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Abstract

Background: In this study, we have investigated the potential regulatory mech-
anisms of IL-35 to relieve lupus nephritis (LN) through regulating Janus kinase
(JAK)/signal transducers and activators of transcription (STAT) signaling path-
way in mesangial cells.
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Results: Among 105 significant differentially expressed proteins (DEPs) between
juvenile systemic lupus erythematosus (JSLE) patients with LN and healthy
controls, LAIR1, PDGFRf, VIN, EPHB4, and EPHA4 were downregulated
in JSLE-LN. They consist of an interactive network with PTPN11 and FNI,

yang Road, Shanghai, 200031, China.
Email: htang@ips.ac.cn

which involved in IL-35-related JAK/STAT signaling pathway. Besides, urinary
LAIR1 was significantly correlated with JSLE-LN clinical parameters such as
SLEDAI-2K, %CD19+ B, and %CD3+ T cells. Through bioinformatics analysis of
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enzyme-linked immunosorbent assay; EPHA4, ephrin type-A receptor 4; EPHB4, ephrin type-B receptor 4; FNI, fibronectin 1; GO, gene ontology; IPA,
ingenuity pathway analysis; JAK, Janus kinase; JSLE, juvenile systemic lupus erythematosus; KEGG, Kyoto Encyclopedia of Genes and Genomes;
LAIRI, leukocyte-associated immunoglobulin like receptor 1; LC, liquid chromatography; LN, lupus nephritis; MAPK, mitogen-activated protein
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PDGFR@, platelet-derived growth factor receptor beta;; PPI, protein-protein interaction; PTPNII, protein tyrosine phosphatase non-receptor type 11;
RBC, red blood cell; SH2, Src homology 2; SLEDAI, SLE disease activity index; STAT, signal transducer and activator of transcription; STRING, search
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co-immunoprecipitation with mass spectrometry results, including GO, KEGG,
and STRING, five genes interacted with Lairl were upregulated by IL-35, but
only Myh10 was downregulated. Therefore, we presumed an interactive network
among these DEPs, JAK/STAT, and IL-35. Moreover, the downregulated phos-
phorylated (p)-STAT3, p-p38 MAPK, and p-ERK, and the upregulated p-JAK2/p-
STAT1/4 in IL-35 overexpressed mesangial cells, and RNA-sequencing results
validated the potential regulatory mechanisms of IL-35 in alleviating JSLE-LN
disease. Moreover, the relieved histopathological features of nephritis including
urine protein and leukocyte scores, a decreased %CD90TaSMA ™ mesangial cells
and pro-inflammatory cytokines, the inactivated JAK/STAT signals and the sig-
nificant upregulated Tregs in spleen, thymus and peripheral blood were validated
in Tregs and IL-35 overexpression plasmid-treated lupus mice.

Conclusions: Our study provided a reference proteomic map of urinary
biomarkers for JSLE-LN and elucidated evidence that IL-35 may regulate the
interactive network of LAIR1-PTPN11-JAK-STAT-FN1 to affect JAK/STAT and
MAPK signaling pathways to alleviate inflammation in JSLE-LN. This finding

KEYWORDS

1 | BACKGROUND

Systemic lupus erythematosus (SLE) is characterized by
a chronic autoimmune disease with massive inflamma-
tion that often results in multiple organs damages, espe-
cially renal damages in lupus nephritis (LN).!® The precise
pathogenic mechanism of SLE is largely unknown. Despite
tremendous basic and clinical research progress regard-
ing treatment,' various cytokines and chemokines are
emerged as the potential biomarkers of disease activity.*
However, due to the complexity of SLE, the clinical appli-
cation of these potential biomarkers in assessing the activ-
ity of disease is not well established, especially through
assessing the noninvasive and easily collected urine sam-
ples to diagnose LN activity in SLE. In an attempt to reach
a greater understanding of SLE pathogenesis, based on the
advantage of proteomic and RNA-sequencing (RNA-seq)
technologies with bioinformatics analysis, which could
explore the underlying mechanisms of disease, the poten-
tial biomarkers in urine samples were investigated to dif-
ferentiate juvenile SLE (JSLE) patients with inactive and
active LN from healthy donors. For example, leukocyte-
associated immunoglobulin (Ig)-like receptor-1 (LAIR1) is
one of the significantly downregulated differential expres-
sion proteins (DEPs) in JSLE patients.>® LAIR1 performs a
potential inhibitory effect on lymphocytes by its two cyto-
plasmic tyrosine-based inhibitory motifs binding to the Src

may provide a further prospective mechanism for JSLE-LN clinical treatment.

IL-35, JAK/STAT signaling pathway, JSLE-LN, LAIR1, mesangial calls

homology 2 (SH2) domain of SH2-containing protein tyro-
sine phosphatase (PTP)-2 (SHP2, PTPNI1), and leading to
the dephosphorylation of subsequent kinases.””
Recently, a study demonstrated that the activity of
PTPN11 on peripheral blood mononuclear cells (PBMCs)
was increased in both lupus-prone MRL/Ipr mice and SLE
patients.'” While, inhibiting the activity of PTPNI1 could
alleviate splenomegaly, suppress glomerulonephritis, and
increase the life span of lupus mice.!” It indicated that
PTPNI11 should be a critical regulator involved in the patho-
genesis and development of SLE. Therefore, targeting inhi-
bition of the activity of PTPNII could be a potent treat-
ment for SLE patients with LN. Although several studies
indicated that LAIR1 could transduct the inhibitory signals
through recruiting PTPN11 to inhibit the JAK/STAT sig-
naling pathway in leukocytes,'"'> the LAIR1 and PTPNI11-
regulated signaling pathway and the inhibitory function
of LAIR1 in mesangial cells of JSLE-LN are still not well
investigated. Interestingly, in our previous investigation,
we have mentioned the STAT1-STAT4 could constitute to
be an unique heterodimer and bind to the distinct pro-
moter regions of genes IL-12A (p35) and Epstein-Barr virus
induced (Ebi)-3, which were the two subunits of inter-
leukin (IL)-35. The process of STAT1-STAT4 regulating the
expression of p35 and Ebi3 was closely related to the anti-
inflammatory mechanism of IL-35.” Thereby, we may pre-
sume if there is a regulatory relationship among IL-35,
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LAIR1, and PTPNI11 in JSLE-LN disease, they should form
an interactive network via JAK/STAT signaling pathway.
However, this assumption should be verified further.

IL-35, the newest member of IL-12 family, is distinct from
its siblings like IL-23 and IL-27. It has an anti-inflammatory
effect on activating the regulatory T cells (Tregs) and
directly suppressing effector T cells proliferation with or
without regulatory cytokines such as IL-10 or TGF-g in
vitro."® Similar to IL-27 transducing signals by binding to
its receptor, IL-35 subunits p35 and EBI3 would bind to
chains IL-12Rf2 and gpl30, respectively. In this perspec-
tive, the gp130 and IL-12RB32 chains would constitute to
be a heterodimer (IL-12R[32:gp130), which in fact was the
IL-35 receptor (IL-35R).!* Meanwhile, through the interac-
tion of IL-35R with JAK1/2 and STAT1/3/4, the extracellu-
lar signal could be converted to regulate the downstream
gene expression and intracellular factors.” There are lit-
tle studies on the immunoregulatory signaling pathway
of IL-35 in the modulation of JSLE-LN. We have proved
the direct and indirect anti-inflammatory effect of IL-35
on cytokine-mediated inflammation of SLE.>* In order to
further elucidate the potential target of Treg cells secreted
IL-35, which can regulate the inflammation of SLE," we
have investigated the possible relationships among LAIR1,
IL-35, and JAK/STAT signaling pathways in vitro and in
vivo. In this study, we can infer that IL-35 (EBI3-p35)
and IL-35R (IL-12Rf32-gp130) may interact with JAK-STAT-
PTPNI1-LAIRI to affect JAK/STAT signaling pathway in
alleviating inflammation of JSLE-LN. These results could
form a biochemical basis for the application of IL-35 to treat
JSLE-LN disease in future and for the exploration of its
potential targets in clinical diagnosis.

2 | MATERIALS AND METHODS
2.1 | Patients, samples collection, and
clinical manifestations

The clean morning spot urine samples were collected from
total 19 JSLE-LN patients (nine inactive JSLE-LN and
10 active JSLE-LN) and nine healthy controls. All sub-
jects were enrolled in the Guangzhou Women and Chil-
dren’s Medical Center according to the disease activity
as reflected by the SLE Disease Activity Index (SLEDAI)-
2K, serum levels of anti-nuclear antibody (ANA) and anti-
double stranded DNA (anti-dsDNA) antibody. The writ-
ten informed consents were obtained from all subjects
according to the Declaration of Helsinki. The protocol
was approved by the Ethics Committee of Guangzhou
Women and Children’s Medical Center. Patients’ infor-
mation regarding demographic characteristics, clinical
parameters, serological profiles, and medications were
retrieved from medical records. Therefore, the association

3

between the DEPs and clinical parameters of JSLE-LN
patients were determined.

2.2 | Sample preparation for liquid
chromatography-tandem mass
spectrometry measurement

For liquid chromatography (LC)-mass spectrometry
(MS/MS) analysis, each isolated protein sample from
midstream urine collected from each subject was reduced
and digested for fractionation. Each fraction was resus-
pended and separated in an Ultimate 3000 nano-LC
system (Dionex). Then, eluted peptides were injected
directly to Q Exactive Hybrid Quadrupole-Orbitrap MS
system (Thermo Fisher Scientific). Through a nanoelec-
trospray ion source (Proxeon Biosystems), MS spectra
were acquired. Using high energy collision dissociation
operating mode, the peptides were selected for MS/MS.

2.3 | Proteomics analysis

MaxQuant software (version 1.0.13.13) was used to
extract the intensities and unique peptide counts for
protein identification and quantification from LC-MS/MS
raw data. All proteins (adjusted p-value < 0.05) were
assessed in the Ingenuity Pathway Analysis software
(IPA, www.ingenuity.com) for proteomics analysis based
on published reports and databases such as gene ontol-
ogy (GO) database (http://www.ebi.ac.uk/QuickGO/),
Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/kegg2.html), Uniport,
TrEMBL and the search tool for the retrieval of inter-
acting genes (STRING) online database (https://string-
db.org/cgi/input.pl).

2.4 | Co-immunoprecipitation assay and
immunoblot analysis

For the co-immunoprecipitation (Co-IP) assay, three
repeats of five different treated mesangial cells were
digested and collected to extract proteins. The immuno-
precipitates were subjected to MS/MS examination for
identifying Lairl interactive proteins. In brief, the DEPs
were analyzed in a cloud workshop platform (Shang-
hai Majorbio Bio-pharm Technology Co., Ltd.) and
the Venny 2.1 online (https://bioinfogp.cnb.csic.es/tools/
venny/index.html).

2.5 | Plasmid constructs and transfection

The DNA fragments of mouse IL-35 (IL-12A-Ebi3) and
short hairpin RNA (shRNA), which was designed to
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knockdown mouse Ebi3 expression, were cloned into
the PGMLV-6395 eukaryotic expression plasmid. This
PGMLV-6395 plasmid was used as the IL-35 null vector
(IL-35n). These reconstructed plasmids were confirmed
by DNA sequencing. The plasmids were transfected into
293T cells according to a standard protocol to verify their
bioactivity by Genomeditech company (Genomeditech,
Shanghai, Co., Ltd.). Then the secreted IL-35 from super-
natant was verified by enzyme-linked immunosorbent
assay (ELISA) with mouse IL-35 heterodimer ELISA Kit
(BioLegend, San Diego, CA, USA). Therefore, the func-
tional vectors of IL-35 overexpression plasmid (IL-35p), IL-
35n, and shRNA plasmid could be transfected into mesan-
gial cells for further investigation.

2.6 | Isolation of glomerulus and
incubation of mesangial cells

The primary mesangial cells were isolated from the kidney
of sacrificed female Balb/c mice (n = 2) in age of 4 weeks
by following a standard protocol.'°'® Freshly isolated kid-
neys were washed and digested into glomerulus pellet.
After removing tubulars by filtrating and rinsing until
the glomerulus reached 99% purity, the purified glomeru-
lus were transferred to flask for mesangial cell culture
with Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium (Life Technologies, Grand Island, NY) supple-
mented with 10% fetal bovine serum. After 30 days of
growth, the pure mesangial cells could be confirmed by
morphology and flow cytometry (Navios, Beckman Coul-
ter Inc., Brea, CA, USA) detection with specific markers
CD90 and «SMA (BioLegend).

2.7 | The cell viability of mesangial cells
Mouse recombinant IL-35 (1 ug) was dissolved in 100 uL
DMEM/FI12 medium and then diluted into various concen-
trations (0 to 200 ng/mL). The viability of CD90TaSMA*
mesangial cells treated with different concentrations of IL-
35 for 24 and 48 hours was assayed by Cell Proliferation Kit
II (Sigma-Aldrich, Merck Millipore, Billerica, MA, USA).

2.8 | Quantitative real-time polymerase
chain reaction (RT-qPCR) detection of
mesangial cells with different treatments

There were five ways to treat mesangial cells includ-
ing the shRNA of IL-35 transfection (shRNA), shRNA
with 12.5 ng/mL mouse recombinant IL-35 treatment

(shRNA+12.5 ng/mL IL-35), IL-35 overexpression plasmid
transfection (IL-35 plasmid), 12.5 ng/mL mouse recombi-
nant IL-35 treatment (12.5 ng/mL IL-35), and normal con-
trol (NC). After 8 hours treatment, the mesangial cells
were collected for RNA isolation using the RNeasy Mini
Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s protocol. The isolated total RNA was quali-
fied by using NanoDrop2000 and Agilent 2100 Bioanalyzer
(Agilent Technologies) to exclude genomic DNA contami-
nation and poorly degraded RNA. All eligible RNA sam-
ples were processed for RT-qPCR using One Step SYBR
PrimeScript RT-PCR kit II (Takara Bio Inc., Otsu, Shiga,
Japan) and Applied Biosystems 7900HT Fast Real-Time
PCR System (Applied Biosystems Inc., Foster City, CA,
USA). The relative mRNA expression was measured using
the comparative CT (Threshold Cycle) and calculated by
comparing to the expression of GAPDH using a formula

-ACt (Ct -Ct
[2 ( target gene GAPDH)]-

2.9 | RNA-seq of mesangial cells with
different treatments

A total of 50 RNA samples from mesangial cells with above
treatments together with five different time points (4, 8,
24, 48, and 96 hours) were performed for RNA-sEquation
(Shanghai Majorbio). Two repeats in each time points.
The cDNA library was prepared using Illumina TruseqTM
RNA sample preparation kit. The final cDNA library was
created for paired end sequencing using IlluminalHiseq-
2000 platform.

2.10 | RNA-seq analysis

Original RNA-seq and quality control data were pro-
cessed for pre-alignment followed with the statistics
analysis. After quality control assessment, the clean
data were aligned to the reference mouse genome
and gene model downloaded from Ensembl database
(https://asia.ensembl.org/Mus_musculus/Info/Index)
using TopHat2 program (version 211,
http;//tophat.cbcb.umd.edu/) with default param-
eters. Cufflink program (version 2.0.2, http://cole-
trapnelllab.github.io/cufflinks) was used to determine
differentially expressed genes (DEGs) and transcripts. A
difference of at-least two fold in the transcripts/genes
expression between different treatments and time points
was considered for further analysis. Furthermore, using
DESeq2 program to analyze DEGs and compare the results
of Cufflink analysis, we took the intersection of them for
gene set analysis and downstream pathway annotation.
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2.11 | Bioinformatics analysis

The clusters of orthologous groups (COG), GO, KEGG
annotation combined with Venn, heat map, and STRING
analysis were applied to explore the potential protein-
protein interaction (PPI) network among IL-35, JAK/STAT,
and Lairl. The DEGs were used to generate heat map that
cluster genes with similar expression patterns together.
These genes involved in the presumed signaling path-
way were classified as significantly elevated if their p-
value < 0.05 and fold-change > 2 or < 0.5. The data from
each group were imported into Heml software (version 1.0)
for clustering analysis and heat map generation. For clus-
tering, genes were clustered in an unsupervised manner
based on Euclidean distance.

2.12 | Lupus mice and injection protocol
Totally 30 4-week-old female MRL/MpJ-Faslpr/2J (MRL/
lpr) lupus mice and five sex- and age-matched Balb/c mice
were bred and kept in a conventional animal facility under
specific pathogen-free conditions in the Laboratory Ani-
mal Services Center, The Chinese University of Hong Kong
(LASC, CUHK). All experiments involving live animals
were carried out strictly according to the principles out-
lined in the Animal Experimentation Ethics Committee
Guide for the Care and Use of Laboratory Animals, as
approved by the Animal Experimentation Ethics Commit-
tee of CUHK. MRL/lpr lupus mice (n = 5/group) were
injected intravenously with a single dose of 100 uL/mouse
purified IL-35p and IL-35n, as well as 10°/mouse purified
Tregs. The mice (n = 5/group) injected intraperitoneally
(once per week) with 2 mg/kg methotrexate (MTX) and
90 mg/kg cyclophosphamide (CTX), respectively, were the
positive control. The phosphate buffer saline (PBS)-treated
lupus mice as the negative control group was injected
intraperitoneally once per week.

2.13 | Monitoring disease activity

Urine collected from each group (n = 5) of MRL/lpr mice
was analyzed for protein, leukocyte, and blood using the
Mission Urinalysis Reagent Strip (ACON Biotech, Co.,
Ltd., Hangzhou, Zhejiang, China). According to a modi-
fied macroscopic scoring system of urinalysis for JSLE-LN
(Table S1), the proteinuria, leukocyturia, and urine blood
were demonstrated.”'**° The body weight of each mouse
was measured the same as urine test did once a week for
12 weeks. These detection periods covered a life-span of

3

lupus mouse from juvenilehood (4-8 weeks) to adulthood
(over 8 weeks).

2.14 | Morphological investigations

One kidney of lupus mouse was used to analyse the abso-
lute number and percentage of CD90+aSMA+ mesan-
gial cells by flow cytometry. The other one was fixed and
then embedded in paraffin. Then, longitudinal paraffin
sections of kidney tissues were stained with hematoxylin
and eosin and LAIR1 antibody via immunohistochemical
staining.'®?! The number of LAIR1+ glomerulus in kid-
ney area (mm?) was evaluated by microscopic examination
(Leica Microsystems, Wetzlar, Germany). One hundred
glomerulus were calculated in each group. The severities of
proteinuria, leukocyturia, hematuria, glomerulonephritis,
interstitial nephritis, and vessels infiltration were scored
using a modified macroscopic scoring system in the range
0-3 (0 = normal; 1 = mild; 2 = moderate; 3 = severe).>"

2.15 | Flow cytometric analysis for
IL-35-regulated signaling pathway,
mesangial cells, and Tregs

The mesangial cells from different treatments were fixed
and permeabilized to incubate with antibodies including
phosphorylated p38 (p-p38) MAPK (T180/Y182), p-ERK1/2
(p-ERK) (T202/Y204) (BD Biosciences), p-JAK2 (Tyr1008)
(Cell Signaling Technology, Danvers, MA, USA), p-STAT1
(Ser727), p-STAT3 (Tyr705) (BioLegend), and p-STAT4
(Tyr693) (Thermo Fisher Scientific) at 4°C for 15 minutes.
After washing, the mean fluorescence intensity (MFI) was
measured by flow cytometry. The expression of IL-12R52
(BD Pharmingen) and gp130 (R&D Systems, Minneapolis,
MN, USA) on mesangial cells were also determined by flow
cytometry assay.> While, the MFI of p-STAT1 (Ser727), p-
STAT3 (Tyr705), and p-STAT4 (Tyr693) in mesangial cells
from PBS, IL-35p, and IL-35n treatments could determine
the activity of IL-35-regulated singling pathway. The per-
centage and absolute number of CD4*CD25% FoxP3* Tregs
from lupus mice with different treatments were exani-
mated by flow cytometry.>

2.16 | Plasma cytokine concentrations of
lupus mice

Plasmas from lupus mice with different treatments were
harvested and stored at —80°C prior to be subjected to a
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multiplex immunoassay. Using a Milliplex MAP assay kit
(Merck Millipore, Billerica, MA, USA), several cytokines
(i.e., TGF-, IL-10, IL-13, MIG, IL-12, IFN-y, TNF-a, IL-
17A and IL-6) were measured through a Bio-Plex 200 sus-
pension array system (Bio-Rad Laboratories, Hercules, CA,
USA).

2.17 | Statistical analysis

Statistical analysis of in vivo and in vitro data was described
in the section of each assay. Results were expressed as
mean =+ standard deviation (SD) for normally distributed
data. Mann-Whitney U-tests were used to test the contin-
uous variables. Comparison of different groups was per-
formed with Kruskal-Wallis analysis of variance (ANOVA),
followed by Dunn’s post-test for comparing the differ-
ences and calculating a probability (p) value for each pair
of comparison. All hypotheses were two-tailed, and p-
values < 0.05 were considered significant. Data analyses
were performed using GraphPad Prism (version 8.0 for
Windows; GraphPad Software, La Jolla, CA, USA).

3 | RESULTS

3.1 | Proteomic analysis of urine sample
and association between urine Lair1 levels
and clinical parameters

According to the bioinformatics analysis of proteome of
collected urine sample, 105 DEPs among active JSLE-LN
patients (n = 10), inactive JSLE-LN patients (n = 9) and
healthy controls (n = 9) were found, in which several sig-
nificantly up- (>1.3 fold) and down- (<0.77 fold) regulated
interactive proteins like LAIR1, PDGFRf3, VTN, EPHB4,
and EPHA4 were found through Venn and STRING anal-
ysis (Figures 1B-1D). Interestingly, upon the quantita-
tive analysis of proteomic results (Figure 1E), we found
that the urine LAIR1 levels were negatively correlated
with %CD19+ B cells in PBMC (r = —0.6913, p < 0.05)
and SLEDAI-2K (r = -0.7927, p < 0.01) in active JSLE-
LN patients, as well as positively correlated with the
ratio of %CD3+ T cells/%CD45+ lymphocytes (r = 0.7112,
p < 0.01) and the absolute number of CD3+ T cells in
the whole blood of active JSLE-LN patients (r = 0.6691,
p < 0.05). While, the similar negative associations were
found between the urine LAIRI1 level and the absolute
number of CD19+ B cells (r = —0.7848, p < 0.05) and
CD3+ T cells (r = —0.7988, p < 0.05) in the whole blood of
inactive JSLE-LN patients (Figures 1E-1F). Moreover, no
significant associations were observed between the urine
LAIR1level and other index (data not shown). The detailed

statistical differences of clinical characteristics between
JSLE-LN patients and healthy controls are demonstrated
in Table 1 and Table S2.

3.2 | Bioinformatics analysis for
identifying the LAIR1 interactive proteins

When we analyzed the protein expression of mesan-
gial cells with different treatments by Co-IP assay, the
decreased expressions of DEPs were found in IL-35 plas-
mid and 12.5 ng/mL IL-35 treatments ('p < 0.05, Figure 2A)
rather than NC. Forty-two common proteins among five
different treatments were further analyzed for the anno-
tation of COG, GO, and KEGG (Figure 2B). While, most
of the common protein encoding genes in COG annota-
tion were the function unknown genes. In addition, most
of these genes were involved in energy metabolism, circu-
latory system, endocrine, and metabolic diseases in KEGG
analysis (Figure 2B). Furthermore, when combined the IL-
35 up- and downregulated proteins from Venn analysis of
shRNA versus (vs) NC and IL-35 plasmid versus NC, we
found 239 upregulated and 135 downregulated DEGs (Fig-
ure 2C). For further analysis of COG, GO, and KEGG anno-
tation, there was a lower number of genes in IL-35 down-
regulated DEGs than IL-35 upregulated DEGs in COG
annotation, such as intracellular trafficking, secretion, and
vesicular transport (Figure 2D). Moreover, there were dif-
ferent numbers of IL-35-regulated DEGs which engaged
the biological process including immune system process
and locomotion, and the molecular function like trans-
porter activity and molecular function regulator in GO
annotation (Figure 2D). Similarly, when compared to IL-35
upregulated DEGs in KEGG annotation, there was a lower
number of DEGs in IL-35 downregulated DEGs which
involved in the translation, transport and catabolism, and
viral infectious diseases, but a higher number of DEGs at
energy metabolism, and endocrine and metabolic diseases
(Figure 2D).

3.3 | Interactive network between Lairl
and IL-35-regulated genes

According to the above findings of several Lairl interac-
tive genes, we have further investigated the IL-35-regulated
DEGs in RNA-seq by bioinformatics analysis. From the
RNA-seq results of mesangial cells with different treat-
ments, there was an obvious downregulation of most DEGs
in IL-35 plasmid or IL-35 (12.5 ng/mL) treatments at dif-
ferent time (Figure 3A). Meanwhile, a downregulation
trend of IL-35-regulated DEGs was found from 4 to 48
hours in the comparison of NC and other treatments



CAI ET AL. IONAL MEDICINE 70f16
FIGURE 1 Differential expression profile of - (A) | Down regulated differential expression proteins (@
urinary proteins and the association between LAIR1 2 12
. - °
and clinical parameter. (A) Violin chart shows the s
o
mass spectrometric data of proteome as urinary £ 10
differential expression proteins (DEPs) between JSLE E
and control groups. (B) Violin dots plot shows the >1.3 E o A &
fold upregulated or <0.77 fold downregulated DEPs g BN
among active JSLE, inactive JSLE and control groups. E 6 T T T {9 Control
. <} Control Active JSLE  Inactive JSLE ol
(C) Venn diagram shows two downregulated DEPs - - @ 2
between JSLE and control groups. The search tool for g, v P o W
4 Down g serpiiy ~ .. G
the retrieval of interacting genes (STRING) online g, B @\ﬂ : A @8
database (https://string-db.org/cgi/input.pl) tool g , i ® o
shows this two DEPs involved protein-protein 5 E Protein-protein interaction network }
2 1 LAIRI, PDGFRf. VIN. EPHB4. EPHA4
interaction (PPI) network. (D) Dot plots show the E i
significant upregulated and downregulated DEPs T T e e e
oo e o o )\ -
which involved in PPI network among groups. The o ﬁ@“"'o 35»6“@;5 e
e e ag\‘ﬂ“ o\ i
—logl0 (p value) plotted against the log2 (fold change) wa@“"P e =
R
analysis thresholds are indicated by dotted lines (>1.3 o)
Protein ID: Gene name
fold up-regulation or <0.77 fold down-regulation, e e, i o
p < 0.05). (E) Spearman’s rank correlation test was POHOD VT TGO BB PTG RS
: ot Active and Inactive JSLE vs. Control Active JSLE vs. Control
used to assess the lineal associations among the " bown (n=16) e Up (et Down (n=16) . Up (ne2)
urinary LAIRI1 expression with %CD19+ B cells, 00 T, I .
%CD3+ T cells/%CD45+ lymphocytes, SLEDAI-2K, g 0047 T 0041 .
and absolute number of CD3+ T cells in PBMC of E 0.03- E 0.03 . Qﬂ'ms
active JSLE patients; as well as (F) with absolute g 0.024 g 0.024 ’ .
number of CD3+ T and CD19+ B cells in PBMC of % ool +poiocs . 2 001l - i
inactive JSLE patients. r = correlation coefficient 000 reieo A . 000 j’jﬁwm E. ) ."
0 077 130 2 0 077 1.30 2
log2 (Fold change) log2 (Fold change)
Inactive JSLE vs. Control Active JSLE vs. inactive JSLE
0.05 + Down (n=33) « Up(n=3) 0.05 = Down (n=2) Up (n=47)
5 0.04- & 0.04
E 3 “
$ 003 - i 2 o3 ..
a =
E 0.024 * eren 2 .02 *PAIO  Lpos004
B 8 .
0019 . :1-09519 0015 LAPSETO0 Ly
0.00 mm\:'j"/.?sw T T 0.00 — - . . -’
0 077 130 2 0 077130 3 4 6
log2 (Fold change) log?2 (Fold change)
(E) Active JSLE (F) Inactive JSLE
50 =-0.7667 r=0.7112
p<0.01 904 p<0.01 400 r=-0.7848
401 o - . p<0.05

% CD19+ B cells

300

200

100

%CD3+ T cells/ %CDA5+ lymphocytes

0 2x108  4x10% 6x10% 8x10°
urine LAIR1 level

25 =-0.7927
p<0.01

SLEDAI-2K

0 2x10° 4x10° 6x10° 8x10°
urine LAIR1 level

Absolute number of CD3+ T cells/ul

0 2x10°  4x10° 6x10° 8x10°
urine LAIR1 level

—_—
0 2¢10° 4x10° 6x10° 8x10°
urine LAIR1 level

3108 4x10% 5x10% 6108 710° 8108
urine LAIR1 level

Absolute number of CD19+ B cells/ul

r=0.6691
p<0.05 20 r=-0.7988

p<0.05

0 2x10% 4x10° 6x10% 8x10°

Absolute number of CD3+ T cells/ul

urine LAIR1 level



8of16 CLINICAL AND TRANSLATIONAL ME% CAI ET AL.
TABLE 1 Demography of clinical characteristics for JSLE patients and healthy controls (mean + SD)

Healthy controls Inactive JSLE Active JSLE
Parameters (n=9) (n=9) (n=10)
Age 3.38 £1.02 9.80 + 1.00* 10.80 + 0.97*
Gender (M/F) 2/7 0/9 0/10
SLEDAI-2K NA 4.11 + 4.08 11.50 + 7.29%
%CD19+ B cells NA 12.96 + 5.61 21.41 +9.11%
Absolute number of CD19+ B cells/uL NA 221.80 +111.40 181.40 +121.80
%CD3+ T cells/%CD45+ lymphocytes NA 75.80 + 6.27 69.96 +10.49
Absolute number of CD3+ T cells/uL NA 1301 + 466.90 569.10 + 343.20"*
%CD3TCD4" Th cells NA 29.60 + 7.78 21.07 + 8.40%
Absolute number of CD3*CD4" Th cells/uL NA 541.90 + 261.80 190.00 + 182.70%*
%CD3*CD8* cytotoxic T cells NA 41.39 +4.93 46.26 + 13.69
Absolute number of CD3*CD8* cytotoxic T cells/uL NA 693.40 + 228.90 336.50 + 154.10""
%CD16"CD56% NK cells NA 9.58 + 6.91 7.89 +4.92
Absolute number of CD16"CD56™" NK cells/uL NA 149.60 + 100.10 61.24 + 45.47*
Th/cytotoxic T cells of absolute number NA 0.73 + 0.22 0.52 +0.29
%CD4CD8" early T cells NA 0.60 + 0.23 1.05 + 0.47*
Absolute number of CD4 CD8" early T cells/uL NA 9.48 + 4.01 8.40 + 6.73

The statistically significant differences were shown between JSLE patients versus healthy controls ("p < 0.05; “p < 0.01), as well as the significant differences
between the active and inactive JSLE patients (“p < 0.05; **p < 0.01). There are no statistically significant differences in the parameters of gender, %CD3+ T
cells/CD45+ Lymphocytes, CD3*CD8* cytotoxic T cells, CD167CD56" NK cells, and the absolute number of CD19+ B cells, CD4 CDS8~ early T cells, as well as

Th/cytotoxic T cells of absolute number among groups.

(Figure 3B). After combined these DEGs from Co-IP and
RNA-seq to analyze in depth, we found five genes (Ddx21,
Ehd1, Ptpn23, Sfxn3, and Tubgl) were upregulated by IL-
35, and only gene Myhl0 was downregulated. However,
from the analysis of interactive gene network between
Lairl and IL-35-regulated six DEGs (Ddx21, Ehdl, Ptpn23,
Sfxn3, Tubgl, and Myhl10) by using the STRING online
database (Figure 3C), we found Myhl0 and Ptpn23 could
form an interactive gene network with Lairl through sev-
eral genes. However, the others (Ddx21, Ehdl, Sfxn3, and
Tubgl) had no confident evidence to interact with Lairl
upon the analysis of STRING online database (Figure 3C).
Therefore, a presumed signaling pathway of interactive
gene network between Lairl and IL-35-regulated DEGs
(Myh10 and Ptpn23) could be established (Figure 3C). Fur-
thermore, when adding the subunits of IL-35 (Ebi3-p35)
and IL-35R (gp130-IL-12RB2) to above presumed interac-
tive gene network for further analysis, finally, we could
propose a novel signalling pathway including 10 genes
such as IL-35, IL-35R, IL-35-regulated genes and Lairl (Fig-
ure 4A). Further analysis of Co-IP results showed an obvi-
ous increase of total IP proteins (Figure 4B) and total
LAIR1 (Figure 4C) in IL-35 plasmid and 12.5 ng/mL IL-
35-treated mesangial cells than NC and shRNA groups.
When compared with NC and shRNA treatments, a sim-
ilar downregulation of Ptpnll and Myhl0 was found in
the IL-35 plasmid-treated mesangial cell by RNA-seq and
RT-qPCR detection (*p < 0.05, Figures 4D and 4E). Fur-

thermore, the results of upregulated p-JAK2 (Tyr1008), p-
STAT1 (Ser727), and downregulated p-STAT3 (Tyr705) in
IL-35 plasmid and 12.5 ng/mL IL-35-treated mesangial cells
were verified by flow cytometry assay (Figures 4H-4J).
This implied a confident evidence for the regulation of
JAK/STAT signaling pathway by IL-35 in mesangial cells.
It was also proved that our assumed interactive network of
Lairl, IL-35, and IL-35R was involved in this signaling path-
way. Besides, the p-p38 MAPK and p-ERK were upregu-
lated in shRNA-treated mesangial cells and downregulated
in IL-35 plasmid treatment (Figures 4F and 4G), which
may represent an inhibitory effect of IL-35 on MAPK sig-
naling pathway in mesangial cells.

3.4 | Regulatory effect of IL-35 and Tregs
in lupus mice

Since the Lairl and IL-35 involved interactive gene network
and the regulatory effect of IL-35 on JAK/STAT and MAPK
signalling pathway were proved, the regulatory effect of
IL-35 and Tregs in vivo should be further investigated.
According to the study design of IL-35 and Tregs treat-
ments in lupus mice (Figure 5A), the urine protein, leuko-
cyte and blood scores in IL-35p and Treg groups were kept
at a very low level during the whole treated period of
mouse life-span from juvenilehood (4-8 weeks) to adult-
hood (>8 weeks), when compared to medicine (MTX and
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FIGURE 2 Identification of LAIRI interactive proteins via Co-IP with MS assay on mesangial cells with IL-35 overexpression plasmid and
shRNA treatments. (A) Violin dots plot shows expression of LAIR1 interactive proteins in different treatment groups by Co-IP with MS assay.
The black arrow line shows a trend of each group of logl0 (protein expression). * p < 0.05, negative control (NC) versus other treatments. (B)
Forty-two common proteins among groups are analyzed by the annotation of clusters of orthologous groups (COG), gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG). (C) Through Venn analysis, the >2 fold upregulated or <0.5 fold downregulated proteins
are identified from the comparisons of sShRNA versus NC and IL-35 plasmid versus NC. The number of proteins is shown in the circle. (D) The
COG, GO, and KEGG diagrams present the combined IL-35 upregulated and downregulated proteins from Venn analysis. The cyan rectangles
show the representative significantly different terms of COG and KEGG annotation. The red dash rectangles show terms difference between
IL-35 upregulated and downregulated proteins in GO annotation
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CTX), IL-35n, and PBS groups (Figure 5B). Meanwhile, (Figures 5C and 5D), in contrast, a significant increased
although in the PBS group, these scores were gradually ~ number of LAIR1+ mesangial cells in IL-35p (""p < 0.001)

increased during the progression of LN, there were no obvi- and Tregs (**p < 0.001)-treated lupus mice rather than
ous increments at the very beginning of juvenilehood (4- IL-35n and PBS treatments (Figures 5C and 5E). Interest-
8 weeks) in Tregs and IL-35p-treated mice, which impli- ingly, when analyzed the lineal association between the

cated an overt therapeutic effect of Tregs and IL-35p on number of LAIRI+ glomerulus/kidney area (mm?) and
LN. However, there may be a side effect of long-term renal histopathological scores in IL-35p-treated lupus mice
CTX treatment during adulthood (>8 weeks), due to an (Figure SE), there was an obvious negative association
overt decrease of mice body weight, but no obvious side among the number of LAIR1+ glomerulus/kidney area

effect was found in other treated mice (Figure 5B). Fur- and scores of proteinuria (r = —0.7439, p < 0.05), leuko-
thermore, we found a significant decreased scores of pro- cyturia (r = —0.8589, p < 0.01), hematuria (r = —0.7641,
teinuria, leukocyturia, and hematuria, as well as a decre- p < 0.05), glomerulonephritis (r = —0.7006, p < 0.05), inter-
ment of renal histopathological scores including glomeru- stitial nephritis (r = —0.6971, p < 0.05), and vessels infiltra-

lonephritis, interstitial nephritis, and vessels infiltration tion (r = —0.7073, p < 0.05).
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FIGURE 5 Regulatory effect of IL-35 and Tregs in vivo. (A) The study design of IL-35 and Tregs treatments in lupus mice model. (B) The

characteristic parameters of lupus nephritis upon IL-35 plasmid, Tregs and medicine treatments. (C) The representative histological staining of
lupus mice kidney in different treatments including PBS, Treg, IL-35p, and IL-35n. Scale bars are 25, 50, and100 um among groups, respectively.
The black arrows denote the inflammatory cell infiltration around glomerulus. The pink arrows denote the protein effusion. The red triangles
denote the vessels (V) infiltration. The black triangles denote the positive staining of LAIR1 in glomerulus. (D) The index scoring system of
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ok

LAIR1+ glomerulus/kidney area (mm?) in each group.

glomerulus per kidney area (mm?) in IL-35p treatment with index scores of lupus nephritis, including proteinuria, leukocyturia, hematuria,

glomerulonephritis, interstitial nephritis, and vessels infiltration. r = correlation coefficient

In addition, in consistent with the previous results, the
absolute number and percentage of CD90taSMA™ mesan-
gial cells from kidney in IL-35p and Tregs-treated lupus
mice were significantly reduced (Figures 6A and 6B). Simi-
lar to the expression of p-STAT1 (Ser727)/p-STAT3 (Tyr705)
in vitro (Figures 6G and 6H), the upregulated p-STAT1
(Ser727) ("p < 0.05, "p < 0.001), and downregulated p-
STAT3 (Tyr705) ("p < 0.01) implied a regulatory effect of
IL-35 on JAK/STAT signaling pathway in vivo (Figure 6C).
According to the expression of IL-35R on mesangial cells
(Figures 6D and 6E), we found a significant upregulation
of IL-12R2 and gp130 in IL-35p group rather than IL-35n
and PBS groups ("p < 0.05, “p < 0.01, “*p < 0.001). Mean-

while, the cell viability was also significantly decreased in
25-200 ng/mL mouse recombinant IL-35 directly treated
mesangial cells for 48 hours. Moreover, as we known IL-35
could be secreted by CD4"CD25" Foxp3* Tregs. From the
results of an increased absolute number and percentage of
Tregs at spleen (‘p < 0.05, "p < 0.01), thymus ("'p < 0.05),
and peripheral blood (“p < 0.01) upon IL-35p treatment,
we have confirmed a positive feedback effect of IL-35 on
Tregs in vivo (Figure 6I). Therefore, this double enhanced
effect of IL-35 on Tregs and JAK/STAT signaling pathway
could contribute to the significant decrement of plasma
concentration of proinflammatory cytokines, such as TNF-
a('p <0.05), IL-6 ('p < 0.05), and IL-17A ("p < 0.05) as well
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centage of CD90*aSMA* mesangial cells among different treatments. ™ p < 0.01, ““p < 0.001, IL-35p versus other treatments; ** p < 0.01, Treg
cells-treated lupus mice versus others (n = 5 in each group). (C) The bar charts show the expressions of p-JAK2 (Tyr1008), p-STAT1 (Ser727),
and p-STAT3 (Tyr705) in mesangial cells among PBS, Treg, IL-35p, and IL-35n-treated lupus mice (n = 5 in each group). p < 0.05, “p < 0.01,
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as a significant increment of anti-inflammatory cytokines
like TGF-Band IL-10 ("p < 0.05) in Tregs and IL-35p-treated
lupus mice (Figure 61J).

4 | DISCUSSION
The molecules with interaction network involved in the
pivotal biological processes and signaling pathways of dif-
ferent stage of JISLE-LN are not well studied.?”?* In order to
explore whether distinct DEGs involved in multiple molec-
ular functions, biological processes, and pathways can
enrich the pivotal development of active JSLE-LN, we have
collected and diagnosed the noninvasive urine samples to
discover the specific DEGs by using proteomics assay with
LC-MS/MS. There were 105 specific DEPs found in the
comparison between JSLE-LN patients and healthy con-
trols by bioinformatics analysis. Fortunately, from these
significant up- and downregulated DEPs, we found LAIR1,
PDGFRf, VTN, EPHB4, and EPHA4 could form a com-
plex PPI network (Figure 1C). Similar to some previous
findings,>?* in our study, the level of urine LAIRI was sig-
nificantly increased in active JSLE-LN patients when com-
pared to healthy controls (Figure 1D). The urine LAIR1
should be a soluble form and had a similar affinity to colla-
gens and cell membrane LAIR1.2>?® The inhibitory effect
of LAIRI1 can be impeded through soluble LAIR1 by two
mechanisms: first, by reducing the amount of LAIR1 on
cell surface; and second, by releasing the soluble LAIR1
as a receptor antagonist which can competitively bind to
collagen.®?° Therefore, this demonstration could be an
explanation that the upregulated urine LAIR1 may come
from mesangial cell surface in active JSLE-LN patients.
It is also explained the significantly decreased number
of LAIR1+ glomerulus/ kidney area in PBS-treated lupus
mice rather than IL-35p and Treg treatments (Figures 5C
and 5E). Additionally, when compared to the NC and
shRNA-treated mesangial cells, the mRNA expression of
LAIR1 upon 12.5 ng/mL IL-35 treatment was obviously ele-
vated (Figure 4E). Most importantly, when IL-35 increased
the amount of LAIRI on mesangial cell membrane (Fig-
ure 5E), it would result in an enhancement of LAIR1
inhibitory signals including JAK/STAT signaling pathway.
Therefore, IL-35 may interact with IL-35R to transduce the
phosphorylation signals by JAK2-STAT1/4 signaling path-
way, and then may enhance the inhibitory effect of LAIR1
to decrease the proliferation of mesangial cells, suppress
the massive inflammation, and eventually inhibit progres-
sion of SLE-LN.

In consistent with the previous finding which showed
a remarkably upregulated gene expression of IL-35R-
related Statl and Stat4 upon IL-35 treatment in vivo,’
we have confirmed an upregulated expression of gp130
and IL-12RB2 in IL-35p transfected mesangial cells (Fig-

ures 6D-6E), and an regulatory effect of IL-35 on intra-
cellular JAK/STAT signaling pathway by increasing p-
JAK2 (Tyrl1008), p-STAT1 (Ser727), p-STAT4 (Tyr693), and
decreasing p-STAT3 (Tyr705) in IL-35-treated mesangial
cells in vivo (Figure 6C) and in vitro (Figures 6G and
6H). Besides, further bioinformatics analysis of Co-IP and
RNA-seq results indicated that Lairl could have an inter-
active network with Sfxn3, Ptpn23, Ddx21, Ehdl, Tubgl,
and Myhl0, which were regulated by IL-35 in mesangial
cells (Figure 3C). However, Ptpn23 and Myh10 had a direct
interactive relationship with previously assumed signal-
ing pathway of LAIRI-PTPNI11-JAK-STAT though using
the STRING online database. Fortunately, the subunits of
IL-35 (Ebi3-p35) and IL-35R (gp130-IL-12R(2) could also
involve in this signaling pathway to form a presumed
interactive network of LAIR1-PTPN11-JAK-STAT-IL-35R-
IL-35 via STRING analysis (Figure 4A). Otherwise, a pre-
vious study demonstrated that the LAIR1 could recruit
PTPNI11 (SHP-2) to mediate a negative regulatory signal
of LAIRI1 to inhibit cellular functions of NK cells, effector
T cells, and B cells.!"?” Meanwhile, the genetic or phar-
macological inhibition of PTPNII could prevent the acti-
vation of JAK2/STATS3 signaling pathway.”® In our study,
upon the upregulated LAIR1 and downregulated PTPN11
(Figures 4D and 4E) and p-STAT3 (Figure 47J) in IL-35p-
treated mesangial cells in vitro, as well as the upregulated
LAIRI1 (Figures 5C and 5E) and downregulated p-STAT3
(Figure 6C) in IL-35-treated lupus mice in vivo, we believe
IL-35-upregulated LAIR]1 may also transduce a negative
signal by inhibiting PTPN11 to suppress STAT3 activation
in mesangial cells. All of these findings might imply that
LAIR1 should be involved in IL-35-regulated JAK/STAT
signaling pathway in JSLE-LN. However, whether IL-35
can regulate LAIR1 directly, and whether LAIR1 is a novel
direct target of IL-35 needs further investigation.

Therefore, to further confirm this presumed interac-
tive network, we have investigated the regulatory effect
of IL-35 on lupus mice model. Our previous report has
demonstrated that Treg-secreted IL-35 could bind to its
receptor, and then to activate downstream genes for Tregs
differentiation,’® thereby forming a feedback loop to pro-
mote IL-35 expression and its function. Consistent with
previous findings that IL-35 can upregulate the %Tregs
in spleen, thymus, and peripheral blood, as well as Treg
differential-related genes in lupus mice,’ in this study, we
also found the IL-35p-treated lupus mice have a higher
absolute number and percentage of Tregs in spleen, thy-
mus, and peripheral blood (Figure 61). The increased Tregs
could suppress the activity of the residual effector T cells
in vitro*3% and may prevent kidney damage in chronic
inflammation of SLE.3! However, the loss of IL-35 results
in a reduction of suppressive capacity of Tregs in vivo.'*
These findings suggest a potential regulatory role of IL-35
in lupus mice.
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Together with the further analysis results of RNA-
sEquation (Figures 4D-4J) and flow cytometry (Figures 6G
and 6H), it suggested a confidential proof that IL-35 could
activate JAK2-STAT1/4 signalling pathway and suppress
the phosphorylation of STAT3 and MAPK signaling path-
way to regulate inflammatory cytokines production and
secretion in mesangial cell. Moreover, similar to our pre-
vious finding of the significant decrease of plasma proin-
flammatory cytokines (IFN-y, IL-6, and IL-17A) in IL-35-
treated lupus mice,> we also found a significant decrease
of proinflammatory cytokines (TNF-a, IL-6, and IL-17A)
and a significant increase of anti-inflammatory cytokines
(TGF-A1 and IL-10) in IL-35p and Tregs treatments (Fig-
ure 6J]). In addition, since the CD90"aSMA™ mesan-
gial cells are an important source of proinflammatory
cytokines like IL-6 and TNF-« in kidney,>* the reduced
mesangial cells in IL-35p and Tregs-treated lupus mice
indicate an immunoregulatory functions of IL-35 in vivo
(Figures 6A, 6B and 6F). Combined with the increased
positive staining of LAIR1 on mesangial cells of glomeru-
lus in the IL-35p and Tregs-treated lupus mice (Figures 5C
and 5E), and negative association among LAIR1+ glomeru-
lus/kidney area with the parameters of LN (Figure 5E), The
urine LAIR1 may become one of novel and potential diag-
nostic biomarkers for the development of JSLE-LN. Fur-
thermore, all the above results and the close relationship
between IL-35 and Tregs suggest that IL-35-regulated intra-
cellular JAK/STAT signaling pathway can become a poten-
tial target for JSLE-LN disease therapeutics in future. How-
ever, whether IL-35 can directly upregulate the expression
of LAIRI1 to promote its inhibitory function in JSLE-LN by
suppressing the activation of JAK-STAT3 signaling path-
way, and the exact transcriptional factors involved in this
regulation during the development of JSLE-LN need fur-
ther study.

In summary, this study has illustrated a number of
meaningful DEPs in the urine of JSLE-LN patients, which
provides a new insight into the diagnosis and development
of JSLE-LN. Through together the bioinformatics analysis
with the evidences in vivo and in vitro, we firstly assumed
LAIRI could be a novel potential target of IL-35-regulated
JAK/STAT signaling pathway in JSLE-LN. Therefore, dis-
covering a novel mechanism by which IL-35-regulated
JAK/STAT signaling pathway in lupus mice model may
contribute to the development of new clinical therapeutics
for JSLE-LN disease in future.
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