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R E S E A R C H A R T I C L E

Identification of novel biomarkers for lupus nephritis
Zhengyue Liao 1,2#, Liying He 3#, Jiaojiao Fu 1,2, Xiaotong Zhou 3, Yong Li 3, Jing He 1,2, Yixin Liu 1,2,
Jinlin Guo 1,2,3∗ , and Sijing Liu 1,2∗

Lupus nephritis (LN) is an autoimmune disease that rapidly progresses as a secondary consequence of systemic lupus erythematosus
(SLE) and has a very poor prognosis. Therefore, this study aimed to identify characteristics of immune cell infiltration and investigate
potential therapeutic targets using bioinformatics methods and the Murphy Roths Large/lymphoproliferation (MRL/lpr) mouse model.
In this study, a total of 2810 differentially expressed genes (DEGs) were identified, which were primarily enriched in inflammatory and
immune regulation pathways. From these DEGs, 226 immune-related genes (IRGs) were also identified. The single-sample gene set
enrichment analysis (ssGSEA) revealed that patients with LN had increased infiltration of effector memory CD4+ T cells, effector
memory CD8+ T cells, gamma delta T cells, myeloid-derived suppressor cells (MDSC), follicular helper T cells, Th1 cells, and Th2 cells,
and this was closely correlated with the DEG–IRGs. Furthermore, the potential therapeutic biomarkers, CD244, S100 calcium-binding
protein P (S100P), and vascular endothelial growth factor C (VEGFC), were identified by random forest approach (RFA), which were
validated in LN mice. These findings provide new evidence and insights for further research on the diagnosis and treatment of LN by
identifying critical genes and their associations with immune infiltration.
Keywords: Immune cells, lupus nephritis (LN), differentially expressed genes (DEGs).

Introduction
Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease that affects various organs and systems in the body. It is
characterized by the presence of immune complexes formed by
antibodies produced by the body itself, which then bind to anti-
gens. One of the affected organs can be the kidneys [1]. Among
the organs affected, the kidneys are particularly vulnerable to
damage due to their highly vascularized nature, leading to the
development of lupus nephritis (LN). The clinical manifesta-
tions of LN resemble those of nephrotic syndrome or chronic
glomerulonephritis, presenting with symptoms, such as edema,
hematuria, proteinuria, hypertension, fever, and rash [2]. In
recent years, the integration of gene sequencing technology and
bioinformatics analysis has gained considerable popularity in
identifying diagnostic and therapeutic biomarkers for diseases.
The application of bioinformatics analysis enables the process-
ing of large sample sizes and rapidly provides valuable insights
into the disease. Consequently, several genes strongly associ-
ated with SLE have been discovered utilizing this approach.
However, the application of bioinformatics analysis to study
kidney tissue in LN is still limited [3–5]. This article aims to
contribute to the identification of new biomarkers in LN, poten-
tially paving the way for the development of effective therapeu-
tic targets in the future.

The strong correlation between immune cell infiltration and
therapeutic and clinical outcomes has been observed in various
diseases, particularly autoimmune diseases. The immune sys-
tem, which consists of the innate and adaptive systems, acts
as the body’s primary defense against harmful microorgan-
isms. The innate system, composed of phagocytes (neutrophils,
macrophages), natural killer (NK) cells, basophils, and other
cells, generates a quick response to invaders. In contrast, the
adaptive system, which includes T cells and B cells, employs
antigen-specific receptors. These receptors undergo multiple
genetic rearrangements during development and establish an
immune memory. NK cells possess characteristics of both
innate and adaptive immune cells [6]. Considering the diverse
cell types participating in the immune response, it becomes
essential to assess the infiltration of immune cells. This eval-
uation aims to determine if variations in the composition of
immune infiltrate can support the development of innovative
immunotherapeutic agents that target these cells. Moreover,
immune cell infiltration plays a crucial role in LN, as it involves
the recruitment of immune cells into the renal tissue in order
to produce cytokines and chemokines, which subsequently con-
tribute to tissue damage [7]. However, our understanding of
immune infiltration in LN remains incomplete. A previous
study analyzed 22 immune cell infiltration features in LN using
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the CIBERSORT database, but it overlooked the significance
of T helper cells and their associated core genes [8]. CD4+
T cells have been observed to significantly infiltrate the kid-
neys of LN patients [9], proliferating and differentiating into
various subpopulations in response to antigenic stimulation.
These distinct subpopulations comprise Th1, Th2, Th9, Th17,
Th22, Tfh, and Treg cells [10], with a particular focus on main-
taining the equilibrium between Th1–Th2 [11] and Th17–Treg
balance [12]. The interaction, between Th17 and Treg cells plays
a vital role in the progression of SLE. Individuals with SLE
often exhibit reduced Treg cell count and impaired functional-
ity, which directly links to increased disease severity in lupus
patients [13]. Given the significance of T helper cells in LN, it
is unreasonable to exclude them from the analysis of immune
cell infiltration in LN kidneys. Moreover, most of the existing
studies have only conducted bioinformatic analysis and have
not been validated through experiments. Therefore, in this
study, we developed a model for LN using key differentially
expressed immune-related genes (IRGs) screened in a database.
The infiltration of 28 immune cells, including Th1, Th2, and
Th17, was then analyzed in LN patients compared to healthy
individuals. Additionally, the relevance of candidate genes to
LN was assessed using the Murphy Roths Large/lymphoprolif-
eration (MRL/lpr) mouse model, and potential biomarkers were
explored for the diagnosis and treatment of LN.

Materials and methods
Gene expression analysis
The RNA-seq data obtained from the Gene Expression Omnibus
(GEO) series were utilized for the identification of differ-
entially expressed genes (DEGs) between healthy individ-
uals and patients with LN. In this study, three datasets
(GSE112943, GSE157293, and GSE175759) were employed. The
GSE112943 dataset contained 14 kidney samples derived from
LN patients, while seven control kidney samples were also
included. The GSE157293 dataset comprised three renal tissues
from LN patients and three healthy renal tissues. The GSE175759
database included kidney samples from three cases of LN and
22 normal kidney samples. In order to minimize the influence
caused by differences in technical and abiotic factors among
these datasets, all of the data were re-normalized using the
ComBat package and evaluated using principal component anal-
ysis (PCA). The DEGs between LN and control groups were fil-
tered using the linear models for the microarray data (LIMMA)
package, employing a cut-off value of Log2|fold change| > 1, and
adjusted P < 0.05. Subsequently, volcano plots and heatmaps
were used for visualization.

Functional enrichment analyses of the identified differential
genes
Protein interactions were analyzed, leveraging the search
tool for recurring instances of neighboring genes (STRING)
database. For the purpose of further exploring the connection
between the DEGs, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses were con-
ducted using the R software.

Detection of IRGs
To acquire IRGs, the Immunology Database and Analysis Portal
(IMMPORT) database (https://www.immport.org) was con-
sulted, with a Venn analysis being carried out to ascertain the
overlap genes between DEGs and IRGs. The intersection genes
between them were considered as DE-IRGs.

Immune infiltration analysis
To assess the distribution of 28 immune cell types within the
kidneys of healthy individuals and LN patients, immune infil-
tration analysis was performed employing single-sample gene
set enrichment analysis (ssGSEA). Moreover, the linear correla-
tion between immune cells and DE-IRGs was assessed utilizing
Pearson correlation analysis.

Construction and assessment of diagnostic models
Random forest approach (RFA) was used to perform variable
selection and determine IRGs for constructing LN monitoring
models. Receiver operating characteristic (ROC) curves were
generated based on the selected biomarkers from both the
training and test sets. And the area under curve (AUC) was
then calculated using the time ROC package in R software. The
Gini coefficient, represented by the Gini index of inequality,
was utilized as the partitioning criterion for the decision tree
nodes in the random forest model. Based on the ranking of the
Gini coefficients, the top 20 genes were selected for further
analysis.

Animals
Twenty female mice, ten with spontaneous SLE MRL/MPJ-Faslpr

mice and ten control C57BL/6J mice, both at the age of eight
weeks, were obtained from Nanjing R Born Biotechnology Co.,
Ltd., in Nanjing, China, under the animal certificate SCXK(Su)-
2020-0009. The C57BL/6J mice are commonly used as a control
for the MRL/MpJ-Faslpr mice [14, 15]. The mice were kept under
specific pathogen-free (SPF) conditions at Chengdu University
of Traditional Chinese Medicine. The room temperature was
carefully maintained at 25 ± 2 °C, with a relative humidity of
65 ± 2%, and a 12-h cycle of light-darkness. After randomizing,
the ordinary maintenance diet was provided to both the control
group and the LN model group for a duration of nine consecutive
weeks.

Measurement of urine protein, creatinine, and albumin
To evaluate the protein and creatinine concentration in urine,
urine samples were obtained using metabolic cages in nine
weeks of administration at 24 h [16, 17]. The collected urine sam-
ples were centrifuged at 3000 g, for 5 min to remove all the par-
ticulates. After nine weeks of administration, we assessed the
urinary protein level (Lot, C035-2-1), urinary creatinine level
(Lot, C011-2-1), and urinary albumin level (Lot, C035-2-1) in
mice. These measurements were conducted using commercially
available kits provided by Nanjing Jiancheng Bioengineering
Institute in Nanjing, China.

Measurement of serum blood urea nitrogen (BUN), creatinine,
and anti-dsDNA
Blood samples were collected from mice by orbital blood
collection [18], and left to clot at room temperature for 1 h.
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The blood samples were then centrifuged at 3000 g for
10 min to collect the serum. Serum was acquired to ascer-
tain indices, and the determination of the anti-double-stranded
DNA (anti-ds DNA) antibody was performed using an ELISA
kit obtained from Shanghai Enzyme-linked Biotechnology Co.
(Lot, ml063514). Cobas C311 (Roche, Basel, Switzerland) was
employed to determine serum BUN and creatinine levels, with
BUN (Lot, 4460715190) and creatinine (Lot, 3263991190) kits
from Roche.

Hematoxylin–eosin (H&E) staining
Mice were anesthetized using 0.1 mL/10 g pentobarbital for
sampling. The kidney tissue underwent paraffin embedding
and was sectioned into 4 μm slices. Following this, the sections
were stained with hematoxylin for a duration of 5 min. In order
to dehydrate the sections, a gradient of 85% and 95% alcohol was
used, each for 5 min. Afterward, the eosin stain was applied for
another 5 min. Once the staining was completed, xylene was
used to achieve transparency of the sections, which were then
blocked using a neutral gel. Microscopic examination, image
capture, and analysis revealed blue nuclei and red cytoplasm.

Periodic acid-Schiff (PAS) staining
The paraffin-embedded kidney tissues were sliced into 4 μm
sections. These sections were then dewaxed in water and
treated with an iodic acid solution for 10 min. After this, Schiff’s
reagent was applied for 30 min. The sections were then washed
with running water and stained with hematoxylin for 3 min,
followed by a 30-s rebluing with ammonia. A final round of
rinsing under running water was performed before proceeding
to the steps of dehydration, clearing, and sealing.

The staining was evaluated by two pathologists using
a blinded method. The presence of glomerular congestion,
leukocyte and monocyte infiltration, and tubular atrophy in
the glomerular, tubular, interstitial, and vascular regions was
evaluated based on methods outlined in previous literature [19].
The severity of these findings was graded as follows: 0 = 0%–5%
staining; 1 = 5%–25% staining; 2 = 25%–50% staining;
3 = 50%–75% staining; 4 ≥ 75% staining.

Quantification RT-PCR
Total kidney RNA was extracted using an RNA-easy isolation
reagent (Lot, R701-01) purchased from Vazyme Biotech Co.,
Ltd., Nanjing, China. The reverse transcription process was
conducted using the ExonScript RT SuperMix with dsDNase
(Lot, A502-02, Exongen Biotech Co., Ltd., Chengdu, China).
qRT-PCR reaction was carried out in a real-time PCR system
(SLAN-96P, HONGSHI) using AceQ qPCR SYBR Green Master
Mix (without ROX) (Lot, Q111-02, Vazyme Biotech Co., Ltd.,
Nanjing, China). Relative expression levels of target mRNAs
were calculated using the 2−ΔΔct method and then normalized.
The primers used in qRT-PCR can be found in Table 1.

Western blotting
Lysis of kidney tissue samples was conducted in the RIPA buffer
containing protease and phosphatase inhibitors (Lot, AR0102S,
Boster Biological Technology, Wuhan, China), followed by incu-
bation on ice for a duration of 30 min. Centrifugation at 12,000 g

Table 1. Primer sequences

Gene Oligonucleotide sequence

S100P Forward 5′-CCTCCCCTGACTTTGCCATT-3′
Reverse 5′-GCAGTGCAGCTGAGATTTGG-3′

CD209 Forward 5′-CTGGCGTAGATCGACTGTGC-3′
Reverse 5′-AGACTCCTTGCTCATGTCAATG-3′

VEGFC Forward 5′-GAGGTCAAGGCTTTTGAAGGC-3′
Reverse 5′-CTGTCCTGGTATTGAGGGTGG-3′

SSTR1 Forward 5′-CTACTGTCTGACTGTGCTTAGTG-3′
Reverse 5′-CACGATGGGCAAGATAACCAG-3′

CRLF3 Forward 5′-AAGCTATTGGATGAGCGATTGG-3′
Reverse 5′-TGACCCCATGCTCTATGAGTT-3′

SDC1 Forward 5′-CTTTGTCACGGCAGACACCTT-3′
Reverse 5′-GACAGAGGTAAAAGCAGTCTCG-3

CD244 Forward 5′-CAGATGCTCAACTGTGGTTTCT-3′
Reverse 5′-ACACTGTTCCGTTTCTGTAGGT-3′

PTPRC Forward 5′-ACCACCAGGTGAATGTCAATTT-3′
Reverse 5′-CTTGCTTTCCCTCGGTTCTTT-3′

CD19 Forward 5′-GGAGGCAATGTTGTGCTGC-3′
Reverse 5′-ACAATCACTAGCAAGATGCCC-3′

ADM Forward 5′-CACCCTGATGTTATTGGGTTCA-3′
Reverse 5′-TTAGCGCCCACTTATTCCACT-3′

JUN Forward 5′-CCTTCTACGACGATGCCCTC-3′
Reverse 5′-GGTTCAAGGTCATGCTCTGTTT-3′

VEGFC: Vascular endothelial growth factor C; SSTR1: Somatostatin
receptor 1; CRLF3: Cytokine receptor-like factor 3; SDC1: Syndecan 1; PTPRC:
Protein tyrosine phosphatase receptor type C; ADM: Adrenomedullin; JUN:
Jun proto-oncogene.

for 10 min at 4 °C was then utilized to collect the supernatant
through SIGMA 3-18KS. Subsequent quantification of protein
levels in the supernatant was achieved via the employment of
the BCA Protein Assay Kit, which was purchased from Mei5
Biotechnology, Co., Ltd. (MF071-01). The tissue lysate was sep-
arated to obtain total protein via the utilization of a 10% and
15% SDS-PAGE gel. Next, the separated protein was transferred
onto a PVDF membrane. To block the membrane, a mixture of
5% skimmed milk in TBST buffer, which was dissolved in one
sachet of TBS powder (Lot, T1086, Wuhan Solarbio Technology
Co., Ltd.) in 1 L of purified water, adding 0.5 mL of tween 20,
was applied at room temperature for 1 h. Later, incubation of
the membrane was facilitated overnight at 4 °C with a diluted
primary antibody. After undergoing a series of five washes with
TBST, incubation with the corresponding secondary antibody
(1:1000) was conducted at room temperature for 1 h. Following
an additional five washes with TBST, chemiluminescence was
initiated through the utilization of a developer solution and
visualized in a gel imager. The immunoblot was then quantified
using Image J software. For more detailed information on the
primary and secondary antibodies, see Table 2.

Immunofluorescence analysis
Kidney tissue sections were subjected to dewaxing in xylene,
followed by dehydration utilizing a gradient ethanol series.
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Table 2. List of primary antibodies for western blotting

Name Host species Reactivity Cat. No. Manufacture

β-actin Mouse H, M GB11001 Servicebio

S100P Rabbit H, M P25815 Zenbio

VEGFC Rabbit H, M, R 251659 Zenbio

CD244 Rabbit H, M, R DF6741 Affinity

Multi-rAb HRP-Goat Anti-Mouse Recombinant Secondary
Antibody (H+L)

Goat M RGAM001 Proteintech

Multi-rAb HRP-Goat Anti-Rabbit Recombinant Secondary
Antibody (H+L)

Goat R RGAR001 Proteintech

VEGFC: Vascular endothelial growth factor C; H: Human; M: Mice; R: Rabbit.

Upon completion of antigen retrieval, incubation with 5%
bovine serum albumin (BSA) (Lot, 4240GR025, German,
BioFROXX) was conducted for a duration of 1 h at 92 °C.
Subsequently, sections were stained with primary antibodies
overnight at 4 °C. Incubation with a secondary antibody, was
then performed, with final staining accomplished through uti-
lization of DAPI (Lot, MBD0015, SIGMA). Stained sections were
further subjected to dehydration, rendering them transparent,
and visualized employing a microscope (FDR-6C, Cossim).
For information about the primary and secondary antibodies
utilized, refer to Table 2.

Analysis of single-cell data
We collected sequencing data from kidney biopsies of
24 patients diagnosed with LN and ten healthy individuals,
which were available publicly at www.immport.org/shared/
study/SDY997. After merging the samples, we constructed
single-cell analysis objects using the Seurat package. To ensure
precise gene expression levels in the cells, we applied the
“min. features” parameter. We also utilized the Uniform
Manifold Approximation and Projection (UMAP) method for
dimensionality reduction.

Ethical statement
Approval for all experimental procedures conducted was
granted by the Ethics Committee of the Affiliated Hospital of
Chengdu University of Traditional Chinese Medicine, with the
designated Approval No. 2022DL-019.

Statistical analysis
The data were expressed as mean ± standard deviation (mean ±
SD) and were analyzed using software version 9 of GraphPad
Prism. To compare statistics, a t-test for independent sam-
ples was performed and adjusted with the Mann–Whitney
rank sum test. Statistical significance was determined as
P < 0.05.

Results
Characterization of differential mRNA in the kidney
After removing the batch effect from three datasets related
to LN (GSE112943, GSE157293, and GSE175759), we compiled

a consolidated database consisting of gene expression profiles
from 20 LN patients and 30 healthy individuals (Figure 1). PCA
was conducted to validate the successful elimination of batch
effects in the three datasets (Figure 2A and 2B). DEGs between
the LN and control groups were then identified using the
LIMMA package, with a cut-off value of Log2|fold change| > 1
and adjusted P < 0.05. A total of 2810 DEGs were identified
across the three datasets, with 1532 upregulated genes and
1278 downregulated genes (Figure 2C). Among the upregulated
genes in the LN group, the top five were SIGLEC1, HSH2D, TRIL,
TAS2R20, and IFITM1, while the top five downregulated genes
in the LN group were FOSB, KLK1, DUSP2, ZFP36, and NR4A1
(Figure 2C). Additionally, there was variability in the expres-
sion of these DEGs between the LN group and the control group
(Figure 2D).

Functional enrichment analysis
We constructed a protein–protein interaction (PPI) network
to examine the interactions between DEGs, which revealed
strong connectivity among the genes (Figure 3A). To further
elucidate the functions and related pathways of DEGs, subse-
quent analysis for GO and KEGG enrichment was conducted.
According to the findings, the DEGs participated in diverse
biological processes, cellular components, and molecular func-
tions. These encompassed the Type I interferon signaling path-
way, nucleoplasm, and interactions with proteins in terms of
binding (Figure 3B). Moreover, the KEGG enrichment analy-
sis showed that the DEGs were predominantly enriched in
the immune system (13.52%) (Figure 3C). Significantly, the
major pathways of their dispersion included the differentia-
tion of Th1 and Th2, Th17 cell differentiation, NOD-like recep-
tor signaling pathway, Toll-like receptor signaling pathway,
the signaling pathway of T cell receptor, C-type lectin receptor
signaling pathway, chemokine signaling pathway, Fc gamma
R-mediated phagocytosis, platelet activation, and the lineage of
hematopoietic cells (Figure 3D).

Immune infiltration analysis
To explore the IRGs in LN, we conducted a comprehensive anal-
ysis of a dataset comprising 2810 DEGs and 1793 genes asso-
ciated with immunity. The findings, illustrated in Figure 4A,
revealed the presence of 226 shared genes among them. We
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Figure 1. Normalization of raw data. Box plots of the expression levels of LN patients and control mRNAs before normalization (A, C, E) and after
normalization (B, D, F) were plotted using the ComBat algorithm. The data were obtained from GSE112943, GSE157293, and GSE175759. LN: Lupus nephritis.

therefore investigated the relationship between these 226 genes
and the infiltration of immune cells in specimens from LN
patients and normal people. The immune infiltration analysis
revealed significant differences in 12 immune cell subpopula-
tions between the normal and LN groups. Specifically, patients
with LN exhibited increased infiltration of effector memory
CD4+ T cells, effector memory CD8+ T cells, Gamma delta
T cells, myeloid-derived suppressor cells (MDSCs), follicular
helper T cells, Th1 cells, and Th2 cells (P < 0.05). Conversely,
a reduction in eosinophil, NK cell, neutrophil, and regulatory
T cell infiltration was observed in patients with LN (P < 0.05)
(Figure 4B and 4C).

Determination of 20 key renal DE-IRGs in LN and construction
of an immunodiagnostic model
In order to further investigate the significance of key renal
DE-IRGs in LN, the ranking of these genes based on their impor-
tance was determined through RFA. A set of 20 genes was col-
lected through RFA to construct a diagnostic model for LN, and
the efficiency of the identified genes was evaluated through an
ROC curve, AUC = 1.00 (Figure 5A and 5B). The importance of
the 20 selected genes was then assessed utilizing the Gini index,
where a larger Gini index indicates greater gene importance
(Figure 5C). Out of the 20 selected genes, S100 calcium-binding
protein P (S100P), CD209 Molecule (CD209), Interleukin-27
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Figure 2. Identification of DEGs. (A) PCA clustering plot of GSE112943, GSE157293, and GSE175759 before batch effects were removed; (B) PCA clustering
plot showing that the batch effects were removed; (C) Volcano plots of DEGs between LNs and controls; (D) Heatmap of LNs with the first 40 DEGs from
healthy samples. Red: Upregulation; Blue: Downregulation; LN: Lupus nephritis; DEGs: Differentially expressed genes; PCA: Principal component analysis.

Receptor Subunit Alpha (IL27RA), Chitinase 1(CHIT1), Secretory
Leukocyte Peptidase Inhibitor (SLPI), Cytokine Receptor-Like
Factor 3 (CRLF3), CD244 Molecule (CD244), Matrix Metal-
lopeptidase 9 (MMP9), Protein Tyrosine Phosphatase Recep-
tor Type C (PTPRC), and CD19 Molecule (CD19) genes were
upregulated (P < 0.05), while vascular endothelial growth
factor C (VEGFC), Pro-Platelet Basic Protein (PPBP), and Jun
Proto-Oncogene (JUN) genes were downregulated (P < 0.05)
(Figure 5D). In order to analyze the correlation between the
expression of immune cells and DE-IRGs in LN, we con-
ducted a study investigating the role of immune factors
in the diagnosis and pathological mechanisms of LN. As
illustrated in Figure 5E, we observed an increase in S100P
expression in Type 2 T helper cells, MDSC, T follicular
helper cells, effector memory CD8+ T cells, and gamma delta
T cells, while a decrease was observed in eosinophils and
NK cells.

Verification of 20 differential genes between LN and control
group in vivo
We confirmed our hypothesis by utilizing the MRL/MPJ-Faslpr

mouse model of spontaneous LN, and the C57BL/6J mouse as the
control group. In week 17 of our study, we observed a significant
increase in urinary protein and albumin levels in the LN group,
while urinary creatinine levels decreased (Figure 6A–6C). The
LN group also showed elevated levels of serum creatinine, urea

nitrogen, and anti-dsDNA (Figure 6D–6F). Notably, HE and PAS
staining revealed glomerular swelling, increasing epithelial cell
proliferation in the glomerular capsule wall layer, the accu-
mulation of layers, the formation of crescent-shaped vesicles
around the capillary plexus, renal tubular atrophy, and an ele-
vated perivascular lymphocytic infiltration in the LN group
in comparison to the control group. Additionally, there was
an augmented proliferation of glomerular mesangial cells and
collagen deposition in the LN group (Figure 6G–6J, P < 0.01).
These findings provide strong evidence supporting the success-
ful establishment of the LN mouse model.

In order to authenticate our findings, mouse kidney total
mRNA was extracted and analyzed. The results indicated that
in the LN group, CD244 exhibited significantly higher lev-
els compared to the control group (P < 0.0001) (Figure 7A),
and S100P level was increased in the LN group (P < 0.05)
(Figure 7B), while VEGFC was significantly decreased in the LN
group (P < 0.01) (Figure 7C), which correspond to the preceding
results (Figure 5C). However, there were no significant differ-
ences in the expression levels of Adrenomedullin (ADM), CD19,
CRLF3, JUN, PTPRC, Syndecan 1 (SDC1), Somatostatin Receptor 1
(SSTR1), and signal transducer and activator of transcription 1
(STAT1) between the two groups (P > 0.05) (Figure 7D–7K). To
verify the expression of CD244, VEGFC, and S100P in the kidney,
western blotting and immunofluorescence assays were con-
ducted. The study uncovered that CD244 and S100P exhibited
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Figure 3. Functional enrichment analysis. (A) PPI network was constructed to reveal the interactions between different genes at the protein level; (B) GO
analysis bar graph showed the enrichment of DEGs in biological process, cellular components, and molecular function processes in the enrichment of
DEGs; (C and D) KEGG analysis plot shows that differential genes concentrate on the immune system, focusing on ten immune-related signal pathways.
DEGs: Differentially expressed genes; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; PPI: Protein–protein interaction.

notably elevated levels in the kidneys of LN mice in comparison
to the control group. Furthermore, there was a decrease in the
expression of VEGFC in the LN mice (Figures 8 and 9). These
results suggest that CD244, S100P, and VEGFC may serve as
potential biomarkers for LN.

Distribution of CD244, S100P, and VEGFC in cells
The distribution of CD244, S100P, and VEGFC in different cell
populations of the kidneys of LN patients was analyzed using
single-cell sequencing data from the IMMOPRT database. Spa-
tial dimensionality reduction clustering was performed using
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Figure 4. Immune-related genes and corresponding immune cell subpopulations. (A) Venn diagram of 226 DE-IRGs in LN; (B) Showing the changes of
28 major immune cells in LN; (C) Box plot of the difference in enrichment scores of the above immune cells between the LN group (red) and the control
group (blue). *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001. Ns: No significant; LN: Lupus nephritis.

the UMAP algorithm. The analysis revealed that CD244 was
found to be distributed in myeloid, B cells, and NK cells, with
a notable presence in T cells (Figure 10A and 10C). Conversely,
S100P was mainly distributed in NK cells and myeloid cells
(Figure 10B). VEGFC was not detected in these cells, potentially
attributable to the low secretion level of VEGFC or the limited

amount of data from this single-cell sequencing. Further anal-
ysis of T cells showed that CD244 was mainly distributed in
CD8+ T cells, with a slightly lower distribution in CD4+ T cells
(Figure 10D and 10E). Consistent with the results in Figure 10C,
S100P was only detected in NK cells and myeloid cells, but not in
T cells.
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Figure 5. Establishment and testing of gene diagnostic models. (A and B) 20 DE - IRGs were identified as biomarkers by the RF method. ROC curves were
evaluated for the diagnostic effects of the 20 genes; (C) The importance of the 20 selected genes was then assessed using the Gini index; (D and E) Heatmap
plot showing the correlation of the 20 identified genes with 28 immune cells. Red: Upregulated; Blue: Downregulated. *P value < 0.05, **P value < 0.01,
***P value < 0.001, ****P value < 0.0001. IRGs: Immune-related genes; ROC: Receiver operating characteristic.

To further verify the distribution of CD244 and S100P in
cells, fluorescence staining was performed in mouse kidney
(Figures 10–12). Higher CD244 expression was observed in
T cells (CD244+CD3+), B cells (CD244+CD20+), myeloid cells
(CD244+CD11b+), and NK cells (CD244+CD56+) in the kidneys
of mice in the model group compared to the control group
(Figures 10F–10I and 11A–11D, P < 0.05). Additionally, S100P
expression showed an increase in NK cells (S100P+CD56+) and
myeloid cells (S100P+CD11b+) (Figure 12A–12D, P < 0.05), but
not in T cells (S100P+CD3+) and B cells (S100P+CD20+) in
the model group (Figure 11E–11H). These findings were consis-
tent with the results of single-cell sequencing analysis. Given
that CD244 expression was identified in both CD4+ T and
CD8+ T cells in the single-cell sequencing results, analysis of
CD244 expression in CD4 T cells (CD244+CD4+) and CD8 cells
(CD244+CD8+) was conducted in mouse kidneys. As shown in
Figure 12E–12H, CD244 expression was found to be increased in
the kidneys of mice in the model group compared to the control
group. This increase was detected in both CD4+ T and CD8+
T cells.

Discussion
LN is currently categorized as an autoimmune disease with
a complex progression. It commonly leads to the disruption
of B-cell tolerance, the release of autoantibodies, and persis-
tent kidney inflammation [13]. Infection, particularly when
hormones and immunosuppressive medications are used, sig-
nificantly influences the prognosis of LN. These medications
weaken humoral and cellular immunity, increasing the like-
lihood of infections. LN is a leading cause of end-stage renal
disease (ESRD) and the most common secondary glomerular
disease [20]. Approximately 20% of patients progress to ESRD
within a decade of diagnosis, making LN a significant con-
cern in public health. The key focus in the pathogenesis of
LN lies in targeting immune pathways due to its unfavor-
able prognosis [13]. The identified targets in LN are mainly
directed against B and T cells, complement activation, signaling
pathways, proinflammatory cytokines, and neutrophils [20].
However, these immunosuppressive agents have significant
short- and long-term toxicity. Therefore, it is important to
search for new targets that can provide safer and more effective
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Figure 6. Establishment of LN mouse model. (A–C) Urinary protein and urinary albumin were significantly increased in the LN group compared to the
control group, while urinary creatinine was significantly decreased; (D–F) Serum levels of creatinine, urea nitrogen, and anti-dsDNA were significantly
elevated in the LN group of mice; (G) H&E staining and PAS staining; (H) Glomerular score; (I) Tubular score; (J) Perivascular score. 200 ×, bar = 100 μm.
Black arrows indicate crescents, red arrows indicate lymphocytic infiltration. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001.
n = 10 per group. LN: Lupus nephritis; PAS: Periodic acid-Schiff; H&E: Hematoxylin–eosin.
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Figure 7. Relative mRNA expression levels of CD244 (A), S100P (B), VEGFC (C), ADM (D), CD19 (E), CRLF3 (F), JUN (G), PTPRC (H), SDC1 (I), SSTR1
(J), and STAT1 (K) were determined by RT-qPCR. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001. n = 10 per group. S100P:
S100 calcium binding protein P; VEGFC: Vascular endothelial growth factor C; ADM: Adrenomedullin; CRLF3: Cytokine receptor-like factor 3; JUN: Jun proto-
oncogene; PTPRC: Protein tyrosine phosphatase receptor type C; SDC1: Syndecan 1; SSTR1: Somatostatin receptor 1; STAT1: Signal transducer and activator
of transcription 1.

options for clinical treatment. An emerging approach to inves-
tigate the immunology of LN is continuous screening of new
potential therapeutic targets through bioinformatics studies.
Bioinformatics is commonly used for screening targets in var-
ious illnesses, including oncological diseases. Initially, immune
infiltration analysis was used in these diseases [21]. This method

is also being used in immune diseases, including LN. How-
ever, there is currently limited literature on the analysis of
immune infiltration in LN. A previous study analyzed the infil-
tration of 22 types of immune cells in the kidneys of patients
with LN using CIBERSORT. But it excluded the three types
of T helper cells (Th1, Th2, and Th17) that play significant
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Figure 8. Immunofluorescence reveals levels of CD244, S100P, and VEGFC in the kidney. (A) CD244 (B) S100P (C) VEGFC. 200×, bar = 50 μm.
*P value < 0.05, **P value < 0.01, ***P value < 0.001. n = 5 per group. S100P: S100 calcium binding protein P; VEGFC: Vascular endothelial growth
factor C.

roles in LN [8]. A similar problem was observed in a study on
SLE bioinformatics [22]. Therefore, it is crucial to clarify the
involvement of these T helper cells in order to understand the
pathogenesis of LN. In contrast, our study used R software’s
ssGESA method to analyze the infiltration of 28 immune cells
within the samples and their correlation with the screened
IRG-DEGs. Importantly, unlike the previous study, we also
established an animal model to verify the reliability of the bioin-
formatic analysis in vivo [23].

In this study, we included gene expression profiling sam-
ples from 20 LN patients and 30 healthy individuals. Using the

LIMMA package, we identified 2810 differential genes between
LN and healthy individuals. The GO enrichment analysis
showed that the differential genes were mainly enriched in
a variety of biological processes, cellular components, and
molecular functions. Notably, the type I interferon signaling
pathway, nucleoplasmic, and protein binding were particu-
larly enriched, highlighting the significance of Th cells. Addi-
tionally, the KEGG enrichment analysis showed that the DEGs
were mainly enriched in the immune system, which mainly
includes the differentiation of Th cell pathways. Th differ-
entiation, including Th1, Th2, and Th17 differentiation, has
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Figure 9. Western Blotting reveals levels of CD244, S100P and VEGFC in the kidney. (A) Protein level of CD244, S100P and VEGFC in the kidney;
(B) Gray scale analysis of S100P; (C) Gray scale analysis of VEGFC; (D) Gray scale analysis of CD244. ***P value < 0.001. n = 7 per group. S100P: S100
calcium binding protein P; VEGFC: Vascular endothelial growth factor C.

been shown to play a crucial role in the development of LN
disease [24]. There is currently an ongoing debate regarding the
dominance of Th1/Th2, with evidence supporting both perspec-
tives. Th1 dominance is linked to IFN-γ production, leading to
macrophage activation and exacerbation of the inflammatory
response [25]. In contrast, in individuals with SLE, the entry
of Th2 lymphocytes suppresses the secretion of Th1 lympho-
cytes, substantiating the theory of a prevailing “Th2-mediated”
immune response [11]. Furthermore, Th17 cells, which produce
IL-17, are also believed to play a central role in the progression
of T cell-mediated disease [26]. We conducted a single-sample
genomic enrichment analysis to assess the distribution of 28
immune cell types in the kidneys of healthy individuals and LN
patients. The results revealed increased infiltration of effector
memory CD4+ T cells, follicular helper T cells, Th1 cells, and Th2
cells in LN patients [27].

Twenty DE-IRGs were then screened using RFA in the kid-
neys of LN patients to establish a prognostic model of LN. In
our study, we used the MRL/lpr spontaneous LN mouse model
and C57BL/6J mice as controls. Total mRNA from mouse kidneys
was extracted, and the analysis revealed a notable increase in
CD244 and S100P levels in the LN group (P < 0.05), whereas
VEGFC levels were significantly decreased (P < 0.05). Subse-
quently, to confirm the expression of CD244, S100P, and VEGFC
in the kidneys, we conducted western blotting and immunoflu-
orescence experiments.

CD244, also known as SLAMF4, is a transmembrane pro-
tein found in various immune cells, including NK cells, T cells,
and other immune cell types. It is an important receptor

on the cell surface belonging to the signaling lymphocyte
activation molecule (SLAM) family, playing a role in immune
regulation [28]. Engaging in delivering either stimulatory or
inhibitory signals, CD244 actively controls numerous immune
reactions occurring in NK cells, CD8+ T cells, and other
immune cell populations [29]. In the context of autoimmune
diseases, CD244/CD48 co-stimulatory signals are primarily
involved in regulating immune cell functions and influencing
episodes of autoimmune disease. In SLE, the cell surface pro-
tein SLAMF4 is downregulated, leading to a suppression of
CD8+ T cells’ ability to respond to antigenic stimuli [30]. In
patients with active tuberculosis, the cross-linking activation
of the CD244/2B4 signaling pathway inhibits the production of
IFN-γ, possibly due to its inhibitory effect on Mycobacterium
tuberculosis antigen-specific CD4+ T cell function [31]. These
findings suggest that CD244 may contribute to lupus-associated
autoimmunity [32]. Previous studies have mainly focused on
examining CD244 expression in CD8+ T cells. Nevertheless, our
analysis of single-cell sequencing data has revealed a significant
expression of CD244 in CD4+ T cells as well. Considering the
markedly higher expression of CD244 in the kidneys of the LN
group in comparison to the control group, it is worth explor-
ing the potential involvement of CD244+CD4+ T cells in the
development of LN. Nevertheless, more research is necessary
to determine if targeting CD244 could be an effective approach
for treating LN.

S100P belongs to the group of proteins called S100, which
play a role in controlling cellular processes such as cell cycle
progression and differentiation. While initially discovered in
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Figure 10. Single-cell sequencing and immunofluorescence validation. (A) The distribution of T cells, B cells, NK cells, and monocyte macrophages in
the kidney; (B) Distribution of CD244 in each cell population; (C) The distribution of S100P in each cell population; (D) The distribution of CD4+ T cells and
CD8+ T cells in the kidney; (E) The distribution of CD244 in the cell populations; (F–G) Relative fluorescence of CD244+CD3+; (H–I) Relative fluorescence
of CD244+CD20+. 200 ×, bar = 50 μm. *P value < 0.05, **P value < 0.01, ***P value < 0.001. n = 5 per group. S100P: S100 calcium binding protein P;
NK: Natural killer.
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Figure 11. Immunofluorescence reveals levels of CD244/CD11b, CD244/CD56, S100P/CD3 and S100P/CD20 in the kidney. (A and B) Relative
fluorescence of CD244+CD11b+; (C and D) Relative fluorescence of CD244+CD56+; (E and F) Relative fluorescence of S100P+CD3+; (G and H) Relative
fluorescence of S100P+CD20+. 200 ×, bar = 50 μm.*P value < 0.05, **P value < 0.01, ***P value < 0.001. n = 5 per group. S100P: S100 calcium binding
protein P.
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Figure 12. Immunofluorescence reveals levels of S100P/CD56, S100P/CD11b, CD244/CD4, and CD244/CD8 in the kidney. (A and B) Relative
fluorescence of S100P+CD56+; (C and D) Relative fluorescence of S100P+CD11b+; (E and F) Relative fluorescence of CD244+CD4+; (G and H) Relative
fluorescence of CD244+CD8+. 200 ×, bar = 50 μm. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.001. n = 5 per group. S100P:
S100 calcium binding protein P.
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the placenta, it has been found to be widely expressed in various
internal organs [33]. In certain in vitro studies, IL-11 has been
shown to interact with S100P to induce T-cell and macrophage
polarization under physiologically relevant conditions [34].
However, the exact mechanisms of action for these two proteins
in vivo are currently unknown. This study suggests that in
LN, S100P and IL-11 may collaborate to exacerbate inflamma-
tion by promoting the differentiation of CD4+ T cells into Th17
cells [35].

Vascular endothelial growth factor (VEGF) is an impor-
tant growth factor that plays a role in angiogenesis. It has
various effects on endothelial cells, including promoting cell
growth, preventing cell death, increasing vascular permeabil-
ity, and promoting cell migration. VEGFC, a subtype of VEGF,
plays a role in these processes [36]. Research has revealed that
VEGFC participates in the development and maintenance of
lymphatic vessels by activating VEGFR3 [37]. Additionally, it
has been shown to stimulate the migration of macrophages
and lymphocytes in the cancer microenvironment. A recent
study using mouse models has revealed that VEGFC activates
the CCL21/CCR7 signaling pathway, which promotes the acti-
vation and recruitment of naïve T cells to the tumor [38]. In
autoimmune diseases, VEGFC has shown a positive correlation
with inflammatory cytokines, indicating a potential role in pro-
moting inflammatory activation in autoimmune or autoinflam-
matory diseases [39]. These findings suggest that VEGFC may
also be involved in similar processes in LN.

Previous studies have identified a range of prognostic mark-
ers for LN, including traditional biomarkers, such as protein-
uria and serum C3, as well as emerging markers like serum
primary ANCA-associated vasculitis (ANCA), urinary ALCAM,
and indicators from renal biopsies, such as arteriolar C4d depo-
sition, interstitial fibrosis, and tubular atrophy (IFTA) [40].
However, novel biomarkers based on renal tissues are proving
to be promising prognostic tools that may have an important
role in the long-term prognosis of long-term LN disease. It
is reasonable to assume that CD244, S100P, and VEGFC play
an important role in the prognosis of LN and are expected to
be prognostic. The next step will be to conduct studies with
sufficient clinical samples to clarify the clinical evidence for
these biomarkers in LN patients. Notably, all three of these
biomarkers are specific to the kidneys. Given the complexity of
LN, considering all three markers together may better capture
the full range of its characteristics. However, it is important to
note that these biomarkers can only be assessed through renal
biopsy, which is more invasive and potentially damaging than
conventional biomarkers.

Our research investigated the correlation between immune
cell expression and DE-IRGs in LN. The findings revealed a
robust connection between immune cells and S100P, CD244, as
well as VEGFC. These findings suggest that CD244, S100P, and
VEGFC could potentially be used as biomarkers for LN, either
individually or in combination. The current study could serve as
a pilot for a further validation study. Nevertheless, it is crucial
to acknowledge the restrictions of our investigation. To begin
with, our study was conducted retrospectively, which means
that it did not offer novel clinical insights. Additionally, the

sample size was relatively small. A larger, prospective study is
necessary to validate these biomarkers and the infiltration of
immune cells in LN.

Conclusion
S100P, VEGFC, and CD244 may serve as novel molecular mark-
ers for LN, suggesting potential benefits in its treatment.
Furthermore, the role of Th1, Th2, and follicular helper T cells,
along with CD4+ T cells, in the progression of LN has been
recognized. By targeting these immune cells and biomarkers,
immunotherapy offers a promising avenue for LN patients.
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