were comparable
across the study groups, with no statistically significant
differences.

Decreased Plasma Levels of sIL-1RAP in Patients
with High Disease Activity

Plasma levels of sIL-1RAP were quantified by
ELISA. As shown in Figure 1, the median (IQR) plasma
concentration of sIL-1RAP was 127.0 ng/mL (108.8—
177.3) in RA patients and 164.0 ng/mL (128.0-290.0) in
HCs (p=0.02). In the disease activity subgroup analysis,
patients with high disease activity showed lower sIL-
1RAP levels than HCs (adjusted p=0.01) and patients
with low disease activity (adjusted p=0.03). Pairwise
comparisons among RA disease activity subgroups
showed no significant difference between low and
moderate disease activity (adjusted p=0.33) or between
moderate and high disease activity (adjusted p>0.99).
Similarly, sIL-1RAP levels in patients with<low or
moderate disease activity did not differ significantly
from those in HCs (adjusted p>0.99 and adjusted
p=0.20, respectively). These findings-suggest that the
reduction in circulating sIL-1RAP‘is most pronounced
in patients with high disease activity.

Differential Upregulation of mIL-1RAP on Immune
Cells

To characterize cell subset—specific patterns of IL-
1RAP expression, surface expression of mIL-1RAP was
quantified across major peripheral blood immune cell
subsets using flow cytometry (Figures 2 and 3).

Illustrative gating strategies used to identify CD4™ T
cells, CD8" T cells, B cells, granulocytes, and
monocytes are presented in Figure 2A, C, E, G, and 1.
Representative overlaid histograms showed a rightward
shift in fluorescence intensity in RA patients compared
with HCs, suggesting increased mIL-1RAP expression
across the assessed cell populations (Figure 2B, D, F, H,
and J). The most pronounced shift was observed in
patients with high disease activity, followed by those
with moderate and low disease activity.

Quantitative  flow  cytometric  analyses are
summarized in Figure 3. IL-1RAP expression levels were
reported as gMFI. Compared with HCs, patients with RA
exhibited significantly higher mIL-1RAP expression on
CD4" T cells (Figure 3A, p=0.002), CD8"* T cells (Figure
3B, p=0.003), and B cells (Figure 3C, p<0.05).
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Subgroup analysis indicated that these differences
were mainly observed in patients with higher disease
activity. Patients with high disease activity showed
increased mIL-1RAP expression on CD4" T cells
compared with HCs (adjusted p<0.001) and patients
with low disease activity (adjusted p=0.02) (Figure 3A).
A similar pattern was observed for CD8" T cells, with
the high disease activity subgroup showing significantly
higher expression than HCs (adjusted p<0.001) (Figure
3B). In B cells, the high disease activity subgroup
displayed the thighest expression levels, differing
significantly from both the low disease activity subgroup
(adjusted-p<0.001) and.the moderate disease activity
subgroup (adjusted p<0.001) (Figure 3C).

In contrast, when all RA patients were analyzed
collectively, mIL-1RAP expression on granulocytes and
monocytes did not differ significantly from HCs (Figure
3D and E). However, stratification by disease activity
revealed-subgroup-specific ' differences. Granulocytes
from <patients with high ‘disease activity exhibited
significantly increased mIL-1RAP expression compared
with HCs (adjusted p<0.001), patients with low disease
activity (adjusted p=.003), and patients with moderate
disease activity (adjusted p=0.02) (Figure 3D).
Similarly, monocytes in the high disease activity
subgroup showed significantly higher mIL-1RAP
expression than HCs (adjusted p=0.007) and patients
with low disease activity (adjusted p=0.01) (Figure 3E).

Transcriptional Upregulation of IL-1 Signaling
Components in PBMCs

To further evaluate IL-1RAP-related alterations, the
relative gene expression of selected IL-1 family
members was analyzed in PBMCs (Figure 4). ILIRAP
mRNA expression was significantly upregulated in
patients with RA compared with HCs (Figure 4E,
p<.001). This transcriptional increase was consistent
with the elevated surface protein expression observed by
flow cytometry. Stratified analysis revealed a disease
activity—associated pattern, with the highest IL/RAP
expression detected in the high disease activity
subgroup. Expression levels in this group were
significantly elevated compared with HCs (Figure 4E,
adjusted p<0.001) and were higher than those in patients
with low disease activity (adjusted p=0.04).

Regarding IL-1 ligands, IL/B expression was
significantly elevated in the total RA group compared
with HCs (Figure 4B, p<0.001), with a progressive
increase across disease activity subgroups. Patients with
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high disease activity exhibited significantly higher /L/B
expression than those with low disease activity (adjusted
p<0.001).

In contrast, ILIA expression did not differ
significantly between the overall RA group and HCs
(Figure 4A, p=0.22). However, stratified analysis showed
a selective increase in patients with high disease activity
compared with both HCs (Figure 4A, adjusted p=0.03)
and patients with low disease activity (adjusted p=0.03).

Although IL1RAP was significantly upregulated, the
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Figure 2. Gating strategy and representative histograms of mIL-1RAP expression. Sequential gating based on forward and
side scatter (FSC/SSC) properties and lineage-specific surface markers was used to identify (A) CD4" T cells, (C) CD8"* T cells,
(E) B cells, (G) granulocytes, and (I) monocytes in peripheral blood samples. Corresponding overlaid histograms illustrate
mIL-1RAP expression within each subset (B, D, F, H, and J). Each histogram represents data from four individuals: one healthy
control (HC) and three patients with RA representing low, moderate, and high disease activity. APC, allophycocyanin; FITC,
fluorescein-S-isothiocyanate; PerCP, peridinin-chlorophyll-protein; PE, phycoerythrin.
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Figure 3. Quantitative analysis of mIL-1RAP expression on leukocyte subsets. Geometric mean fluorescence intensity (gMFI)
of mIL-1RAP was quantified on (A) CD4"* T cells, (B) CD8" T cells, (C) B cells, (D) granulocytes, and (E) monocytes in healthy
controls (HCs) and patients with RA to compare IL-1RAP surface expression across leukocyte subsets and disease activity
states. Patients were stratified according to DAS28-ESR into low disease activity (n = 10), moderate disease activity (n = 10),
and high disease activity (n = 10) subgroups. Data are presented as median (IQR). Comparisons between HCs and total RA
patients were performed using the Mann—Whitney U test. Multiple-group comparisons were performed using the Kruskal—
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Wallis test followed by Dunn’s multiple comparisons test. *p<.05; **p<.01; ***p<.001; ns, not significant.
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Figure 4. Relative gene expression of IL-1 family members in PBMCs. mRNA expression levels of (A) IL1A4, (B) ILIB, (C)
ILIR1,(D)ILIR2, (E) ILIRAP, and (F) ILIRN were quantified by real-time quantitative PCR (qPCR) in healthy controls (HCs)
and patients with RA to assess transcriptional alterations in IL-1 pathway-related genes. Patients were further stratified

according to DAS28-ESR into low, moderate, and high disease activity subgroups. Gene expression levels were normalized to

B-actin (4CTB) and calculated using the comparative Ct (2724C) method. Data are presented according to their distribution as

mean+SD or median (IQR), as appropriate for each panel. Comparisons between HCs and total RA patients were performed

using the Mann—Whitney U test or unpaired t test with Welch’s correction, as appropriate. Multiple-group comparisons were

performed using one-way ANOVA followed by Tukey’s multiple comparisons test or Kruskal-Wallis test followed by Dunn’s

multiple comparisons test, as appropriate for each panel. *p<.05; **p<.01; ***p<.001; ****p<.001; ns, not significant.

Correlation between IL-1RAP Expression. and
Disease Activity

To evaluate the association <between IL-1RAP
alterations and disease activity(in patients with RA,
Spearman rank-order correlation . analysis  was
performed between immunological parameters and
DAS28 scores (Figure-S).

Consistent with the subgroup analysis, sIL-1RAP
levels demonstrated a significant negative correlation
with DAS28(Figure 5A, r==0.498, p=.005), indicating
that lower circulating concentrations of sIL-1RAP were
associated with “higher disease activity. In contrast,
surface expression of mIL-1RAP across all examined
leukocyte subsets showed. positive correlations with
disease activity. . Among innate immune cells,
granulocytes exhibited the strongest positive association
with DAS28 (Figure 5E, r=0.549, p=.001), followed by
monocytes (Figure 5F, 1=0.503, p=.005). Among adaptive
immune cells, CD4" T cells showed a significant positive
correlation (Figure 5B, r=0.515, p=.004), similar to that
observed in B cells (Figure 5D, r=0.495, p=.005). CD8" T
cells also showed a positive association with disease
activity (Figure 5C, 1=0.447, p=0.01).

Together, these findings suggest that higher disease
activity in RA is associated with increased mIL-1RAP
expression on peripheral blood immune cells and
reduced circulating sIL-1RAP levels.

DISCUSSION

Although IL-1 signaling represents an important
inflammatory pathway in RA, the regulation of IL-
1RAP, as an essential accessory co-receptor in this
pathway, has not been sufficiently characterized. In the
present study, we evaluated IL-IRAP at multiple
biological levels by analyzing IL/RAP mRNA
expression in PBMCs, assessing mIL-1RAP expression
on peripheral immune cell subsets, and measuring sIL-
1RAP levels in plasma. The main finding of this study
was that IL-1RAP-related alterations were associated
with RA disease activity. Specifically, mIL-1RAP
expression was increased across multiple immune cell
subsets, particularly in patients with high disease
activity, whereas circulating sIL-IRAP levels were
reduced and inversely associated with disease activity.

Together, these findings suggest that RA disease
activity may be accompanied by a shift in the IL-1RAP
profile, characterized by increased cellular IL-1RAP
availability and reduced circulating sIL-1RAP. The
reduction in sIL-1RAP observed in patients with high
disease activity may reflect diminished extracellular
regulation of IL-l-mediated inflammation. Under
physiological conditions, sIL-1RAP enhances the decoy
function of soluble IL-1R2 by markedly increasing its
affinity for IL-1P, thereby strengthening extracellular
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cytokine neutralization.?! Experimental evidence further
supports the functional relevance of this mechanism, as
overexpression of sIL-1RAP has been shown to
attenuate collagen-induced arthritis in mice through
receptor competition and reduced IL-1 responsiveness,
particularly in B cells.?? Importantly, although Smith et
al did not observe significant differences in sIL-1RAP
levels in a mixed group of RA patients, they reported
substantial reductions in experimental models of acute
inflammation and arthritis, suggesting that this decrease
may be more evident under conditions of higher
inflammatory ~ burden.?!  Consistent  with  this
interpretation, in our study, sIL-1RAP levels were lower
in RA patients than in controls, while stratified analysis
indicated that this reduction was mainly observed in
patients with high disease activity. These findings
suggest that reduced sIL-1RAP may be more closely
related to inflammatory burden than to RA status alone.

Similar reductions in sIL-1RAP have been reported
in other IL-l-associated inflammatory conditions,
including Schnitzler syndrome,® obesity;** and
endometriosis,”® where insufficient counter-regulation
of IL-1 signaling has been proposed. In contrast,
available data suggest that this pattern.may not be
uniform across autoimmune diseases. For example,
Petrackova et al did not detect /LIRAP upregulation in
PBMC:s of patients with systemic lupus erythematosus
(SLE).'"® and Italiani et al reported stable sIL-1RAP
levels in SLE despite fluctuations in other IL-1 family
inhibitors.?® These compatisons suggest that changes in
sIL-IRAP may be context-dependent within the IL-1
regulatory network. and may reflect disease-specific
inflammatory  conditions. rather. than systemic
autoimmunity in general.

In parallel with reduced soluble levels, flow
cytometric analysis demonstrated increased mIL-1RAP
expression on circulating immune cells. Because IL-
1RAP functions as an ebligate co-receptor for IL-1, IL-
33, and IL-36,'° increased surface abundance may
influence cellular responsiveness across multiple IL-1
family pathways. Although upregulation was detectable
in the overall RA group, it was most pronounced in
patients with high disease activity. Within the adaptive
immune compartment, CD4* T cells, CD8" T cells, and
B cells showed increased mIL-1RAP expression,
suggesting a possible association with enhanced
sensitivity to IL-1-dependent activation signals. Given
the established role of IL-1 in promoting Thl7
differentiation and B-cell activation,?’?® increased
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receptor availability may be linked to lower activation
thresholds in these subsets, although functional
polarization and downstream signaling were not directly
assessed in the present study.

The pattern of mIL-1RAP expression also suggested
that IL-1RAP alterations may not occur uniformly
across all peripheral immune cell lineages. In the overall
comparison between RA patients and HCs, significant
increases were mainly detected in lymphoid-derived
immune cells, whereas monocytes and granulocytes did
not differ significantly when all RA patients were
analyzed collectively. In contrast, mIL-1RAP
upregulation. on myeloid-derived. cells became evident
mainly in patients with high disease activity. This may
reflect cell type—specific regulation of IL-1RAP in
peripheral blood, as well as differences in activation
thresholds, inflammatory exposure; cell turnover, or
tissue redistribution of monocytes and granulocytes.
Consistent with this interpretation, single-cell analyses
of synovial tissue from RA(patients have demonstrated
expanded ILIB" pro-inflammatory monocyte states.?
Our observation that circulating monocytes from
patients with high'disease activity exhibited elevated IL-
IRAP expression raises the possibility that these cells
may acquire an IL-1RAP-enriched phenotype in the
setting of higher systemic inflammation before or during
tissue recruitment. Because neutrophils and monocytes
are major mediators of inflammatory amplification and
tissue damage in RA 3% increased IL-1RAP expression
on these cells may be associated with enhanced
responsiveness not only to IL-1p but also to other IL-
1RAP—dependent cytokines such as [L-33 and IL-36.

Although data on mIL-1RAP expression in RA are
limited, evidence from other inflammatory contexts
supports the biological plausibility of our findings. In
myeloid malignancies, IL-1RAP overexpression
enhances NF-kB-mediated signaling after IL-1
stimulation, whereas IL-1RAP blockade reduces
inflammatory cytokine production.’*** Similarly, IL-
IRAP inhibition in human endothelial cells reduces IL-
l—induced cytokine secretion and adhesion molecule
expression.’® However, because our study did not
include IL-1RAP blockade, ligand stimulation, or
downstream signaling assays, increased mIL-1RAP
should be interpreted as a disease activity—associated
marker with potential functional relevance rather than
direct evidence of causal signaling amplification.

When considered alongside the ELISA findings, the
increase in mIL-1RAP and reduction in sIL-1RAP
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suggest that high disease activity in RA may be
associated with a shift toward greater cellular IL-1RAP
availability and reduced soluble regulatory capacity. The
positive correlations between mIL-1RAP expression
and DAS2S further support an activity-linked IL-1RAP
profile. Collectively, these findings indicate that altered
IL-1RAP expression may reflect an immunological state
associated with higher inflammatory activity in RA.

The transcriptional findings further support the
involvement of IL-1RAP-related pathways in RA
disease activity. ILIRAP mRNA was significantly
upregulated in PBMCs and reached its highest levels in
patients with high disease activity, broadly consistent
with the pattern of increased membrane-bound protein
expression observed by flow cytometry. Importantly,
ILIRI and ILIR2 expression remained unchanged,
suggesting that disease activity—associated alterations in
this cohort may be more closely related to accessory
receptor regulation than to changes in the primary or
decoy IL-1 receptors.

The apparent discrepancy between increased
ILIRAP mRNA expression in PBMCs and the absence
of significant mIL-1RAP upregulation on monocytes
and granulocytes in the overall RA group may have
several explanations. qPCR was<performed on bulk
PBMCs, which mainly include lymphocytes and
monocytes but not granulocytes; therefore, total PBMC
ILIRAP expression may largely reflect lymphoid and
monocytic changes. In addition, nRNA abundance does
not necessarily translate directly into surface protein
expression because post-transcriptional regulation,
protein trafficking; isoform-specific regulation, and cell
turnover may - influence membrane IL-1RAP
availability. Finally, myeloid mIL-1RAP upregulation
became evident mainly after disease activity
stratification, suggesting closer association with high
inflammatory activity than with RA status alone.

The ligand and antagonist profile also supports an
association with IL-1  pathway activation. [ILIB
expression increased progressively with disease activity,
whereas IL1A4 was elevated only in patients with high
disease activity. In parallel, ILIRN was consistently
upregulated across disease activity subgroups, with the
highest expression in patients with high disease activity.
This pattern may reflect concurrent activation of
inflammatory and counter-regulatory components of the
IL-1 pathway. Similar findings were reported by
Edwards et al, supporting the concept that ILI/RN
expression may track inflammatory burden.’’ In

addition, our findings are consistent with independent
PBMC studies by Petrackova et al, which identified
ILIRAP among the most discriminatory genes
distinguishing RA from controls and other autoimmune
diseases.!®1?

Mechanistically, IL-1RAP is required for signaling
downstream of IL-1, IL-33, and IL-36.!¢ Recent studies
in systemic sclerosis similarly suggest that IL-1RAP
may act as an important inflammatory node.'®3® In this
context, concurrent upregulation of /L/B, ILIRN, and
ILIRAP in RA/ may reflect remodeling of the IL-1
pathway, characterized by increased IL-1 ligand
expression; preserved expression-of /L/R] and ILIR2,
increased accessory receptor abundance, and induction
of the endogenous antagonist /L/RN. However, because
this study did not directly assess downstream signaling
activity, these transcriptional changes should be
interpreted as evidence of IL-1 pathway involvement
rather than proof of functional pathway activation.

The divergence between increased /L/RAP mRNA
expression and reduced circulating sIL-1RAP levels
may also reflect compartment-specific regulation of IL-
IRAP isoforms. sIL-1RAP is generated predominantly
through alternative splicing rather than proteolytic
shedding,'® indicating that increased total ILI/RAP
transcription does not necessarily translate into elevated
soluble protein levels. Differential regulation of
membrane-bound and sIL-1RAP isoforms may
therefore contribute to the opposite patterns observed in
patients with high disease activity.

When considered together, increased membrane IL-
IRAP availability and reduced circulating sIL-1RAP
levels may indicate a shift toward greater cellular
responsiveness to IL-1 family cytokines and reduced
soluble regulatory capacity in patients with high disease
activity. The positive correlations between mIL-1RAP
expression and DAS28, together with the inverse
correlation between sIL-IRAP and DAS28, further
support an activity-associated IL-1RAP profile in RA.
Among the evaluated subsets, granulocytes showed the
strongest positive correlation between mIL-1RAP
expression and DAS28. This suggests that granulocyte-
associated mIL-1RAP may be particularly sensitive to
disease activity, although lymphoid subsets may also be
useful because CD4" T cells and B cells differed
significantly between the overall RA group and HCs.
Future longitudinal studies should compare the
diagnostic and monitoring performance of IL-1RAP
across multiple immune cell subsets.
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IL-1RAP-based measurements would not be
expected to replace established markers such as RF and
anti-CCP, which remain valuable for RA diagnosis and
classification. Instead, IL-1RAP may provide
complementary information on disease activity—
associated IL-1 family pathway alterations, particularly
because RF and anti-CCP may persist regardless of
current inflammatory activity, whereas ESR and CRP
may not fully capture cellular immune activation. Thus,
IL-1RAP should be explored as a complementary
biomarker candidate for patient stratification and
longitudinal monitoring rather than as a stand-alone
diagnostic test.

Whether IL-1RAP-based measures are treatment-
responsive remains unknown and requires longitudinal
investigation. The concurrent upregulation of IL/RAP at
transcriptional and cellular levels also supports further
exploration of IL-1RAP as a therapeutic target;
however, functional studies using ligand stimulation, IL-
1RAP blockade, and downstream signaling assays are
needed before causal or therapeutic conclusions can be
drawn.

The authors acknowledge several limitations. First,
the sample size was modest and participants were
recruited from a single center; therefore, the findings
require validation in larger, “independent  cohorts.
Second, all RA patients included in this study were
female, which may limit the generalizability of the
findings to the broader RA population, particularly male
patients. Third, the cross-sectional design precludes
conclusions regarding temporal relationships, causality,
or the predictive value of IL-1RAP-related measures for
future disease activity. Fourth, mIL-1RAP expression
was assessed on total CD4" T cells without separate
analysis of CD4" T-cell subsets. Given the role of IL-1
signaling in Th17 differentiation, increased mIL-1RAP
on total CD4" T cells may partly reflect changes in
activated subsets, ‘including Thl7 cells, rather than
uniform changes across. the entire CD4" T-cell
population. In addition, isoform-specific transcriptional
analysis was not performed, although this could provide
further insight into the splice-dependent regulation of
sIL-1RAP. Another methodological limitation is that
gPCR normalization was based on ACTB as the sole
reference gene; therefore, future studies using multiple
validated housekeeping genes would strengthen gene
expression analyses. Moreover, sIL-1IRAP was
measured only in plasma and not in synovial fluid, so the
findings may not fully reflect local IL-1RAP regulation

14/ Iran J Allergy Asthma Immunol,

within the joint. Finally, patients were not treatment-
naive, and potential effects of treatment heterogeneity
on IL-1RAP expression and IL-1 pathway-related
markers cannot be excluded.

In conclusion, IL-1RAP appears to be an altered
component of the IL-1 signaling network in RA. We
observed a disease activity—associated pattern
characterized by increased ILI/RAP transcription,
increased membrane expression across several
peripheral immune cell subsets, and reduced circulating
SIL-1RAP levels. This pattern occurred alongside
elevated /LIB and ILIRN expression, suggesting an
association with IL-1__pathway-related immune
alterations in patients with more active disease. These
findings indicate that IL-1RAP may represent a disease
activity—associated component of IL-1 family signaling
and a candidate molecular marker for future biomarker
and therapeutic studies. Larger longitudinal and
mechanistic investigations are required to validate its
clinical utility and functional relevance in RA.
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