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ABSTRACT: Background: Early and accurate differential diagnosis of rheumatoid arthritis (RA) remains chal-
lenging, particularly in patients with seronegative or non-specific inflammatory arthritides. Because cytokines
and chemokines play central roles in immune activation and leukocyte trafficking, we investigated whether serum
cytokine and chemokine profiles could discriminate RA from non-rheumatoid arthritides (NRA) and healthy
controls (HCs). Methods: One hundred and fifty-seven RA patients (104 anti-cyclic citrullinated peptide antibody
(ACPA)-positive and 53 ACPA-negative patients), 33 NRA patients and 86 HCs were included. Fourteen cytokines
and twelve chemokines were measured in the sera of the above three cohorts, using high-sensitivity chemi-
luminescence immunoassay. Results were analyzed by non-parametric Mann-Whitney U-test and multiple logistic
regression analysis. Results: Among the parameters, eight chemokines (CCL3, 4, 11, 20, 27, CXCL9, 10 and 13)
were significantly upregulated in RA patients as compared with NRA patients and HCs (Mann-Whitney U-test: p
< 0.01). Multiple logistic regression analysis revealed that the combination of four chemokines (CCL3, 11, 27 and
CXCL13) can effectively discriminate RA from NRA patients and HCs (Area Under the Curve (AUC) = 0.92),
as well as ACPA-negative RA from NRA patients (AUC = 0.73). Conclusions: A serum four-chemokine signature
consisting of CCL3, CCL11, CCL27, and CXCL13 discriminated RA, including ACPA-negative RA, from non-
rheumatoid arthritides and healthy controls. These findings suggest that serum chemokine profiling may provide
adjunctive diagnostic information for the differential diagnosis of RA.
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1 Introduction composition of the immune response in RA. The clin-
ical efficacy of biologic agents targeting TNF-o and
IL-6 has clearly established the pathogenic relevance of
cytokines in established disease [8,9]. Moreover, eleva-
tions in cytokines and chemokines have been reported

before the clinical onset of RA in individuals at risk

Rheumatoid arthritis (RA) is a chronic systemic
autoimmune disease characterized by persistent syn-
ovial inflammation that leads to progressive cartilage
destruction and bone erosion [I-3]. Although the
precise etiopathogenesis of RA has not been fully

. . . . . or in preclinical RA cohorts [10,11]. These findings
elucidated, substantial evidence indicates that disease . . -
i . . . suggest that cytokine dysregulation is an early event in
initiation and progression are driven by complex inter-

RA development.

actions among immune cells, synovial stromal cells,
and soluble mediators [4], particularly cytokines and
chemokines [5—8].

Cytokines play pivotal roles in immune activa-
tion and inflammatory signaling, and dysregulation
of cytokine networks is a hallmark of RA patho-
physiology. These cytokines are produced by various

Chemokines, a specialized subset of cytokines
that primarily regulate leukocyte trafficking and
tissue organization, are also critically involved in RA
pathogenesis. By directing the recruitment, positioning,
and retention of immune cells within inflamed synovial
tissue, chemokines shape both the cellular composition

immune and inflammatory cells, including T cells, B
cells, macrophages, dendritic cells, neutrophils, and
synovial stromal cells. Therefore, circulating cytokine
profiles may reflect not only soluble inflammatory
mediators but also the activation status and cellular

and chronicity of synovitis [5]. Chemokines are broadly
categorized into homeostatic chemokines, which are
constitutively expressed and contribute to lymphoid
tissue architecture, and inflammatory chemokines,
which are induced during inflammation and mediate
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leukocyte trafficking to sites of inflammation [5].
In RA synovium, both categories contribute to
synovial  hyperplasia, neovascularization, and
deconstruction [12].

Despite extensive research on cytokine and
chemokine expression in synovial tissue, the diagnostic
utility of circulating cytokines and chemokines remains
limited. Serum cytokine concentrations are often
affected by their short half-lives, systemic regulatory
mechanisms, and ongoing immunosuppressive therapy,
which may obscure disease-specific signals [8,13,14]. In
contrast, chemokines may more stably reflect ongoing
immune cell recruitment and low-grade inflammation,
even under treatment, raising the possibility that serum
chemokine profiles could provide clinically meaningful
diagnostic information [15-18].

Early and accurate diagnosis of RA is essential for
timely initiation of disease-modifying anti-rheumatic
drugs (DMARD:s) and biologic therapies, which have
dramatically improved long-term outcomes. Anti-
cyclic citrullinated peptide antibodies (ACPA) are
highly specific for RA and are incorporated into
current classification criteria; however, approximately
20 to 30% of RA patients are ACPA-negative [19].
In this subgroup, differentiation from other inflam-
matory arthritides remains particularly challenging,
underscoring the unmet need for additional diagnos-
tic biomarkers.

Despite  accumulating evidence implicating
cytokines and chemokines in RA pathogenesis, the
clinical utility of circulating cytokine and chemokine
profiles for the differential diagnosis of inflammatory
arthritides remains insufficiently defined, particularly
in patients with ACPA-negative disease. We therefore
investigated whether serum cytokine and chemokine
profiles could serve as discriminative biomarkers
for rheumatoid arthritis among patients with
inflammatory arthritides. To address this objective,
we comprehensively quantified 26 cytokines and
chemokines in patients with RA, patients with non-
rheumatoid arthritides (NRA), and healthy controls.
We hypothesized that specific cytokine/chemokine
signatures would distinguish RA, including ACPA-
negative RA, from NRA and may reflect distinct
inflammatory characteristics not fully captured by
conventional clinical disease activity measures.

2 Materials and Methods

2.1 Patients

This was a retrospective, cross-sectional observational
study using stored serum samples and corresponding
clinical data obtained from patients with RA, patients
with NRA, and healthy controls (HCs). Because the
cohort was established and serum samples were col-
lected under ethical approvals dating back to 2007 and
2011, RA patients were classified according to the 1987
revised classification criteria of the American College
of Rheumatology, which were the applicable criteria at
the time of cohort establishment and sample collection.
The use of the 1987 criteria, rather than the 2010
ACR/EULAR criteria, should therefore be considered
a characteristic of this long-term retrospective cohort.
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Serum samples were obtained from 157 patients
with RA (131 women and 26 men; mean age 60 years,
range 24-83 years) and 33 patients with NRA (23
women and 10 men; mean age 53 years, range 23—
79 years) who attended Kobe University Hospital or
Shinko Hospital. Serum samples were collected and
analyzed between November 2007 and March 2013.

All RA patients fulfilled the 1987 revised classifica-
tion criteria of the American College of Rheumatology.
At the time of blood sampling, tender joint counts
(TJC) and swollen joint counts (SJC), erythrocyte sedi-
mentation rate (ESR), and Disease Activity Score in 28
joints based on C-reactive protein (DAS28-CRP) were
assessed. Serum levels of C-reactive protein (CRP),
rheumatoid factor (RF), matrix metalloproteinase-3
(MMP-3), anti-cyclic citrullinated peptide antibody
(ACPA), and current medications were recorded
(table 1).

The NRA group consisted of seronegative spondy-
loarthritis (ankylosing spondylitis, n = 2; psoriatic
arthritis, n = 3) and autoantibody-negative inflamma-
tory or degenerative arthritis, including Behget’s disease
(n = 6), polymyalgia rheumatica (z = 9), adult-onset
Still’s disease (n = 8), and osteoarthritis (n = 5).

Serum samples from 86 healthy controls (HC; 65
women and 21 men; mean age 44 years, range 25—
69 years) were also included.

Patients who were receiving biological DMARDs
or targeted synthetic DMARD:s at the time of serum
sampling were not included in the primary analysis,
because these agents directly interfere with cytokine-
or cytokine-associated pathways and could markedly
modify circulating mediator profiles. The present anal-
ysis was therefore restricted to patients who were
untreated or treated with conventional therapies,
including glucocorticoid and/or methotrexate (MTX),
at the time of sampling. In the NRA group, the
diagnosis was established by rheumatologists based
on clinical features, laboratory findings, and available
imaging data. However, TJC, SJC, and composite dis-
ease activity indices were not uniformly available for all
NRA patients.

This study was conducted in accordance with pro-
tocols approved by the ethics committees of Kobe
University Hospital (ethics approval number No. 600;
approved on 08 November 2007), Shinko Hospital
(No. 0947; approved on 11 March 2011), and Sysmex
Corporation (No. 2007-08; approved on 20 November
2007). Written informed consent was obtained from
all participants.

2.2 Sample Preparation

Whole blood was collected into serum collection tubes
without a pro-coagulant. After blood collection, sam-
ples were allowed to clot for 20-30 min at room
temperature and were then centrifuged at 1500x g
for 10 min at room temperature. The separated serum
supernatant was aliquoted and immediately frozen at
—80°C until analysis. All samples were analyzed within
four years of storage. During the analytical proce-
dures, samples were thawed and refrozen no more than
three times.
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Table 1
Clinical characteristics of the training and validation cohorts
Training cohort Validation cohort
HC(n=43) NRA(n=17) RA (n="78) HC (n=43) NRA (n=16) RA (n=79)
Age, mean (range) years 45 (25-69) 49 (23-79) 62 (26-83) 44 (25-61) 58 (23-78) 59 (24-79)
Sex, no. of female/male 32/11 10/7 62/16 33/10 13/3 69/10
CRP, mean (range) mg/dL NA 0.4 (0.0-1.8) 0.9 (0.0-6.3) NA 0.2 (0.0-1.3) 0.6 (0.0-5.0)
ESR, mean (range) mm/hour NA ND 37.4(2.0-139.0) NA ND 30.0 (1.0-100.0)
RF, mean (range) units/mL NA ND 69.4 (0.0-880.0) NA ND 96.6 (0.0-1340.0)
MMP-3, mean (range) NA ND 182.2 (16.9-1160.0) NA ND 117.1 (15.7-586.0)
units/L
SJC mean (range) of 28 NA ND 3(0-12) NA ND 2 (0-13)
joints
TIC mean (range) of 28 NA ND 4 (0-18) NA ND 3(0-16)
joints
DAS28-CRP, mean (range) NA ND 3.2(1.2-5.8) NA ND 2.9(1.2-5.4)
ACPA, no. of positive. (%) NA ND 55(70.5%) NA ND 49 (62.0%)
Medications, no. (%)
Glucocorticoid NA 7 (41.2%) 42 (53.8%) NA 6 (37.5%) 43 (54.4%)
Methotrexate NA 6 (35.3%) 44 (56.4%) NA 3 (18.8%) 43 (54.4%)

Note: HC, healthy control; NRA, non-rheumatoid arthritides; RA, rheumatoid arthritis; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; RF,
rheumatoid factor; MMP-3, matrix metalloproteinase-3; DAS28-CRP, Disease Activity Score in 28 joints based on C-reactive protein; ACPA, anti-cyclic
citrullinated peptide antibody. Cutoff serum concentration of the ACPA is 4.5 units/mL. Training of NRA includes Behcet’s disease (n = 5), ankylosing spondylitis
(n = 2), psoriatic arthritis (n = 2), polymyalgia rheumatica (n = 2), adult-onset Still’s disease (n = 3) and osteoarthritis (» = 3). Validation of NRA includes Behcet’s
disease (n = 1), ankylosing spondylitis (n = 0), psoriatic arthritis (n = 1), polymyalgia rheumatica (n = 7), adult-onset Still’s disease (n = 5) and osteoarthritis

(n = 2). NA: not applicable; ND: not determined.

2.3 Cytokine and Chemokine Measurements by ELISA

Serum concentrations of 26 analytes, comprising
14 cytokines and 12 chemokines, were measured.
The cytokines analyzed were IL-1B, I1L-4, IL-6, IL-
10, IL-16, IL-17A, interferon-y (IFN-y), TNF-o,
TGF-B1, GM-CSF, hepatocyte growth factor (HGF),
angiopoietin-2 (Ang-2), stem cell factor (SCF),
and vascular endothelial growth factor (VEGF).
The chemokines analyzed were IL-8, macrophage
migration inhibitory factor (MIF), CCL2/MCP-
1, CCL3/MIP-1a,, CCL4/MIP-1B, CCLl11/eotaxin,
CCL20/MIP-30, CCL27/CTACK, CXCL1/GRO-q,
CXCLI9/MIG, CXCL10/1P-10, and CXCL13/BLC.
Serum levels of IL-4, IL-10, IL-17A and IFN-y
were determined using in-house high-sensitivity chemi-
luminescent sandwich ELISA systems. These assays
were established to improve discrimination in the
low-concentration range of serum cytokines by com-
bining optimized capture/detection antibody pairs with
chemiluminescent signal detection using CDP-Star
substrate with Sapphire-II enhancer, and chemilu-
minescence quantified using an AutoLumat LB953
luminometer. This chemiluminescent ELISA-based
approach was performed based on previously reported
cytokine measurement methods [20,21]. Briefly, 96-well
high-binding plates were coated with capture antibod-
ies diluted in PBS and incubated overnight at 4°C.
After washing with PBS containing 0.05% Tween-20,
the plates were blocked with 1% BSA in PBS for 1-2
h at room temperature. Serum samples and standards
were diluted 1:10 with blocking buffer, added at 100 uL
per well, and incubated for 2 h at room temperature.
After washing, biotinylated detection antibodies were

added and incubated for 1-2 h at room temperature.
Streptavidin—alkaline phosphatase was then added at
a 1:1000 dilution in 1% BSA-containing buffer and
incubated for 30-60 min at room temperature. After
extensive washing, CDP-Star substrate with Sapphire-
IT enhancer was added at 100 puL per well. After
incubation for 5-10 min, chemiluminescence was mea-
sured using an AutoLumat LB953 luminometer at
S-min intervals until light emission reached its peak,
usually 20-30 min after substrate addition at room
temperature. The limits of quantitation (LOQs) for
the in-house high-sensitivity assays were 0.5 pg/mL for
1L-4, 1.0 pg/mL for IL-10, 1.5 pg/mL for IL-17A, and
1.5 pg/mL for IFN-y.

The remaining analytes were measured using com-
mercially available sandwich ELISA kits according to
the manufacturer’s instructions, with the modification
of signal detection performed using streptavidin-
alkaline phosphatase and CDP-Star substrate with
Sapphire-1I enhancer as described above.

Detailed antibody clones, catalogue numbers,
reagent concentrations, kit catalogue numbers,
and manufacturers are provided in Supplementary
Table S1.

2.4 Statistical Analysis

Statistical analyses were performed using StatFlex soft-
ware (version 6, Artech Co. Ltd., Osaka, Japan). All
variables were treated as continuous. A total of 276
subjects were randomly assigned in a 1:1 ratio to either
a training cohort (HC n =43, NRAn =17, RAn =
78) or a validation cohort (HC n = 43, NRA n = 16,



322

RA n=179). Group differences were assessed using the
non-parametric Mann—Whitney U test. A two-sided
p-value < 0.01 was considered statistically significant.

Variables showing significant differences in the
training cohort were considered as candidate variables
for construction of a diagnostic model to discriminate
RA from HC and NRA. Because the primary objective
of the diagnostic model was to identify a chemokine-
based signature, multivariate candidate variables were
restricted to canonical CCL/CXCL chemokines among
the factors that showed significant differences between
RA and NRA. Spearman’s rank correlation coeffi-
cients were calculated to evaluate multicollinearity,
and variables with high correlations (r > 0.75) were
excluded. When two variables exceeded this threshold,
the variable with the lower individual diagnostic perfor-
mance, as assessed by receiver operating characteristic
(ROCQ) curve analysis, was excluded from subsequent
multivariate logistic regression analysis.

Model selection was performed using multivari-
able logistic regression analysis and guided by Akaike’s
Information Criterion (AIC) and ROC curve analysis.
All possible combinations of the remaining candidate
variables were evaluated in the training cohort, and
the optimal model was defined as the model with
the lowest AIC and the highest area under the curve
(AUC). ROC curves were generated by plotting sensi-
tivity against [1—specificity] at various thresholds. The
optimal cutoff value was determined using the Youden
index. The corresponding AUC, sensitivity, specificity,
positive predictive value (PPV), and negative predictive
value (NPV) were calculated. The model derived from
the training cohort was subsequently evaluated in the
independent validation cohort.

Multi-group comparisons of discriminant values,
cytokines and chemokine levels, and RA disease activ-
ity categories were performed using the Kruskal-Wallis
test followed by Dunn’s post hoc test.

Treatment-related variables, including current glu-
cocorticoid use, current MTX use, drug dose, treatment
duration, and cumulative glucocorticoid exposure,
were recorded when available but were not included
as covariates in the multivariate model-selection pro-
cedure. This decision was made because the study
was cross-sectional, treatment regimens and doses
were heterogeneous, and complete standardized data
on treatment duration and cumulative exposure were
not available for all patients. The diagnostic models
were therefore constructed using serum cytokine and
chemokine concentrations alone.

3 Results

3.1 Patient Characteristics

A total of 157 RA patients, 33 NRA patients, and 86
HCs were included in the analysis. Demographic and
clinical characteristics are summarized in table 1.

In RA patients, mean (range) laboratory values
were as follows: CRP 0.76 (0-6.33) mg/dL, ESR 33.7
(1-139) mm/h, RF 83.4 (0-1340) U/mL, and MMP-3
148.4 (15.7-1160) U/L. ACPA positivity was observed
in 104 patients (66.2%).

The mean DAS28-CRP score was 3.0 (range 1.2—
5.8). Twenty-six, sixty-nine, and twenty-five patients
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were classified as having high, moderate, and low dis-
ease activity, respectively, while thirty-seven patients
were in remission (DAS28-CRP < 2.3).

Regarding treatment, 44 patients received glucocor-
ticoid alone (RA n = 37, NRA n = 7), 54 received
glucocorticoid plus MTX (RA n = 48, NRA n = 6),
and 42 received MTX alone (RA n =39, NRA n = 3).
The remaining patients (RA n = 33, NRA n = 17)
were not receiving glucocorticoid or MTX at the time
of serum sampling; these patients were not necessarily
all treatment-naive, and some may have been untreated
or off these agents at sampling. Drug dosages varied
widely and were not analyzed quantitatively.

3.2 Pro-Inflammatory Cytokines and Chemokines Are
Up-Regulated in RA Serum

Serum cytokine and chemokine concentrations were
measured using high-sensitivity ELISA. As shown in
table 2, 18 of the 26 analytes (69.2%) were significantly
elevated in RA patients compared with HCs (p < 0.01):
IFN-y, TNF-q, IL-6, IL-17A, IL-8, CCL20, CXCL13,
CCLI11, CXCL9, MIF, CCL27, CXCL10, CCL4, HGF,
VEGF, IL-16, CCL3 and GM-CSF.

Notably, 10 of the above 18 factors (55.6%) were sig-
nificantly higher in RA than in NRA patients: TNF-q,
CCL20, CXCL13, CCL11, CXCL9, MIF, CCL27,
CXCL10, CCL4, and CCL3.

3.3 Diagnostic Accuracy of RA Is Enhanced by a Four-
Chemokine Combination

To construct and validate a discriminant model, all
subjects were randomly divided into training and val-
idation cohorts. No significant differences in clinical
or laboratory variables were observed between the two
cohorts (p > 0.05; rable 1).

Among the 10 analytes significantly elevated in
RA compared with NRA, TNF-o. and MIF were
not included as candidate variables for construction
of the diagnostic model. The primary objective of
the present study was to identify a serum chemokine
signature capable of discriminating RA from NRA
and healthy controls. Therefore, multivariate candi-
date variables were restricted to canonical CCL/CXCL
chemokines. In addition, serum TNF-o levels may
be influenced by therapeutic interventions targeting
TNF-a or related inflammatory pathways, potentially
limiting their robustness as a broadly applicable diag-
nostic component. Exploratory analyses also suggested
that TNF-o and MIF showed less consistent discrimi-
natory performance across patient-group comparisons
than the selected chemokines. Accordingly, the multi-
variate analysis was restricted to the eight canonical
chemokines that were significantly higher in RA than
in NRA: CCL20, CXCL13, CCL11, CXCL9, CCL27,
CXCL10, CCL4, and CCL3. Spearman’s correlation
analysis showed that the correlation between CCL3
and CCL4 was 0.78, exceeding the predefined multi-
collinearity threshold of r > 0.75. Therefore, CCL4 was
excluded because its individual AUC was lower than
that of CCL3 (tables 3 and 4). Although the correlation
between CXCL10 and CCL27 was 0.74, this value did
not exceed the predefined threshold; therefore, both
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Concentration (pg/mL) p-Value

HC NRA RA HC versus RA  NRA versus RA
IFN-y 0.0 (0.0-11.5) 4.3 (0.0-9.9) 13.7 (1.1-44.5) <0.001 0.494
TNF-a 0.0 (0.0-0.0) 0.0 (0.0-1.3) 22.3 (0.0-65.6) <0.001 <0.001
IL-18 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.010 0.051
IL-4 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-3.0) 0.011 0.010
IL-6 0.0 (0.0-0.0) 1.4 (0.0-3.2) 1.3 (0.0-12.2) <0.001 0.855
IL-10 4.9 (0.0-9.3) 5.3(4.6-8.7) 0.0 (0.0-10.8) 0.146 0.006
IL-17A 0.0 (0.0-9.6) 3.2(0.0-12.6) 8.9 (0.0-95.1) 0.001 0.185
IL-8 7.5(0.0-12.4) 25.2(18.5-27.4) 20.0 (4.2-176.3) <0.001 0.264
CCL20/MIP-30. 4.0 (0.0-9.5) 0.0 (0.0-3.7) 14.1 (1.2-34.6) <0.001 <0.001
CXCLI13/BLC 26.0 (17.7-43.8) 19.2 (12.5-25.2) 47.7 (24.0-101.2) <0.001 <0.001
TGF-p1 65,334 (49,523-74,759) 94,480 (41,948-132,730) 74,381 (56,367-96,304) 0.052 0.861
CCL11/Eotaxin 75.5 (64.6-99.6) 116.3 (83.0-157.9) 150.4 (103.3-199.2) <0.001 <0.001
CXCLIMIG 64.3 (48.5-101.9) 157.7 (117.3-266.4) 137.7 (93.6-311.0) <0.001 0.002
MIF 812.2 (625.9-1085.8) 571.1 (255.5-1470.2) 1234.4 (602.4-2686.7) <0.001 <0.001
CCL27/CTACK 154.8 (0.0-275.8) 608.2 (328.1-1186.6) 680.1 (497.0-980.0) <0.001 0.007
CXCLI10/1P-10 50.6 (37.6-79.0) 84.7 (57.8-109.6) 126.0 (91.1-217.1) <0.001 0.003
CCL4/MIP-1B 130.2 (77.9-186.9) 138.6 (60.0-154.2) 243.0 (119.3-647.6) <0.001 0.004
HGF 575.1(370.6-720.7) 629.5 (453.0-753.2) 589.4 (407.2-767.5) 0.003 0.047
VEGF 126.5 (75.3-227.0) 179.3 (129.8-259.1) 208.3 (127.4-308.8) 0.003 0.804
Ang-2 1049.7 (497.6-1712.3) 992.3 (78.3-1989.8) 790.5 (447.2-1327.0) 0.240 0.171
IL-16 321.9 (255.3-406.7) 630.0 (399.3-836.7) 488.0 (344.2-669.0) 0.003 0.351
SCF 182.3 (129.2-256.6) 234.4 (133.8-484.1) 193.3 (144.1-277.3) 0.431 0.617
CXCL1/GROa 90.0 (61.5-133.9) 104.0 (92.8-177.0) 95.3(0.0-149.4) 0.014 0.688
CCL3/MIP-1a 13.2 (8.5-26.2) 15.6 (13.1-30.3) 96.3 (31.1-344.4) <0.001 <0.001
CCL2/MCP-1 72.0 (38.1-305.2) 84.6 (32.1-212.4) 236.3 (135.0-420.0) 0.016 0.560
GM-CSF 0.0 (0.0-0.0) 0.0 (0.0-1.0) 0.0 (0.0-6.3) <0.001 0.729

Note: Serum cytokine and chemokine levels were compared between controls and patients with rheumatoid arthritis (RA) using the Mann—Whitney U
test. Data are presented as the median (IQR) and p-values. A two-sided p-value <0.01 was considered statistically significant. HC, healthy control; NRA,
non-rheumatoid arthritides; BLC, B lymphocyte chemoattractant; MIG, monokine induced by gamma interferon; MIF, macrophage migration inhibitory
factor; CTACK, cutaneous T-cell-attracting chemokine; IP-10, interferon gamma-induced protein 10; MIP, macrophage inflammatory protein; HGF,
hepatocyte growth factor; VEGF, vascular endothelial growth factor, Ang-2, Angiopoietin-2; SCF, stem cell factor; GROa., growth-regulated oncogene

alpha; MCP-1, monocyte chemoattractant protein-1.

CXCL10 and CCL27 were retained for subsequent
analysis. The remaining seven chemokines were then
subjected to multivariate logistic regression analysis.
ROC curve analysis was performed to evaluate the
diagnostic performance of each chemokines for distin-
guishing RA patients from controls, including HC and
NRA, in the training cohort (1able 4).

The remaining seven chemokines were subjected to
multivariate logistic regression in the training cohort.
Among all 127 possible combinations, the model with
the lowest AIC and highest AUC was selected (figure
/4). CXCL13, CCL11, CCL27, and CCL3 emerged
as independent discriminators (/ahle 5). Individually,
these chemokines yielded AUCs of 0.77, 0.81, 0.80, and
0.86, respectively (table 4 and figure 1B).

Accordingly, discriminant values were calculated
using the following logistic function: Discriminant
value = 1/[1 + exp(—(—23.0785 + 0.8120-CXCL13
+ 2.1467-CCL11 + 1.0498-CCL27 + 1.0874-CCL3))]
(table 5).

The combined four-chemokine model achieved an
AUC of 0.94, with a sensitivity of 82.1% and a speci-
ficity of 88.4% at a cutoff value of 0.626 in the
training cohort. In the independent validation cohort,
the model maintained robust performance, yielding an
AUC of 0.92, a sensitivity of 84.8%, and a specificity of
86.2% (figure 1C).

An additional analysis to assess potential con-
founding by age and sex was performed. All four
chemokines remained statistically significant inde-
pendent discriminators, whereas age and sex were
not statistically significant. Notably, although both
cytokines and chemokines were measured, the final
diagnostic model consisted exclusively of chemokines.
These findings indicate that the diagnostic utility of the
serum profile was driven by the combined chemokine
signature rather than by elevation of any single marker.
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Table 3
Correlation analysis among the eight chemokines in the training cohort
CCL20 CXCL13 CCL11 CXCL9 CCL27 CXCL10 CCL4
(MIP-30) (BLC) (Eotaxin) (MIG) (CTACK) (IP-10) (MIP-1pB)
CXCL13 (BLC) 0.41
CCL11 (Eotaxin) 0.33 0.31
CXCL9 (MIG) 0.37 0.29 0.39
CCL27 (CTACK) 0.40 0.37 0.32 0.51
CXCL10 (IP-10) 0.35 0.35 0.27 0.74 0.53
CCL4 (MIP-1B) 0.25 0.19 0.35 0.22 0.19 0.21
CCL3 (MIP-1o) 0.41 0.35 0.46 0.39 043 0.40 0.78

Note: Correlation analysis was performed to evaluate the relationships among the eight chemokines using Spearman’s rank correlation analysis. Data are presented
as correlation coefficients. All correlation coefficients in the table were considered statistically significant at p < 0.05. CCL, C-C motif chemokine ligand; CXCL,
C-X-C motif chemokine ligand; BLC, B lymphocyte chemoattractant; MIG, monokine induced by gamma interferon; CTACK, cutaneous T-cell-attracting
chemokine; IP-10, interferon gamma-induced protein 10; MIP, macrophage inflammatory protein.

Table 4
AUC:s of the eight chemokines by ROC curve analysis in the training cohort
CCL20 CXCL13 CCL11 CXCLY9 CCL27 CXCL10 CCL4 CCL3
(MIP-30) (BLC) (Eotaxin) (MIG) (CTACK) (IP-10) (MIP-1p) (MIP-1c)
AUC 0.75 0.77 0.81 0.76 0.80 0.78 0.71 0.86
SE 0.041 0.041 0.036 0.043 0.040 0.041 0.044 0.031

95%CI 0.67-0.83 0.69-0.85 0.74-0.88 0.71-0.87 0.72-0.88 0.70-0.86 0.62-0.80 0.80-0.92

Note: ROC curve analysis was performed to evaluate the diagnostic performance of each of the eight chemokines for distinguishing RA patients from controls,
including HC and NRA, in the training cohort. Data are presented as AUC, SE, and 95% CI. AUC, area under the curve; ROC, receiver operating characteristic;
SE, standard error; CI, confidence interval; HC, healthy control; NRA, non-rheumatoid arthritides; RA, rheumatoid arthritis; CCL, C-C motif chemokine ligand;
CXCL, C-X-C motif chemokine ligand; BCA-1/BLC, B-cell-attracting chemokine 1/B lymphocyte chemoattractant; MIG, monokine induced by gamma interferon;
IP-10, interferon gamma-induced protein 10; CTACK, cutaneous T-cell-attracting chemokine; MIP, macrophage inflammatory protein.
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Figure 1: Evaluation of model performance using multiple logistic regression and ROC curve analyses. (A) Multiple logistic regression
analysis based on seven chemokines in the training cohort. The seven chemokines were subjected to multivariate logistic regression, and
all 127 possible combinations were evaluated. The model with the lowest AIC and highest AUC was selected. (B) ROC curve analysis of
the four individual chemokines in the training cohort. (C) ROC curve analysis of the combined four-chemokine model in the training

and validation cohorts.

Table S
Multiple logistic regression model based on four chemokines in the training cohort

Independent variable  Partial regression coefficient ~ SE of the partial regression coefficient Z Value p-Value
Constant —23.0785 4.4472
CXCLI13/BLC 0.8120 0.3180 2.5534 0.011
CCLI11/Eotaxin 2.1467 0.7075 3.0340 0.002
CCL27/CTACK 1.0498 0.3908 2.6864 0.007
CCL3/MIP-1o 1.0874 0.3160 3.4415 <0.001

Note: Multiple logistic regression analysis was performed to distinguish RA from controls, including HC and NRA, in the training
cohort. Independent variables were log-transformed before inclusion in the multiple logistic regression analysis. Statistical significance of
regression coefficients was evaluated at p < 0.05.; BLC, B lymphocyte chemoattractant; CTACK, cutaneous T-cell-attracting chemokine;

MIP, macrophage inflammatory protein.

3.4 Discrimination of ACPA-Negative RA from Non-
RA Arthritis

Accurate diagnosis of ACPA-negative RA remains
challenging, particularly in differentiating it from other
seronegative inflammatory arthritides. Application of
the four-chemokine model to this subgroup demon-
strated an AUC of 0.73, with sensitivity of 62.5% and
specificity of 76.0% at the same cutoff value (0.626)
in the validation cohort (figure 24, B). These findings
indicate that the chemokine-based model is useful for
distinguishing ACPA-negative RA from NRA.

3.5 Association of Chemokine Profile with RA Disease
Activity

Finally, we examined the relationship between dis-
criminant scores and RA disease activity. Chemokine
concentrations were compared across remission, low,
moderate, and high DAS28-CRP subgroups in the RA
group. Discriminant values were significantly higher in
all RA activity subgroups compared with in HC and
NRA groups (figure 2 C). These results suggest that the
four-chemokine signature may aid in identifying RA
patients with low disease activity or early-stage disease,
irrespective of ACPA status.

4 Discussion

In this study, we comprehensively analyzed serum
cytokines and chemokines in patients with RA,
NRA, and HC, and demonstrated that a distinct
serum chemokine profile can discriminate RA
from HC/NRA. Among the analytes examined,
chemokines rather than classical cytokines emerged
as the most informative diagnostic markers. The
combination of four chemokines, CCL3, CCLI1I,
CCL27, and CXCLI13 showed high diagnostic
accuracy for distinguishing RA from HC/NRA and
retained discriminatory power in ACPA-negative RA.
These findings indicate that circulating chemokines
may reflect RA-associated immune and stromal
activation that is not fully captured by conventional
laboratory markers.

A notable finding of the present study was that
cytokines were not retained in the final model despite
their established pathogenic roles in RA. The aim
of model construction was to identify a serum
chemokine signature capable of discriminating RA
from non-rheumatoid arthritides. In addition, serum
TNF-0. concentrations may be substantially influ-
enced by therapeutic interventions targeting TNF-o
or related inflammatory pathways, potentially limiting
their utility as broadly applicable diagnostic mark-
ers [22,23]. Exploratory analyses also suggested that
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Figure 2: Diagnostic performance and clinical associations of the four-chemokine model. (A) Discriminant values of the chemokine
profile among the HC, NRA, ACPA-negative RA, and ACPA-positive RA groups in the training and validation cohorts. (B) Diagnostic
performance of the chemokine profile for differentiating ACPA-negative RA from NRA. In the validation cohort, the model achieved
an AUC of 0.73 at a cutoff value of 0.626, with a sensitivity of 62.5% and a specificity of 76.0%. (C) Association between the chemokine
profile and RA disease activity. Discriminant values of the chemokine profile are shown for the HC, NRA, and RA groups stratified
according to DAS28-CRP disease activity categories (remission, low, moderate, and high disease activity) in the training and validation
cohorts. *p < 0.01 indicates a statistically significant difference between each RA disease activity group and the combined HC/NRA
group, as determined by Dunn’s post hoc test following the Kruskal-Wallis test.

TNF-o and MIF showed less consistent discrimina-
tory performance across patient-group comparisons
than the selected chemokines. These considerations
supported the development of a diagnostic model
based exclusively on canonical chemokines. In con-
trast, chemokines regulate leukocyte trafficking, tissue
organization, and stromal-immune cell interactions—
processes that may persist even under partial clinical
remission. Therefore, circulating chemokines may
capture residual or subclinical inflammation more con-
sistently than classical pro-inflammatory cytokines. In
the present study, the combination of CCL3, CCL11,
CCL27, and CXCL13 provided strong discrimination,
achieving AUCs of 0.94 in the training cohort and
0.92 in the validation cohort for distinguishing RA
from HC/NRA, and retaining modest but potentially
clinically useful discriminatory performance in ACPA-
negative RA (AUC 0.73) [19]. These findings suggest
that serum chemokine profiling may provide diagnostic

information complementary to conventional autoanti-
bodies and acute-phase reactants [24]. The additional
age- and sex-adjusted analysis further suggests that
the discriminatory performance of the four-chemokine
signature was not solely attributable to demographic
differences among the groups.

Because no single chemokine is specific to RA,
the clinical value of the present approach should be
interpreted as a disease-associated multivariable sig-
nature rather than as the elevation of any individual
molecule. This concept is consistent with previous
biomarker studies demonstrating that combinations of
inflammatory mediators provide more robust diagnos-
tic information than single analytes in heterogeneous
RA populations [10,24].

The four chemokines identified in the present
model have previously been implicated in leuko-
cyte recruitment, lymphoid organization, and chronic
synovial inflammation in RA [15-17,19,20]. CCL3
contributes to recruitment of inflammatory leukocytes
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into synovial tissue [25,26], whereas CXCLI13 pro-
motes ectopic lymphoid organization and local B-cell
responses [27-30]. CCLI11 [31,32] and CCL27 [33,34]
have also been reported to be associated with inflam-
matory cell trafficking and immune regulation in RA.
Collectively, these observations support the biological
plausibility of the four-chemokine signature identified
in this study.

Concomitant treatment may also have influenced
the composition of the final model. Previous
studies have shown that MTX [35,36] and
glucocorticoids [37,38] can modulate circulating
cytokine and chemokine concentrations. Such
treatment effects may attenuate cytokine signals and
alter chemokine profiles, and therefore should be
considered when interpreting serum mediator-based
diagnostic models. Nevertheless, the identification of
a robust chemokine signature in a real-world cohort
receiving conventional therapies may also support its
potential clinical relevance.

Elevated discriminant values were observed across
RA disease activity categories, including patients with
low or moderate DAS28-CRP scores [24]. This find-
ing suggests that chemokine dysregulation may persist
despite clinically controlled systemic inflammation and
may reflect aspects of disease biology not fully captured
by DAS28-CRP. Accordingly, the chemokine profile
should be viewed as an adjunctive diagnostic marker
rather than a substitute for clinical assessment [19].

Several limitations should be acknowledged. First,
this study was based on a long-term retrospective
cohort, and RA patients were classified according to
the 1987 ACR criteria, which were the applicable cri-
teria at the time of cohort establishment and sample
collection. Because the 2010 ACR/EULAR criteria
better capture early-stage RA, the use of the 1987
criteria may have limited the inclusion of patients with
very early RA and should be considered when inter-
preting the generalizability of the findings. Second,
the HC group was younger than the RA group, and
circulating chemokine levels may be influenced by age-
related inflammatory changes and sex. Although the
age- and sex-adjusted multivariable analysis indicated
that the four-chemokine signature remained indepen-
dently associated with RA, residual confounding due
to the retrospective design and demographic imbal-
ance among groups cannot be fully excluded. Third,
drug dosages, treatment durations, and cumulative
glucocorticoid exposure were heterogeneous and were
not quantitatively analyzed. This represents a major
methodological limitation, because treatment exposure
may have substantially influenced baseline cytokine
and chemokine concentrations and may therefore
affect interpretation of the serum chemokine signature.
Finally, external validation in larger contemporary
multicenter cohorts, including patients receiving bio-
logic and targeted synthetic DM AR Ds, will be required
before clinical implementation.

Future studies should include treatment-naive early
RA, age- and sex-matched controls, standardized
assessment of disease activity in all disease-control
groups, detailed quantitative treatment information,
and longitudinal sampling.
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5 Conclusions

In conclusion, our findings demonstrate that a serum
chemokine profile consisting of CCL3, CCLII1,
CCL27, and CXCL13 can effectively discriminate
RA from non-RA inflammatory arthritis and healthy
controls, including ACPA-negative RA. These results
highlight the clinical potential of chemokine profiling
as a diagnostic and disease-characterization tool and
provide further insight into the immunopathological
mechanisms underlying RA. Future validation
in independent cohorts and longitudinal studies
may establish serum chemokine profiling as a
valuable adjunct to current diagnostic strategies in
rheumatoid arthritis.
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