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Abstract
Background  Previous studies reported that IL-38 was abnormally expressed in patients with systemic lupus erythematosus 
(SLE). However, the involvement of IL-38 in the pathophysiology of SLE remains unknown.
Methods  The therapeutic potential of IL-38 was tested in pristane-treated wild-type (WT) and IL-38−/− mice. Thus, SLE 
was induced via pristane in WT and IL-38−/− mice. Afterwards, the liver, spleen, and kidney of each mouse were obtained. 
The flow cytometric analysis of the immune cells, serologic expression of inflammatory cytokines and autoantibodies, renal 
histopathology, and inflammatory signaling were evaluated.
Results  WT mice with pristane-induced lupus exhibited hepatomegaly, splenomegaly, severe kidney damages, increased 
lymphoproliferation, enhanced lymphoproliferation, and upregulated inflammatory cytokines, such as IL-6, IL-13, IL-17A, 
MIP-3α, IL-12p70, and IFNγ, and elevated levels of autoantibodies, such as ANA IgG, anti-dsDNA IgG, and total IgG. 
IL-38−/− mice whose lupus progressed, had elevated cells of CD14+, CD19+, CD3+, and Th1, upregulated inflammatory 
cytokines and autoantibodies, and severe pathological changes in kidney. Administration of recombinant murine IL-38 to 
pristane-treated IL-38−/− mice improved their renal histopathology, which depended on ERK1/2, JNK1/2, p38, NF-κB p65, 
and STAT5 signaling pathways.
Conclusion  IL-38 regulates SLE pathogenesis. Furthermore, targeting IL-38 is critical in the treatment of SLE.
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Abbreviations
SLE	� Systemic lupus erythematosus
WT	� Wild-type

IL-38	� Interleukin-38
LN	� Lupus nephritis
IL-1Ra	� IL-1 receptor antagonist
IL-36Ra	� IL-36 receptor antagonist
RA	� Rheumatoid arthritis

Introduction

Systemic lupus erythematosus (SLE), an inflammatory auto-
immune disease, is characterized by damages in tissues and 
organs, such as kidney and skin. Lupus nephritis (LN) is a 
common and life-threatening manifestation of SLE. A study 
showed that inflammation-mediated immune response dys-
function was significantly involved in the pathogenesis of 
SLE and LN [1].

Interleukin-38 (IL-38) is a novel member of the IL-1 
family, which is one of the first described cytokine fami-
lies. The IL-1 family has eight cytokines (IL-1α/β, IL-18, 
IL-33, IL-36α/β/γ, and IL-37) and three receptor antagonists 
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(IL-1Ra, IL-36Ra, and IL-38) [2]. IL-38 was originally 
named as IL-1F10. It was discovered in 2001 via a high-
throughput cDNA sequence and was renamed in 2010. The 
IL-38 gene is located at chromosome 2 between the IL-36 N 
and IL-1RN encoding genes (ch2q13_14.1). It has 5 exons, 
and it encodes 152 amino acids with a 17–18 kDa molecular 
weight. In addition, it lacks signal peptide. IL-38 is approx-
imately 41% homologous with IL-1 receptor antagonists 
(IL-1Ra) and 43% homologous with IL-36 receptor antago-
nists (IL-36Ra). IL-38 potentially recruits IL-1R8 or other 
inhibitory co-receptors of the IL-1 family, and then bind to 
IL-1R6 to suppress inflammation [3]. To date, evidence from 
patients and animal models implies that IL-38 has a negative 
role in T helper 17 (Th17) cells and myeloid cells. Some 
studies explored the tolerogenic function of IL-38 on den-
dritic cell and regulatory T cell [2, 3]. Nevertheless, there 
were variability and inconsistency in the dose-dependent 
anti-inflammatory role of IL-38 and context-dependent pro-
inflammatory property of IL-38, which might correlate with 
high heterogeneity in the materials, such as the reagents used 
[3]. Interestingly, in patients with rheumatoid arthritis (RA) 
fibroblast-like synoviocytes (FLSs), overexpression of IL-38 
promoted the proliferation of synoviocytes, accelerated the 
migration of RA FLSs, and increased the invasion capac-
ity of RA FLSs via autophagy [4]. Expression of IL-38 in 
patients with colorectal cancer was related to the progres-
sion of colorectal cancer [5]. IL-38 suppressed colorectal 
cancer metastasis and proliferation and facilitated apoptosis 
by inhibiting the activation of extracellular signal-regulated 
kinases (ERK) signaling [5]. In our previous studies, the 
plasma levels of IL-38 were increased in patients with SLE 
and in those with RA. In addition, the plasma level of IL-38 
correlated with disease activity [6, 7]. In wild-type (WT) 
mice injected with pristane, there was an increase in the 
severe disease clinical score and a detected histopathology. 
However, addition of recombinant murine IL-38 to mice 
with pristane-induced lupus reversed the development of 
the disease [6]. Since several studies found that there was 
an aberrant expression of IL-38 in autoimmune diseases, 
such as SLE, it was necessary to clearly clarify how IL-38 
inhibited the development of lupus. In the present study, we 
aimed to study IL-38 gene deficient (IL-38−/−) mice model, 
to investigate the involvement of IL-38 in the pathogenesis 
of SLE, and to discuss the therapeutic effect of IL-38 in 
IL-38−/− mice following lupus development.

Methods

Mice

WT female C57BL/6 mice (8  weeks) were purchased 
from the SPF Biotechnology (Beijing, China), while 

IL-38−/− mice (8 weeks) with a C57BL/6 background were 
purchased from Cyagen Biosciences (Suzhou, China). All 
mice had a supply of food and water continuously provided 
in a room with a controlled temperature (23 ± 1 °C) and a 
12-h light/dark cycle. Their handling was in accordance 
with the Animal Ethics Committee of Southwest Medical 
University. Furthermore, the procedures conducted in this 
study were approved by the Animal Ethics Committee of 
Southwest Medical University.

Treatment protocol

Pristane (2,6,10,14-Tetramethylpentadecane)-induced lupus 
mice model is a widely accepted and used lupus mice model 
because it exhibits the clinical and laboratory characteristics 
of human SLE patients, such as proteinuria and glomeru-
lonephritis [8]. Pristane is a chemical substance. Injection 
of 0.5 mL of pristane into WT mice, such as WT C57BL/6 
mice induced a lupus-like disease, which was characterized 
by the following features: proteinuria, mesangial matrix, 
mesangial cell proliferation, deposition of immune com-
plexes in the mesangial region, distribution of IgM, IgG 
and C3 in the mesangial region and mesangial capillaries, 
increased expression of anti-nuclear antibody (ANA) IgG (in 
brief ANA), and anti-double-stranded DNA (anti-dsDNA) 
IgG (in brief anti-dsDNA). These pathological features 
were similar to the changes in types III, IV, and V lupus 
nephritis, which were based on the classification criteria of 
lupus nephritis and SLE [9–12]. In this study, WT mice were 
classified into two groups: the control group (n = 5) and the 
pristane group (n = 5). On the other hand, IL-38−/− mice 
were classified into three groups: the control group (n = 5), 
the pristane group (n = 5), and the pristane + IL-38 group 
(n = 5). The control group of WT mice and IL-38−/− mice 
were both intraperitoneally injected with 500 µL of phos-
phate-buffered saline (PBS) at week 9 once. On the other 
hand, the pristane group of WT mice and the pristane and 
pristane + IL-38 groups of IL-38−/− mice were intraperi-
toneally injected with 500 µL of pristane at week 9 once. 
At week 21, all WT mice and IL-38−/− mice in the control 
group and the pristane group were intraperitoneally injected 
with 200 µL of PBS every other day for 14 days, whereas the 
IL-38−/− mice in the pristane + IL-38 group were intraperito-
neally injected with recombinant murine IL-38 (AdipoGen, 
Hamburg, Germany) every other day for 14 days. At week 
25, all mice were killed.

Liver, spleen and kidney weight

The liver, spleen, and left and right kidneys of each mouse 
were excised after they were killed. Extra fat and connective 
tissues in the organs were removed, weighed, and photo-
graphed. The average weight of the liver, spleen, and the 
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left and right kidneys in each group represented the change 
among the different kinds of treatment.

Flow cytometry

Leukocytes were counted after the collection of spleen 
and the lysis of erythrocytes. Antibodies were used for 
detecting monocytes (CD14-FITC, clone: rmC5-3), den-
dritic cells (CD11c-FITC, clone: HL3), B cells (CD19-
APC, clone: 1D3), T cells (CD3-FITC, clone: 145-2C11; 
CD4-FITC, clone: GK1.5; CD8-APC, clone: 53–6.7), Th1 
(IFNγ-PE-CF594, clone: XMG1.2), Th2 (IL-4-APC, clone: 
11B11), Th17 (IL-17A-APC-CyTM7, clone: TC11-18H10), 
and Treg cells (Foxp3-PE, clone: MF23). All antibodies 
were from the BD Biosciences (California, USA). To detect 
CD3, CD8, monocytes, dendritic cells, and B cells, leuko-
cytes were stained directly and analyzed. To detect Th1, 
Th2, Th17 and Treg cells, leukocytes were first stained with 
CD4-FITC, fixed with Fixation Buffers (RD system, Min-
nesota, USA), permeabilized with Permeabilization/Wash 
Buffer (RD system, Minnesota, USA), and subsequently 
stained with IFNγ-PE-CF594, IL-4-APC, IL-17A-APC-
CyTM7, Foxp3-PE, and the corresponding isotype control 
(rat IgG1, κ-PE-CF594, clone: R3-34 or rat IgG2b, κ-PE, 
clone: R35-38). Finally, stained cells were analyzed via flow 
cytometry with the FACSVerse (BD Biosciences, California, 
USA).

Enzyme‑linked immunosorbent assay (ELISA)

The serum levels of ANA, anti-dsDNA, and total IgG were 
examined using ELISA kits (CUSABIO, Wuhan, China). 
Briefly, 100 µL standard or sample were added into a 96-well 
plate and incubated for 2 h at 37 °C. Afterwards, the liquid 
of each well was removed. Biotin-conjugate was then added, 
and the mixture was incubated for 1 h and washed for three 
times. Horseradish Peroxidase-avidin was added and incu-
bated for 1 h and was washed for five times. TMB (3,3',5,5' 
tetramethyl-benzidine) substrate was added, and the mixture 
was incubated for 15 min. Finally, we added the Stop Solu-
tion and determined the optical density of each well. The 
minimum detection of ANA, anti-dsDNA, and total IgG was 
1.95 pg/mL, 0.39 ng/mL, and 29 ng/mL, respectively. All 
samples were measured in duplicates.

Histology

Lupus nephritis and kidney damage were evaluated by mor-
phometrical and immunofluorescence assays and ultrastruc-
tural analysis [6]. The kidneys were fixed with 10% forma-
lin and embedded in paraffin. Sections with a thickness of 
4 μm were then cut. The kidney section was then stained 
with hematoxylin and eosin (HE) assay. Morphometrical 

assessment of the capsule, cortex, medulla, glomerulus, 
tubules, and collecting duct was conducted. The severity 
of glomerular lesions (graded on a score 0–3) was also 
assessed [13]. On the other hand, the kidney section was 
stained with Ponceau, Fuchsin and Aniline blue (Masson 
assay), and renal fibrosis was assessed using the Image-Pro 
Plus 6.0 software. The Panoramic 250 Flash (3DHISTECH, 
Hungary) was then used to scan the images. Immunofluo-
rescence assay for total IgG in the kidney tissue was con-
ducted using the FITC-conjugated anti-mouse IgG (Abcam, 
Cambridge, UK). Fluorescence intensity was presented as 
a score ranging from 0 to 3 [13], and images were obtained 
using a Laser Confocal Microscope (Olympus, Shinjuku, 
Japan). Moreover, kidneys were fixed in 3% glutaraldehyde, 
then in 1% osmium tetroxide afterwards. They were cut into 
50 nm sections and stained with uranium acetate and lead 
citrate, and they were then analyzed using a transmission 
electron microscope. Ultrastructural analysis of the kidney 
structure, morphology of podocyte processes, mesangial 
cell, mitochondria, and rough endoplasmic reticulum was 
then conducted.

Western blotting

Total protein was extracted from splenocytes, and the con-
centration was examined using a BCA protein assay kit 
(Beyotime, Shanghai, China). Proteins were separated via 
12% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) (for total ERK1/2, cJun N-terminal 
kinase 1/2 (JNK1/2), p38 and nuclear factor kappa-B p65 
(NF-κB p65)) or 8% SDS-PAGE (for signal transducers and 
activators of transcription 5 (STAT5)). They were then trans-
ferred to a polyvinylidene difluoride membrane (Millipore, 
USA). The membrane was blocked with 10% skimmed milk 
powder in 0.5% Tween/PBS, followed by incubation with 
primary antibodies against ERK1/2 (Abcam, Cambridge, 
UK), JNK1/2 (Abcam, Cambridge, UK), p38 (Abcam, 
Cambridge, UK), NF-κB p65 (Abcam, Cambridge, UK), 
STAT5 (Abcam, Cambridge, UK) and GAPDH (Beyo-
time, Shanghai, China) overnight at 4 °C. After washing 
four times within a period of 1 h, an HRP-labeled second-
ary antibody was added. The mixture was then incubated 
for 1 h. The membrane was washed twice within 40 min. 
Finally, the signals on the membrane were visualized using 
an Enhanced Chemiluminescence detection kit (Thermo Sci-
entific, Shanghai, China).

Inflammatory cytokine microarray

A total of 18 inflammatory cytokines in the serum were 
evaluated using a mouse cytokine array (RayBiotech, Geor-
gia, USA) according to the manufacturer’s instructions. The 
cytokine assay included interferon γ (IFNγ), IL-1β, IL-2, 
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IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17A, IL-17F, 
IL-21, IL-22, IL-23, IL-28A, macrophage inflammatory 
protein-3α (MIP-3α), transforming growth factor-β1 (TGF-
β1), and tumor necrosis factor α (TNFα). Briefly, the slides 
were blocked (blocking buffer, 100 µl/well) for 30 min in 
room temperature. The buffer was then discarded, and a 
sample and standard was added and incubated overnight at 
4 °C. Afterwards, the sample and standard were discarded, 
and the mixture was washed five times. Biotin-Antibody 
Cocktail was added, and the mixture was incubated for 2 h. 
Afterwards, the mixture was incubated with Cy3-Streptavi-
din for 1 h. Finally, the streptavidin was discarded, and the 
remaining solution was washed five times. The signals were 
scanned and quantified using the GenePix 4000B Microar-
ray Scanner (Molecular Devices, Sunnyvale, USA). Images 
in the microarray analysis was read by a GenePix Pro 6.0 
software (Axon Instruments, Foster City, CA).

Statistical analysis

Quantitative data are expressed as mean ± standard devia-
tion (SD) if the data are normally distributed. The Student’s 
t test was conducted to compare two groups. The analysis 
of variance (ANOVA) was conducted to compare more than 
two groups. The post-tests were performed to further evalu-
ate the differences among groups more than two. Statistical 

analysis was conducted using the Prism 5 software (Graph-
Pad, California, USA) and the SPSS software version 16.0 
(SPSS, Chicago, USA). A p value of < 0.05 was considered 
significant.

Results

Increased degree of hepatomegaly 
and splenomegaly with IL‑38 deficiency

IL-38−/− mice and WT mice were killed at week 25 after 
pristane treatment. Their liver, spleen, and left and right 
kidneys were examined. WT mice treated with pristane had 
hepatomegaly and splenomegaly as compared to WT mice 
treated with PBS (Fig. 1A, B). Similarly, IL-38−/− mice 
treated with pristane had hepatomegaly and splenomegaly 
as compared to IL-38−/− mice treated with PBS. Addi-
tion of IL-38 to pristane-treated IL-38−/− mice resulted 
in reduced hepatomegaly and splenomegaly (Fig. 1A, B). 
When compared WT mice treated with PBS, IL-38−/− mice 
treated with PBS had heavier livers (Fig. 1A). IL-38−/− mice 
treated with pristane had heavier left kidneys compared with 
that of WT mice treated with pristane (Fig. 1C). However, 
the phenotype of kidneys was not significantly affected by 
pristane treatment of WT and IL-38−/− mice. Contrastingly, 

Fig. 1   Increased hepatomegaly and splenomegaly with IL-38 defi-
ciency. A–C Weight of individual liver, spleen, and kidney (left and 
right) with representative photographs in wild-type and IL-38−/− mice 
treated with pristane, or phosphate-buffered saline (PBS) or IL-38. A 

total of 5 samples per group were analyzed, and symbols represent 
individual mice. Bars show the mean ± standard deviation (SD). **P 
value less than 0.005. *P value less than 0.05
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the phenotype of the left kidneys of IL-38−/− mice treated 
with pristane and pristane + IL-38 was significantly affected 
(Fig. 1C).

Effect of IL‑38 deficiency on renal involvement

Kidney histopathology showed that pristane-treated WT 
mice had significantly more renal damage than PBS-
treated WT mice. This was indicated by the more exten-
sive glomerular atrophy and necrosis, mesangial prolif-
eration, basement membrane thickening, reduced number 

of capillaries, nuclear swelling of endothelial cells, renal 
tubular degeneration, lymphocyte infiltration, and fibrous 
tissue hyperplasia in pristane-treated WT mice. Similarly, 
pristane-treated IL-38−/− mice had a significantly greater 
renal damage than PBS-treated IL-38−/− mice. Neverthe-
less, addition of IL-38 inhibited renal damage. This was 
indicated by the significant glomerular and tubuloint-
erstitial damage in pristane-treated IL-38−/− mice and 
improved lesions in pristane-treated IL-38−/− mice when 
IL-38 was added (Fig. 2A–O). IgG deposition in WT and 
IL-38−/− mice showed that pristane-treated WT mice and 

Fig. 2   Effect of IL-38 deficiency on renal involvement. Photomicro-
graphic representation of renal damage. A–E Hematoxylin and eosin 
(HE), F–J Masson, K–O transmission electron microscope (TEM), 
P immunofluorescence assay of total IgG for individual kidney in 
wild-type and IL-38−/− mice treated with pristane, or phosphate-
buffered  saline (PBS) or IL-38. Original magnification × 400 for 

HE, Masson assay and × 1200 for TEM assay and × 400 for immu-
nofluorescence assay. HE and Masson scores for individual kidney 
with symbols in right panels. HE and Masson scores A–J are the 
mean ± standard deviation (SD), and the fluorescence intensity scores 
for individual kidney with symbols in right panels (P①-⑮) are the 
mean ± SD. **P value less than 0.005. *P value less than 0.05
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IL-38−/− mice treated with pristane had significant IgG 
deposition (Fig. 2P).

Aggravation of SLE in IL‑38−/− mice is associated 
with the dysregulation in frequency of different 
immune cells

Immune cells are crucial for the maintenance of immune 
homeostasis. We compared the frequency of CD14+ mono-
cytes, CD11c+ dendritic cells, CD19+ B cells, CD3+ T 
cells, CD8+ T cells, CD4+IFNγ+ (Th1) cells, CD4+IL-4+ 
(Th2) cells, CD4+IL-17A+ (Th17) cells, and CD4+FoxP3+ 
(regulatory T, Treg) cells between IL-38−/− mice and WT 
controls (Fig. 3A–E). WT mice treated with pristane had 
higher percentages of CD14+, CD19+, CD3+, Th1, Th2 

cells as compared to those in WT mice treated with PBS 
(Fig. 3A–D). Pristane-treated IL-38−/− mice had higher 
percentages of CD14+, CD19+, CD3+, Th1 cells as com-
pared to those in IL-38−/− mice treated with PBS. However, 
addition of IL-38 to pristane-treated IL-38−/− mice showed 
reduced percentages of these cells (Fig. 3A–D). Interest-
ingly, IL-38−/− mice treated with PBS had higher percent-
ages of CD14+, CD19+, Th1, and Th2 cells as compared to 
those in WT mice treated with PBS. IL-38−/− mice treated 
with pristane showed higher percentages of CD14+ and Th1 
cell as compared to those in WT mice treated with pristane. 
Moreover, the percentage of Th17 cells was comparable in 
IL-38−/− mice treated with PBS or pristane compared to that 
in WT mice treated with PBS or pristane. Addition of IL-38 
resulted in the reduction of the percentage of Th17 cells, 

Fig. 3   Aggravation of IL-38−/− mice from systemic lupus erythema-
tosus is associated with dysregulated immune cells. Flow cytometry 
analysis for different immune cells in wild-type and IL-38−/− mice 
treated with pristane, or phosphate-buffered  saline (PBS) or IL-38. 
A–E Percentages of CD14+, CD11c+, CD19+, CD3+, CD8+, T helper 

1 (Th1), Th2, Th17, regulatory T (Treg) cells among splenocytes in 
mice in each treatment group (left panel). In A–E (right panel), sym-
bols represent individual mice. Bars show the mean ± standard devia-
tion (SD). **P value less than 0.005. *P value less than 0.05
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indicating that IL-38 inhibited Th17 cell proliferation in 
mice with lupus (Fig. 3E). On the contrary, the percentage of 
Treg cells was lower in pristane-treated WT mice compared 
to that in WT mice treated with PBS. It was also lower in 
IL-38−/− mice treated with PBS. IL-38−/− mice treated with 
pristane showed a higher percentage of Treg cells as com-
pared to that in IL-38−/− mice treated with PBS (Fig. 3E).

Dysregulation of cytokine levels

A total of 18 inflammatory cytokines were analyzed. For 
IL-1β, IL-2, IL-4, IL-5, IL-10, IL-17F, IL-21, IL-23, and 
TNFα, some samples from the WT mice and IL-38−/− mice 
were not detectable. Therefore, differences in the serum 
levels of IFNγ, IL-6, IL-12p70, IL-13, IL-17A, IL-22, IL-
28A, MIP-3α, and TGF-β1 were discussed (Fig. 4A–I). 
Results showed that serum levels of IL-6, IL-13, IL-17A, 
MIP-3α, IL-12p70, and IFNγ were significantly higher in 

WT mice treated with pristane compared with those in WT 
mice treated with PBS (Fig. 4A-C, E, F, H). Similarly, the 
serum levels of IL-6, IL-13, IL-17A, MIP-3α, and IL-12p70 
were significantly elevated in IL-38−/− mice treated with 
pristane compared with those in IL-38−/− mice treated with 
PBS. Contrastingly, addition of IL-38 to pristane-treated 
IL-38−/− mice significantly reduced the levels of inflamma-
tory cytokines (Fig. 4A-C, E, F). The serum levels of IL-28A 
were lower in WT mice treated with pristane compared with 
that in WT mice treated with PBS, which was demonstrated 
in IL-38−/− mice, showing that serum levels of IL-28A were 
lower in IL-38−/− mice treated with pristane compared with 
those in IL-38−/− mice treated with PBS. Addition of IL-38 
to pristane-treated IL-38−/− mice increased the serum levels 
of IL-28A (Fig. 4D). IL-38−/− mice treated with PBS had 
higher levels of IL-6, IL-28A, IL-12p70, IFNγ, and TGF-β1 
compared with WT mice treated with PBS (Fig. 4A, D, F, H, 
I). IL-38−/− mice treated with pristane had higher levels of 

Fig. 4   Regulation of inflammatory cytokines in serum from wild-type 
and IL-38−/− mice. A–I Serum levels of inflammatory cytokines from 
wild-type and IL-38−/− mice treated with pristane, or phosphate-buff-
ered  saline (PBS) or IL-38 were examined, including interleukin-6 
(IL-6), IL-13, IL-17A, IL-28A, macrophage inflammatory protein 

3α (MIP-3α), IL-12p70, IL-22, interferon-γ (IFNγ) and transforming 
growth factor β1 (TGF-β1). Symbols represent individual mice. Bars 
show the mean ± standard deviation (SD). **P value less than 0.005. 
*P value less than 0.05
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IL-6, IL-17A, IL-12p70, IFNγ, TGF-β1 compared with WT 
mice treated with pristane (Fig. 4A, C, F, H, I).

The effect of IL‑38 deficiency on the production 
of autoantibodies in mice with lupus

The levels of total IgG, ANA, anti-dsDNA were detected in 
IL-38−/− and WT mice after their treatment with pristane. 
Compared with PBS-treated WT mice, pristane-treated WT 
mice had significantly higher levels of total IgG, ANA, and 
anti-dsDNA (Fig. 5A–C). Pristane-treated IL-38−/− mice 
also had higher levels of total IgG, ANA, and anti-dsDNA 
as compared with PBS-treated IL-38−/− mice. However, 
addition of IL-38 downregulated the levels of total IgG, 
ANA, and anti-dsDNA in pristane-treated IL-38−/− mice 
(Fig. 5A–C). Interestingly, IL-38−/− mice treated with PBS 
showed higher levels of ANA as compared with that in WT 
mice treated with PBS (Fig. 5A).

Reduced inflammatory signaling pathway 
in IL‑38‑deficient mice

Several signaling pathways were analyzed in WT and 
IL-38−/− mice (Fig. 6A). In WT mice treated with PBS, 
the expression of total JNK1/2, ERK1/2, p38, STAT5 and 
NF-κB p65 was significantly lower compared with those 
in WT mice treated with pristane (Fig. 6B–F). Similarly, 
the expression of total JNK1/2 and ERK1/2 was signifi-
cantly lower in IL-38−/− mice treated with PBS than in 
IL-38−/− mice treated with pristane. However, the addi-
tion of IL-38 to pristane-treated IL-38−/− mice signifi-
cantly reduced the expression of total JNK1/2 and ERK1/2 
(Fig. 6B–C). There were no significant differences in the 
expression of total p38, NF-κβ p65, and STAT5 between 
IL-38−/− mice treated with PBS and those treated with pris-
tane. On the other hand, the addition of IL-38 to pristane-
treated IL-38−/− mice significantly reduced the expression 
of total p38, NF-κB p65, and STAT5 (Fig. 6D–F). However, 
WT mice treated with PBS showed a lower expression of 

total JNK1/2, ERK1/2, p38, STAT5, and NF-κB p65 com-
pared with IL-38−/− mice treated with PBS (Fig. 6B–F). 
WT mice treated with pristane also had lower expression 
levels of total JNK1/2, ERK1/2, and p38 compared with 
IL-38−/− mice treated with pristane (Fig. 6B–D).

Discussion

In previous studies, dysregulation of IL-38 expression was 
reportedly present in inflammatory autoimmune diseases. In 
multiple sclerosis (MS) patients, serum levels of IL-38 were 
higher in newly diagnosed patients than in treated patients 
[14]. The levels of IL-38 were elevated in the intestines of 
patients with inflammatory bowel diseases (IBD) and mice 
with dextran sulfate sodium (DSS)-induced colitis [15]. 
On the contrary, patients with primary Sjogren’s syndrome 
(pSS) had lower expression levels of IL-38 compared with 
healthy controls [16]. Interestingly, a study analyzed the 
serum levels of IL-38 and showed that IL-38 abundance 
was higher in samples from SLE patients than in those from 
healthy controls [17]. SLE patients with active disease had 
a much higher IL-38 level than those with inactive disease. 
Furthermore, IL-38 detection was related to an increased 
risk of the development of renal lupus and central nervous 
system lupus [17]. Therefore, it is suggested that IL-38 may 
play a critical role in the pathogenesis of the aforementioned 
diseases. In this study, we used WT and IL-38−/− mice, both 
of which were treated with PBS and pristane. (1) WT mice 
treated with PBS were compared with WT mice treated 
with pristane. This aimed to see whether there were patho-
genic changes in mice with pristane-induced lupus. (2) 
IL-38−/− mice were divided into three groups: those treated 
with PBS, those treated with pristane, and those treated 
with pristane and recombinant IL-38. This aimed to deter-
mine whether pristane could induce a lupus-like disease 
in IL-38−/− mice. Furthermore, this aimed to discuss the 
potential of recombinant IL-38 as a therapeutic agent for 
lupus. (3) We also compared WT mice and IL-38−/− mice 

Fig. 5   Promotion of serologic manifestations of lupus in IL-38−/− 
mice. A–C Wild-type and IL-38−/− mice were treated with pristane, 
phosphate-buffered saline (PBS) or IL-38, and serum levels of anti-

nuclear antibody (ANA), double-stranded DNA (dsDNA), total IgG 
were examined as described in “Methods”. **P value less than 0.005. 
*P value less than 0.05
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treated with PBS and WT mice and IL-38−/− mice treated 
with pristane. This aimed to determine whether IL-38 defi-
ciency promoted inflammation and autoimmunity develop-
ment in PBS-treated groups and aggravated the lupus-like 
disease in pristane-treated groups. In our previous study [6], 
we only used WT mice to induce lupus through treatment 
with pristane and discussed the role of recombinant IL-38 in 
inhibiting lupus progression. The design of the current study 
is novel compared with the previous study. (1) In the cur-
rent study, IL-38 gene knockout mice were directly used to 
confirm the role of IL-38 in SLE development. (2) Recom-
binant IL-38 was used to discuss the therapeutic effect of 
IL-38 in IL-38−/− lupus mice. (3) Either IL-38−/− mice 
treated with PBS or IL-38−/− mice treated with pristane 

(lupus mice model) were used to compare the histological 
and serological changes in WT mice treated with PBS or WT 
mice treated with pristane, respectively, because the current 
study aimed to discuss whether IL-38 gene deficiency was 
able to induce dysregulation of immunity, inflammation, and 
autoimmunity.

Both WT mice and IL-38−/− mice treated with pristane 
had significant hepatomegaly and splenomegaly, suggest-
ing that IL-38 deficiency promoted hepatomegaly and 
splenomegaly during lupus development. Interestingly, 
the addition of IL-38 in IL-38−/− mice treated with pris-
tane inhibited hepatomegaly and splenomegaly. Therefore, 
IL-38 has a potential to inhibit hepatomegaly and spleno-
megaly in mice with lupus. Similarly, both WT mice and 

Fig. 6   IL-38 deficiency upregulates inflammatory signaling. Protein 
extracts were obtained from splenocytes. Total expression of extracel-
lular signal-regulated kinases 1/2 (ERK1/2), c-Jun N-terminal kinase 
1/2 (JNK1/2), p38, nuclear factor kappa-B (NF-κB) p65 and signal 
transducer and activator of transcription 5 (STAT5) in splenocytes 
from wild-type and IL-38−/− mice treated with pristane, phosphate-

buffered saline (PBS) or IL-38, was examined by western blotting 
(WB). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as invariant control. Representative blot from 1 mouse per treat-
ment group was shown. Data are the mean ± standard deviation (SD) 
of 5 mice per group. **P value less than 0.005. *P value less than 
0.05
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IL-38−/− mice treated with pristane had severe histologi-
cal scores and significant kidney damages. In contrast, the 
administration of IL-38 to IL-38−/− mice treated with pris-
tane inhibited the role of IL-38 deficiency in mice with 
lupus. This corresponded to the improvement in the patho-
logical changes associated with lupus. This was confirmed 
in WT mice and IL-38−/− mice treated with pristane whose 
IgG deposition in kidneys was evaluated. We found that both 
of the mice had significant IgG deposition in their kidneys 
compared to those treated with PBS. Moreover, addition of 
IL-38 to IL-38−/− mice treated with pristane resulted in the 
downregulation of IgG, suggesting that IL-38 suppressed 
autoantibody deposition in the kidney. In a study discuss-
ing the effect of IL-38 in MRL/lpr lupus mice, treatment of 
MRL/lpr mice with IL-38 resulted in the reduction of their 
glomerulonephritis score compared with the PBS-treated 
control group. Moreover, the mesangial thickening and 
proliferation in IL-38 treated mice were ameliorated [18]. 
However, IgG renal deposition was comparable between 
IL-38-treated mice and the control group [18]. This differ-
ence may be attributed to several reasons. First, the MRL/
lpr mice were spontaneous lupus-prone mice with damages 
in their kidneys. We used WT and IL-38−/− mice to induce 
lupus by pristane, where there were no kidney lesions in 
the mice before pristane treatment. Second, the MRL/lpr 
mice were 10–20 week-old when they were recruited into 
this the study. On the other hand, the age of the WT and 
IL-38−/− mice was 8 weeks. Third, the MRL/lpr mice were 
culled one day after they were injected with recombinant 
murine IL-38 for 7 days, then. The kidney changes were 
then analyzed. In our study, WT and IL-38−/− mice were 
treated with pristane when they were 9 weeks old and were 
culled when they were 25 weeks old. Moreover, a group 
of pristane-treated IL-38−/− mice administrated IL-38 for 
14 days at 21 weeks old and were culled at 25 weeks old. 
In our study, IL-38−/− mice treated with PBS had larger 
and heavier livers compared with those of WT mice treated 
with PBS. In addition, IL-38−/− mice treated with pristane 
had larger and heavier left kidneys compared with those of 
WT mice treated with pristane. The findings suggested that 
IL-38 deficiency might promote liver and kidney swelling. 
It must be noted that kidney may be more severely inflamed 
in IL-38−/− mice. However, the clear mechanism needs to 
be clarified in the future.

Innate and adaptive immune responses are required for 
maintaining homeostasis. In this study, we analyzed the 
frequencies of CD14+, CD11c+, CD19+, CD3+, CD8+, 
CD4+INFγ+ (Th1), CD4+IL-4+ (Th2), CD4+IL-17A+ 
(Th17), and CD4+FoxP3+ (Treg) cell in WT and 
IL-38−/− mice. WT mice treated with pristane had higher 
frequencies of CD14+, CD19+, CD3+, Th1, and Th2 cells. 
On the contrary, WT mice treated with pristane had lower 
frequencies of Treg cells compared with WT mice treated 

with PBS. Interestingly, frequencies of CD11c+, CD8+, Th17 
cells were comparable between WT mice treated with pris-
tane and those treated with PBS. The aforementioned find-
ings were partly confirmed in IL-38−/− mice whose frequen-
cies of CD14+, CD19+, CD3+, and Th1 cells were examined. 
We found increased percentages of CD14+, CD19+, CD3+, 
and Th1 cells in IL-38−/− mice treated with pristane com-
pared with those in IL-38−/− mice treated with PBS. It is 
notable that the frequencies of these cells were significantly 
reduced after the addition of IL-38 in pristane-treated 
IL-38−/− mice. Therefore, IL-38 inhibited the proliferation 
of CD14, CD19, CD3, and Th1 cells in lupus development. 
The frequencies of CD11c+ and Th2 cells were not signifi-
cantly different among IL-38−/− mice treated with PBS, pris-
tane, and pristane + IL-38, suggesting that IL-38 deficiency 
did not affect the proliferation of cells in lupus development. 
Similarly, there was a comparable percentage of Th17 cells 
between IL-38−/− mice treated with PBS and pristane. How-
ever, the addition of IL-38 in pristane-treated IL-38−/− mice 
significantly reduced the frequency of Th17 cells, dem-
onstrating that IL-38 inhibited Th17 cell proliferation. In 
IL-38-treated MRL/lpr mice, the proportion of Th17 cells 
was reduced as compared to that in MRL/lpr mice treated 
with PBS.18 However, the Th1, CD4+, CD8+, and CD19+ 
cells were comparable between MRL/lpr mice treated with 
IL-38 and those treated with PBS [18]. In our study, the 
frequency of Treg cells was higher in IL-38−/− mice treated 
with pristane compared with IL-38−/− mice treated with 
PBS, which was similar to that in IL-38−/− mice treated 
with pristane + IL-38, suggesting that IL-38 inhibited Treg 
cell proliferation during lupus development. A study dis-
cussed the expression of IL-38 and Treg cells in childhood 
asthma, showing that serum levels of IL-38 were higher in 
asthmatic patients, while the percentage of CD4+FoxP3+ 
Treg cells was decreased in asthmatic patients [19]. Elevated 
IL-38 expression was negatively related to the percentage 
of Treg cells in asthmatic patients [19]. Treatment of sep-
tic mice induced by cecal ligation and puncture (CLP) with 
IL-38 significantly promoted the immunosuppressive activ-
ity of Treg cell [20]. These different findings may correlate 
with the negative feedback mechanism for regulating the 
role of IL-38 in lupus development. There was significant 
immune stringent status in lupus mice, exhibiting dysregu-
lated autoantibodies, inflammatory cytokine production, 
and inflammatory immune cell proliferations as discussed 
above. The excessive immune stringent status in lupus may 
aggravate the feedback mechanism, which then upregulates 
IL-38 expression, leading to a higher percentage of Treg 
cells in pristane-treated IL-38−/− mice as compared to that 
in WT mice treated with pristane and IL-38−/− mice treated 
with PBS. However, it is necessary to elucidate the feedback 
mechanism responsible for regulating IL-38 in lupus. In our 
study, we found that IL-38−/− mice treated with PBS had 
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much higher percentages of CD14+, CD19+, Th1, and Th2 
cells and lower percentages of CD11c+ and CD8+ cells com-
pared with those in WT mice treated with PBS. The findings 
were demonstrated in IL-38−/− mice treated with pristane, 
where there were much higher percentages of CD14+ and 
Th1 cells and lower percentages of CD11c+ and CD8+ cells 
compared to those in WT mice treated with pristane. The 
results implied that IL-38 inhibited CD14+, CD19+, Th1, 
and Th2 cell proliferation and promoted CD11c+ and CD8+ 
cell proliferation under physiological conditions. Further-
more, IL-38 inhibited CD14+ and Th1 cell proliferation and 
promoted CD11c+ cell proliferation under pathological con-
ditions, such as lupus.

The production of inflammatory cytokines and autoanti-
bodies are hallmarks of lupus. To discuss the role of IL-38 
in regulating the inflammatory response, we evaluated the 
serum levels the of total IgG, anti-dsDNA, ANA, and dif-
ferent inflammatory cytokines in WT and IL-38−/− mice. 
We found that all autoantibodies were higher in WT mice 
treated with pristane than in WT mice treated with PBS. 
The findings were confirmed in IL-38−/− mice treated with 
pristane, which had increased serum levels of total IgG, anti-
dsDNA, and ANA in pristane-treated mice compared with 
those in mice treated with PBS. Interestingly, the addition of 
IL-38 significantly downregulated the elevation of autoanti-
bodies in pristane-treated IL-38−/− mice. In MRL/lpr mice 
treated with IL-38, both levels of total IgG and anti-dsDNA 
were similar with PBS-treated MRL/lpr mice [19]. To better 
discuss the potential inflammatory response regulated by 
IL-38, 18 inflammatory cytokines were evaluated in WT and 
IL-38−/− mice. We found a higher expression of IL-6, IL-13, 
IL-17A, MIP-3α, and IL-12p70, and a lower expression of 
IL-28A in IL-38−/− mice treated with pristane, which were 
significantly changed after the addition of IL-38. The levels 
of IL-6, IL-13, IL-17A, and IL-12p70 were dysregulated in 
lupus and might play a significant role in the pathogenesis of 
lupus [21, 22]. Collectively, the findings demonstrated that 
IL-38 was necessary to inhibit pro-inflammatory serological 
changes in lupus development mediated by inflammatory 
cytokines and autoantibodies.

Mitogen-activated protein kinases (MAPKs), NF-κB, 
and STAT5 are necessary for innate and adaptive immune 
response, which contribute to SLE pathogenesis [23, 24]. 
In mice with allergic asthma, IL-38 treatment resulted in 
the downregulation of the expression of p38, ERK1/2, 
and NF-κB pathways [25]. In addition, IL-38 alleviated 
the poly(I:C) induced lung inflammation by inhibiting the 
p38, ERK1/2, and NF-κB signaling pathways [26]. Nucleus 
pulposus cells from the intervertebral disc degeneration 
(IVDD) patients were stimulated with IL-38, which resulted 
in the inhibition of the expression of the NF-κB p65 protein 
[27]. Thus, IL-38 may suppress the inflammatory signal-
ing pathways. In this study, WT mice treated with PBS had 

downregulated total ERK1/2, JNK1/2, p38, NF-κB p65, and 
STAT5 compared with WT mice treated with pristane, dem-
onstrating that lupus mice had excessive inflammation, which 
was characterized by increased expression of inflammatory 
signaling pathways. This was confirmed in IL-38−/− mice, 
whereby IL-38−/− mice treated with pristane had a higher 
expression of total JNK1/2, ERK1/2, p38, NF-κB p65, and 
STAT5 compared with those in IL-38−/− mice treated with 
PBS, although there were no significant differences in the 
expression of total p38, NF-κB p65, and STAT5 between the 
two groups of mice. Interestingly, administration of IL-38 to 
pristane-treated IL-38−/− mice significantly downregulated 
the expression of total JNK1/2, ERK1/2, p38, NF-κB p65, 
and STAT5. Therefore, IL-38 potentially inhibits the inflam-
matory signaling pathways in SLE development. MAPKs, 
NF-κB, and STAT5 signaling pathways regulate different 
immune cells, which then contribute to SLE development. 
For instance, p38 interacted with IL-17, promoting plasma 
cell survival and enhancing autoantibody production in mice 
with lupus [28]. Inhibition of STAT5 in mice with lupus was 
accompanied by reduced Th1 and Th17 cells, ameliorated 
proteinuria and renal lesion severity, decreased serum lev-
els of anti-dsDNA antibody, and reduced spleen size [24, 
29]. Together, IL-38 inhibits the above signaling pathways, 
which then downregulate the differentiation and prolifera-
tion of immune cells, thereby inhibiting lupus development.

This study has several limitations. Administration of 
murine recombinant IL-38 in IL-38−/− mice treated with 
pristane may raise some questions. Although the dose 
injected into the mice model and the time when the mice 
were killed were similar to those in a previous study [6], 
there were still questions. For example, the most effec-
tive dose was unknown. The best time to kill the mice was 
unknown. Therefore, in the future, the dose and time should 
be discussed and evaluated. This may provide useful evi-
dence for the treatment of lupus with IL-38. The present 
study showed that IL-38 inhibited lupus development. 
However, it did not clearly determine the negative feedback 
mechanism in which IL-38 was involved in. Nevertheless, 
we discussed some possible reasons above. In the previous 
study [6], SLE patients with arthritis, pericarditis, hematu-
ria, proteinuria, pyuria, and anti-dsDNA had higher plasma 
levels of IL-38 compared with those in SLE patients with-
out the aforementioned features, respectively. In this study, 
IL-38−/− mice treated with pristane showed severe kidney 
damage, such as glomerulonephritis and higher levels of 
anti-dsDNA antibody, and yet IL-38−/− mice treated with 
pristane improved when more IL-38 was administered. 
These findings suggest that there is a negative feedback 
mechanism in which IL-38 is involved and the potential 
mechanisms in particular. First, we found higher serum 
levels of autoantibodies (total IgG, ANA, anti-dsDNA) in 
IL-38−/− mice treated with pristane, suggesting that much 
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autoantibodies may accumulate at the joints of the mice, 
which then recruit inflammatory cells, such as neutro-
phils and macrophages and secrete more pro-inflammatory 
cytokines at the joints or distribute the secreted pro-inflam-
matory cytokines in the circulation in IL-38−/− mice treated 
with pristane. Therefore, the deficiency of IL-38 in lupus 
may promote the development of arthritis, while addition of 
IL-38 may inhibit arthritis. Second, SLE patients with pro-
teinuria had higher plasma levels of IL-38 when compared 
with that in SLE patients without proteinuria, and both WT 
mice and IL-38−/− mice treated with pristane showed kidney 
damage, such as glomerulonephritis. Addition of IL-38 to 
both of the mice improved glomerulonephritis. This may be 
attributed to various reasons. SLE patients with proteinuria/
lupus nephritis or lupus mice had immune complex deposi-
tion in their kidneys. This was demonstrated in this study 
and in other previous studies as well [6, 30]. The deficiency 
of IL-38 in lupus may promote immune complex deposition 
at the kidneys. Immune complexes, such as much autoanti-
bodies ANA, and anti-dsDNA deposition, led to nephritis. 
Addition of IL-38 inhibited the deposition of autoantibod-
ies, improving kidney damage. These hypotheses should be 
clarified in future studies.

In conclusion, we demonstrated that inhibition of IL-38 is 
related to the aggravation of lupus-like disease, while addi-
tion of IL-38 improved lupus-like disease. Thus, targeting 
IL-38 may be a novel therapeutic approach for SLE patients.
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