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Abstract
Background  Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis globally 
and a major cause of renal failure. Immune dysregulation drives its pathogenesis. This study identifies novel genes as 
potential diagnostic and therapeutic targets, elucidating immune mechanisms in IgAN.

Methods  Immune cell infiltration analysis was conducted to explore the abnormal regulation of immune cells in 
IgAN. Weighted gene co-expression network analysis (WGCNA) was integrated with protein-protein interaction (PPI) 
analysis to identify hub genes associated with dendritic cells (DCs) in IgAN. Receiver operating characteristic (ROC) 
curve analysis and machine learning algorithms were employed to screen for DC-related diagnostic biomarkers from 
the dataset. Multiple bioinformatics methods were utilized to reveal shared molecular pathways. The findings were 
further validated through in vivo and vitro intervention experiments.

Results  WGCNA, Cytoscape, and three machine learning models collectively identified hub genes (IKZF1, MPEG1, 
CCR2, CCR5, and CCR7) that are significantly associated with DC immunity. Among these, IKZF1 was pinpointed 
as a key hub gene and a potential diagnostic biomarker for DC-related immune responses. Gene Ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and gene set enrichment analysis (GSEA) 
further revealed substantial differences in the biological processes, signaling pathways, and immune characteristics 
of DCs. RT-qPCR and immunofluorescence analyses confirmed enhanced infiltration of IKZF1+ DCs in the tissues 
of both IgAN mice and anti-Thy1 nephritis rats. Mechanistically, IKZF1 promotes inflammation by mediating the 
production of pro-inflammatory factors and enhancing antigen presentation in DCs; this effect can be mitigated by 
siIKZF1 or lenalidomide treatment under LPS-induced inflammatory conditions in vitro. Consistently, treatment with 
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Background
Immunoglobulin A nephropathy (IgAN) is the most 
common primary glomerulonephritis worldwide and 
is the leading cause of kidney failure. Up to 20-40% of 
adult patients with IgAN develop end stage renal dis-
ease within 10 to 20 years after diagnosis [1, 2]. Severe 
glomerulosclerosis and chronic tubulointerstitial changes 
are believed to be the strongest histopathological risk 
factors for a poor prognosis in patients with IgAN [3].

Recent reports have identified IgAN as an autoim-
mune disease and a multi-hit hypothesis has been pro-
posed to elucidate its pathogenesis [4]. The pathogenesis 
and progression of IgAN are significantly influenced by 
both innate and adaptive immunity [5]. The deposition of 
immune complexes triggers the production of inflamma-
tory mediators by glomerular mesangial cells and podo-
cytes, establishing an inflammatory microenvironment 
[6]. Subsequently, immune cells (such as macrophages, 
dendritic cells (DCs), and T cells aggregate in local glom-
eruli and glomeruli of the proximal nephrons, driving 
disease progression [7]. Importantly, immune cell infil-
tration in the renal tubulointerstitium has been identified 
as a significant factor contributing to poor clinical out-
comes in adult IgAN patients [8, 9]. CD68+ macrophage 
aggregation and CD3+ or CD8+ lymphocyte infiltration 
are considered predictive markers for the progression of 
IgAN [7]. Tissue-infiltrating B cells secrete proinflam-
matory cytokines, chemokines, and immunoglobulins, 
which recruit additional lymphocytes and activate resi-
dent renal cells, exacerbating renal inflammation and 
contributing to renal fibrosis and functional decline [10]. 
The prevailing belief is that IgAN is an immune-related 
disease, and that DCs collectively contribute to the 
pathogenesis of the disease and play a pivotal role in its 
progression.

DCs can express various co-stimulatory molecules, 
cytokines, and chemokines that exert their effects on 
both innate immune cells and renal parenchymal cells, 
thereby inducing adaptive immunity through antigen 
presentation to T cells [11, 12]. Multiple studies have 
consistently demonstrated the pathogenic role of DCs in 
various kidney diseases, such as experimental nephro-
toxic nephritis, glomerulonephritis, and lupus nephritis, 
thereby underscoring the critical involvement of DCs in 
the initiation and progression of renal diseases.

This study identifies DC-related hub genes in the set-
ting of IgAN using weighted gene co-expression network 
analysis (WGCNA) and machine learning. A previ-
ously uploaded dataset, GSE175759 [13] from the Gene 
Expression Omnibus (GEO) database, was analyzed 
to determine common differentially-expressed genes 
(DEGs) and hub genes between high and low DC envi-
ronments. The diagnostic value of these genes for IgAN 
was evaluated using machine learning algorithms and 
receiver operating characteristic (ROC) curve analysis. 
The findings were validated through GEO datasets and 
real-time quantitative PCR (RT-qPCR) in an IgAN mouse 
model. We identified three small-molecule inhibitors or 
agonists that effectively modulate the expression of these 
signature genes. Our results highlight IKZF1, a criti-
cal gene expressed by DCs, which plays a pivotal role in 
IgAN progression. This discovery could guide personal-
ized diagnosis and treatment strategies for IgAN.

Methods
Data pre-processing and differential expression genes 
analysis
GSE175759 was downloaded from the GEO database (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​d​s​/​t​e​r​m​=) using the R 
package GEOquery. The dataset contains 46 IgAN sam-
ples and 22 control samples. GSE175759 dataset, which 
is based on GPL16791. Principal component analysis 
(PCA) was performed using the “ggplot2” package. The 
R language “limma conductor” software package was 
used to perform differential gene analysis. This involved 
utilizing the “lmFit” function for linear modeling and the 
“eBayes” function for empirical Bayes statistics. The cri-
teria of |log2FC|>1, P < 0.05 was used to screen DEGs. 
The results were visualized in volcano plots based on the 
“ggplot 2” package, while gene matrix heat maps were 
drawn using the “Complex Heatmap” package.

Immune cell infiltration analysis by CIBERSORT
The web tool CIBERSORT (​h​t​t​p​​:​/​/​​C​I​B​E​​R​S​​O​R​T​​.​s​t​​a​n​f​o​​
r​d​​.​e​d​u​/) was used to calculate immune cell infiltration 
and explore the immune microenvironment of the dis-
ease. CIBERSORT is a common method for calculating 
immune cell infiltration and estimates the abundance of 
immune cells by deconvoluting the expression matrix of 
immune cell subtypes based on the principle of linear 
support vector regression. The immune cell infiltration of 

lenalidomide, a molecular degrader of IKZF1, in anti-Thy1 nephritis models effectively alleviated renal damage and 
reduced inflammatory cell infiltration.

Conclusions  This study delineated key patterns of immune cell infiltration in IgAN and identified diagnostic 
biomarkers associated with DCs, offering valuable insights into the potential therapeutic targeting of IKZF1+ DCs.

Keywords  Computational biology, Dendritic cells, Immunoglobulin A nephropathy, IKZF1, Biomarkers
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each sample was calculated using CIBERSORT, and the 
differences of the abundance of immune cells between 
the two groups was compared using a Wilcoxon rank 
sum test, with the screening criterion of P < 0.05. Visual 
analysis was conducted using the “ggplot2” package.

Weighted gene co-expression network analysis
WGCNA was conducted according to previously-
described methods [14]. WGCNA was used to analyze 
the co-expression modules and key genes related to 
immune cell subsets [14–20]. The parameters were set as 
follows: R2 = 0.9 and soft-threshold β = 6. Subsequently, 
the adjacency matrix was transformed into a topologi-
cal overlap matrix. A dendrogram was constructed using 
hierarchical clustering to calculate correlations. Modules 
were identified using hierarchical clustering (minimum 
module size = 30). The gene significance, which quanti-
fies the associations of individual genes with the trait of 
interest, and module membership, which acted as the 
correlation between the module eigengene and the gene 
expression profiles, were calculated. The core genes in 
the module were filtered using a gene significance > 0.5 
and a module membership > 0.8.

DCs-associated genes analysis
IgAN patients was stratified into two groups based on 
the median level of infiltrating, namely, high- and low-
abundance of DCs. The R language “limma conductor” 
software package was used to analyze the differential 
genes between the two groups of sequencing data, using 
the screening criteria of |log2FC|>1 and P < 0.05. To fur-
ther analyze the differential expression of DCs-associated 
genes in IgAN, the R software package “VennDiagram” 
was used to display the intersecting genes in the form of 
a Venn diagram.

Gene ontology (GO) functional enrichment and Kyoto 
encyclopedia of genes and genomes (KEGG) enrichment 
analysis
An enrichment analysis of the intersecting genes was 
performed using the R package ‘clusterProfiler’ to obtain 
the gene set enrichment results. The minimum gene set 
five genes and the maximum gene set was 5,000 genes. 
An adjusted P value < 0.05 was considered statistically 
significant.

Protein-protein interaction network (PPI)
The target genes were entered into the String platform 
(https://string-db.org/) to retrieve their reciprocal ​r​e​l​a​t​i​o​
n​s​h​i​p​s​. The organism was set as Homo sapiens, and Cyto-
scape 3.9.0 software was used to visualize the protein-
protein interaction (PPI) network. Overlapping targets 
were also entered into the STRING website to obtain the 
PPI and Tab Separated Values (TSV) files of the protein 

interaction network. The downloaded TSV file imported 
into Cytoscape 3.7.2 software for visualization and screen 
for the core target with the maximum degree value.

Screening target genes using machine learning analysis
The Least Absolute Shrinkage and Selector Operation 
(LASSO), Support Vector Machines (SVMs) algorithms 
and random forest algorithms were utilized in DEGs 
between DC_high and DC_low to screen the DCs-associ-
ated pivot gene. LASSO is a regression analysis algorithm 
that uses regularization to improve prediction accuracy. 
The LASSO analysis was undertaken using “glmnet” 
R package which the response type was set as binomial 
and the alpha was set as 1. SVM is a supervised machine 
learning technique widely used for classification and 
regression analysis. To avoid overfitting, the RFE algo-
rithm is used to select the best genes from the metadata 
queue. To identify the set of genes with the highest dis-
criminative power, SVM was applied to select the appro-
priate features. The SVM was performed using “e1071” 
“kernlab” and “caret” R package. The value of the vari-
able corresponding to the minimum root mean square 
error (RMSE) represented the number of candidate genes 
screened. Random forest algorithm is a method with fast 
training speed and strong anti-overfitting ability, widely 
used in data preprocessing, classification prediction, and 
other fields. Random Forest was applied by the R package 
“randomForest”. Finally, the overlapping genes obtained 
from the three algorithms were used as target genes.

ROC curves of key genes and differential expression 
analysis
The transcriptome data of the hub genes in diseased and 
normal tissues were extracted, the ROC curve was ana-
lyzed using the “pROC” software package in R software, 
and the area under the ROC curve (AUC) was calculated 
to evaluate the clinical efficacy of the hub gene in predict-
ing the presence of disease. The differential expression of 
intersecting genes at the transcriptional level was then 
analyzed using a two-sample t-test.

Gene set enrichment analysis of key genes (GSEA)
In this section, IgAN patients was stratified into two 
groups based on median expression level of IKAROS 
(IKZF1) and macrophage-expressed gene 1 (MPEG1), 
namely high and low expression groups. The “DESeq2” 
package was employed to identify DEGs. After identify-
ing DEGs, we used the c2.cp.kegg.v7.4.symbols.gmt gene 
set from the MsigDB database of the GSEA (​h​t​t​p​​s​:​/​​/​w​w​w​​
.​g​​s​e​a​​-​m​s​​i​g​d​b​​.​o​​r​g​/​g​s​e​a​/​i​n​d​e​x​.​j​s​p) website as the reference 
gene set, the potential effect pathway of the intersecting 
genes was analyzed using the default weighted enrich-
ment statistical method. The screening criteria were set 
as follows: absolute number of standardized enrichment 

https://string-db.org/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
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scores |NES| >1, (False discovery rate) FDR < 0.25 and P 
value < 0.05 [17, 20, 21].

Correlation analysis
The correlation between key genes and DCs abundance 
was calculated using Spearman statistical analysis and 
visualized using the “ggplot2” package.

Construction of miRNA-mRNA networks for Pivot genes
The miRNAs of the pivot genes were predicted using 
miRanda (​h​t​t​p​​:​/​/​​w​w​w​.​​m​i​​c​r​o​​r​n​a​​.​o​r​g​​/​m​​i​c​r​o​r​n​a​/​h​o​m​e​.​d​o), 
miRDB (https://mirdb.org), and TargetScan ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​t​a​r​g​e​t​s​c​a​n​.​o​r​g​​​​​) databases. To improve the accuracy of 
the predictions, only the miRNAs predicted by all three 
databases were retained in the analyses.

Animals
Female Balb/C mice (20 ± 2 g, 6 weeks old) and male Wis-
tar rats (200–220 g, 6–8 weeks) were purchased from SPF 
(Beijing, China) Biotechnology Co. This experimental 
research plan has been approved by the Animal Ethics 
Committee of the PLA General Hospital before the start 
of the experiment. All of the animal care and experimen-
tal procedures complied with the guidelines for the Care 
and Use of Laboratory Animals published by the United 
States National Institutes of Health (NIH publication, 
2011 Revision). The experiments were conducted in com-
pliance with the ARRIVE guidelines and the EU Directive 
2010/63/EU for animal research. The sample size calcula-
tion was based on the resource equation method [22].

Blood was collected for serum creatinine (SCR) and 
blood urea nitrogen (BUN) using a Creatinine Assay Kit 
(C011-2-1) and Urea Assay Kit (C013-2-1) by Nanjing 
Jiancheng Bioengineering Institute. The levels of urine 
albumin creatinine ratio (UACR) was detected using 
commercial kits (C035-2-1, Nanjing Jiancheng, China).

Construction of an IgAN mouse models
Female Balb/C mice (20 ± 2  g, 6 weeks old) were pur-
chased from SPF (Beijing, China) Biotechnology Co. All 
mice were fed in an environment with constant tem-
perature (20℃), humidity (70%) and alternating day and 
night. The IgAN mouse model was induced as previously 
described [23, 24]. Bovine serum albumin (Sigma, USA) 
in acidified water (800  mg/kg body weight) was admin-
istered by gavage every other day. Carbon tetrachloride 
was dissolved in castor oil (1:5; 0.1 mL) and injected 
subcutaneously weekly and intraperitoneally (0.08 mL) 
biweekly. At 6th and 8th weeks, lipopolysaccharide 
(Sigma, USA) (50 µg) was injected through the tail vein. 
The IgAN mouse model was established at the end of 
the 11th week. During the process, IgA deposition in the 
glomeruli was assessed through direct immunofluores-
cence to evaluate the establishment of the model. Blood, 

twenty-four-hour urine samples, and renal tissues were 
then carefully collected for subsequent experiments.

Construction of an anti-Thy1 nephritis rats
Male Wistar rats (200–220  g, 6–8 weeks) were pur-
chased from SPF (Beijing, China) Biotechnology Co. 
All rats were fed in an environment with constant tem-
perature (20℃), humidity (70%) and alternating day and 
night. The anti-Thy1 nephritis model was established in 
rats by injecting anti-Thy1 antibody (2.5 mg/kg) into the 
tail vein, while the control equal volume of saline solu-
tion. The rats were divided into control group and model 
group. On the 5th day, the rats were sacrificed and kidney 
tissues, blood and urine samples were collected.

Lenalidomide treatment in anti-Thy1 nephritis rats
To study Lenalidomide’s impact on anti-Thy1 nephri-
tis, rats were administered intraperitoneal injection 
of Lenalidomide hemihydrate solution (12.5  mg/kg, 
HY-A0003B, MCE, USA) daily for 5 consecutive days. 
The control and anti-Thy1 nephritis groups received an 
equivalent volume of cosolvent. On the 5th day, the rats 
were sacrificed and kidney tissues, blood and urine sam-
ples were collected.

Periodic acid-schiff (PAS)
The kidney samples were fixed in 10% formalin, embed-
ded in paraffin, and sectioned to 4 μm thickness. Sections 
were stained with PAS to assess glomerular cell prolifera-
tion. Images were obtained at 400 × magnification.

Western blotting
A BCA protein quantitation assay (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to measure the 
protein levels in tissue or cell lysates and EVs. After dena-
turation, the proteins were transferred onto nitrocellu-
lose membranes (Roche, Switzerland). The membranes 
were then blocked with 5% bovine serum albumin (BSA) 
in Tris-buffered saline with 0.1% Tween 20 detergent 
(TBST) at room temperature, followed by incubation 
with antibodies against fibronectin (FN) (1:1000, ab2413, 
Abcam), GATA3 (1:2000, ab282110, Abacam), PCNA 
(1:5000, ab92552, Abcam), α-SMA (1:1000, ab7817, 
Abcam), β-actin (1:10000, 66009-1-Ig, Proteintech).

Cell culture and treatment
The mouse DC2.4 cell line was purchased from Pricella 
(Wuhan, China) and maintained in RPMI 1640 medium 
(Corning) supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin. Cells were cul-
tured in a humidified incubator at 37  °C with 5% CO2. 
Lenalidomide hemihydrate solution was procured from 
MCE and applied at a concentration of 1 µM.

http://www.microrna.org/microrna/home.do
https://mirdb.org
https://www.targetscan.org
https://www.targetscan.org
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IKZF1 plasmid and siRNA transfection
Cells were seeded one day prior to transfection. Trans-
fection was performed with siRNA or plasmid when the 
cell confluence in each well reached approximately 60%. 
DC2.4 cells were transfected with a vector encoding 
IKZF1 cDNA (IKZF1ov) using EndoFectin Max (Gene-
Copoeia, Guangzhou, China). Small interfering RNAs 
targeting mouse IKZF1 were obtained from GenePh-
arma (Shanghai, China). RNA and cells were harvested 
24 h post-transfection. In intervention experiments, LPS 
treatment was applied 12 h after transfection.

Immunofluorescence (IF) and immunohistochemistry (IHC) 
staining
IF and IHC staining was performed as described previ-
ously [25, 26]. The primary antibodies used were Kid-
ney Injury Molecule-1 (KIM-1) (1:400, AF1817, R&D), 
FN (1:200, ab2413, Abcam), CD103 (1:100, ab224202, 
Abcam), IKZF1 (1:100, 66966-1-Ig, Proteintech), GATA3 
(1:2000, ab282110, Abacam), PCNA (1:500, ab92552, 
Abcam), α-SMA (1:100, ab7817, Abcam), Collagen-
I (1:100, ab270993, Abcam), CD4 (1:2000, ab237722, 
Abcam), Anti-Ikaros (1:1000, ab300405, Abcam) and 
CD68 (1:100, ab125212, Abacam). The tissue sections 
were imaged using Olympus confocal fluorescence 
microscopy.

RT-qPCR
Total RNA was extracted from cells or kidney tissue using 
TRIzol reagent (Invitrogen, location). SuperScript III 
First-Strand Synthesis System (Applied Biosystems, USA) 
was used to synthesize complementary DNA. The qPCR 
system was established according to the manufacturer’s 
instructions using the SYBR Select Master Mix (Thermo 
Fisher Scientific, location). The primer sequences are 
listed in Table S1.

Multiplex immunohistochemical (mIHC) staining
The tissue microarray was stained using the PANO 7-plex 
IHC kit (cat 0004100100, Panovue, Beijing, China) fol-
lowing the standard protocol. Slides were deparaffinized 
in xylene, rehydrated, and washed in tap water, then sub-
jected to antigen retrieval. Tissue areas were marked, and 
protein blocking was performed with Antibody Dilu-
ent/Block (CST). Antigens were labeled sequentially, 
starting with primary antibody incubation: Anti-Ikaros 
(1:1000, ab300405, Abcam) and CD103 (1:100, ab224202, 
Abcam). Afterward, secondary antibody incubation and 
TSA visualization were performed, followed by labeling 
with the next antibody. Primary antibodies were incu-
bated for 1 h at room temperature, followed by incuba-
tion with Opal Polymer HRP at 37  °C for 10  min. TSA 
visualization was carried out using the PANO 7-plex IHC 
kit, with microwave treatment to remove the Ab-TSA 

complex during antigen retrieval. The slides were coun-
terstained with DAPI for 5 min and mounted in an anti-
fade medium. Slides were scanned using the Olympus 
VS200 MTL (Olympus, Germany).

Flow cytometry
Single-cell suspensions of DC 2.4 or kidney cells were 
incubated with surface marker antibodies at 4  °C for 
30  min. The cells were then fixed and permeabilized, 
followed by intracellular antibody Ikaros (Abcam, 
#ab300405) staining for 30  min at 4  °C. After each 
staining step, the cell suspension was washed twice. 
Data acquisition was performed using a BD LSR Fort-
essa TM cytometer, and the analysis was conducted 
with BD FlowJo TM v10.6.2 software. The following 
reagents and antibodies were used: live-dead-Zom-
bie (BioLegend, #423106), CD11c-PE (BioLegend, 
#558079), MHC II-APC (BioLegend, #107614), CD45-
APC(BioLegend,#202216), CD11b/c-PE (BioLegend, 
#201817), CD103-FITC (BioLegend, #205505), Abflo594 
conjugated Goat Anti-Rabbit IgG (ABclonal, #AS086) 
and isotype controls.

Statistical analysis
The data were analyzed using GraphPad Prism 7.0, and 
all group data are presented as the mean ± SEM. The sta-
tistical analyses were conducted using Student’s t-test 
or one-way analysis of variance (ANOVA). When the 
ANOVA showed a significant difference, post-hoc analy-
sis between group means was performed using Tukey’s. 
Statistical significance was set at P < 0.05. The data from 
more than 3 independent experiments.

Results
Immune cell infiltration in the renal interstitial tissues of 
IgAN
We analyzed differential gene expression in 46 IgAN 
samples and 22 controls. PCA of the 68 samples clearly 
separated the IgAN group from the control group (Fig. 
S1). A total of 474 DEGs were identified, including 312 
upregulated and 162 downregulated genes in IgAN renal 
interstitial tissues compared to healthy controls (Fig. 
S2A). Genes related to leukocyte migration, inflamma-
tion, antigen processing, and presentation were elevated 
in IgAN samples, while lipid metabolic process genes 
were downregulated (Fig. S2B). CIBERSORT analysis 
revealed that M1 macrophages, resting DCs, resting mast 
cells, neutrophils, naive B cells, T follicular helper (Tfh) 
cells, and regulatory T cells (Tregs) were the predomi-
nant immune cells associated with renal interstitial infil-
tration in IgAN patients (Fig.  1A). WGCNA identified 
modules of highly interconnected genes. A soft threshold 
of six was selected to ensure a scale-free network (scale-
free R2 = 0.9, Fig.  1B-D). Modules with high similarity 
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Fig. 1  Analysis of immune cells infiltration and identification of immune cells-associated key modules based on WGCNA analysis. (A) Violin plot of the 
immune cell proportions by CIBERSORT analysis. (B) The clustering of genes into distinct groups. (C-D) The characteristics of the network architecture 
were established using distinct power values; the correlation between power and average connection is shown. (E) Module-trait relationship between 
clustered modules and immune cells type. Each row corresponds to a module Eigen gene, and each column to the type of immune cells
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Fig. 2 (See legend on next page.)
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were merged based on the gene cluster dendrogram 
(Fig.  1E). The darkorange module, strongly correlated 
with resting dendritic cells (r = 0.57, P < 0.001; Fig.  1E), 
was further analyzed.

Identification and validation of dendritic cells-related hub 
genes for IgAN
We visualized the correlation between resting DCs and 
darkorange module (Fig. 2A). After that A Venn diagram 
confirmed the presence of DEGs related to the resting 
DCs (Fig.  2B). The chemokine signaling pathway and 
Th17 cell differentiation were identified as underlying 
biological functions of the DEGs using KEGG (Fig. 2C). 
Cytokine binding and chemokine receptors were iden-
tified using the GO enrichment analysis (Fig.  2D). PPI 
network analysis demonstrated interactions among 
IKZF1, CCR2, CCR7, CCL22, TLR8, MPEG1, CCR5, 
IL7R (Fig.  2E). Strong positive associations were identi-
fied between the expression levels of the CD1C, IKZF1, 
CCR2, CCR7 and others (Fig. 2F). To validate the expres-
sion patterns of key genes, we successfully established 
both the IgAN mouse model and the anti-Thy1 nephritis 
rat model. The success of model establishment was con-
firmed by evaluating the level of SCR, BUN, UACR, and 
the deposition of IgA and Thy1 in the mesangium (Fig. 
S3). The expression of IKZF1, CCR2, and CCR7 were 
significantly upregulated in the IgAN mouse model and 
anti-Thy1 nephritis rats using RT-qPCR (Fig. 2G-L).

Identification and function enrichment of DEGs for IgAN 
based on DCs abundance
To identify DEGs associated with DCs, we conducted a 
comparative analysis of gene expression between high- 
and low-dendritic cell subgroups. We first estimated 
DC abundance in each sample using the CIBERSORT 
deconvolution method. Then, we performed differential 
expression analysis. A total of 325 DEGs were identified, 
including 131 downregulated and 194 upregulated genes 
(Fig.  3A). To investigate significant differences between 
the subgroups, we generated a heat map (Fig.  3B). The 
DEGs from the high- and low-dendritic cell abundance 
groups were intersected with those from IgAN versus 
control analysis to identify DEGs related to DC pheno-
types in IgAN. We found 103 upregulated intersections 
(Fig. 3C) and two downregulated intersections (Fig. 3D). 
KEGG pathway analysis revealed associations with che-
mokine signaling, T-cell receptor signaling, Th17 cell 

differentiation, and the intestinal immune network 
for IgA production (Fig.  3E). GO enrichment analysis 
showed that these intersections were primarily enriched 
in cell surface receptor signaling, leukocyte activation, 
and lymphocyte activation (Fig. 3F).

IKZF1 are effective diagnostic markers of IgAN based on 
machine learning algorithm
To identify key genes associated with IgAN and DCs 
function, this study used three machine learning meth-
ods: SVM, LASSO, and Random Forest. LASSO regres-
sion analysis identified eight key DEGs (TREML2, 
MPEG1, LILRA4, IKZF1, GAPT, CD1E, C10orf105, ARC) 
(Fig. 4A). SVM screening revealed 13 key DEGs (MPEG1, 
IKZF1, XCR1, CD3G, TREML2, DOCK2, IL7R, TLR10, 
LILRA4, GRIN2A, CD1E, GAPT, SLAMF6) (Fig.  4B). 
The Random Forest algorithm selected 11 key DEGs with 
importance scores > 0.5(CD3G, IKZF1, DOCK2, XCR1, 
CCR2, ZNF831, MS4A1, MPEG1, TLR10, SLCO5A1, 
CCR7) (Fig. 4C). A Venn diagram analysis of the results 
from all three methods identified two overlapping genes: 
MPEG1 and IKZF1 (Fig.  4D). These two genes showed 
significantly higher expression in IgAN samples com-
pared to controls (Fig. 4E) and demonstrated high diag-
nostic efficacy (AUC > 0.75) (Fig. 4F).

Additionally, we performed a correlation analy-
sis between the identified marker genes and DCs. The 
results revealed that IKZF1 and MPEG1 were signifi-
cantly and positively correlated with DCs (Fig.  4G and 
Fig. S4A), suggesting that these genes may functionally 
interact to influence DC activity in IgAN. Furthermore, 
the high-IKZF1 subgroup was enriched in pathways 
related to cell adhesion molecules, chemokine signaling, 
cytokine–cytokine receptor interactions, hematopoietic 
cell lineage, and natural killer cell-mediated cytotoxicity 
(Fig. 4H). In contrast, the high-MPEG1 subgroup exhib-
ited greater enrichment in pathways associated with cell 
adhesion molecules, chemokine signaling, cytokine–
cytokine receptor interactions, graft-versus-host disease, 
and hematopoietic cell lineage (Fig. S4B). By integrating 
gene-miRNA interaction data from the miRanda, miRDB, 
and TargetScan databases, we constructed a compre-
hensive miRNA regulatory network for core genes. This 
analysis identified both MPEG1 and IKZF1 as targets of 
multiple miRNAs, including miR-33a-3p and miR-548p 
(Fig. S4C).

(See figure on previous page.)
Fig. 2  Identification and validation of dendritic cells-related hub genes screened by WGCNA for IgAN. (A) Scatter plots of the GS score and MM for Den-
dritic cells resting in the darkorange modules. (B) Venn diagram showed intersected genes between WGCNA module (Dendritic cells and darkorange) 
genes and DEGs (IgAN vs. Control). (C) The KEGG pathway enrichment analysis and (D) the GO (biological process (BP), molecular function (MF), Cellular 
Component (CC)) enrichment analysis of the intersected genes. (E) The PPI network of the intersected genes. (F) The correlation among intersected 
genes. (G-L) mRNA expression levels of IKZF1, CCR2, and CCR7 in IgAN mouse model (G-I, n = 5) and anti-Thy1 nephritis rats (J-L, n = 8) models were 
detected by RT-qPCR. Results are presented as the mean values (± SEM), *P < 0.05, **P < 0.01, ***P < 0.001 versus Control
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Fig. 3  Identification and function enrichment of high-low DCs DEGs for IgAN. (A) A volcano plot of DEGs between high-DCs and low-DCs. (B) A heatmap 
of DEGs between high-DCs and low-DCs. (C-D) Venn diagram showed DEGs associated with DCs-associated DEGs were found. (E) The KEGG pathway 
enrichment analysis and (F) the GO (BP) enrichment analysis of the intersected targets
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Expression and role of IKZF1+DCs in IgAN mouse model 
and anti-Thy1 nephritis model
To evaluate the expression patterns of IKZF1 and infil-
tration patterns of CD103+ DCs in IgAN, we established 
an IgAN mouse and an anti-Thy1 nephritis rat model. 
Both models were successfully developed, as confirmed 
by preliminary experiments (Fig. S3). PAS staining 

demonstrated significant intraglomerular cell prolifera-
tion in the IgAN mouse model compared to the control 
group, with mild tubular injury (Fig. 5A). FN and KIM-1 
staining revealed marked intraglomerular cell prolif-
eration and renal tubular injury, along with increased 
FN expression in both glomeruli and interstitium in 
IgAN mouse tissues (Fig.  5B-C). Western blot analysis 

Fig. 4  Identification the characteristic genes of high-low DCs DEGs for IgAN by machine learning algorithm. (A) Eight characteristic genes of LASSO. (B) 
Thriteen characteristic genes of SVM. (C) Eleven characteristic genes of Random Forest. (D) Venn diagram showing the optimal target genes. (E) Expres-
sion of IKZF1 and MPEG1 in GSE175759. (F) ROC curve of IKZF1 and MPEG1 in GSE175759. (G) The scatter plot shows the correlation between the propor-
tion of dendritic cells and IKZF1 expression. (H) KEGG enrichment analysis using GSEA for IKZF1. ***P < 0.001 versus Normal
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Fig. 5 (See legend on next page.)
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confirmed elevated FN and α-SMA expression in the 
IgAN mouse model (Fig.  5D-F and Fig. S6). To investi-
gate IKZF1 expression in DCs, we analyzed the propor-
tion of IKZF1+CD103+ DCs using mIHC co-staining. 
Results showed a significantly higher proportion of 
IKZF1+CD103+ DCs in the renal interstitium of the IgAN 
mouse model compared to the control group (Fig.  5G). 
Consistent with kidney injury in the IgAN mouse model, 
mesangial cell proliferation and accumulation of mesan-
gial matrix were observed (Fig. 5H). Immunohistochemi-
cal staining further revealed an increased number of 
IKZF1+CD103+ DCs in rats from the anti-Thy1 nephritis 
group (Fig. 5I-J).

IKZF1 regulates the DCs function
To investigate the functional changes in DCs regulated by 
IKZF1, we conducted experiments involving the knock-
down or overexpression of the IKZF1 gene in DCs, fol-
lowed by treatment with Lenalidomide. DC2.4 cells were 
transfected with IKZF1 siRNA (siIKZF1), IKZF1 over-
expression plasmid (IKZF1ov) or their respective nega-
tive controls (Control). RT-qPCR results showed that 
IKZF1 mRNA expression was significantly reduced in 
the siIKZF1 group and increased in the IKZF1ov group 
compared to with the levels in the control group (Fig. 6A-
B). RT-qPCR was conducted and demonstrated that the 
expression of TNF-α and IL-1β were increased in IKZ-
F1ov group; however, when IKZF1 was overexpressed 
alongside Len treatment, this expression of inflamma-
tory cytokines was reduced (Fig.  6C-D). Morever, the 
results indicated that antigen presentation molecules 
MHC II and inflammatory cytokines (TNF-α and IL-1β) 
were upregulated in LPS compared to the control group. 
However, overexpressing and inhibiting and IKZF1 
respectively strengthened and reversed the effects of the 
LPS treatment (Fig.  6E-H). As above, it suggested that 
IKZF1 promote inflammation by producing pro-inflam-
matory factors and antigen presentation in DCs, and 
could be rescued by siIKZF1 or Len treatment under LPS 
conditions. 

Lenalidomide treatment relieve anti-Thy1 nephritis kidney 
injury
Since the IKZF1 increases susceptibility to IgAN, we 
sought to ascertain whether the elimination of IKZF1 
conversely attenuates the progression of renal injury. 

Lenalidomide (Len) is an active immunomodulator and a 
ligand of the ubiquitin E3 ligase cereblon (CRBN), capa-
ble of selectively ubiquitinating and degrading the lym-
phoid transcription factor IKZF1 via the CRBN-CRL4 
ubiquitin ligase. Underwent anti-Thy1 antibody injec-
tion, mice were treated for consecutive 5 days (Fig. 7A). 
Gratifyingly, BUN, SCR, and UACR were all significantly 
lower in the Len treatment group compared to the other 
two groups (Fig. 7B-D). Subsequent PAS staining showed 
a significant reduce in nucleus number per glomeru-
lar in all Len treated mice as compared to their controls 
(Fig. 6E-F). Then we use immunohistochemical staining 
(Fig. 7G) and western blotting (Fig. 7H and Fig. S5A-B) 
with GATA3 and PCNA, associated with activation of 
mesangial cells and abnormal proliferation and extracel-
lular matrix deposition, to verify the effect of Len on cell 
proliferation. As Fig.  7G-H shows GATA3 and PCNA-
positive cells increased in the anti-Thy1 nephritis group 
and decreased after Len treatment. And western blot-
ting analysis further confirmed attenuated α-SMA and 
FN expression after being treated with Len treatment 
(Fig. 7H and Fig. S5C-D), indicated Len treatment could 
reduce cell proliferation, cell–matrix accumulation, and 
fibrosis. Furthermore, α-SMA expression was remarkably 
declined in Len treatment group compare to the other 
two groups (Fig. 7I-J).

Lenalidomide, as an IKZF1-targeting molecular glue 
degrader, suppresses immune cell infiltration
Next, we made continuing efforts to explore the effect 
of Len, as IKZF1 degrader, on the immunoregulation 
in anti-Thy1 nephritis by assessing multiple immune 
cells infiltration. To validate the efficacy of Len, we per-
formed immunohistochemical staining of IKZF1 in the 
kidney (Fig. S7). The results demonstrated the expres-
sion of IKZF1 reduced after Len treatment in anti-
Thy1 nephritis rats. We then measured the number of 
IKZF+CD103+DCs by mIHC staining, showed that the 
Len treatment mice had fewer IKZF1+CD103+ DCs per 
HPF area as compared to the anti-Thy1 nephritis mice 
(Fig. 8A-B). Consistent with the aforementioned results, 
after Len treatment, the proportion of IKZF1+CD103+ 
DCs among CD11b/c immune cells decreased from 
0.56 to 0.084% (Fig.  8C, D). Moreover, compare to the 
anti-Thy1 nephritis group, CD103, CD4 and CD68 posi-
tive rate both lessened in Len treatment group which 

(See figure on previous page.)
Fig. 5  Expression and role of IKZF1+DCs in IgAN mouse and Anti-Thy1 nephritis rats. (A) PAS shown the pathological features of kidney injury in IgAN 
mouse model (Scale bar = 20 μm). (B-C) Immunofluorescence images showed the staining for FN (red) (B) and KIM-1 (green) (C) in kidney tissues be-
tween IgAN mouse model and control groups (Scale bar = 50 μm). (D-F) Western blotting and quantification of the expression of the FN and α-SMA. (G) 
Immunofluorescence images showed the staining for dendritic cell (CD103, red) and IKZF1 (green) in kidney tissues between IgAN mouse model and 
control groups (Scale bar = 50 μm). (H) PAS staining shown the pathological features of kidney injury in anti-Thy1 nephritis rats (Scale bar = 20 μm). (I) 
Immunohistochemical staining of dendritic cell (CD103) and IKZF1 in kidney tissues between between anti-Thy-1 nephritis and control groups (Scale bar 
= 20 μm). (J) mIHC images showed the staining for dendritic cell (CD103, green) and IKZF1 (red) in kidney tissues between between anti-Thy-1 nephritis 
and control groups (Scale bar = 50 μm). Data are presented as means ± SEM, n = 5; ***P < 0.001
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indicates Len treatment inhibit CD103+ cells, CD4+ T 
cells and CD68+ macrophage cells infiltration in anti-
Thy1 nephritis (Fig.  8E-J). Simultaneously, we detected 
several chemokine receptors expression which found 
out anti-Thy1 nephritis was highly correlated with the 
expression of CCR2, CCR5, CCR7 and IL7R which sig-
nificantly promoted their expression as compare to con-
trol group (Fig.  8K-N). And as expect, Len treatment 
have alleviated those chemokine receptors expression 

as compare to anti-Thy1 nephritis group. Collectively, 
Len could regulate several immune cells infiltration and 
restrain anti-Thy1 nephritis induced chemokine recep-
tors represented by the CCR family.

Discussion
IgAN is the most prevalent primary glomerulonephri-
tis worldwide and is a leading cause of renal failure 
[27]. Approximately 20–40% of patients experience 

Fig. 6  IKZF1 regulates the DCs function. (A-B) IKZF1 was knocked down and overexpressed at the mRNA level in DC2.4 cells. (C-D) RT-qPCR analysis of 
TNF-α (C) and IL-1β(D) mRNA expression on podocyte under IKZF1ov and IKZF1ov with Lenalidomide treatment. (E-F) Percentage of MHC II+CD11c+ DCs. 
(G-H) mRNA expression levels of IL-1β(G) and TNF-α (H) were detected using qRT-PCRin DC2.4 cells under various conditions, including LPS stimulation 
alone, LPS combined with siIKZF1 or IKZF1 overexpression, and Lenalidomide treatment.Data are presented as means ± SEM, n = 3; *P < 0.05, **P < 0.01, 
***P < 0.001
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Fig. 7 (See legend on next page.)
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progression to kidney failure within 20 years of diagno-
sis, resulting in an average reduction in patient life expec-
tancy by approximately 10 years [28]. The pathogenesis 
of IgAN involves a series of four sequential processes, 
known as the “four-hit hypothesis” [29]. This hypoth-
esis suggests that the pathogenesis of IgAN begins with 
elevated levels of abnormally glycosylated galactose-
deficient IgA1 (gd-IgA1) in circulation, leading to the 
formation of immune complexes with anti-gd-IgA1 anti-
bodies and their subsequent deposition in the glomerular 
mesangium, ultimately resulting in kidney inflammation 
and injury [30].

We analyzed DEGs in the renal interstitial tissues of 
individuals with IgAN and healthy controls, constructing 
a differential expression profile with 312 upregulated and 
162 downregulated genes. Subsequent bioinformatics 
analyses elucidated the pathogenic roles of these genes in 
IgAN. Our findings showed that these genes are primar-
ily involved in inflammatory processes, such as leukocyte 
migration and antigen presentation. A growing body of 
clinical, biochemical, and genetic evidence consistently 
supports the involvement of innate and adaptive immu-
nity, as well as immune microenvironment homeosta-
sis, in the intricate pathogenic process of IgAN [6, 31]. 
The renal immune microenvironment involves an array 
of immune cells (including neutrophils, dendritic cells, 
macrophages, B lymphocytes, and T lymphocytes) and 
resident renal cells (including glomerular mesangial cells 
and renal tubular epithelial cells) [32]. These cells secrete 
cytokines, chemokines, adhesion molecules, and comple-
ment factors that play pivotal roles in the progression of 
IgAN.

To clarify the differences in immune cell types in IgAN, 
the CIBERSORT algorithm was used to analyze the infil-
tration of 22 types of immune cells in renal interstitial 
tissue in the setting of IgAN [33]. It was determined that 
the infiltrations of naïve B cells, Tfh cells, Tregs, and DCs 
significantly increased. Du et al. reported an increase in 
the infiltration of CD4+T and B cells into the kidneys of 
patients with IgAN [34]. B cells exhibit increased differ-
entiation and activation capacities in patients with IgAN 
[34]. In the presence of microbial pathogens or food anti-
gens, the activation of DCs triggers T-cell-dependent 
B-cell differentiation into IgA-secreting cells. Based on 
previous studies, DCs are essential for initiating adap-
tive immunity and bridging the gap between innate and 
adaptive immune responses [35, 36]. Therefore, this study 

investigated the role of DCs and their associated genes in 
IgAN.

DCs are crucial antigen-presenting cells that play a piv-
otal role in initiating immune responses against acquired 
immunity [37, 38]. DCs are not only more potent than 
other antigen-presenting cells but also possess the 
unique ability to activate naive T cells, induce T cell dif-
ferentiation through various co-stimulatory factors, and 
promote immune tolerance in response to environmen-
tal stimuli. Under steady-state conditions, DCs are pre-
dominantly localized within the secondary lymphoid 
organs and tissues. Following an inflammatory stimulus, 
DCs migrate to the site of inflammation, where they are 
activated and induce T-cell polarization [6]. Previous 
studies have reported that DCs are pathogenic in various 
kidney diseases, suggesting that they are important for 
the initiation and progression of these diseases. DCs are 
pathogenic in murine models of chronic kidney diseases 
including experimental nephrotoxic nephritis, glomeru-
lonephritis and lupus nephritis, suggesting an impor-
tant role in the initiation and progression of acute and 
chronic kidney disease [39]. Esteve et al. demonstrated 
an increased proportion of DCs in the setting of IgAN, 
which corresponds with the findings of a previous study 
regarding immune cell infiltration [6]. Liu et al. reported 
that patients exhibit proteinuria, a lower estimated glo-
merular filtration rate, tubule atrophy, and tubule inter-
stitial sclerosis when DCs infiltrate the tubulointerstitium 
[40]. Renal DCs intricately establish a complex network 
within the tubule interstitium, wherein they continuously 
phagocytose antigens and subsequently present them to 
T lymphocytes. In progressive kidney disease, the rate of 
DCs migration to sites of injury increased [41].

Previous studies have reported that CD103+ DCs rep-
resent a distinct subset of DCs found in non-lymphoid 
organs, such as the kidney and intestine [42]. In the cur-
rent study, immunofluorescence staining revealed that 
the proportion of IKZF1+CD103+DCs in the renal inter-
stitium of IgAN model was increased, and co-staining 
with FN and KIM-1 suggested renal tubular injury in 
this region (Fig.  7). This result is consistent with previ-
ous findings, suggesting the involvement of these genes 
in the progression of IgAN. CD103+DCs have been 
reported to play a crucial role in various chronic kidney 
diseases. Zhang et al. demonstrated that treatment with 
mesenchymal stem cells (MSC) reduces the infiltration of 
CD103+DCs, leading to the amelioration of inflammation 

(See figure on previous page.)
Fig. 7  Lenalidomide treatment relieve anti-Thy1 nephritis kidney injury. (A) Schematic illustration Lenalidomide (Len) administration for anti-Thy1 rats. 
Male rats were administered intraperitoneal injections of normal saline and 12.5 mg/kg Len for 5 days. (B-D) Renal function parameters BUN, SCR and 
UACR were assessed. (E)Representative kidney images following PAS staining after the Len treatments. (F) Quantification of the number of nuclei per 
glomerulus after Len treatment in (E). (G) Immunohistochemical staining of cell proliferation markers GATA3 and PCNA in the kidney from anti-Thy1 ne-
phritis rats. (H) Western blotting of the mesangial cell proliferation marker PCNA, GATA3, FN and α-SMA. (I-J) Representative immunofluorescence staining 
and quantification of α-SMA images in kidneys after Len treatment. α-SMA (red), Collagen-I (green) and DAPI (nuclear; blue). Data are presented as means 
± SEM, n = 5; *P< 0.05, **P< 0.01, ***P< 0.001. Scale bar = 50 μm
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Fig. 8 (See legend on next page.)
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and cell damage in a mouse model of diabetic nephropa-
thy [43]. Notably, CD103+DCs exacerbate renal injury 
by activating CD8+T cells in Adriamycin nephropa-
thy and anti-GBM nephropathy; however, inhibition of 
CD103+DCs significantly reduces the secretion of inflam-
matory cytokines, such as IL-6 and IL-12, thereby allevi-
ating renal injury and the inflammatory response [39, 42, 
44]. These results highlight the potential therapeutic tar-
geting of CD103+DCs for the treatment of CKD.

WGCNA was used to identify modules associated 
with DCs and to construct a PPI network to identify 
hub genes related to DCs in the current study. CCR7, 
CCL22, CCR2, IKZF1, MPEG1, TLR8, IL7R, and CCR5 
were the top eight genes identified. KEGG pathway and 
GO enrichment analyses showed that these hub genes 
are closely related to the chemotaxis signaling pathway 
and T cell differentiation. Indeed, previous studies have 
suggested that the expression of CCR by DCs and che-
motactic responses of DCs are involved in DCs migration 
and intrarenal accumulation, consistent with the results 
of the current study [45]. Interstitial DCs, including 
CD103+DCs, facilitate the infiltration of CD8+T cells and 
helper T cells, and antigen presentation by DCs plays a 
pivotal role in T cell activation [46]. Furthermore, DEGs 
within the high- and low-DCs abundance subgroups 
were screened using three machine-learning algorithms 
to identify IKZF1and MPEG1as hub genes. The regula-
tion of both MPEG1 and IKZF1 by miR-33a-3p and miR-
548p has been identified, highlighting the pivotal role of 
these microRNAs in controlling gene expression control 
and disease progression. Knowing that miRNA plays a 
role in gene expression regulation and disease progres-
sion, the study of miRNA gene regulation network may 
help gain new insights to diseases diagnosis and treat-
ment. Exploring the intricate-mediated gene regulation 
is important holds great for advancing our understanding 
of diseases diagnosis and treatment.

IKZF1/IKAROS, a crucial transcription factor in leuko-
cyte development and may play a role in the functional 
activation of DCs and pro-inflammatory macrophages 
[47, 48]. Kadono et al. identified the Ikaros–SIRT1 signal-
ing pathway as a regulator of the canonical macrophage 
inflammasome-pyroptosis pathway, resulting in distinct 
signatures of sterile inflammation in mouse and human 
ischemia-reperfusion-stressed livers. Additionally, silenc-
ing IKZF1 impairs bone marrow microenvironment 
commitment towards the pro-inflammatory phenotype 
and suppresses the inflammasome-pyroptosis pathway 

[47]. Previous studies identified an unrecognized element 
in the regulation of antigen presentation that should 
be considered in the signaling cascade involved in the 
activation of DCs [49]. Immunofluorescence staining 
revealed a high proportion of IKZF1+CD103+DCs in the 
renal interstitium of the IgAN mouse model. Iberdomide 
(CC-220) is a high-affinity cereblon ligand that facilitates 
ubiquitination and subsequent proteasomal degradation 
of Aiolos and Ikaros. In patients with systemic lupus ery-
thematosus treated with iberdomide, a dose-dependent 
reduction in CD20+ B cells, memory B cells undergoing 
conversion, and plasmacytoid dendritic cells has been 
reported, with an inclination towards the amelioration of 
systemic lupus erythematous skin manifestations associ-
ated with pDCs depletion [50]. Consistent with previous 
studies, we found that lenalidomide treatment in anti-
Thy-1 nephritis effectively alleviates mesangial damage 
and matrix expansion, while also reducing the infiltration 
of dendritic cells, T cells, and macrophages. These find-
ings suggest that targeting IKZF1 degradation may be a 
promising therapeutic strategy to mitigate renal injury 
and inflammatory cell infiltration, making it a potential 
drug for the treatment of acute inflammatory phases in 
IgA nephropathy.

This study has several inherent limitations. First, 
while bioinformatics and public datasets provide valu-
able insights, they also introduce selection biases due to 
specific inclusion criteria, potentially underrepresent-
ing broader patient populations. Missing or incomplete 
clinical data may compromise the accuracy and gener-
alizability of findings. Bioinformatics analyses often lack 
sufficient clinical context and fail to capture complex 
biological interactions in real-world scenarios. There-
fore, results derived from such datasets should be clini-
cally validated for relevance and applicability. Second, 
this study primarily focused on DCs and their associated 
genes, possibly underestimating the roles of other cell 
types and related genes. Investigations using cellular and 
animal models are ongoing to address these gaps. Finally, 
lenalidomide has inherent limitations, including poten-
tial hematologic toxicity, which increases infection and 
bleeding risks. These adverse effects may necessitate dose 
adjustments and vigilant blood count monitoring, com-
plicating long-term treatment and negatively impacting 
quality of life.

(See figure on previous page.)
Fig. 8  Lenalidomide, as an IKZF1-targeting molecular glue degrader, suppresses immune cell infiltration. (A) mIHC images showed the staining for den-
dritic cell (CD103, green) and IKZF1 (red) in kidney tissues in anti-Thy-1 nephritis after Len treatment. (B) Quantification of IKZF1+CD103+ DCs in (A). (C-D) 
Percentage of IKZF1+CD103+ DCs. (E-J) Representative images and quantitative analyses of CD103 (E, H), CD4 (F, I) and CD68 (G, J) expression in kidney 
tissues after Len treatment. (K-N) mRNA expression levels of CCR2 (K), CCR5 (L), CCR7 (M) and IL7R (N) were detected using qRT-PCR. Data are presented 
as means ± SEM, n = 5; *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar = 50 μm
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Conclusion
This study investigated the unique immune-related bio-
markers and pathways in the setting of IgAN at the tran-
scriptional level. Using various bioinformatic techniques, 
IKZF1 was identified as a central biomarker involved in 
the underlying mechanism of the disease. Additionally, 
pathway enrichment analysis, was used to elucidate dif-
ferences in IKZF1-associated biological pathways and 
immune characteristics, highlighting IKZF1+DCs as 
promising targets for interventions.
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