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Introduction: Systemic lupus erythematosus (SLE) is a clinically heterogeneous
disease that presents a challenge for clinicians. To identify potential biomarkers
for diagnosis and disease activity in SLE, we investigated a selected yet broad
panel of cytokines and autoantibodies in patients with SLE, healthy controls (HC),
and patients with other autoimmune diseases (AIDs).

Methods: Serum samples from 422 SLE patients, 546 HC, and 1223 other AIDs
were analysed within the frame of the European PRECISESADS project
(NTC02890121). Cytokine levels were determined using Luminex panels, and
autoantibodies using different immunoassays.

Results: Of the 83 cytokines analysed, 29 differed significantly between patients
with SLE and HC. Specifically, CCL8, CXCL13, and IL-1RA levels were elevated in
patients with active, but not inactive, SLE versus HC, as well as in patients with SLE
versus other AIDs. The levels of these cytokines also correlated with SLE Disease
Activity Index 2000 (SLEDAI-2K) scores, among five other cytokines. Overall, the
occurrence of autoantibodies was similar across SLEDAI-2K organ domains, and
the correlations between autoantibodies and activity in different organ domains
were weak.

Discussion: Our findings suggest that, upon validation, CCL8, CXCL13, and IL-
1RA could serve as promising serum biomarkers of activity in SLE.
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Introduction

The immune system forms a complex organisation of molecules
and cells that provides host defence mechanisms against infectious
agents. Its importance is highlighted in autoimmune diseases, where
a breach of immune tolerance leads to tissue damage through a
cascade of events. Autoimmune diseases affect 3-5% of the
population and contribute to greater morbidity and mortality
compared with the general population (1). Among the
autoimmune diseases, systemic lupus erythematosus (SLE)
constitutes the prototype of systemic autoimmune disease and is
characterised by diverse immunological dysfunctions that involve
multiple organs. The maladaptive immune response of both the
innate and the adaptive immune system in SLE leads to immune cell
activation and cytokine release, ultimately resulting in autoantibody
production, complement activation, inflammatory injury, and
tissue damage (2). Among the many immune mediators
implicated in SLE pathogenesis, type I interferons (IFNs) have
been shown to play a central role in both human and animal
studies (3). Administration of IFNo has been shown to accelerate
disease progression in murine lupus, supporting a causative role of
type I IFNs in SLE pathogenesis (4). Elevated interferon-induced
cytokines and transcripts, the latter known as an interferon
signature, have also been identified in the blood (5-8) and tissues
(3) of patients with SLE.

The aetiology of SLE is multifactorial, involving genetic,
hormonal, and environmental factors, and SLE exhibits striking
clinical heterogeneity (2). The marked clinical diversity ranges from
mild features, such as skin rashes and arthritis, to more severe
manifestations, such as lupus nephritis (LN) and neuropsychiatric
SLE (NPSLE). Non-targeted treatment for SLE includes
glucocorticoids, antimalarials, and broad immunosuppressive
agents. In the past two decades, further advances in treatment
have been achieved with the introduction of biological therapies,
such as belimumab, a monoclonal antibody against B cell activating
factor belonging to the tumour necrosis factor (TNF) ligand family
(BAFF), and anifrolumab that binds the type I IFN receptor, both
approved for treating SLE, as well as the anti-CD20 agent rituximab
that is used oft-label in refractory cases (9).

The immune dysfunction in SLE causes laboratory
haematological and immunological abnormalities that can be
detected through routine clinical care. However, due to the
heterogeneity of the disease, managing SLE remains a clinical
challenge. To aid in the diagnosis of SLE, general laboratory
indices and antinuclear antibodies (ANAs), especially anti-
double-stranded DNA (dsDNA) and anti-Smith (Sm) antibodies,
are frequently used in clinical practice (2). However, monitoring
disease activity remains a considerable challenge for clinicians.
Although changes in some serological markers, particularly anti-
dsDNA and complement levels, may suggest a change in overall
disease activity, these markers do not accurately predict flares or
activity in all patients, especially organ-specific activity (2, 10, 11).
Despite advances in technology with broad molecular and cellular
profiling through next-generation sequencing, such biomarker
screens are not yet readily implemented in routine clinical
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practice (12). Nevertheless, selective panels of serum biomarkers
that are less invasive than tissue biomarkers might have merit in the
future clinical management of SLE. Early diagnosis and early signals
of impending flares, thus early initiation of treatment, are crucial for
the prevention of organ damage in patients with SLE (2), and
biomarkers for diagnosis and monitoring are therefore eagerly
awaited (13-15).

The aim of this study was to investigate serum levels of selected
cytokines and autoantibodies in patients with SLE compared with
healthy controls (HC) or patients with other autoimmune diseases
(AIDs) from the PRECISESADS project (6) towards identification
of biomarkers for SLE diagnosis and disease activity.

Materials and methods
Study population and data

Patient data and peripheral blood samples were collected from
individuals diagnosed with the following AIDs: SLE (N=422), systemic
sclerosis (SS¢; N=355), primary Sjogren’s syndrome (pSS; N=336),
rheumatoid arthritis (RA; N=344), primary antiphospholipid
syndrome (pAPS; N=97), and mixed connective tissue disease
(MCTD; N=91). The diagnosis was based on internationally
recognised diagnostic or classification criteria (16-21). We also
included 546 healthy controls (HC). Data and samples from
patients and controls were acquired within the 5-year European
PRECISESADS project (NTC02890121; see Supplementary Table 1
for complete inclusion and exclusion criteria). Local investigators’
affiliations can be found in the online Supplementary Material
(page 4). Levels of a broad panel of selected cytokines and
autoantibodies were measured, as described previously (6). Initially,
88 cytokines were measured in a subset of 288 patients and HC using
Luminex xMAP Technology from Luminex Corporation (Austin, TX,
USA). Subsequently, a customised panel from R&D Systems
(Luminex assay, Luminex Corporation, Austin, TX, USA) was used
to analyse 12 cytokines (C-C motif chemokine ligand 4 [CCL4], CCLS,
CCL13, CCL17, chemokine (C-X-C motif) ligand 10 [CXCL10],
CXCL13, Fas ligand [FasL], growth differentiation factor 15
[GDF15], interleukin 1 receptor type 2 [IL-1R2], interleukin 1
receptor antagonist [IL-1RA], matrix metalloproteinase 8 [MMP-8],
and TNF receptor 1 [TNFR1]), while a quantitative sandwich enzyme
immunoassay from Biorad Laboratories Inc. (Hercules, CA, USA) was
employed for the analysis of 6 cytokines (BAFF, C-reactive protein
[CRP], IL-6, MMP-2, transforming growth factor B [TGF-f], and
TNF-0)). Autoantibodies were analysed using an automated
chemiluminescent immunoassay (IDS-iSYS, Immunodiagnostic
Systems Holdings Ltd., East Boldon, United Kingdom). A
turbidimetric immunoassay (SPAPLUS analyzer, The Binding Site
Group Ltd., Birmingham, United Kingdom) was used to analyse
rheumatoid factor (RF), complement component 3¢ (C3c), C4, and
polyclonal free light chains of kappa and lambda type (PFLC),
and an enzyme-linked immunosorbent assay (ELISA) kit from
EUROIMMUN Medizinische Labordiagnostika AG (Liibeck,
Germany) was employed for the analysis of anti-chromatin antibodies.
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Definitions of SLE disease activity

The SLE Disease Activity Index (SLEDAI) was used to evaluate
the overall SLE disease activity. This index considers the physician’s
overall assessment and consists of 24 descriptors, each assigned a
separate score based on its specific importance (22). SLEDAI 2000
(SLEDAI-2K) is a modified version of SLEDAI that treats certain
descriptors as active whenever they are present, unlike the original
SLEDAI where they are only considered active upon initial
occurrence or recurrence (23). In this study, the disease activity
in SLE patients was evaluated using SLEDAI-2K, while clinical
disease activity irrespective of serological activity was assessed using
the clinical version of SLEDAI-2K (cSLEDAI-2K) (24), which
excludes the serological descriptors (DNA binding and
hypocomplementemia) from the SLEDAI-2K score.

Statistical analysis

Data are presented as numbers (percentage) or means (standard
deviation), and in the case of non-normal distributions the medians
(interquartile range) are indicated. We compared serum levels of
cytokines between AIDs and HC using the non-parametric Mann-
Whitney U test. Inactive SLE was defined as having a SLEDAI-2K score
equal to zero, while active SLE was defined as a having a SLEDAI-2K
score 1. We also assessed correlations between cytokine levels, and in
relation to SLEDAI-2K scores, using the Spearman’s rank correlation
coefficient (p). Autoantibody positivity and low levels of C3c and C4 in
relation to activity in distinct organ domains, as defined by the
cSLEDAI-2K, were reported in the form of chord diagrams using the
circlize R package (25), and correlations were assessed using the phi
correlation coefficient (¢). We also assessed correlations between
serological markers and history of or current organ manifestations of
SLE, as per the case report form (CRF) of the PRECISESADS study
protocol or as determined by the SLEDAI-2K organ domains, using the
phi correlation coefficient (¢). Specifications regarding numbers of
individuals in each group being subjected to comparative analysis are
provided in the corresponding Supplementary Tables. p values <0.05
were considered statistically significant. Analyses were performed using
the R software version 4.2.1 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Patient characteristics and clinical data are presented in Table 1.
The majority of patients with SLE were women (92.4%). The mean
age of the patients was 45.9 years (standard deviation [s.d.]: £ 13.8
years) at the time of enrolment. The age was similar in the other
groups (HC, pAPS, and AIDs), except for patients with AIDs whose
mean age was 56.8 + 13.3 years. The mean SLEDAI-2K score was
6.1 £ 59 years. Among patients with SLE, 116 (33.5%) tested
positive for anti-dsDNA and 114 (32.4%) had low levels of C4. A
total of 317 (75.1%) SLE patients received antimalarial agents.
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Cytokine profiles in SLE, other
autoimmune diseases, and HC

Of the 83 cytokines that were analysed, 29 differed significantly
between patients with SLE and HC (Figure 1; Supplementary
Table 2). Among these, only serum levels of CRP and CXCL13
were higher in active versus inactive SLE (median [interquartile
range]: 6.19 [5.75-6.59] pg/mL versus 5.79 [5.31-6.18] pg/mL;
p=0.036 and 2.03 [1.88-2.27] pg/mL versus 5.79 [1.75-1.99] pg/
mL; p=0.004; Supplementary Table 3). However, 21 cytokines
differed significantly between patients with active, but not
inactive, SLE and HC, including CRP (6.19 [5.75-6.59] pg/mL
versus 5.97 [5.31-6.18] pg/mL; p=0.001) and CXCL13 (2.03
[1.88-2.27] pg/mL versus 1.78 [1.69-1.89] pg/mL; p<0.001;
Supplementary Tables 4, 5).

A total of 39 cytokines differed significantly between patients
with AIDs other than SLE (MCTD, pAPS, pSS, RA, or SSc) and HC
(Supplementary Table 6). Of the 33 cytokines that were elevated in
patients with AIDs other than SLE and HC, the serum levels of four
cytokines were even higher in patients with SLE compared with
patients with other AIDs (Supplementary Table 7). The latter
cytokines included CCL8 (1.92 [1.76-2.05] pg/mL versus 1.88
[1.73-2.01] pg/mL; p=0.007), CXCLI3 (2.02 [1.85-2.24] pg/mL
versus 1.95 (1.78-2.10) pg/mL; p<0.001), IL-IRA (3.01 [2.89-
3.19] pg/mL versus 2.96 (2.82-3.12) pg/mL; p=0.001), and TNFR1
(3.72 [3.62-3.81] pg/mL versus 3.69 (3.69-3.79) pg/mL; p=0.029).
Furthermore, 10 cytokines differed significantly between SLE and
other AIDs but not between patients with AIDs other than SLE and
HC (Supplementary Tables 6, 7).

In total, 14 cytokines differed significantly between patients with
pAPS and HC, including 10 that were elevated in pAPS
(Supplementary Table 8). Among the latter, only GDFI15 was
even higher in patients with SLE than that in patients with pAPS
(2.89 [2.70-3.11] pg/mL versus 2.74 (2.67-2.98) pg/mL; p=0.036;
Supplementary Table 9). Five cytokines differed significantly
between SLE and pAPS, but not between patients with pAPS and
HC (Supplementary Tables 8, 9). Levels of 16 cytokines differed
significantly between pAPS and AIDs other than SLE and pAPS
(Supplementary Table 10).

Correlation of autoimmunity-related
cytokines with SLE disease activity

Albeit weak, correlations between eight cytokines and SLEDAI-
2K scores were found to be statistically significant. Serum levels
of P-selectin were negatively correlated with SLEDAI-2K scores
(p=-0.35, p=0.040), whereas levels of seven other cytokines were
positively correlated (Figure 2; Supplementary Table 11). Those
included BAFF (p=0.15, p=0.019), CCL8 (p=0.21, p=0.005),
CXCL13 (p=0.18, p=0.021), IL-IR1 (p=0.38, p=0.023), IL-1RA
(p=0.19, p=0.015), MMP-8 (p=0.16, p=0.035), and pentraxin 3
(PTX-3; p=0.38, p=0.023).
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TABLE 1 Characteristics of patients with SLE, patients with pAPS, patients with autoimmune diseases other than SLE, and healthy controls from the
PRECISESADS study population.

Comparators

PAPS

N=97
Demographics
Age (years); mean (s.d.) 459 + 13.8 46.8 +13.1 483 +12.0 56.8 + 133
Female sex; n (%) 390 (92.4%) 429 (78.6%) 70 (72.2%) 1035 (84.6%)
Clinical data
Disease duration (years); mean (s.d.) 139 + 9.7 N/A 99+738 112 £ 9.0
SLEDAI-2K score; mean (s.d.) 6.2 + 5.9; N=393 N/A N/A N/A
Serological profile; n (%)
Anti-dsDNA (+) 116 (33.5%); N=346 N/A 4 (6.5%); N=62 32 (3.1%); N=1038
Anti-Sm (+) 17 (5.3%); N=320 N/A 0 (0.0%); N=62 21 (2.1%); N=995
Anti-B,GPI IgG (+) 38 (11.1%); N=343 N/A 32 (52.5%); N=61 38 (3.7%); N=1037
Anti-B,GPI IgM (+) 27 (7.9%); N=343 N/A 12 (19.4%); N=62 56 (5.4%); N=1038
aCL IgG (+) 39 (11.3%); N=346 N/A 32 (51.6%); N=62 41 (3.9%); N=1038
aCL IgM (+) 32 (9.2%); N=346 N/A 15 (24.2%); N=62 66 (6.4%); N=1038
Low C3c 138 (39.2%); N=352 N/A 12 (19.4%); N=62 260 (25.0%); N=1042
Low C4 114 (32.4%); N=352 N/A 10 (16.1%); N=62 154 (14.8%); N=1042
Medications
fred"is"“e equivalent dose during 1.0 (0.0-5.0); N=411 N/A 0.0 (0.0-0.0); N=93 0.0 (0.0-2.0); N=1159
ollow-up (mg/day); median (IQR) >
Antimalarial agents; n (%) 317 (75.1%) N/A 23 (23.7%) 264 (21.6%)
ImmunosuppressantsT; n (%) 200 (47.4%) N/A 4 (4.1%) 443 (36.2%)
Biologics®; n (%) 4 (1.4%) N/A 0 (0.0%) 173 (14.1%)

Data are presented as numbers (percentage) or means + standard deviation. In case of non-normal distributions, the medians (interquartile range) are indicated. In case of missing values,
the total number of patients with available data is indicated. aCL, antibodies against cardiolipin; AID, autoimmune disease; anti-f,GPI, antibodies against B,-glycoprotein I; anti-dsDNA,
antibodies against double-stranded DNA; anti-Sm, antibodies against Smith; C3c, complement component 3¢; C4, complement component 4; HC, healthy controls; Ig, immunoglobulin;
IQR, interquartile range; N/A, not applicable; pAPS, primary antiphospholipid syndrome; s.d., standard deviation; SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus
Erythematosus Disease Activity Index 2000. *Mixed connective tissue disease, primary antiphospholipid syndrome, primary Sjégren’s syndrome, rheumatoid arthritis, or systemic
sclerosis."Azathioprine, calcineurin inhibitors, cyclophosphamide, leflunomide, methotrexate, or mycophenolic acid. lkAbatacept, belimumab, interleukin (IL)-6 inhibitors, rituximab, or

tumour necrosis factor (TNF) inhibitors.

CCLS8, CXCL13, and IL-1RA in SLE versus
other autoimmune diseases or HC

CCL8, CXCL13, and IL-1RA levels were elevated in patients
with active, but not inactive, SLE versus HC, as well as in patients
with SLE versus other AIDs, and the levels of these cytokines
correlated with SLE disease activity. Distributions of levels of
these cytokines in patients with SLE, active SLE, inactive SLE,
other AIDs, and pAPS, and in HC are shown in Figures 3A-I. In
patients with SLE, levels of CCL8 and levels of IL-1RA displayed the
strongest albeit weak correlation (p=0.37, p<0.001), followed by
CXCL13 and IL-1RA levels (p=0.34, p<0.001), and CCL8 and
CXCL13 levels (p=0.28, p=0.003), as illustrated in Figure 3].
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Autoantibody profiles across
SLE manifestations

Figures 4A-D shows the relationship between positivity for
selected autoantibodies, low levels of C3c, or C4 and different
clinical manifestations as determined by the cSLEDAI-2K organ
domains. Overall, the occurrence of serological markers was
similar across ¢cSLEDAI-2K organ domains, and correlations
between serological markers and activity in the different
cSLEDAI-2K organ domains were weak (Figure 5A;
Supplementary Tables 12-19). The strongest correlations,
although still weak, were observed between anti-Sm antibody
positivity and disease activity in the SLEDAI-2K musculoskeletal
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E-selectin
EGF

Fas

FasL
FGF2
FGF21
G-CSF
Galactin-3

VEGFR3

¥ *p<0.05 ** p<0.01 *** p<0.001 **** p<0.0001

FIGURE 1

Cytokine levels in patients with systemic lupus erythematosus (SLE), healthy controls (HC), and patients with other autoimmune diseases (AIDs). Comparator
groups included SLE, including active and inactive SLE, primary antiphospholipid syndrome (pAPS), AIDs other than SLE (mixed connective tissue disease,
PAPS, primary Sjoégren’s syndrome, rheumatoid arthritis, or systemic sclerosis), and HC. The latter group for each comparison was used as reference. Red and
blue colours denote upregulation and downregulation of cytokines, respectively. Comparisons with insufficient observations are indicated in grey. p values
are derived from Mann-Whitney U tests. Statistically significant differences are denoted by asterisks. AID, autoimmune disease; BAFF, B cell activating factor
belonging to the tumour necrosis factor ligand family; CCL13, C-C motif chemokine ligand 13; CCL17, C-C motif chemokine ligand 17; CCL18; C-C motif
chemokine ligand 18; CCL2; C-C motif chemokine ligand 2; CCL20; C-C motif chemokine ligand 20; CCL3; C-C motif chemokine ligand 3; CCL4; C-C
motif chemokine ligand 4; CCL5; C-C motif chemokine ligand 5; CCL7; C-C motif chemokine ligand 7; CCL8; C-C motif chemokine ligand 8; CRP, C-
reactive protein, CXCL1, C-X-C motif ligand 1; CXCL10, C-X-C motif ligand 10; CXCL11, C-X-C motif ligand 11; CXCL13, C-X-C moetif ligand 13, CXCL16, C-
X-C motif ligand 16; CXCL5, C-X-C moitif ligand 5; CXCL9, C-X-C motif ligand 9; DcR1, decoy receptor 1; DcR3, decoy receptor 3; EGF, epidermal growth
factor; FasL; Fas ligand; FGF2, fibroblast growth factor 2; FGF21, fibroblast growth factor 21; G-CSF, granulocyte colony-stimulating factor; GDF15, growth
differentiation factor 15; GH, growth hormone; HC, healthy controls; HGF, hepatocyte growth factor; ICAM-1, intercellular adhesion molecule 1; IFN-y,
interferon vy, IFNGRY, interferon y receptor 1; IL-10, interleukin 10; IL-12, interleukin 12; IL-13, interleukin 13; IL-17A, interleukin 17A; IL-17F, interleukin 17F; IL-
18BP, interleukin 18 binding protein; IL-1R1, interleukin 1 receptor type 1; IL-1R2, interleukin 1 receptor type 2; IL-1RA, interleukin 1 receptor antagonist; IL-1c,
interleukin 1o IL-1B, interleukin 1B; IL-2, interleukin 2; IL-22, interleukin 22; IL-23, interleukin 23; IL-27, interleukin 27; IL-28A, interleukin 28A; IL-2Ro,
interleukin 2 receptor o; IL-31, interleukin 31; IL-33, interleukin 33; IL-5, interleukin 5; IL-6, interleukin 6; IL-6Ra, interleukin 6 receptor o; IL-8, interleukin 8;
IL-9; interleukin 9; M-CSF, macrophage colony-stimulating factor; MDC, macrophage-derived chemokine; MIF, macrophage migration inhibitory factor;
MMP-1, matrix metalloproteinase 1, MMP-12, matrix metalloproteinase 12; MMP-13, matrix metalloproteinase 13; MMP-2, matrix metalloproteinase 12; MMP-
3, matrix metalloproteinase 3; MMP-7, matrix metalloproteinase 7; MMP-8, matrix metalloproteinase 8; MMP-9, matrix metalloproteinase 9; MPO,
myeloperoxidase; pAPS, primary antiphospholipid syndrome; PF4, platelet factor 4; PTX3, pentraxin 3; SLE, systemic lupus erythematosus; TACI,
transmembrane activator and calcium modulator and cyclophilin ligand interactor; TGF-B, transforming growth factor ; TNF-co., tumour necrosis factor o;
TNFRL, tumour necrosis factor receptor 1, TNFR2, tumour necrosis factor receptor 2; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular endothelial
growth factor; VEGF-C, vascular endothelial growth factor C; VEGFR3, vascular endothelial growth factor receptor 3.
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FIGURE 2

Correlations between cytokine levels and disease activity in patients with SLE. Spearman’s rank correlations between levels of different cytokines and
SLEDAI-2K scores. Statistically significant correlations are denoted by asterisks. BAFF, B cell activating factor belonging to the tumour necrosis factor
ligand family; CCL13, C-C motif chemokine ligand 13; CCL17, C-C motif chemokine ligand 17; CCL18; C-C motif chemokine ligand 18; CCL2; C-C
motif chemokine ligand 2; CCL20; C-C motif chemokine ligand 20; CCL3; C-C motif chemokine ligand 3; CCL4; C-C motif chemokine ligand 4;
CCL5; C-C motif chemokine ligand 5; CCL7; C-C motif chemokine ligand 7; CCL8; C-C motif chemokine ligand 8; CRP, C-reactive protein, CXCL1,
C-X-C motif ligand 1; CXCL10, C-X-C motif ligand 10; CXCL11, C-X-C motif ligand 11; CXCL13, C-X-C moatif ligand 13, CXCL16, C-X-C motif ligand
16; CXCLS5, C-X-C motif ligand 5; CXCL9, C-X-C motif ligand 9; DcR1, decoy receptor 1; DcR3, decoy receptor 3; EGF, epidermal growth factor;
FasL; Fas ligand; FGF2, fibroblast growth factor 2; FGF21, fibroblast growth factor 21; G-CSF, granulocyte colony-stimulating factor; GDF15, growth
differentiation factor 15; GH, growth hormone; HGF, hepatocyte growth factor; ICAM-1, intercellular adhesion molecule 1; IFN-y, interferon vy;
IFNGRY, interferon y receptor 1; IL-10, interleukin 10; IL-12, interleukin 12; IL-13, interleukin 13; IL-17A, interleukin 17A; IL-17F, interleukin 17F; IL-
18BP, interleukin 18 binding protein; IL-1R1, interleukin 1 receptor type 1; IL-1R2, interleukin 1 receptor type 2; IL-1RA, interleukin 1 receptor
antagonist; IL-1a, interleukin 1o IL-1p, interleukin 1B; IL-2, interleukin 2; IL-23, interleukin 23; IL-27, interleukin 27; IL-28A, interleukin 28A; IL-2Ra,
interleukin 2 receptor o; IL-31, interleukin 31; IL-33, interleukin 33; IL-5, interleukin 5; IL-6, interleukin 6; IL-6Ro, interleukin 6 receptor a; IL-8,
interleukin 8; M-CSF, macrophage colony-stimulating factor; MDC, macrophage-derived chemokine; MIF, macrophage migration inhibitory factor;
MMP-1, matrix metalloproteinase 1; MMP-13, matrix metalloproteinase 13; MMP-2, matrix metalloproteinase 12; MMP-3, matrix metalloproteinase 3;
MMP-7, matrix metalloproteinase 7; MMP-8, matrix metalloproteinase 8; MMP-9, matrix metalloproteinase 9; MPO, myeloperoxidase; PF4, platelet
factor 4; PTX3, pentraxin 3; SLE, systemic lupus erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000; TACI,
transmembrane activator and calcium modulator and cyclophilin ligand interactor; TGF-B, transforming growth factor B; TNF-co, tumour necrosis
factor o, TNFR1, tumour necrosis factor receptor 1; TNFR2, tumour necrosis factor receptor 2; VCAM-1, vascular cell adhesion protein 1; VEGF,
vascular endothelial growth factor; VEGF-C, vascular endothelial growth factor C; VEGFR3, vascular endothelial growth factor receptor 3.
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FIGURE 3

Serum levels of CCL8, CXCL13, and IL-1RA in patients with SLE, patients with other autoimmune diseases (AIDs), and healthy controls (HC). Violin
plots displaying distributions of circulating levels of CCL8 (A-C), CXCL13 (D-F), and IL-1RA (G-1) in patients with active versus inactive SLE versus HC
(A, D, G), patients with SLE versus patients with AID versus HC (B, E, H), and patients with SLE versus patients with primary antiphospholipid
syndrome (pAPS) versus HC (C, F, ). (J) Spearman'’s rank correlations between levels of CCL8, CXCL13, and IL-1RA. Statistically significant
correlations are denoted by asterisks. AID: autoimmune disease; CCL8; C-C motif chemokine ligand 8; CXCL13: C-X-C motif ligand 13: IL-1RA:
interleukin 1 receptor antagonist; pAPS: primary antiphospholipid syndrome; SLE: systemic lupus erythematosus.

domain (¢=0.17, p=0.002), anti-chromatin antibody positivity Overall weak correlations were also seen for serological markers
and disease activity in the SLEDAI-2K renal domain (¢=0.19, in relation to history of or current involvement of various organ
p=0.001), and anti-SSA/Ro52 antibody positivity and fever as per  systems, as per the CRF of the PRECISESADS study protocol or as
SLEDAI-2K (¢=0.17, p=0.004). determined by the ¢cSLEDAI-2K organ domains (Figure 5B;
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FIGURE 4

Autoantibody positivity and low levels of C3c and C4 in relation to organ domain-specific activity based on the cSLEDAI-2K. Chord diagrams of
autoantibody levels and levels of C3c and C4 in relation to activity in cSLEDAI-2K organ domains, stratified into groups: (A) anti-dsDNA, anti-
chromatin, complement C3, and complement C4; (B) anti-cardiolipin 1gG, anti-B2GPI I1gG, anti-cardiolipin IgM, and anti-B2GPI IgM; (C) anti-SSA/
Ro52, anti-SSA/Ro60, anti-SSB/La, and anti-U1-RNP; (D) polyclonal kappa and lambda, rheumatoid factor, anti-CCP2, anti-PR3, anti-Scl70, and anti-
centromere (B) B2G, anti-B2 glycoprotein | IgG; B2M, anti-B2 glycoprotein | IgM; C3c, complement component 3c; C4, complement component 4;
CCP2, anti-cyclic citrullinated peptide (second generation); CLG, anti-cardiolipin IgG; CLM, anti-cardiolipin IgM; cSLEDAI-2K, clinical Systemic Lupus
Erythematosus Disease Activity Index 2000; DNA, anti-double stranded (ds)DNA; PFLC, polyclonal free light chains of kappa and lambda type; PR3,
anti-proteinase 3; RF, rheumatoid factor; SSA52, anti-SSA/Ro52; SSA60, anti-SSA/Ro60; SSB, anti-SSB/La.

Supplementary Tables 20-25). Notably, a correlation was seen
between high PFLC and history of or current serositis (¢p=0.28,
p<0.001), as well as a correlation between anti-dsDNA antibody
positivity and history of or current serositis (¢=0.18, p=0.003).

Discussion

In the present study, we investigated serum levels of
autoimmunity-related cytokines and autoantibodies in patients
with SLE compared with HC or patients with other AIDs. We
found that several IFN-inducible proteins were elevated in SLE
patients compared with HC. Additionally, serum levels of CCLS,
CXCL13, and IL-1RA were higher in patients with SLE compared
with patients with other AIDs, and they correlated with global SLE
disease activity. The occurrence of routine serological markers was
in general similar across organ manifestations of SLE, and
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correlations between markers and organ-specific disease activity
were weak.

Among other markers, serum levels of CCL8 (also known as
monocyte chemoattractant protein 2 [MCP-2]) were elevated in
patients with SLE compared with HC. CCL8 is an IFN-inducible
protein involved in the chemotaxis of T cells and dendritic cells and
has previously been reported to be elevated in SLE patients
compared with HC (5). Furthermore, the gene expression of
CCL8 has been reported to be higher in bone marrow
mesenchymal stem cells from patients with SLE than in cells from
HC (26). We also found CCLS8 levels to be elevated in patients with
SLE compared with other AIDs, including pAPS when analysed
separately, which suggests disease specificity for this chemokine.
Moreover, CCL8 levels were higher in SLE patients with active
disease, but not in patients with inactive disease, compared with
HC, and the levels of this cytokine correlated with global SLE
disease activity. Similarly, urine CCL8 has previously been reported
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systems. Phi (9) correlations between autoantibody levels and levels of C3c and C4, and (A) activity in cSLEDAI-2K organ domains and (B) history of
or current involvement of various organ systems in patients with SLE. Mucocutaneous manifestations included malar rash, photosensitivity, acute
cutaneous lupus erythematosus, discoid lupus, chronic cutaneous lupus erythematosus, mucosal ulcers, and alopecia. Haematological
manifestations included haemolytic anaemia, leukopenia, lymphopenia, and thrombocytopenia. Statistically significant correlations are denoted by

asterisks. B2G, anti-B2 glycoprotein | IgG; B2M, anti-f2 glycoprotein | IgM;

C3c, complement component 3c; C4, complement component 4; CCP2,

anti-cyclic citrullinated peptide (second generation); CLG, anti-cardiolipin IgG; CLM, anti-cardiolipin IgM; cSLEDAI-2K, clinical Systemic Lupus
Erythematosus Disease Activity Index 2000; DNA, anti-double stranded (ds)DNA; PFLC, polyclonal free light chains of kappa and lambda type; RF,
rheumatoid factor; SM, anti-Smith; SSA52, anti-SSA/Ro52; SSA60, anti-SSA/Ro60; SSB, anti-SSB/La.

to be elevated in active LN patients compared with non-LN SLE
patients (27). However, a study by Petrackova et al. using a
proximity extension immunoassay (PEA) did not detect a
difference in serum levels of in SLE patients compared with HC,
nor any relationship between serum CCL8 levels and SLEDAI (28).
Thus, while our findings and other evidence point to an SLE-
specific signal, further validation studies are needed to confirm the
clinical utility of CCL8 in patients with SLE.

The B cell-attracting chemokine CXCL13 exhibited a similar
pattern to CCL8 in patients with SLE compared with controls and
in relation to SLE disease activity, which is consistent with previous
literature (29). CXCL13 has been implicated in the pathogenesis of
several autoimmune diseases and even suggested as a potential
therapeutic target for autoimmune disorders, including SLE (29,
30). It was recently found to be associated with an inflammatory
cluster in an integrative analysis of whole-blood transcriptome and
methylome data in patients with systemic autoimmune diseases (6).
In the case of SLE, CXCL13 has been shown to cause B cell
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infiltration in kidneys, worsening murine LN (31). Moreover, in
vitro experiments have demonstrated that CXCL13 stimulation
triggers a proinflammatory response in human podocytes (32).
While CXCL13 is a stable serum marker (33), it is worth noting
that it can also be induced by bacterial exposure (30).

Interferon signalling is of known importance in SLE
pathogenesis (3). We herein identified several IFN-inducible
proteins that were elevated in SLE patients compared with HC,
including BAFF, CCL8, CXCL10, and CXCL11, consistent with
previous findings (5). Moreover, serum BAFF levels have previously
been reported to be associated with an interferon cluster in an
integrative analysis of transcriptome and methylome data in
patients with systemic autoimmune diseases (6), as well as an
interferon gene module in a whole-blood transcriptome analysis
in patients with SLE (8). Notably, the addition of the anti-type I IFN
receptor monoclonal anifrolumab to standard therapy yielded
greater suppression of elevated serum levels of the
aforementioned cytokines in active SLE patients (SLEDAI-2K
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scores >10) than placebo in the phase II MUSE (NCT01438489)
trial (34, 35). Similarly, addition of deucravacitinib, a selective
tyrosine kinase 2 (TYK2) inhibitor, but not addition of placebo to
standard therapy was recently shown to reduce serum levels of
BAFF, CCL8, and CXCL10 in patients with active SLE in the phase
IT PAISLEY (NCT03252587) trial (36, 37).

Serum levels of the anti-inflammatory cytokine IL-1RA were
herein found to be elevated in patients with SLE compared with HC
or patients with other AIDs. Additionally, IL-1RA levels showed the
strongest, albeit moderate, correlation with global SLE disease activity.
Elevated serum levels of IL-IRA have been reported in various
rheumatic diseases, including SLE (38), and were recently also
associated with an inflammatory pattern based on gene expression
and methylome data across seven different autoimmune disorders (6).
A study by Suzuki et al. reported serum IL-1RA levels to be higher in
active SLE patients compared with HC or patients with other
rheumatic diseases (39). Furthermore, genetic studies have shown an
association between IL-1RA gene polymorphisms and susceptibility to
SLE in European and Asian populations (40). A mass cytometry
analysis by O’Gorman et al. revealed a distinct monocyte signature
with increased levels of IL-IRA in newly diagnosed and untreated
paediatric SLE patients compared with HC (41). However, the
potential correlation between IL-1RA and global SLE disease activity
remains controversial due to conflicting reports (39, 42-46). Although
recombinant IL-1RA (anakinra) has shown efficacy in patients with
RA (47), data in SLE are scarce. Notably, small studies have shown
effectiveness of IL-1 inhibition to alleviate arthritis in patients with SLE
(48, 49), supporting the anti-inflammatory role of IL-1RA.

Occurrence of selected autoantibodies and low levels of C3c or
C4 were similar across different organ manifestations of SLE, and
correlations between these serological markers and organ-specific
disease activity were weak. These findings support the notion that
serological markers typically used in routine clinical practice have
limited ability to assess disease activity in SLE, particularly organ-
specific activity (50). However, Lewis et al. identified autoantibody
clusters associated with different patterns of organ involvement and
a panel of 26 autoantibodies that improved the diagnostic accuracy
of SLE when using an advanced protein microarray that screened
for 1543 different autoantibodies (51). In the present study, we also
found weak correlations for serological markers in relation to the
history of or current involvement of various organ systems. Our
findings suggest that autoantibodies commonly used in routine
clinical practice may serve as stable disease markers rather than
sensitive indicators of the disease course in patients with SLE.

PRECISESADS is a multicentre project with participants of
European origin, which presumably limits the generalisability of the
results to non-European populations. Analyses were not adjusted for
multiple testing due to the limited numbers of study participants;
results should therefore be interpreted with caution. Numbers of
patients across treatment groups limited us from accounting for
treatments in analyses. Additionally, the cross-sectional design of
the study precluded the analysis of changes in serological markers
over time and in response to treatment, which nevertheless was
beyond the scope of the present study. Nonetheless, the overall large
sample size and the inclusion of patients with SLE, HC, and other
AlIDs constituted significant strengths of the study. Further validation
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of CCL8, CXCL13, and IL-1RA as biomarkers in SLE across multiple
cohorts and diverse populations is warranted, as is standardisation of
their quantification and establishment of appropriate cut-offs.

To conclude, analysis of a broad selection of autoimmunity-
related cytokines and autoantibodies measured in serum revealed
that several IFN-inducible proteins were elevated in SLE patients
compared with HC. Furthermore, serum levels of CCL8, CXCL13,
and IL-1RA were also higher in patients with SLE compared with
patients with other autoimmune diseases and were moderately
correlated with global SLE disease activity. Our findings suggest
that, upon validation in other cohorts, CCL8, CXCL13, and IL-1RA
may have merit as useful serum biomarkers of activity in SLE.
Further investigation of the dynamics of these biomarkers over time
is warranted to establish their utility in tracking disease activity in
patients with SLE and in guiding therapeutic decisions.

Data availability statement

Raw data is the property of the PRECISESADS consortium and
is protected under the European General Data Protection
Regulation (GDPR). Metadata and aggregated processed data are
available upon reasonable request from the corresponding author
and from the EGA (European Genome-phenome Archive).

Ethics statement

The study complied with the ethical principles of the
Declaration of Helsinki. Written informed consent was obtained
from all study participants prior to enrolment in the PRECISESADS
project. The PRECISESADS project was approved by regional ethics
review boards for all participating centres, and the study protocol
for the present analysis was reviewed and approved by the Swedish
Ethical Review Authority (2022-03907-01).

Author contributions

JL: Conceptualization, Formal Analysis, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. LB: Resources, Writing - review & editing. MB:
Resources, Writing - review & editing. MA-R: Funding
acquisition, Resources, Writing - review & editing. IP:
Conceptualization, Funding acquisition, Methodology, Resources,
Supervision, Writing — original draft, Writing - review & editing.

PRECISESADS clinical consortium

Lorenzo Beretta, Barbara Vigone, Jacques-Olivier Pers, Alain
Saraux, Valerie Devauchelle-Pensec, Divi Cornec, Sandrine Jousse-
Joulin, Bernard Lauwerys, Julie Ducreux, Anne-Lise Maudoux,
Carlos Vasconcelos, Ana Tavares, Esmeralda Neves, Raquel Faria,
Mariana Branddo, Ana Campar, Antonio Marinho, Fatima Farinha,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1257085
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lindblom et al.

Isabel Almeida, Miguel Angel Gonzalez-Gay Mantecon, Ricardo
Blanco Alonso, Alfonso Corrales Martinez, Ricard Cervera, Ignasi
Rodriguez-Pintd, Gerard Espinosa, Rik Lories, Ellen De Langhe,
Nicolas Hunzelmann, Doreen Belz, Torsten Witte, Niklas
Baerlecken, Georg Stummvoll, Michael Zauner, Michaela Lehner,
Eduardo Collantes, Rafaela Ortega-Castro, M*Angeles Aguirre-
Zamorano, Alejandro Escudero-Contreras, M*Carmen Castro-
Villegas, Norberto Ortego, Maria Concepcion Fernandez Roldan,
Enrique Raya, Inmaculada Jiménez Moleon, Enrique de Ramon,
Isabel Diaz Quintero, Pier Luigi Meroni, Maria Gerosa, Tommaso
Schioppo, Carolina Artusi, Carlo Chizzolini, Aleksandra Zuber,
Donatienne Wynar, Laszlo Kovacs, Attila Balog, Magdolna Deak,
Marta Bocskai, Sonja Dulic, Gabriella Kadar, Falk Hiepe, Velia Gerl,
Silvia Thiel, Manuel Rodriguez Maresca, Antonio Lopez-Berrio,
Rocio Aguilar-Quesada, and Héctor Navarro-Linares.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. IP has
received grants from the Swedish Rheumatism Association (R-
969696), King Gustaf V’s 80-year Foundation (FAI-2020-0741),
Swedish Society of Medicine (SLS-974449), Nyckelfonden (OLL-
974804), Professor Nanna Svartz Foundation (2021-00436), Ulla and
Roland Gustafsson Foundation (2021-26), Region Stockholm (FoUI-
955483), and Karolinska Institutet. This work has received funding
from the Innovative Medicines Initiative (IMI) Joint Undertaking (JU)
for the PRECISESADS project (grant number 115565), as well as from
the IMI 2 JU for the 3TR project (grant number 831434). The JU
receives support from the EU Horizon 2020 research and innovation
programme and EFPIA.

Acknowledgments

The authors express gratitude to the clinical investigators of the
PRECISESADS Clinical Consortium listed in the Supplementary

References

1. Wang L, Wang FS, Gershwin ME. Human autoimmune diseases: A
comprehensive update. ] Intern Med (2015) 278(4):369-95. doi: 10.1111/joim.12395

2. Kaul A, Gordon C, Crow MK, Touma Z, Urowitz MB, van Vollenhoven R, et al.
Systemic lupus erythematosus. Nat Rev Dis Primers (2016) 2:16039.
doi: 10.1038/nrdp.2016.39

3. Psarras A, Wittmann M, Vital EM. Emerging concepts of type I interferons in sle
pathogenesis and therapy. Nat Rev Rheumatol (2022) 18(10):575-90. doi: 10.1038/
$41584-022-00826-z

4. Liu Z, Davidson A. Ifno Inducible models of murine sle. Front Immunol (2013)
4:306. doi: 10.3389/fimmu.2013.00306

5. Bauer JW, Baechler EC, Petri M, Batliwalla FM, Crawford D, Ortmann WA, et al.
Elevated serum levels of interferon-regulated chemokines are biomarkers for active
human systemic lupus erythematosus. PloS Med (2006) 3(12):e491.
doi: 10.1371/journal.pmed.0030491

6. Barturen G, Babaei S, Catala-Moll F, Martinez-Bueno M, Makowska Z, Martorell-
Marugan J, et al. Integrative analysis reveals a molecular stratification of systemic
autoimmune diseases. Arthritis Rheumatol (2021) 73(6):1073-85. doi: 10.1002/art.41610

Frontiers in Immunology

11

10.3389/fimmu.2023.1257085

Material, page 4. The authors would also like to thank all
participating patients.

Conflict of interest

IP has received research funding and/or honoraria from
Amgen, AstraZeneca, Aurinia, Elli Lilly, Gilead, GlaxoSmithKline,
Janssen, Novartis, Otsuka, and Roche. The funders had no role in
the design of the study, in the collection, analyses, or interpretation
of data, in the writing of the manuscript, or in the decision to
publish the results.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be constructed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Author disclaimer

Content of this publication reflects only the authors’ view, and
the JU is not responsible for any use that may be made of the
information it contains.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1257085/
full#supplementary-material

7. Toro-Dominguez D, Lopez-Dominguez R, Garcia Moreno A, Villatoro-Garcia JA,
Martorell-Marugan ], Goldman D, et al. Differential treatments based on drug-induced
gene expression signatures and longitudinal systemic lupus erythematosus
stratification. Sci Rep (2019) 9(1):15502. doi: 10.1038/s41598-019-51616-9

8. Lindblom J, Toro—Dominguez D, Carnero-Montoro E, Beretta L, Borghi MO,
Castillo J, et al. Distinct gene dysregulation patterns herald precision medicine
potentiality in systemic lupus erythematosus. J Autoimmun (2023) 136:103025.
doi: 10.1016/j.jaut.2023.103025

9. Parodis I, Stockfelt M, Sjéwall C. B cell therapy in systemic lupus erythematosus:
from rationale to clinical practice. Front Med (Lausanne) (2020) 7:316.
doi: 10.3389/fmed.2020.00316

10. Parodis I, Gomez A, Chow JW, Borg A, Lindblom J, Gatto M. Early B cell and
plasma cell kinetics upon treatment initiation portend flares in systemic lupus
erythematosus: A post-hoc analysis of three phase iii clinical trials of belimumab.
Front Immunol (2022) 13:796508. doi: 10.3389/fimmu.2022.796508

11. Parodis I, Gomez A, Lindblom ], Chow JW, Sjowall C, Sciascia S, et al. B cell
kinetics upon therapy commencement for active extrarenal systemic lupus erythematosus

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1257085/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1257085/full#supplementary-material
https://doi.org/10.1111/joim.12395
https://doi.org/10.1038/nrdp.2016.39
https://doi.org/10.1038/s41584-022-00826-z
https://doi.org/10.1038/s41584-022-00826-z
https://doi.org/10.3389/fimmu.2013.00306
https://doi.org/10.1371/journal.pmed.0030491
https://doi.org/10.1002/art.41610
https://doi.org/10.1038/s41598-019-51616-9
https://doi.org/10.1016/j.jaut.2023.103025
https://doi.org/10.3389/fmed.2020.00316
https://doi.org/10.3389/fimmu.2022.796508
https://doi.org/10.3389/fimmu.2023.1257085
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lindblom et al.

in relation to development of renal flares: results from three phase iii clinical trials of
belimumab. Int ] Mol Sci (2022) 23(22):13941. doi: 10.3390/ijms232213941

12. Tan G, Baby B, Zhou Y, Wu T. Emerging molecular markers towards
potential diagnostic panels for lupus. Front Immunol (2021) 12:808839.
doi: 10.3389/fimmu.2021.808839

13. Lindblom J, Mohan C, Parodis I. Diagnostic, predictive and prognostic
biomarkers in systemic lupus erythematosus: current insights. Curr Opin Rheumatol
(2022) 34(2):139-49. doi: 10.1097/bor.0000000000000862

14. Lindblom ], Mohan C, Parodis I. Biomarkers in neuropsychiatric systemic lupus
erythematosus: A systematic literature review of the last decade. Brain Sci (2022) 12
(2):192. doi: 10.3390/brainscil2020192

15. Palazzo L, Lindblom J, Mohan C, Parodis I. Current insights on biomarkers in
lupus nephritis: A systematic review of the literature. J Clin Med (2022) 11(19):5759.
doi: 10.3390/jcm11195759

16. Alarcon-Segovia D, Cardie]l MH. Comparison between 3 diagnostic criteria for
mixed connective tissue disease. Study of 593 patients. | Rheumatol (1989) 16
(3):328-34.

17. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO 3rd, et al.
Rheumatoid arthritis classification criteria: an American college of rheumatology/
european league against rheumatism collaborative initiative. Ann rheumatic Dis (2010)
69(9):1580-8. doi: 10.1136/ard.2010.138461

18. Hochberg MC. Updating the american college of rheumatology revised criteria
for the classification of systemic lupus erythematosus. Arthritis Rheum (1997) 40
(9):1725. doi: 10.1002/art.1780400928

19. Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, et al.
International consensus statement on an update of the classification criteria for definite
antiphospholipid syndrome (Aps). ] Thromb haemostasis: JTH (2006) 4(2):295-306.
doi: 10.1111/j.1538-7836.2006.01753.x

20. van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, et al.
Classification criteria for systemic sclerosis: an American college of rheumatology/
European league against rheumatism collaborative initiative. Ann rheumatic Dis (2013)
72(11):1747-55. doi: 10.1136/annrheumdis-2013-204424

21. Vitali C, Bombardieri S, Jonsson R, Moutsopoulos HM, Alexander EL, Carsons
SE, et al. Classification criteria for Sjogren’s syndrome: A revised version of the
european criteria proposed by the American-European consensus group. Ann
rheumatic Dis (2002) 61(6):554-8. doi: 10.1136/ard.61.6.554

22. Bombardier C, Gladman DD, Urowitz MB, Caron D, Chang CH. Derivation of
the sledai. A disease activity index for lupus patients. The committee on prognosis
studies in sle. Arthritis Rheum (1992) 35(6):630-40. doi: 10.1002/art.1780350606

23. Gladman DD, Ibanez D, Urowitz MB. Systemic lupus erythematosus disease
activity index 2000. ] Rheumatol (2002) 29(2):288-91.

24. Uribe AG, Vila LM, McGwin G]Jr., Sanchez ML, Reveille JD, Alarcon GS. The
systemic lupus activity measure-revised, the Mexican systemic lupus erythematosus
disease activity index (Sledai), and a modified sledai-2k are adequate instruments to
measure disease activity in systemic lupus erythematosus. ] Rheumatol (2004) 31
(10):1934-40.

25. Gu Z, Gu L, Eils R, Schlesner M, Brors B. Circlize implements and enhances
circular visualization in R. Bioinformatics (2014) 30(19):2811-2. doi: 10.1093/
bioinformatics/btu393

26. Gao L, Bird AK, Meednu N, Dauenhauer K, Liesveld J, Anolik J, et al. Bone
marrow-derived mesenchymal stem cells from patients with systemic lupus
erythematosus have a senescence-associated secretory phenotype mediated by a
mitochondrial antiviral signaling protein-interferon-B Feedback loop. Arthritis
Rheumatol (2017) 69(8):1623-35. doi: 10.1002/art.40142

27. Klocke J, Kopetschke K, Grielbach AS, Langhans V, Humrich JY, Biesen R, et al.
Mapping urinary chemokines in human lupus nephritis: potentially redundant
pathways recruit cd4(+) and cd8(+) T cells and macrophages. Eur | Immunol (2017)
47(1):180-92. doi: 10.1002/¢ji.201646387

28. Petrackova A, Smrzova A, Gajdos P, Schubertova M, Schneiderova P, Kromer P,
et al. Serum protein pattern associated with organ damage and lupus nephritis in
systemic lupus erythematosus revealed by pea immunoassay. Clin Proteomics (2017)
14:32. doi: 10.1186/s12014-017-9167-8

29. Schiffer L, Worthmann K, Haller H, Schiffer M. Cxcl13 as a new biomarker of
systemic lupus erythematosus and lupus nephritis - from bench to bedside? Clin Exp
Immunol (2015) 179(1):85-9. doi: 10.1111/cei.12439

30. Pan Z, Zhu T, Liu Y, Zhang N. Role of the cxcl13/cxcr5 axis in autoimmune
diseases. Front Immunol (2022) 13:850998. doi: 10.3389/fimmu.2022.850998

Frontiers in Immunology

12

10.3389/fimmu.2023.1257085

31. Moreth K, Brodbeck R, Babelova A, Gretz N, Spieker T, Zeng-Brouwers J, et al. The
proteoglycan biglycan regulates expression of the B cell chemoattractant cxcl13 and aggravates
murine lupus nephritis. J Clin Invest (2010) 120(12):4251-72. doi: 10.1172/jci42213

32. Worthmann K, Gueler F, von Vietinghoff S, Davalos-Mifilitz A, Wiehler F,
Davidson A, et al. Pathogenetic role of glomerular cxcl13 expression in lupus nephritis.
Clin Exp Immunol (2014) 178(1):20-7. doi: 10.1111/cei.12380

33. Ezzat M, El-Gammasy T, Shaheen K, Shokr E. Elevated production of serum B-
cell-attracting chemokine-1 (Bca-1/cxcl13) is correlated with childhood-onset lupus
disease activity, severity, and renal involvement. Lupus (2011) 20(8):845-54.
doi: 10.1177/0961203311398513

34. Casey KA, Guo X, Smith MA, Wang S, Sinibaldi D, Sanjuan MA, et al. Type I
interferon receptor blockade with anifrolumab corrects innate and adaptive immune
perturbations of sle. Lupus Sci Med (2018) 5(1):e000286. doi: 10.1136/lupus-2018-000286

35. Furie R, Khamashta M, Merrill JT, Werth VP, Kalunian K, Brohawn P, et al.
Anifrolumab, an anti-interferon-A Receptor monoclonal antibody, in moderate-to-
severe systemic lupus erythematosus. Arthritis Rheumatol (2017) 69(2):376-86.
doi: 10.1002/art.39962

36. Morand E, Pike M, Merrill JT, van Vollenhoven R, Werth VP, Hobar C, et al.
Deucravacitinib, a tyrosine kinase 2 inhibitor, in systemic lupus erythematosus: A
phase ii, randomized, double-blind, placebo-controlled trial. Arthritis Rheumatol
(2023) 75(2):242-52. doi: 10.1002/art.42391

37. Kahlenberg JM, Sanz I, Wu C, Hu Y, Kim JH, Singhal S, et al. POS0112
Deucravacitinib reduces interferons, B-cell pathways, and serological biomarkers of
systemic lupus disease activity: Pharmacodynamic analysis from the phase 2 Paisley
study [Abstract]. Annals Rheum Dis (2023) 82(Suppl 1):271. doi: 10.1136/annrheumdis-
2023-eular.1719

38. Arend WP, Malyak M, Guthridge CJ, Gabay C. Interleukin-1 receptor antagonist:
role in biology. Annu Rev Immunol (1998) 16:27-55. doi: 10.1146/annurev.immunol.16.1.27

39. Suzuki H, Takemura H, Kashiwagi H. Interleukin-1 receptor antagonist in patients
with active systemic lupus erythematosus. Enhanced production by monocytes and
correlation with disease activity. Arthritis Rheum (1995) 38(8):1055-9.
doi: 10.1002/art.1780380806

40. Song GG, Kim JH, Seo YH, Choi SJ, Ji JD, Lee YH. Associations between interleukin 1
polymorphisms and susceptibility to systemic lupus erythematosus: A meta-analysis. Hum
Immunol (2014) 75(1):105-12. doi: 10.1016/j.humimm.2013.09.002

41. O’Gorman WE, Kong DS, Balboni IM, Rudra P, Bolen CR, Ghosh D, et al. Mass
cytometry identifies a distinct monocyte cytokine signature shared by clinically
heterogeneous pediatric SLE patients. ] Autoimmun (2017) S0896-8411(16)30412-7.
doi: 10.1016/jjaut.2017.03.010

42. Zhang X, Liu C, Yang J, Ren H, Zhang ], Chen §, et al. Potential biomarkers for
diagnosis and assessment of disease activity in systemic lupus erythematosus. Int
Immunopharmacol (2022) 111:109155. doi: 10.1016/j.intimp.2022.109155

43. Italiani P, Manca ML, Angelotti F, Melillo D, Pratesi F, Puxeddu I, et al. II-1
family cytokines and soluble receptors in systemic lupus erythematosus. Arthritis Res
Ther (2018) 20(1):27. doi: 10.1186/s13075-018-1525-z

44. Capper ER, Maskill JK, Gordon C, Blakemore Al Interleukin (II)-10, il-1ra and
il-12 profiles in active and quiescent systemic lupus erythematosus: could longitudinal
studies reveal patient subgroups of differing pathology? Clin Exp Immunol (2004) 138
(2):348-56. doi: 10.1111/j.1365-2249.2004.02607.x

45. Chang DM. Interleukin-1 and interleukin-1 receptor antagonist in systemic lupus
erythematosus. Immunol Invest (1997) 26(5-7):649-59. doi: 10.3109/08820139709088547

46. Sturfelt G, Roux-Lombard P, Wollheim FA, Dayer JM. Low levels of interleukin-1
receptor antagonist coincide with kidney involvement in systemic lupus erythematosus. Br
J Rheumatol (1997) 36(12):1283-9. doi: 10.1093/rheumatology/36.12.1283

47. Mertens M, Singh JA. Anakinra for rheumatoid arthritis. Cochrane Database
systematic Rev (2009) 1:Cd005121. doi: 10.1002/14651858.CD005121.pub3

48. Moosig F, Zeuner R, Renk C, Schréder JO. Il-1ra in refractory systemic lupus
erythematosus. Lupus (2004) 13(8):605-6. doi: 10.1191/0961203304lul047cr

49. Ostendorf B, Iking-Konert C, Kurz K, Jung G, Sander O, Schneider M.
Preliminary results of safety and efficacy of the interleukin 1 receptor antagonist
anakinra in patients with severe lupus arthritis. Ann rheumatic Dis (2005) 64(4):630-3.
doi: 10.1136/ard.2004.025858

50. Quismorio FP, Torralba KD. Chapter 43 - Clinical Application of Serologic
Tests, Serum Protein Abnormalities, and Other Clinical Laboratory Tests in Sle. In:
Wallace DJ, Hahn BH, editors. Dubois’ Lupus Erythematosus and Related Syndromes,
Eighth Edition. Philadelphia: W.B. Saunders (2013). p. 526-40.

51. Lewis MJ, McAndrew MB, Wheeler C, Workman N, Agashe P, Koopmann J,
et al. Autoantibodies targeting tlr and smad pathways define new subgroups in systemic
lupus erythematosus. | Autoimmun (2018) 91:1-12. doi: 10.1016/j.jaut.2018.02.009

frontiersin.org


https://doi.org/10.3390/ijms232213941
https://doi.org/10.3389/fimmu.2021.808839
https://doi.org/10.1097/bor.0000000000000862
https://doi.org/10.3390/brainsci12020192
https://doi.org/10.3390/jcm11195759
https://doi.org/10.1136/ard.2010.138461
https://doi.org/10.1002/art.1780400928
https://doi.org/10.1111/j.1538-7836.2006.01753.x
https://doi.org/10.1136/annrheumdis-2013-204424
https://doi.org/10.1136/ard.61.6.554
https://doi.org/10.1002/art.1780350606
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1002/art.40142
https://doi.org/10.1002/eji.201646387
https://doi.org/10.1186/s12014-017-9167-8
https://doi.org/10.1111/cei.12439
https://doi.org/10.3389/fimmu.2022.850998
https://doi.org/10.1172/jci42213
https://doi.org/10.1111/cei.12380
https://doi.org/10.1177/0961203311398513
https://doi.org/10.1136/lupus-2018-000286
https://doi.org/10.1002/art.39962
https://doi.org/10.1002/art.42391
https://doi.org/10.1136/annrheumdis-2023-eular.1719
https://doi.org/10.1136/annrheumdis-2023-eular.1719
https://doi.org/10.1146/annurev.immunol.16.1.27
https://doi.org/10.1002/art.1780380806
https://doi.org/10.1016/j.humimm.2013.09.002
https://doi.org/10.1016/j.jaut.2017.03.010
https://doi.org/10.1016/j.intimp.2022.109155
https://doi.org/10.1186/s13075-018-1525-z
https://doi.org/10.1111/j.1365-2249.2004.02607.x
https://doi.org/10.3109/08820139709088547
https://doi.org/10.1093/rheumatology/36.12.1283
https://doi.org/10.1002/14651858.CD005121.pub3
https://doi.org/10.1191/0961203304lu1047cr
https://doi.org/10.1136/ard.2004.025858
https://doi.org/10.1016/j.jaut.2018.02.009
https://doi.org/10.3389/fimmu.2023.1257085
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Serum profiling identifies CCL8, CXCL13, and IL-1RA as markers of active disease in patients with systemic lupus erythematosus
	Introduction
	Materials and methods
	Study population and data
	Definitions of SLE disease activity
	Statistical analysis

	Results
	Cytokine profiles in SLE, other autoimmune diseases, and HC
	Correlation of autoimmunity-related cytokines with SLE disease activity
	CCL8, CXCL13, and IL-1RA in SLE versus other autoimmune diseases or HC
	Autoantibody profiles across SLE manifestations

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	PRECISESADS clinical consortium
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Author disclaimer
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


