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A B S T R A C T

Interleukin-25 (IL-25), an anti-inflammatory member of the IL-17 family of cytokines, has been extensively
investigated in multiple autoimmune and inflammatory diseases. However, its pathogenic role in systemic lupus
erythematosus (SLE) remains largely unknown. This study aimed to explore the expression and clinical sig-
nificance of IL-25 in patients with SLE as well as its pathogenic role in lupus-prone MRL/lpr mice. The results
showed that IL-25 mRNA and serum levels were increased in patients with SLE compared with those in healthy
controls. Higher IL-25 mRNA and serum levels were found in patients with an active disease. IL-25 levels were
positively associated with SLEDAI, anti-dsDNA, and IgG but negatively associated with C3 and C4. Ex vivo assay
showed that IL-25 could inhibit the production of the inflammatory cytokines IL-1β, IL-17, IL-6, and IFN-γ as
well as TNF-α in the peripheral blood mononuclear cells in patients with SLE. In vivo studies revealed that
treatment with IL-25 significantly ameliorated lupus symptoms in lupus-prone MRL/lpr mice by suppressing the
production of inflammatory cytokines, including IL-1α, IL-1β, IL-6, IL-12p70, IL-17A, and IFN-β. Cumulatively,
our results suggest that IL-25 levels are increased in patients with SLE and associated with disease activity; IL-25
plays a potent immunosuppressive role in the pathogenesis of SLE by suppressing the production of in-
flammatory cytokines. IL-25 could potentially be used as a diagnostic and therapeutic target for SLE treatment.

1. Introduction

Systemic lupus erythematosus (SLE) is a prevalent systemic auto-
immune disease characterized by chronic inflammation in the joints
and several organs, including the skin, heart, lungs, kidneys, and ner-
vous system [1]. Currently, besides genetic and environmental factors,
the cause of SLE remains largely unknown. It has become clear that
autoantibody production, immune complex formation, and in-
flammatory responses mediated by multiple cytokines contribute to the
pathogenesis of SLE [2]. In addition, increasing evidence has re-
cognized that proinflammatory cytokines, including IL-1β, IL-6, IL-17,
IFN-γ, and TNF-α, are key factors in the pathogenesis of SLE [3].

The interleukin (IL)-17 cytokine family includes six members: IL-
17A, IL-17B, IL-17C, IL-17D, IL-17E (or IL-25), and IL-17F [4]. Among
these, IL-17A [5–7], IL-17B [8], IL-17C [9], IL-17D [9], and IL-17F

[8,10,11] have been shown to be upregulated in SLE. They can induce
the expression of chemokine, cytokine, and autoantibodies, amplify the
immune response, and thereby aggravate tissue inflammation and in-
jury in SLE. However, the role of IL-25 in the pathogenesis of SLE re-
mains unknown.

IL-25 was first reported by Fort et al. in 2001 [12]. Unlike IL-17A
and other IL-17 family cytokines, IL-25 binds to the IL-17RA–IL-17RB
receptor complex expressed on epithelial cells and type II T helper-2
(Th2) lymphocytes and induces the production of Th2 cytokines, in-
cluding IL-4, IL-5, and IL-13 [12–14]. Moreover, IL-25 plays an anti-
inflammatory role in autoimmune and inflammatory diseases, primarily
through the regulation of Th1 and Th17 cell responses [15,16]. Rhi-
novirus-induced IL-25 has been found to drive type 2 immunity and
allergic pulmonary inflammation in asthma [17]. Additionally, IL-25
attenuates rheumatoid arthritis (RA) through the destruction of Th17
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cell responses [18]. Moreover, IL-25 promotes the proliferation and
proinflammatory response in keratinocytes and plays a pivotal role in
psoriasis [19]. Although IL-25 has been broadly investigated in multiple
autoimmune and inflammatory diseases, its role in SLE remains un-
clear.

In the current study, we investigated the expression of IL-25 in the
serum of patients with SLE, and the relationships of serum IL-25 levels
with disease activity, clinical manifestations, as well as inflammatory
cytokines in patients with SLE. We also investigated the pathogenic role
of IL-25 in lupus-prone MRL/lpr mice and related mechanisms.

2. Materials and methods

2.1. Patients and controls

From September 2016 to February 2018, 90 patients with SLE were
recruited from the Department of Rheumatology, The Affiliated Huai'an
No. 1 People's Hospital of Nanjing Medical University. There were 81
females and 9 males, with a mean age of (35.3 ± 12.6) years. Sixty
healthy donors (50 females and 10 males; mean age 35.8 ± 11.5 years)
were collected as normal controls. SLE was diagnosed according to the
1997 revised classification criteria of the ACR for SLE [20]. Lupus
disease activities were quantified using the SLE Activity Index (SLEDAI)
score [21]. Active lupus disease was defined as SLEDAI score ≥ 6 [22].
Lupus nephritis is defined as clinical and laboratory manifestations that
meet the ACR criteria (persistent proteinuria > 0.5 g per day or > 3+
by dipstick, and/or cellular casts including red cells, hemoglobin,
granular, tubular, or mixed) [23]. Clinical and laboratory data were
collected from our hospital records. Briefly, the extractable nuclear
antigens, including anti-double-stranded DNA (anti-dsDNA), anti-
Smith, anti-anti-nucleosome antibody (AnuA), and anti-ribosomal RNP
antibody (rRNP), were examined using an immunofluorescence method
with a commercially available diagnostic kit (EUROIMMUN, Germany),
in accordance with the manufacturer's instructions. The concentrations
of serum immunoglobulin G (IgG), IgA, IgM, C3, and C4 were de-
termined by nephelometry methods in accordance with the manufac-
turer's instructions (SIEMENS, Germany). Erythrocyte sedimentation
rate (ESR) was determined using the ESR-30 Automatic Erythrocyte
Sedimentation Rate Dynamic Analyzer (Shanghai Xunda, China), in
accordance with the instructions provided by the manufacturer. Details
of the demographic and clinical characteristics of the patients and
healthy controls (HCs) are shown in Table 1. This study was approved
by the Ethics Committee Board of The Affiliated Huai'an No. 1 People's
Hospital of Nanjing Medical University. Informed consent was obtained
from each participant, in accordance with the committee's regulations.

2.2. mRNA extraction and RT-PCR

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood by Ficoll density gradient centrifugation (600 g for 25 min;
TBDscience, China). Total RNA was extracted from PBMCs with Trizol
(Invitrogen, Carlsbad, CA, USA), in accordance with the manufacturer's
instructions. cDNA was synthesized from total RNA using M-MLV re-
verse transcriptase (Invitrogen, Carlsbad, CA, USA). Real-time quanti-
tative PCR was performed using SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) with the following primers: IL-25
forward: 5′-CAGGTGGTTGCATTCTTGGC-3′ and reverse: 5′-GAGCCGG
TTCAAGTCTCTGT-3′; β-catenin forward: 5′-AGCTTCCAGACACGCTAT
CAT-3′ and reverse: 5′-CGGTACAACGAGCTGTTTCTAC-3′. Gene-spe-
cific amplification was performed on an ABI 7500 fast real-time PCR
system (Applied Biosystems, Foster City, CA, USA). β-catenin was used
as an internal control. Relative mRNA levels of target genes were cal-
culated by the 2−ΔΔct method.

2.3. Cell culture and IL-25 treatment

A total of 1 × 106/ml PBMCs were seeded in 96-well plates and
stimulated with LPS (1 μg/ml; Sigma, USA) in the presence or absence
of IL-25 (100 ng/ml, Cat. # 1258-IL-025; R&D Systems, MN, USA) for
24 h. Supernatants were collected for enzyme-linked immunosorbent
assay (ELISA) of IL-1β, IL-6, IL-17A, IFN-γ, and TNF-α.

2.4. Mice and experimental groups

Female B6.MRL/lpr mice (12 weeks of age), and female C57BL/6
mice of the same age were purchased from the Model Animal Research
Center of Nanjing University (Nanjing, China). All mice were main-
tained under specific pathogen-free conditions at The Affiliated Huai'an
No. 1 People's Hospital of Nanjing Medical University. MRL/lpr mice or
control B6 mice received weekly intraperitoneal injections with rmIL-
25 (1 μg per mice, Cat. # 1399-IL-025; R&D Systems, MN, USA) or PBS
every 3 days from the 14th week to the 18th week. After 4 weeks of
treatment, mice were anesthetized and their spleens were isolated,
weighed, and photographed. Both kidneys were excised for histological
analysis and immunofluorescence staining. Serum was collected for
analyses of cytokines, albumin, and anti-dsDNA by ELISA at the in-
dicated time.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Serum was obtained by centrifugation at 3000 g for 10 min. Serum
IL-25 was quantified by using a commercial human IL-25 ELISA kit
(Cat. # DY1258-05; R&D Systems, USA), in accordance with the man-
ufacturer's protocol. All samples were examined in duplicate. Control
samples and SLE samples were mixed on the plates to avoid differences
caused by intra-assay variation. Detection of the levels of the cytokines
IL-1β, IL-6, IL-17A, IFN-γ, and TNF-α in culture supernatants was per-
formed using a commercial ELISA kit from MultiSciences (Hangzhou,
China). Serum and urine from mice were collected every week. The
concentration of urinary protein was determined with the Bradford
Protein Assay Kit (Cat. # 70-PQ0041; MultiSciences, Hangzhou, China),
in accordance with the manufacturer's instructions. Anti-dsDNA was

Table 1
Characteristics of patients with SLE and healthy controls.

Characteristics SLE (n = 90) HCs (n = 60) P value

Age (years) 35.3 ± 12.6 35.8 ± 11.5 0.869
Gender (male/female) 9/81 10/50 0.229
Disease duration (years) 3.53 ± 1.26
Arthritis n (%) 7 (7.7)
Renal diseases n (%) 53 (58.8)
Fever n (%) 15 (16.6)
Neurological disorder n (%) 2 (2.2)
Leukopenia n (%) 14 (15.5)
Thrombocytopenia n (%) 10 (11.1)
Anti-dsDNA antibody n (%) 55 (61.1)
Anti-Smith antibody n (%) 47 (52.2)
Anti-AnuA antibody n (%) 29 (32.2)
Anti-rRNP antibody n (%) 16 (17.7)
ESR (mm/h) 30.8 ± 26.43
C3 (g/l) 0.57 ± 0.30
C4 (g/l) 0.15 ± 0.06
IgG (g/l) 17.89 ± 7.55
IgA (g/l) 2.15 ± 1.16
IgM (g/l) 1.33 ± 0.53
SLEDAI 6.4 ± 3.81 (1–14)

Data are presented as Mean (SD). Anti-AnuA antibody, anti-nucleosome anti-
body; Anti-rRNP antibody, Anti-Ribosomal RNP Antibody; ESR, erythrocyte
sedimentation rate; C3, complement 3; C4, complement 4; IgG,
Immunoglobulin G; IgM, Immunoglobulin M; IgA, Immunoglobulin A; SLE,
systemic lupus erythematosus; SLEDAI, SLE disease activity index.
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measured using mouse anti-double-stranded DNA antibody (IgG) ELISA
kit (Cat. # CSB-E11194 m; Cusabio, Houston, TX, USA), in accordance
with the manufacturer's instructions. Cytokine levels in mouse serum
were measured using the LEGENDplex™ Mouse Inflammation Panel
(13-plex) (Cat. # 740446; Biolegend, CA, USA), in accordance with the
manufacturer's instructions.

2.6. Histological analyses

Histological analyses were performed as described previously [24].
Briefly, kidneys were isolated, cut in half laterally, and fixed in 10%
formalin. Specimens were then embedded in paraffin, sectioned at a
thickness of 3 μm, and stained with hematoxylin and eosin (H&E).

Fig. 1. The levels of IL-25 mRNA in PBMCs and protein in serum were upregulated in patients with SLE and associated with disease severity. (A) The levels of IL-25
mRNA in PBMCs from patients with SLE and HCs were measured by RT-qPCR. (B) The levels of IL-25 protein in serum from patients with SLE and HCs were measured
by ELISA. Ninety patients with SLE were divided into active groups (n = 50, SLEDAI score ≥ 6) and inactive groups (n = 40, SLEDAI score < 6) according to
SLEDAI. Comparison of IL-25 mRNA (C) and protein (D) levels among patients with active and inactive SLE were shown. Each symbol represents an individual
patient with SLE or HCs. Data shown are the Mean ± SD. Differences between two groups were performed with Mann-Whitney U test for nonparametric data.

Fig. 2. Correlation between IL-25 protein levels in serum and SLEDAI as well as laboratory values. IL-25 protein levels in serum were positively correlated with
SLEDAI (A), anti-dsDNA (B), and IgG (C), and negatively associated with C3 levels (D) and C4 levels (E). Each symbol represents an individual patient with SLE. The
correlations were evaluated with Spearman's non-parametric test.
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Sections were then scored using a previously described scoring system
[25].

2.7. Immunofluorescence staining

Kidneys were embedded in optimal cutting temperature embedding
media, snap-frozen, and sectioned at 3 μm. After blocking with 1% BSA
and washing, the sections were incubated with Alexa Fluor 488-con-
jugated goat anti-mouse IgG (1:1000, Cat. # A2A28175; Invitrogen, CA,
USA) overnight at 4 °C. The sections were then stained with 4,6‑dia-
midino‑2‑phenylindole (DAPI) (Thermo Fisher, MA, USA) and observed
under a fluorescence microscope (BX63; Olympus, Tokyo, Japan).

2.8. Statistical analysis

Statistical analysis was performed using SPSS version 21.0 statistical
software (SPSS, Chicago, IL, USA). The results are expressed as
mean ± standard deviation (SD). Comparisons between groups were
performed using the Mann-Whitney U test. Spearman correlation test
was used to evaluate the associations between serum IL-25 levels and
different variables. One-way ANOVA was applied for statistical com-
parison of four groups. P value < 0.05 was considered statistically
significant.

3. Results

3.1. IL-25 was upregulated in patients with SLE and associated with disease
severity

As shown in Fig. 1A, the level of IL-25 mRNA in PBMCs from pa-
tients with SLE was significantly higher than that in HCs (P = 0.002).
Patients with SLE had elevated serum IL-25 levels compared with HCs
(98.2 ± 5.08 pg/ml vs. 73.3 ± 4.72 pg/ml, P = 0.0009; Fig. 1B). In

addition, patients with active disease showed higher mRNA and serum
IL-25 levels than inactive disease patients (P = 0.006 and P = 0.0004,
respectively). However, no significant differences of IL-25 mRNA and
serum levels between patients with inactive disease and HCs (P = 0.063
and P = 0.61, respectively; Fig. 1C and D) were found. Hence, our
findings demonstrated that IL-25 might be associated with the disease
activity of SLE.

3.2. Correlation between IL-25 levels and SLEDAI as well as laboratory
values

As shown in Fig. 2, serum IL-25 levels were positively associated
with SLEDAI (r = 0.4612, P < 0.0001; Fig. 2A), anti-dsDNA
(r = 0.3414, P = 0.001; Fig. 2B), and IgG (r = 0.2741, P = 0.008;
Fig. 2C), and negatively associated with C3 levels (r = −0.3722,
P = 0.0003; Fig. 2D) and C4 levels (r = −0.2996, P = 0.004; Fig. 2E).
However, no significant associations were observed between serum IL-
25 levels and anti-Smith, anti-AnuA, ESR, IgM, and IgA (data not
shown).

3.3. Serum IL-25 levels are associated with inflammatory cytokines in
patients with SLE

Proinflammatory cytokines have been recognized to contribute to
the pathogenesis of lupus. The data here show that serum IL-25 levels
were positively correlated with the expression of IL-1β (r = 0.2735,
P = 0.0091; Fig. 3A), IL-6 (r = 0.3746, P = 0.003; Fig. 3B), IL-17
(r = 0.3074, P = 0.0032; Fig. 3C), IFN-γ (r = 0.2225, P = 0.0351;
Fig. 3D), as well as TNF-α (r = 0.2693, P = 0.0103; Fig. 3E), suggesting
that IL-25 is significantly involved in the inflammatory response in
patients with SLE.

Fig. 3. IL-25 protein levels in serum are associated with inflammatory cytokines in patients with SLE. IL-25 protein levels in serum were positively correlated with IL-
1β (A), IL-6 (B), IL-17 (C), IFN-γ (D) and TNF-α (E). Each symbol represents an individual patient. The correlations were evaluated with Spearman's non-parametric
test.
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3.4. IL-25 inhibits inflammatory cytokine production in PBMCs of patients
with SLE

To examine the influence of IL-25 on the regulation of inflammatory
cytokine production, PBMCs from patients with SLE or HCs were sti-
mulated with LPS (1 μg/ml) in the presence or absence of rhIL-25
(100 ng/mL). Supernatants were collected and examined by ELISA after
24 h of culture. The results showed that the expression of the proin-
flammatory cytokines IL-1β, IL-6, IL-17, IFN-γ, as well as TNF-α was
drastically repressed by IL-25 treatment in patients with SLE (Fig. 4A
and E). However, the cytokine expression in PBMCs from HCs was not
affected by IL-25 treatment (Fig. 4A–E).

3.5. IL-25 ameliorates lupus symptoms in lupus-prone MRL/lpr mice

To further explore the pathogenic role of IL-25 in SLE, we in-
vestigated the effect of treatment with rmIL-25 on the progression of
lupus in lupus-prone MRL/lpr mice. MRL/lpr mice received the in-
traperitoneal injection of rmIL-25 (1 μg per mouse, every 3 days) from
the 14th week to the 18th week. As shown in Fig. 5A, a decreased
proteinuria level was observed in the rmIL-25-treated MRL/lpr mice
compared with that in the vehicle-treated MRL/lpr mice. rmIL-25-
treated MRL/lpr mice displayed reduced splenomegaly and spleen/
weight ratio (Fig. 5B, C), and declined serum levels of anti-dsDNA an-
tibody (Fig. 5D), compared with vehicle-treated MRL/lpr mice. H&E
staining showed reduced kidney damage, which was characterized by
significant reductions in glomerular hypercellularity, inflammatory cell

infiltration, and renal interstitial necrosis, in mIL-25-treated MRL/lpr
mice (Fig. 5E). Nephritis severity score was also significantly reduced in
the rmIL-25 treatment group compared with that in the vehicle treat-
ment group (Fig. 5F). Immunofluorescence staining of kidney sections
showed that rmIL-25 treatment significantly reduced IgG deposition in
the kidney of mice with lupus compared with that in vehicle treatment
mice (Fig. 5G and H). These findings suggest that IL-25 could alleviate
lupus symptoms in lupus-prone MRL/lpr mice.

3.6. IL-25 inhibits inflammatory cytokine production in lupus-prone MRL/
lpr mice

We next examined the inflammatory cytokine levels after 4 weeks of
rmIL-25 treatment in lupus-prone MRL/lpr mice by using LEGENDple
Mouse Inflammation Assay, which allows the simultaneous quantifi-
cation of 13 mouse cytokines, namely, IL-1α, IL-1β, IL-6, IL-10, IL-
12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and GM-CSF.
As shown in Fig. 6A–F, among these cytokines, IL-25 treatment sig-
nificantly inhibited IL-1α, IL-1β, IL-6, IL-12p70, IL-17A, and IFN-β ex-
pression in MRL/lpr mice compared with that in vehicle treatment
mice. However, no significant differences of IL-10, IL-23, IL-27, MCP1,
IFN-γ, TNF-α, and GM-CSF levels were observed between the two
groups (Fig. S1). These findings are in accordance with some of our
observations in patients with SLE, suggesting that IL-25 ameliorates
lupus by suppressing inflammatory cytokine production in lupus-prone
MRL/lpr mice.

Fig. 4. IL-25 inhibits inflammatory cytokine production in PBMCs of patients with SLE. PBMCs from patients with SLE or HCs were stimulated with LPS (1 μg/ml) in
the presence or absence of rhIL-25 (100 ng/mL). After 24 h of culture, supernatants were harvested and examined by ELISA. IL-1β (A), IL-6 (B), IL-17 (C), IFN-γ (D)
and TNF-α (E) levels in supernatants were assessed by ELISA. Data shown are the Mean ± SD. Differences between patients with SLE with and without IL-25
treatment groups were performed with paired t-test. Differences between SLE and HCs were performed with Mann-Whitney U test. ⁎P < 0.05, ⁎⁎P < 0.01,
⁎⁎⁎P < 0.001.
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4. Discussion

Although serum IL-25 levels have been found to be upregulated in
SLE as well as SLE with lupus nephritis (SLE-LN) patients [26], the
clinical significance and pathogenic role of IL-25 in SLE remain largely
unknown. In the current study, we provide direct evidence that inter-
leukin-25 is upregulated in patients with SLE and ameliorates murine
lupus by inhibiting inflammatory cytokine production.

In recent decades, evidence of the important roles of cytokines in
the pathogenesis of SLE has been accumulating [27]. It is accepted that
Th1/Th2/Th17 cytokines are predominantly involved in SLE auto-
immunity [28]. The proinflammatory cytokines IL-1β, IL-6, IL-17, IFN-
γ, and TNF-α are significantly elevated in the serum of patients with
SLE and correlated with disease activity [3]. In our study, the levels of
IL-1β, IL-6, IL-17, IFN-γ, and TNF-α in serum were significantly

increased in PBMCs of patients with SLE. Blocking these proin-
flammatory cytokines significantly mitigated SLE development [29].
Uppal et al. reported significantly greater improvement in SLEDAI in
patients with SLE who were treated with infliximab, a chimeric
monoclonal antibody against TNF-α [30]. Another preliminary study
showed that the blocking of IL-1 receptor with anakinra led to clinical
and serological improvement in patients with severe lupus arthritis
[31]. In addition, tocilizumab, an anti-human IL-6 receptor monoclonal
antibody, has also shown efficacy in treating patients with SLE [32,33].
It has been shown that IL-25 could be induced or upregulated by IL-17
or TNF-α [19,34], suggesting that the unregulated proinflammatory
cytokines in SLE may, in turn, stimulate the expression of the anti-in-
flammatory cytokine IL-25 to downregulate excessive inflammation.
Therefore, it is reasonable that higher IL-25 levels are correlated with
higher disease activity in SLE.

Fig. 5. IL-25 ameliorates lupus symptoms in lupus-prone MRL/lpr mice. MRL/lpr or C57BL/6 mice received intraperitoneal injection of rmIL-25 from the 14th to the
18th weeks. Mice were euthanized after 4 weeks of treatment and subjected to experiments. (A) Proteinuria was collected weekly and determined by Bradford Protein
Assay Kit. (B–C) The spleen/weight ratio and representative images of marked splenomegaly in four groups of mice were shown. (D) Serum levels of anti-dsDNA
antibody were determined by ELISA. (E–F) Representative kidney sections stained with H&E (magnification, ×100) and histological score were shown. (G-H)
Representative immunofluorescence (magnification, ×100) of kidney sections stained with IgG, and mean immunofluorescence intensities were shown. Data shown
are the Mean ± SD. Differences among four groups were performed with One-way ANOVA. ⁎P < 0.05, ⁎⁎P < 0.01.
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As an anti-inflammatory cytokine that can restrict innate and
adaptive immune responses [16], IL-25 is well known to regulate al-
lergic responses and type 2 immunity, as well as being involved in
autoimmune conditions such as RA and psoriasis. Liu et al. reported
that IL-25 was upregulated in the serum and synovial fluid of RA pa-
tients. Higher serum IL-25 levels were associated with disease severity
and inflammatory response in RA patients, and the administration of IL-
25 could attenuate collagen-induced arthritis development by sup-
pressing Th17 cell responses in a mouse model [18]. Xu et al. also found
that patients with psoriasis had significantly increased IL-25 mRNA in
lesional skin. However, the administration of IL-25 induced a psoriasis-
like pathology, while IL-25 neutralizing antibody treatment sig-
nificantly decreased the development of psoriasis in mice [19]. These
inconsistent results suggest that the complex role of IL-25 in in-
flammatory and autoimmune diseases is context-dependent.

In this study, we did not identify the source of IL-25 in SLE. IL-25
mRNA was first found as a molecule highly expressed in polarized Th2
cells [12]. However, other cell types, including bone marrow-derived
mast cells [35], macrophages [36], stem cell factor-stimulated eosino-
phils, and basophils [37], lung epithelial cells [38], and brain capillary
endothelial cells (BCECs) [39] have been reported to produce IL-25
upon stimulation. After secretion, IL-25 binds to IL-17RA/IL17-RB re-
ceptors and activates the NF-kB and MAP kinase pathway [40,41]. IL-
25 has been reported to strongly induce type 2 cytokines, such as IL-4,
IL-5, IL-9, and IL-13, as well as the Th17 cytokines IL-17A and IL-23

[12,15]. Our study found that IL-25 could effectively inhibit the pro-
duction of the proinflammatory cytokines IL-1β, IL-6, IL-17, IFN-γ, and
TNF-α. Consistent with this, Liu et al. demonstrated a significantly
positive association between serum IL-25 levels and IL-1β, IL-6, and
TNF-α, but not IFN-γ, in RA.

The positive association between IL-25 and clinical factors indicates
that IL-25 may be associated with disease severity and inflammatory
response in patients with SLE, and implies that IL-25 may be involved in
the pathogenesis of SLE. However, clinical correlation analysis did not
indicate a causal relationship between IL-25 and SLE. We therefore used
a mouse model to explore the role of IL-25 in SLE. MRL/lpr mouse is a
much-studied model of SLE. Its causative mutation, Faslpr, promotes
the survival of self-reactive lymphocytes, leading to immune pro-
liferation, lymphadenopathy, emergence of anti-DNA antibodies, and
fatal immune complex glomerulonephritis [42]. By using this mouse,
we explored the pathogenic role of IL-25 in SLE by administering IL-25
from week 14 to week 18. We found that the injection of IL-25 could
markedly relieve the lupus symptoms of MRL/lpr mice, with reductions
of anti-dsDNA and kidney damage, as well as IgG deposition. IL-25 was
found to inhibit the production of the proinflammatory cytokines IL-1β,
IL-6, IL-17, IFN-γ, and TNF-α in human SLE. Consistent with this, we
also observed that IL-25 treatment significantly inhibited IL-1α, IL-1β,
IL-6, IL-12p70, IL-17A, and IFN-β expression in MRL/lpr mice, in-
dicating that IL-25 may ameliorate lupus through suppressing in-
flammatory cytokine production in lupus-prone MRL/lpr mice.

Fig. 6. IL-25 inhibits inflammatory cytokine production in Lupus-prone MRL/lpr mice. Serum levels of IL-1α, IL-1β, IL-6, IL-12p70, IL-17A and IFN-β in four groups
were determined by LEGENDple Mouse Inflammation Assay. Data shown are the Mean ± SD. Differences among four groups were performed with One-way ANOVA.
⁎P < 0.05, ⁎⁎P < 0.01, ⁎⁎⁎P < 0.001.
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In conclusion, our studies demonstrate that serum IL-25 levels are
upregulated in patients with SLE and positively associated with disease
activity; moreover, the administration of IL-25 ameliorates lupus
through suppressing inflammatory cytokine production in lupus-prone
MRL/lpr mice. Our findings suggest a novel role of IL-25 in SLE and that
IL-25 could potentially be used as a diagnostic and therapeutic target
for SLE treatment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105680.
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