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Lupus nephritis (LN) is one of the most severe manifestations of systemic lupus
erythematosus (SLE). Our previous studies demonstrated increased serum and renal
Interleukin (IL)-22 in LN patients and MRL/lpr mice. This study investigated the role of
IL-22 and its mechanism in LN. Here, we found that IL-22 was mainly produced by type 3
innate lymphoid cells (ILC3) in kidney of MRL/lpr mice. The systemic illness and local renal
lesion were significantly alleviated in IL-22 or IL-22R gene knockout (KO) mice (IL-22 KO or
IL-22R KO MRL/lpr mice) than control mice (MRL/lpr mice). IL-22 KO or IL-22R KO MRL/
lpr mice had significantly slighter infiltration of macrophage in kidney than MRL/lpr mice.
Consistently, by RNA-Seq, the expression of (CC motif) ligand 2 (CCL2) and (CXC motif)
ligand 10 (CXCL10) was decreased in kidney of KO mice compared with control mice. By
immunoblotting, significantly increased levels of STAT3 phosphorylation were found in the
kidney of control mice compared to KO mice. In vitro, primary kidney epithelial cells from
control mouse stimulated with recombinant IL-22 (rIL-22) expressed higher levels of
CCL2, CXCL10, and phosphorylated STAT3. At the same time, when primary kidney
epithelial cells were treated with rIL-22, transwell assay demonstrated their supernatant
recruited more macrophages. In human kidney epithelial cell line (HK2) cells, when treated
with rIL-22, we observed similar results with primary mouse kidney epithelial cells.
Moreover, when cells were stimulated with rIL-22 following pre-treatment with STAT3
pathway inhibitor, the expression of CCL2 and CXCL10 were significantly reversed. Our
findings demonstrate that IL-22 binding to IL-22R in kidney epithelial cells activated the
STAT3 signaling pathway, enhanced the chemokine secretion and then promoted
macrophage infiltration to the kidney of MRL/lpr mice, thus aggravated LN in lupus-
prone mice. These findings indicate that IL-22 may play a pathogenic role in LN and may
provide a promising novel therapeutic target for LN.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic inflammatory
disease, resulting from auto-immune dysfunction, and
presenting with immune complex-mediated lesions in diverse
organ (1). Lupus nephritis (LN) is one of the most severe
manifestations of SLE (2). Despite the improvement of
therapeutic approaches in recent years, 12-month complete
renal response rates are only 10%–40% (3), and for all LN
patients, the cumulative incidence of end-stage renal disease
(ESRD) at 10 years after the diagnosis of LN was 10.1% (4).
Therefore, a novel therapeutic target for LN is pressing
and timely.

The interleukin (IL)-22 belongs to the IL-10 cytokine family
(5). IL-22 is primarily produced by T cell subsets and innate
lymphoid cells (ILCs) (6) but preferentially act on non-
hematopoietic cells, particularly epithelial cells because IL-22
receptor (IL-22R) is restricted to the epithelial cells of tissues,
including the skin, intestine, liver, lung and kidney (7). IL-22
mediates its effects via the IL-22-IL-22R complex and subsequent
Janus kinase–signal transducer and activators of transcription
(JAK–STAT) signaling pathway (5). Accumulated evidence has
indicated that IL-22 plays a pathogenic or protective role in
different autoimmune diseases (8–10). We previously found that
IL-22 was increased in serum and renal tissue of both LN patients
and MRL/lpr mice (11), and that elevated urinary IL-22 binding
protein(IL-22BP) in LN patients were associated active renal
disease (12). Our further experiments demonstrated that MRL/
lpr mice treated with anti-IL-22 monoclonal antibody (mAb)
had substantial improvement of renal function and less renal
injury (11).

Based on observations above, we hypothesized that IL-22
plays a central role in the pathogenesis of LN. We respectively
knocked out IL-22 and IL-22R gene of MRL/lpr mice to
investigate the role of IL-22 and its mechanism in LN.
METHODS

Mice
MRL/lpr female mice were used as the model of lupus. They were
obtained from Shanghai Slac Laboratory Animal CO. LTD
(Shanghai, China). IL-22 knockout mice deleted of IL-22
exons 1 through 4 (NM_016971) were purchased from Mutant
Mouse Resource and Research Centers (MMRRC, USA).
IL-22 receptor knockout mice were purchased from Nanjing
Biomedical Research Institute of Nanjing University (Nanjing,
China). All mice were housed in a specific pathogen free
condition in the animal facility at School of Medicine, Zhejiang
University, China. IL-22 knockout and IL-22R knockout
mice were bred to MRL/lpr mice (designed as control) in our
colony and backcrossed for at least 10 generations to generate
IL-22-/- MRL/lpr (designed as IL-22 KO) and IL-22R-/-

MRL/lpr (designed as IL-22R KO). All animal experiments
were performed according to the protocol approved by
the Ethics Committee of the Second Affiliated Hospital,
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College of Medicine, Zhejiang University in compliance with
institutional guidelines.

Patients
Ten LN patients were recruited from March 2017 to December
2018 at the Department of Nephrology and Rheumatology of the
Second Affiliated Hospital, College of Medicine, Zhejiang
University. All patients fulfilled the American College of
Rheumatology (ACR) diagnostic criteria of SLE (13) and was
defined by renal biopsy. Three normal renal tissues from para-
carcinoma tissues as healthy controls (HCs) were confirmed by
light microscope examination. Renal biopsy was handled under
ultrasound local isolation. Renal tissue was extracted for
immunohistochemical assessment. The study protocol was
approved by the Ethics Committee of the Hospital and was
conducted in accordance with the 1989 Declaration of Helsinki.

Primary Mouse Kidney Epithelial Cells
Freshly isolated kidneys were placed in ice-cold DMEMmixed with
Hams F12 (1:1 ratio; Life Technologies, Grand Island, NY) on a
60 mm dish. The kidney capsule was removed by peeling with
forceps, and the kidney was sliced coronally and homogenized by
mincing into 1–2 mm3 pieces. The homogenized kidney tissue
pieces were resuspended and mixed in 10 ml of collagenase type IV
for 30 min at 37°C to obtain single-cell suspensions. After digestion,
the cell suspension was filtered through 70-mm cell strainers. The
filtered cell suspensions were centrifuged at 300g for 5 min and
incubated with ACK lysing buffer (Beyotime Biotechnology, China)
to remove red blood cells. Then, the pellet was washed with DMEM/
F12 medium with 10% FBS twice and passed through a 40-mm cell
strainer. After filtering, cells were generated in DMEM/F12medium
with 10% FBS on a 60 mm dish. Then, medium was replaced with
fresh DMEM/F12 medium with 10% FBS 6 h later.

Cell Culture and IL-22 Treatment In Vitro
The HK-2 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and maintained in
DMEM/F12 medium with 10% FBS. After FBS starvation in
DMEM/F12, cells at 80% confluence were stimulated with
recombinant IL-22 (rIL-22) (100 ng/ml) (Peprotech). To
inhibit the STAT3 signaling pathways, C188-9 (MCE) was
added 24 h before stimulation with IL-22.

Isolation of Spleen and Kidney Cells
Freshly isolated spleens were placed in ice-cold DMEM (Life
Technologies, Grand Island, NY) on a 60 mm dish. Spleens were
grinded and passed through a 40-mm cell strainer. The pellet was
incubated with ACK lysing buffer (Beyotime Biotechnology) for
2 min at room temperature. The renal single-cell suspensions
were obtained according to Chong’s protocol (14). Then, the cells
were prepared for staining and flow cytometry analysis.

Flow Cytometry
Single-cell suspensions obtained from the blood, spleen and
kidney were stimulated at 37°C for 6 h at 5% CO2 in the
presence of 50 ng/ml phorbol myristate acetate (Sigma-
Aldrich), 1 mg/ml ionomycin (Sigma-Aldrich), and Brefeldin A
February 2021 | Volume 12 | Article 584414
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Solution (BD Bioscience, USA). After incubation, the cells were
blocked with anti-CD16/CD32 antibodies (Biolegend, USA) and
then stained with the indicated antibodies for 20 min at 4°C.
After fixation and permeabilization with Perm/Wash solution
(BD Pharmingen, USA), the cells were stained with
allophycocyanin-conjugated anti-IL22 monoclonal antibodies
(Biolegend, USA) in the dark at 4°C for 30 min. Then, the cells
were washed with Perm/Wash solution once and resuspended.
Isotype controls were utilized to enable accurate compensation
and to confirm the antibody specificity. The stained cells were
analyzed by FCM using ACEA NovoCyte™ cytometer (ACEA
Biosciences, USA) and analyzed with NovoExpress software
(ACEA Biosciences, USA) and FlowJo software (Tree Star Inc,
Ashland, OR, USA). Refer to the antibody table (Supplemental
Table 2) for a complete list of antibodies.

Assessment of Proteinuria and Renal
Function
Blood urea nitrogen (BUN) was determined by the Quantichrom
DIUR 500 kit (BioAssay Systems, Hayward, CA). Serum and
urinary creatinine were measured by the QuantiChrom
Creatinine Assay Kit (BioAssay Systems). The ratio of albumin
to creatinine in urine was measured using an ELISA kit (Exocell).

Gross Pathology
Skin lesions were scored at age of 24 weeks. We scored the skin
lesions by gross pathology using a grade of 0–6 (0 = none; 1 =
mild, < 2 cm; 2 = severe, ≥2 cm, scored the snout, ears, and
intrascapular separately and added). Lymphadenopathy
(cervical, brachial, and inguinal) was graded as 0–4 (0=none;
1=small, one site; 2=moderate, two sites; 3=large, three sites; and
4=very large, four sites or more) and splenomegaly was analyzed
by spleen weight upon euthanasia.

Renal Histopathology
Kidneys were fixed in 10% neutral buffered formalin, embedded
in paraffin, sectioned (4 mm), and stained with hematoxylin and
eosin (H& E), or periodic acid-Schiff (PAS). To score kidney
pathology we evaluated glomerular pathology as previously
described (11).

Immunohistochemistry
Paraffin-embedded Kidney sections (5 mm thick) were
deparaffinised and boiled for 10 min in sodium citrate buffer
(10 mM, pH 6.0). The sections were depleted of endogenous
peroxidase activity by adding methanolic H2O2 for 10 min and
blocked with normal serum for 30 min. After overnight
incubation at 4°C with polyclonal antibodies against CD68
(Abcam, USA) or pSTAT3 (CST, USA), the samples were
incubated for 30 min with the secondary antibody, biotinylated
anti-rabbit IgG (CD68), or biotinylated anti-mouse IgG
(pSTAT3), and incubated with streptavidin–peroxidase
complex (Vector) for 1 h, followed by incubation with 3,3’-
diaminobenzidine (Dako) for 5 min. The sections were
counterstained with haematoxylin. The samples were
photographed using an Olympus photomicroscope.
Frontiers in Immunology | www.frontiersin.org 3
Immunofluorescence
Immunofluorescence was carried out using standard protocol on
kidney sections. Briefly, heat mediated antigen retrieval with
Tris/EDTA buffer pH 6.0 was performed before commencing
with staining protocol. After 30 min in BSA (G5001, Servicebio),
slides were incubated overnight with specific primary antibody,
rabbit anti-mouse IgG (Abcam, USA) and rat anti-mouse C3
(Santa Cruz, USA) at 4°C overnight, followed by FITC-
conjugated secondary antibody (Servicebio, China). Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). The samples were photographed using NIKON
ECLIPSE C1.

ELISA
We measured serum total IgG, ds-DNA antibody, C3 (Abcam)
by ELISA kits according to the manufacturer’s protocol. Briefly,
standard or sample was added into each well and incubated. The
supernatant was removed, and biotin-antibody was added and
incubated. After three times wash with PBS, HRP-avidin was
added into each well and incubated, followed by incubation with
3,3’,5,5’ tetramethylbenzidine (TMB) substrate for 20 min in
dark. The reaction was terminated by adding stop solution, and
the optical density was measured within 30 min using a
microplate reader at 450 nm. All samples were assayed
in triplicate.

Quantitative Real-Time PCR
The total RNA was isolated from the cells using TRIzol reagent
(Takara) according to the manufacturer’s directions, and single-
strand cDNA was generated from the total RNA and reverse
transcriptase (Toyobo). The SYBR Green master Rox (Roche)
was used for the quantitative real-time reverse transcription–
PCR analysis according to the manufacturer’s protocol. The
relative gene quantification was done using the 2-DDCt method
following normalization to internal control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The Primers used for
qPCR were synthesized by Tsingke Biotech Co. Ltd (Beijing,
China). Refer to the primer table (Supplemental Table 1) for a
complete list of primers in this study.

Transwell Chemotaxis Assay
Primary bone marrow derived macrophages (BMDMs) were
obtained according to Chong’s protocol (14). 1 × 105 BMDMs
were added to the upper chambers of a 5-mm pore polycarbonate
Transwell filter (Corning). The upper and lower chambers were
incubated for 30 min at 37°C in macrophage starve medium. The
medium in the lower chamber was replaced with supernatant
from mouse kidney epithelial cells treated or not with rIL-22.
After 24 h, transmigrated cells were fixed and stained using the
Crystal Violet Staining Solution (Beyotime, China). For each
filter, 10 random images were acquired using OLYMPUS
IX53 microscope.

Immunoblotting
Kidney tissues were homogenized in RIPA buffer (50 mM
TriszHCl [pH 7.4], 150 mM NaCl, 1% NP40, 1 mM PMSF,
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1 mM NaF, 20 mM Na4P2O7, 2 mMNa3VO4, and 13 protease
inhibitor cocktail [Roche Applied Science, Indianapolis, IN]),
and equal protein (30 mg) was resolved by PAGE. Proteins from
kidneys or HK-2 cells were transferred onto nitrocellulose
membrane, and immunoblotting was performed with mouse
polyclonal anti-pSTAT3, STAT3, GAPDH, and rabbit
polyclonal anti-p38, p-p38 (Cell Signaling Technology)
antibodies. Images were captured using the ChemiDocMP
Imaging System (Bio-Rad, Hercules, CA).

RNA-Seq
Total RNA from kidneys was extracted using TRIzol (Takara).
Preparation of the library and transcriptomic sequencing were
carried out using the Illumina HiSeq ×Ten (Novogene
Bioinformatics Technology). Mapping of 100-bp paired-end
reads to genes was done using HTSeq software (version 0.6.0),
and fragments per kilobase of transcript per million fragments
mapped (FPKM) were also analyzed. The sequencing data was
submitted to Sequence Read Archive (SRA) of NCBI and the
SRA accession is PRJNA648341.

Statistical Analysis
Data was analyzed using Graph Pad Prism 7, and presented as
mean ± standard deviation. For experiments with only two
groups, significance was determined by a Student’s t test or the
Mann-Whitney U-test according to whether the distribution is
normal or not. Significance for >2 groups was determined by
one-way analysis of variance (ANOVA). Post hoc least
significant difference (LSD) tests, in which all groups were
tested against a control group as a reference, were performed if
the results of the initial analysis of variance were significant.
p-values <0.05 were considered significant and marked with one
asterisk, while the p-values of <0.01 or <0.001 were marked with
two or three asterisks.
RESULTS

IL-22 Was Mainly Expressed by ILC3s in
Kidney of Lupus-Prone Mice
As we had found increased level of IL-22 in serum and renal
tissue from LN patients (11), we determined to explore the
expression of IL-22 in MRL/lpr mice. In peripheral blood, the
percentage of IL-22+ cells in leukocytes increased significantly in
24-weeks-old MRL/lpr mice compared to 6-weeks-old mice
(Figures 1A, B). In spleen, total amount and the percentage of
IL-22+ cells in leukocytes were both significantly increased in 24-
weeks-old MRL/lpr mice (Figures 1A, B).

In kidney, total amount and the percentage of IL-22+ cells in
leukocytes also increased in 24-weeks-old MRL/lpr mice
compared to 6-weeks-old MRL/lpr mice (Figures 1A, B). At
the same time, we found that the majority (nearly 60%) of IL-22+

cells in kidney of 24 weeks-old mice were IL-22+ innate
lymphoid cells (ILCs, Lin-CD127+) (Figure 1C). Moreover, the
amount of IL-22+ ILCs increased with the development of age-
related lupus nephritis (Figure 1D), while the absolute number
Frontiers in Immunology | www.frontiersin.org 4
of IL-22+ T cells (IL-22+CD3+) in the kidneys showed no
significant difference (Supplementary Figure 1). And IL-22+

ILCs were almost all (nearly 90%) from ILC3 (Lin-

CD127+RORgt+) subgroup (Figure 1C). Unexpectedly, we
found the percentage of CCR6+ IL-22+ ILC3s that can secrete
IL-17 cytokine in 24-weeks-old MRL/lpr mice also significantly
increased compared to 6-weeks-old mice (Figures 1C, D).

IL-22 Shortened Survival and Promoted
Systemic Illness in Lupus-Prone Mice
To further confirm the role of IL-22 in the pathogenesis of LN,
we performed experiments on IL-22 KO or IL-22R KO mice.
IL-22 KO or IL-22R KO MRL/lpr mice survived longer than
control mice (Figure 2A). These control mice underwent
substantial proteinuria, oliguria and anuria before death
(not shown).

We also detected the spleen/weight ratio, skin lesions and
lymphadenopathy in 24-weeks-old mice. Gross specimens
showed control mice had much severer splenomegaly than IL-22
KO or IL-22R KO mice (Figure 2B), and consistently the spleen/
weight ratio in MRL/lpr mice was significantly increased compared
to IL-22 KO or IL-22R KO mice (Figure 2E). The score of skin
lesions in control mice was significantly higher than that in IL-22
KO or IL-22R KO mice (Figures 2C, F). The score of
lymphadenopathy in control mice was significantly increased
compared to IL-22 KO mice, and also higher than that in IL-22R
KO mice though without significant difference (Figures 2D, G).

IL-22 or IL-22R Deficiency Ameliorated
Renal Injury in Lupus-Prone Mice
We next explored the effect of IL-22 KO or IL-22R KO on LN.
Proteinuria, renal function and magnitude of renal pathology
were examined in 24-weeks-old mice. The ratio of albuminuria/
creatinine in IL-22 KO mice was significantly decreased,
compared with control mice (Figure 3A), and serum BUN
levels in both IL-22 KO and IL-22R KO mice were significantly
lower than control mice (Figure 3B). The serum creatinine levels
in KOmice also decreased, though without statistical significance
(Figure 3C).

The pathological changes in kidneys of lupus-prone mice
were analyzed morphologically as shown by H&E staining. There
was significantly less renal injury in IL-22 KO or IL-22R KOmice
than those in control mice (Figure 3D). At 24 weeks of age, more
glomerular cellularity, collapse of capillary lumina, and thicker
basement membranes were observed in control mice as shown by
Periodic Acid-Schiff (PAS) staining (Figure 3D). The glomerular
pathology score (Figure 3E) and the number of cells per
glomerulus (Figure 3F) were significantly lower in IL-22 KO or
IL-22R KO mice than those in control mice. Thus, deleting IL-22
or IL-22R gene ameliorated renal injury in lupus-prone Mice

IL-22 or IL-22R Deficiency Altered the
Levels of Autoantibody and Complement
in Lupus-Prone Mice
We examined the effect of IL-22 or IL-22R deficiency on serum
anti-dsDNA autoantibody (Ab) production. The levels of
February 2021 | Volume 12 | Article 584414
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dsDNA Ab were significantly lower in 24-weeks-old IL-22 or IL-
22R KOmice than control mice of the same age (Figure 4A). We
also detected serum total IgG and C3. The levels of serum total
IgG were lower in IL-22 KO mice than control mice (Figure 4B).
Conversely, the levels of serum C3 were significantly higher in
Frontiers in Immunology | www.frontiersin.org 5
IL-22 or IL-22R KOmice than control mice (Figure 4C). We also
detected the IgG and C3 immune deposition in the glomeruli of
24-weeks-old mice by immunofluorescence (IF). The IgG and C3
immune deposition in the glomeruli of IL-22 or IL-22R KO mice
was significantly alleviated (Figures 4D–F).
A
B

D

C

FIGURE 1 | IL-22 was mainly expressed by ILC3s in kidney of lupus-prone mice. IL-22+ cells in peripheral blood, spleen, kidney from 6-weeks or 24-weeks-old
MRL/Fas Mice were analyzed by flow cytometry. (A) The gating strategy for detecting IL-22+ cells in peripheral blood, spleen, and kidney. (B) The quantitative
analysis of the percentage and amount of IL-22+ cells in peripheral blood, spleen, and kidney. (C, D) The gating strategy for detecting IL-22+ cell subsets
and analysis of IL-22+ ILCs (Lin-CD127+), IL-22+ILC3s (Lin-CD127+RORgt+), and CCR6+ IL-22+ ILC3s in kidney. Data were expressed as mean ± SD, and
are representative of three independent experiments. T-test was used for comparison between groups (*P < 0.05, **P < 0.01, ***P < 0.001). ILCs, innate
lymphoid cells.
February 2021 | Volume 12 | Article 584414
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IL-22 or IL-22R Deficiency Reduced
Intrarenal Macrophages by Decreasing the
Expression of CCL2 and CXCL10 in Lupus-
Prone Mice
By flow cytometry, we detected the expression of these
inflammatory cells, including T cells, B cells, neutrophils and
macrophages, in the kidney of lupus-prone Mice. The number
and the percentege of infiltrating macrophages in the kidneys of
IL-22 or IL-22R KO mice was significantly decreased compared
with control mice, but there was no significant difference in the
number and the percentage of B cells and neutrophils among
three groups (Figures 5A, B). Though the number of T cells was
higher than IL-22 KO mice, the percentage of them showed no
difference (Figure 5B). Immunohistochemistry also showed less
intrarenal macrophages in IL-22 or IL-22R KOmice than control
mice (Figures 5C, D). These outcomes indicate that IL-22 or IL-
22R deficiency reduced macrophages infiltration in lupus-
prone mice.

Then, we detected gene expression profile of intrarenal
chemokines and chemokine receptors (Figure 6A). Lower
expression of chemokine (C-X-C motif) ligand 1 (CXCL1) and
IFNg-induced protein-10 (CXCL10) were found in kidney of IL-
22 or IL-22R KO compared with control mice (Figure 6B).
Quantitative reverse transcription PCR (qRT-PCR) further
Frontiers in Immunology | www.frontiersin.org 6
confirmed that deficiency of IL-22 or IL-22R resulted in
decreased levels of CXCL1, and monocyte chemo attractant
protein-1 (MCP-1, CCL2) and CXCL10 (Figure 6C).

In vitro, we isolated the mouse kidney epithelial cells from
MRL/lpr mice, and then stimulated it with 100 ng/ml
recombined IL-22(rIL-22) for 60 min. It was shown that the
relative mRNA expression of CCL2, CXCL1 and CXCL10 were
significantly increased (Figure 6D). And the supernatant from
cells stimulated with rIL-22 transferred to the lower chambers for
24 h attracted more macrophages by transwell chemotaxis assay
(Figure 6E), suggesting that IL-22 may recruit macrophages by
upregulating the expression of CCL2, CXCL1, and CXCL10 in
kidney epithelial cells.

IL-22 Promoted Kidney Epithelial Cells to
Express CCL2 and CXCL10 by Activating
the STAT3 Pathway
By immunoblotting, we detected the signaling pathway activated
by IL-22/IL-22R in kidney epithelial cells of lupus-prone Mice. It
was shown that the level of phosphorylated STAT3 significantly
increased when primary control mouse kidney epithelial cells
was treated with rIL-22 (Figure 7A) . In vivo , the
phosphorylation of STAT3 was much higher in the kidney of
control mice at 24 -weeks age than that of IL-22 KO or IL-22R
A B

D

E F G

C

FIGURE 2 | IL-22 shortened survival and promoted systemic illness in lupus-prone mice. (A) Survival curve of control, IL-22 KO, and IL-22R KO mice (n=10/group)
over 10 months. (B–D) Representative images of spleen, skin, and lymph node from control, IL-22 KO, and IL-22R KO mice (24 weeks old mice). (E) The ratio of the
spleen/weight, (F) skin lesion score and (G) lymphadenopathy score were compared between 24-weks-old control, IL-22 KO, and IL22-R KO mice. Skin lesions
were scored by gross pathology using a grade of 0–6 (0 = none; 1 = mild, < 2 cm; 2 = severe, ≥2 cm, scored the snout, ears, and intrascapular separately and
added). Lymphadenopathy (cervical, brachial, and inguinal) was graded as 0–4 (0=none; 1=small, one site; 2=moderate, two sites; 3=large, three sites; and 4=very
large, four sites or more). Data were expressed as mean ± SD, and were representative of three independent experiments. One way ANOVA was used for
comparison among all groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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A B

D

E F

C

FIGURE 4 | IL-22 or IL-22R deficiency altered the levels of autoantibody and complement in lupus-prone mice. (A–C) The level of serum dsDNA Abs, total IgG and
C3 were measured by ELISA in 24-weeks-old control, IL-22 KO and IL-22R KO mice. (D) Representative photos of IgG and C3 deposition in the glomeruli of 24-
weeks-old control, IL-22 KO and IL-22R (scale bar, 50 mm). (E, F) Quantification of the mean IOD of IgG and C3 per glomerular cross-section in all groups of mice.
Data were expressed as mean ± SD, and are representative of three independent experiments. One way ANOVA was used for comparison among all groups
(*P < 0.05, **P < 0.01, ***P < 0.001).
A B

D E

F

C

FIGURE 3 | IL-22 or IL-22R deficiency ameliorated renal injury in lupus-prone mice. Renal function as (A) urine protein/creatinine ratio, (B) serum BUN, (C) serum
creatinine of 24-weeks-old control and IL-22 KO, IL-22R KO mice. (D) Representative images of kidney biopsies stained in H&E and PAS from control, IL-22 KO,
and IL-22R KO mice (24 weeks, scale bar, 50 mm). The glomerular pathology score (E) and cell numbers per glomerulus (F) were analyzed and counted in the PAS
stained slides from 24-weeks-old control, IL-22 KO and IL-22R KO mice. Data were expressed as mean ± SD, and are representative of three independent
experiments. One way ANOVA was used for comparison among all groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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KO mice. But there was no difference in p38 between IL-22 KO
or IL-22R KO mice and control mice (Figure 7B).

Immunochemistry results indicated increased levels of
phosphorylation STAT3 and IL-22 in the kidney of LN
patients when compared with healthy controls (Figure 6C). In
human kidney cell line (HK2) cells, we observed similar results
with mouse kidney epithelial cells. Moreover, when cells were
treated with rIL-22 for 30 min following 24 h pre-treatment with
STAT3 pathway inhibitor C188-9, the relatively mRNA
expression of CCL2 and CXCL10 were significantly decreased
in HK2 cells (Figures 6D, E).
DISCUSSION

In our study, we found that IL-22 was mainly secreted by ILC3 in
MRL/lpr mice, and deleting IL-22 or IL-22R decreased the
systemic illness and lupus nephritis severity in lupus-prone
mice. We also found that deleting IL-22 or IL-22R
downregulated CCL2 and CXCL10 expression, and decreased
the filtration of macrophage into the kidney of lupus-prone mice.
The phosphorylation of STAT3 was inhibited in the kidney of IL-
22 or IL-22R KO mice. In vitro studies showed that primary
kidney epithelial cells from control mouse stimulated with
recombinant IL-22 (rIL-22) expressed higher levels of CCL2,
CXCL10, and phosphorylated STAT3, and their supernatant
Frontiers in Immunology | www.frontiersin.org 8
recruited more macrophages. These results revealed that IL-22
may be involved in the pathogenesis of LN through activating
STAT3 signaling and promoting CCL2 and CXCL10 expression
and the infiltration of macrophage in kidney.

To date, there has been no consensus about which cells has
been responsible for the production of IL-22 in SLE. Most studies
have demonstrated that IL-22 in peripheral blood of SLE patients
was expressed by effector CD4+ T cells (15). In the present study,
we found that among IL-22+ cells, IL-22-producing ILC3s was
nearly 60% in renal tissue of MRL/lpr mice, suggesting that IL-22
was mainly produced by ILC3s in LN. ILCs have emerged as
important effector cells of the innate immune system and can
secrete numerous cytokines, such as IFN-g, IL-13, IL-22, while
using specific mechanisms that directly kill target cells (16).
Studies detected abnormal ILCs in a variety of autoimmune
diseases, which led to abnormal immune activation and chronic
inflammatory diseases (17). In humans and mice models of RA,
the circulating ILC2s subset is crucial for the resolution of disease
activity (18). As for SLE, one report that circulating ILC1s was
increased in patients with SLE compared with HC (19), others
report that increased ILC1s/ILC3s in Peripheral blood of SLE
patients was correlated with nephritis and disease activity (20),
and increased ILC3s may be related to the presence of a type I
IFN signature (21). However, no studies so far have assessed
ILCs in affected tissues of patients with SLE. We report that IL-22
was produced mainly by ILC3s in renal tissue of LN, suggesting
A B

DC

FIGURE 5 | IL-22 or IL-22R deficiency reduced intrarenal macrophages in lupus-prone mice. (A) Kidney cells from 24-weeks-old IL-22 KO, IL-22R KO and control
Mice were analyzed by flow cytometry for the percentage of different inflammatory cell subsets, including T cells, B cells, neutrophils and macrophages. (B)
Quantitative analysis of the amount and the percentage of different cell subsets per kidney in three groups. (C) Representative photos of macrophages (marked by
CD68) in control IL-22 KO and IL-22R KO mice glomeruli at 24 weeks of age (scale bar, 50 mm). (D) Quantitative analysis of the percentage of CD68 positive cells in
the kidneys of mice from three groups. Data were expressed as mean ± SD, and are representative of three independent experiments. One way ANOVA was used
for comparison among all groups (*P < 0.05).
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ILC3s might contribute to renal tissue injury in LN. Additionally,
we found the proportion of ILC3s co-expressing IL-22 and CCR6
(IL-17 producing ILC3s) in kidney of MRL/lpr mice was elevated
with the development of LN, indicating that ILC3s
simultaneously produced IL-17, which is acknowledged as pro-
inflammatory cytokine for LN, and promote the development of
LN. Therefore, studying local ILCs will add to the understanding
of the role of ILCs in SLE immunopathology.

In the knockout experiment, we found that IL-22 KO or
IL-22R KO MRL/lpr mice survived longer than control mice,
and had less skin lesions, proteinuria and renal function and
Frontiers in Immunology | www.frontiersin.org 9
pathological impairment that is consistent with what we have
shown in the past with anti-IL-22 mAb treatment for MRL/lpr
mice (11). These results confirmed the pathogenic role of IL-22
in LN. Meanwhile, we found that IL-22 KO or IL-22R KO MRL/
lpr mice had milder lymphadenopathy and splenomegaly, which
suggesting IL-22 or IL-22R deficiency may also reduce systemic
immune response. In LN, deposits of immune complex (ICs)
in the glomeruli are regularly found and these activate
complements in the kidneys, which results in decreased levels
of serum C3 (22), and serum C3 levels and C3b deposition in the
kidneys is are a good markers for LN (23). In the present study,
A B

D E

C

FIGURE 6 | IL-22 affected the expression of chemokines in vivo and in vitro. (A) Gene expression profile of chemokines and their receptors in kidneys from control,
IL-22 KO and IL-22R KO mice. (n = 3 independent experiments). For the gene expression profiles, the colored key shows fold change in gene expression. (B) Scatter
plot of differential expression of chemokines and their receptors in kidneys from control, IL-22 KO and IL-22R KO mice. (n = 3 independent experiments, P value <
0.05 and fold change> 2). (C) Gene expression level of intrarenal chemokine was analyzed by quantitative reverse transcription PCR (qRT-PCR) in kidney of mice at
24 weeks of age. Values are normalized to Actin transcripts and expressed as relative ratio. (D) Gene expression level of chemokines in primary kidney epithelial cells
from control mice treated with or without rIL-22 (100 ng/ml, 60 min) by qRT-PCR. (E) Representative photos of macrophages recruited by supernatant from primary
kidney epithelial cells stimulated with or without rIL-22 for 24 h (scale bar, 500 mm). Data were expressed as mean ± SD, and are representative of three independent
experiments. One way ANOVA was used for comparison among three groups, T-test was used for comparison between two groups (*P < 0.05, **P < 0.01,
***P < 0.001).
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we found indeed, in lupus-prone mice, IL-22 or IL-22R
deficiency decreased production levels of serum ds-DNA
autoantibodies and the levels of serum IgG, and increased the
levels of serum C3. And decreased depositions of IgG and C3 in
kidneys of IL-22 or IL-22R KO mice, suggesting that IL-22 may
promote the production of autoantibodies and ICs. Though IL-
22 is produced by immune cells, it cannot directly act on immune
cells including B cells (7). Therefore, we speculated that IL-22
may upregulate immuno-inflammatory responses, resulting in
immune dysregulation, which promote B cells to produce
autoantibodies, ICs formation and C3 consumption.

Indeed, in lupus-prone mice, IL-22 or IL-22R deficiency
decreased production of ds-DNA autoantibodies and the levels
of serum IgG, and increased the levels of serum C3. The amount
of renal IgG and C3 depositions in kidneys of IL-22 or IL-22R
KOmice was also decreased. The findings pointed to the fact that
in the absence of IL-22 or IL-22R, lupus-prone mice do not
exhibit some of the readily recognizable features of immune
dysregulation characteristic of lupus. Thus, IL-22 KO or IL-22R
KO MRL mice may decrease the pathologic glomerular IC and
C3 accumulation and in the kidneys. In other words, abrogation
of the IL-22/IL-22R signaling may affect the production of Ig
and, more importantly, of pathogenic autoantibodies.
Frontiers in Immunology | www.frontiersin.org 10
A large number of infiltrating inflammatory cells, including T
cells, B cells, neutrophils and macrophages are present in renal
tissue of LN, following the formation and/or deposition of ICs in
the kidney (24). As demonstrated above, control mice had much
more cells per glomerulus than IL-22 or IL-22R KO mice. By
flow cytometry, we further found fewer infiltrating macrophages
into the kidney of IL-22 or IL-22R KOMRL/lpr mice than MRL/
lpr mice, which confirmed by immunohistochemical analyses,
but there was no significant difference in infiltrating T cells, B
cells and neutrophils between IL-22 or IL-22R KOMRL/lpr mice
and MRL/lpr mice, suggesting IL-22 may mainly affect the
infiltration of Macrophages. Macrophages are believed to
contribute to the pathogenesis of LN. In human and murine
LN, renal macrophages infiltration is associated with active
disease and poor outcomes (25, 26). Our study revealed that
IL-22 may contribute to the pathogenesis of LN by promoting
the infiltration of macrophages into the kidney.

There is no definitive evidence that IL-22 has capacity to act
on hematopoietic cells including macrophages, though one
report identified that incubation of DCs with rIL-22
augmented its ability to promote allergic inflammation (27).
But binding IL-22 to IL-22R can induce nonhematopoietic cells
to produce a variety of inflammatory mediators including
A

B

D
E

C

FIGURE 7 | IL-22 promote the expression of CCL2, CXCL10 by activating the STAT3 pathway. (A) The phosphorylation level of STAT3 in primary kidney epithelial
cells from control mice treated with or without rIL-22 (100 ng/ml) by western blotting. (B) Western blotting showed phosphorylation level of STAT3 and p38 in
kidneys from 24-weeks-old control, IL-22 KO and IL-22R KO mice. (C) Representative photos of P-STAT3 and IL-22 in lupus nephritis patients and healthy control
(HC) by immunochemistry (scale bar, 50 mm). (D) The phosphorylation level of STAT3 in HK2 cells treated with rIL-22 (100 ng/ml) by western blotting. Pretreating
with or without C188-9 (STAT3 pathway inhibitor), HK-2 were treated with recombinant IL-22 for 0, 15, 30 min. (E) Following 24 h pre-treatment with or without
C188-9, the relatively mRNA expression of chemokines in HK2 cells after treated with rIL-22 for 0 or 30 min. Values are normalized to GAPDH transcripts and
expressed as relative ratio. Data are representative of three independent experiments. T-test was used for comparison between two groups (*P < 0.05, **P < 0.01,
***P < 0.001).
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cytokines, chemokines, etc (28). By RNA-Seq, we found that
gene expression of local chemokines in the kidney of lupus-prone
mice was altered, and qRT-PCR further confirmed down-
regulated expression of CXCL1, CCL2, and CXCL10 in the
kidney of IL-22 or IL-22R KO MRL/lpr mice compared with
MRL/lpr mice. Among these chemokines, CCL2 and CXCL10
are demonstrated to play a critical role in promoting the
recruitment of monocytes/macrophages into the kidney in SLE
(29–31). Though little is known whether CXCL1 recruit
inflammatory cells to the kidney in SLE, recent report showed
that CXCL1 signaling can induce the infiltration of monocytes in
heart and arteriogenic collaterals (32, 33). Our experiments on
primary mouse kidney epithelial cells further confirmed the
hypothesis. Our study demonstrated that primary kidney
epithelial cells from MRL/lpr mouse stimulated with rIL-22
expressed higher levels of CCL2, CXCL10, and their supernatant
recruited more macrophages. These findings indicated that IL-22
may upregulate the expression of CCL2 and CXCL10 and then
promote the infiltration of macrophages into the kidney in the
pathogenesis of LN.

In the present study, in vivo, lower phosphorylation of STAT3
in the kidney of IL-22 or IL-22R KO MRL/lpr mice was found
than that in MRL/lpr mice. In vitro, with rIL-22 stimulation,
levels of phosphorylation of STAT3 in primary kidney epithelial
cells and HK2 cells were significantly increased, suggesting that
STAT3 signaling pathway may be activated by IL-22-IL-22R in
both human and murine kidney cells. Meanwhile, utilizing HK2
cells revealed that following the phosphorylation of STAT3
activated by rIL-22, levels of CCL2 and CXCL10 was highly
expressed, and in turn, with inhibition of STAT3 pathway, levels
of CCL2 and CXCL10 was decreased. These results phenocopied
that of IL-22/IL-22R deficiency mice during LN as above
demonstrated, implicating a requirement for STAT3 in vivo
IL-22-mediating signaling.

In conclusion, we found that IL-22 secreted mainly by local
ILC3s acted on kidney cells to enhance STAT3 phosphorylation and
over-expression of CCL2 and CXCL10, thus promoting infiltration
of macrophages into the kidney and then aggravating LN, and that
IL-22 or IL-22R KO delayed the disease development of lupus-
prone mice. These data revealed that IL-22 may play a pathogenic
role in LN, and therefore, blockade of IL-22 or IL-22R may
represent an attractive new strategy for treatment of LN.
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