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Background: IgA nephropathy (IgAN) is an autoimmune disease that affects

people of any age and is an important cause of end-stage renal disease.

However, the pathogenesis and pathophysiology of IgAN is not clear. This

article aimed to explore the immune-mediated inflammation and genetic

mechanisms in IgAN.

Methods: The transcriptome sequencing data of IgAN glomeruli in the Gene

Expression Omnibus database were downloaded. Single-sample gene set

enrichment analysis was used to estimate the immune microenvironment of

the merged microarray data and GSE141295. IgAN samples were divided into

two clusters by cluster analysis. “limma” and “DEseq2” package in R were used

to identify differentially expressed genes (DEGs). The weighted gene co-

expression network analysis (WGCNA) was used to identify the co-expression

modules related to inflammation in IgAN. R software package “clusterProfiler”

was used for enrichment analysis, whereas Short Time-Series Expression Miner

(STEM) analysis was used to identify the trend of gene expression. Machine-

learn (ML) was performed using the shiny app. Finally, Drug Signatures

Database (DSigDB) was used to identify potential molecules for treating IgAN.

Results: The infiltration of macrophages in IgAN glomeruli was increased,

whereas CD4+ T cells, especially inducedregulatory T cells (iTregs) were

decreased. A total of 1,104 common DEGs were identified from the merged

data and GSE141295. Brown module was identified to have the highest

inflammatory correlation with IgAN using WGCNA, and 15 hub genes were

screened from this module. Among these 15 hub genes, 14 increased with the

severity of IgAN inflammation based on STEM analysis. Neural network (nnet) is
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considered as the best model to predict the severity of IgAN. Fucose identified from

DSigDB has a potential biological activity to treat IgAN.

Conclusion: The increase of macrophages and the decrease of iTregs in glomeruli

represent the immune-mediated inflammation of IgAN, and fucose may be a

potential therapeutic molecule against IgAN because it affects genes involved in

the severe inflammation of IgAN.
KEYWORDS

IgA nephropathy, immune-mediated inflammation, hub genes, machine learning, fucose
Introduction

IgA nephropathy (IgAN) has become a considerable public

health issue worldwide as it affects people of any age.

Approximately 30% of patients with IgAN develop end-stage

renal disease (ESRD) within 20 years of diagnosis (1). As

the most prevalent glomerulonephritis worldwide, genetic

factors, mucosal immune responses, infections, and gut

microbiome participate in its occurrence and development

(2, 3). Although the precise pathogenetic mechanisms are not

sufficiently clear (4), undoubtedly, immunological factors play a

critical role in all stages of IgAN development (5). Poorly

O-galactosylated IgA1, produced by abnormal mucosal

immunity, will deposit in the glomerular mesangium, leading

to the activation of various immune cells and the release of

inflammatory mediators in the kidney (6). Subsequently,

glomerular and tubule function will be impaired (7).

Immune-mediated inflammation greatly affects the

pathophysiology of IgAN. However, limited understanding poses

great challenges for effective treatmentof IgAN(8).Currently, there

are not approved therapies yet, both optimized supportive care and

immunosuppressive therapyhavemanydeficiencies (9). It is crucial

to explore the immunemicroenvironmentandpotentialmarkers of

inflammation in IgAN to clarify the pathogenesis of IgAN and seek

effective treatment such as targeted therapy (10).

In this study, we collected all transcriptome sequencing data of

IgAN glomeruli from the Gene Expression Omnibus
02
(GEO) database (11). In addition, bioinformatics such as single-

sample gene set enrichment analysis (ssGSEA), co-expression

analysis, and machine learning (ML) were used to explore the

immune characteristics of IgAN glomeruli and screen out the

signature genes thatmay represent inflammation in IgANglomeruli.
Methods

Data collection and processing

The keyword “IgA Nephropathy” was used to search IgAN

gene expression profiles in the GEO database. For accuracy and

comprehensiveness, all transcriptome sequencing data of IgAN

glomeruli were obtained from the GEO database. Five datasets

[including four microarray datasets and one RNA sequencing

(RNA-seq) dataset] were downloaded (Table 1). Then, gene

symbols conversion and log2 transformation were performed for

gene expression profiling. In addition, R software package

“inSilicoMerging” was used for the combination of multiple

datasets. Then, the “combat” function was used to remove the

batch effect to finally get “data1” (Supplementary Table 1) (12).

Although RNA-seq and microarray expression levels may

appear different, transforming them into biologically relevant

gene set enrichment scores significantly increases their

correlation (13). Thus, two types of sequencing data were

combined to acquire more reliable results.
TABLE 1 The information of five datasets obtained from GEO database.

Datasets Platform Samples Tissue Type

GSE93798 GPL22945 20 patients with IgAN and 22 controls Glomeruli Microarray

GSE37463 GPL14663 27 patients with IgAN and 27 controls Glomeruli Microarray

GSE99340 GPL19109 26 patients with IgAN Glomeruli Microarray

GSE104948 GPL24120 27 patients with IgAN and 20 controls Glomeruli Microarray

GPL22945 Glomeruli

GSE141295 GPL16791 14 patients with IgAN and 10 controls Glomeruli RNA-seq
fron
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Single-sample gene set
enrichment analysis

As CIBERSORT and other methods could not yield enough

results of T cell subtypes, ImmuCellAI (Immune Cell Abundance

Identifier) was used to perform ssGSEA on the combined

microarray data and RNA-seq data, which is a tool to estimate

the abundance of 24 immune cells from gene expression datasets.

The 24 immune cells are composed of 18 T-cell subtypes and six

other immune cells. The marker gene sets for immune cell types

were obtained from Miao et al. (Supplementary Table 2) (14).
Immune cell clustering of IgAN

Although the GEO database does not have sufficient clinical

information of these samples, cluster analysis can help find

subclasses of disease. Thus, “ConsensusClusterPlus” was used

to perform cluster analysis, which is a class discovery tool with

confidence assessments and item tracking, using agglomerative

pam clustering with a one–Pearson correlation distances and

resampling 80% of the samples for 10 repetitions (15). The

optimal number of clusters was determined using the empirical

cumulative distribution function plot. Comparison of identified

clusters of immune cell differences to distinguish their immune

characteristics was conducted.
Differential expression analysis for IgAN

“limma” in R software was used to identify the differentially

expressed genes (DEGs) between IgAN and controls in data1

(16). “DESeq2 (version 1.32.0)” package was used to conduct

difference analysis in GSE141295 (17). Genes with a criterion of

P < 0.05 were considered as DEGs. Then, the results of the two

parts were combined to get both upregulated and downregulated

common DEGs in two types of sequencing data. We named the

expression matrix of these genes in IgAN samples of data1 as

“data2” (Supplementary Table 3).
Co-expression analysis between DEGs
and IgAN clusters

Data2 was used to construct a scale-free co-expression

network through weighted gene co-expression network analysis

(WGCNA) using the R package “WGCAN” (18). First, the

Pearson’s correlation matrices and average linkage method were

both performed for all pair-wise genes. Then, a weighted

adjacency matrix was constructed using a power function

A_mn=|C_mn|^b (C_mn = Pearson’s correlation between

Gene_m and Gene_n; A_mn= adjacency between Gene m and

Gene n). b was a soft-thresholding parameter that could
Frontiers in Immunology 03
emphasize strong correlations between genes and penalize weak

correlations. After choosing the power of 4, the adjacency was

transformed into a topological overlap matrix (TOM), which

could measure the network connectivity of a gene defined as the

sum of its adjacency with all other genes for network generation,

and the corresponding dissimilarity (1-TOM) was calculated. To

classify genes with similar expression profiles into gene modules,

average linkage hierarchical clustering was conducted according

to the TOM-based dissimilarity measure with a minimum size

(gene group) of 25 for the genes dendrogram. To further analyze

the module, we calculated the dissimilarity of module eigen genes,

chose a cut line for module dendrogram, and merged some

modules. Other parameters include R square-cut = 0.85 and

deep split = 2. Finally, we identified the module with the highest

correlation coefficient and screened the hub genes (19).
Enrichment analysis

R software package “clusterProfiler” (version 3.14.3) was used

for enrichment analysis to obtain the results of Kyoto Encyclopedia

of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis

(20). Set the minimum gene set to 5 and the maximum gene set to

5,000. P-value < 0.05 and a false discovery rate (FDR) < 0.25 were

considered statistically significant.
Short time-series expression
miner analysis

Short Time-Series Expression Miner (STEM) analysis was

performed to cluster the hub genes with the same time trend in

clusters and controls in data1; P < 0.05 was considered statistically

significant clustering (21). The significantly clustered genes showed

a gradual upregulation or downregulation trend.
Construction and assessment of machine
learning models

For better predicting and evaluating the inflammation in IgAN,

“Machine-learn” in the shiny app (https://shiny.hiplot.com.cn/mach-

learn/) was used to construct six ML models (SvmLinear, SvmPoly,

Neural Network, RandomForest, K-NN, and Naive Bayes) based on

hubgenes. Cross-validation (CV) foldswere set to 10 (22). Finally, the

best model was identified according to accuracy and kappa-value.
Identification of potential molecules
for IgAN

The inflammatory characteristics of IgAN were represented

by hub genes identified by WGCNA. The Drug Signatures
frontiersin.org
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Database (DSigDB) in the Enrichr (https://amp.pharm.mssm.

edu/Enrichr/) platform was used to screen the molecules, which

could regulate the expression of hub genes and identify

candidate molecules for IgAN treatment (23).
Results

Data collection and processing

Four microarray datasets were merged to a new matrix

“data1” using package “inSilicoMerging”, which consisted of

100 patients with IgAN and 70 healthy controls. Box plot,

density plot, and uniform manifold approximation and

projection (UMAP) plot were generated to show differences

between samples before and after batch effect removal

(Figure 1). It can be observed that the sample distribution of

each dataset differs greatly before the removal of the batch

effect, suggesting the existence of the batch effect. After the

removal of the batch effect, the data distribution of each dataset

tends to be consistent.
Frontiers in Immunology 04
Single-sample gene set enrichment
analysis

The abundance of 24 types of immune cells in data1 and

GSE141295 was calculated using ImmuCellAI, including 10

kinds of layer1 cells (DC, B cell, monocyte, macrophage, NK

cell, neutrophil, CD4+ T cell, CD8+ T cell, NKT, and Tgd) and

14 kinds of layer2 cells, which contained 14 T cell subtypes (CD

naive T cell, Tr1, nTreg, iTreg, Th1, Th2, Th17, Tfh, CD8 naive

T cell, Tc, Tex, MAIT, Tcm, and Tem).

Figure 2A demonstrated the abundance of 10 layer1 immune

cells in data1 and GSE141295. The DC, macrophage, CD8+ T

cell, Tex, MAIT, and Tem were increased in IgAN samples of

data1, whereas the CD4+ T cell, neutrophils, iTreg, nTreg, Tcm,

Th2, and Th17 were reduced (Figures 2B, C). Meanwhile,

macrophage and NKT were increased, and B cell, CD4+ T cell,

Tr1, nTreg, iTreg, Th1, and Tfh were reduced in IgAN samples

of GSE141295 (Figures 2D, E). It was suggested that the immune

signatures of IgAN may be represented by the increase in

macrophages and a decrease in CD4+ T cells, particularly

iTreg cells based on the ssGSEA results of data1 and GSE141295.
A B

D

E F

C

FIGURE 1

Merging datasets and removing batch effect. (A) The box plot of sample distribution of each datasets before the removal of batch effect, which
indicated the differences of sample distribution and the existence of batch effect. (B) The box plot of sample distribution of each datasets after
the removal of batch effect, which indicated that data distribution tends to be consistent across datasets, with the median in a line. (C) The
density plot of sample distribution of each datasets before the removal of batch effect, which indicated the differences of sample distribution
and the existence of batch effect. (D) The density plot of sample distribution of each datasets after the removal of batch effect, which indicated
that data distribution tends to be consistent across datasets, with the close mean and variance. (E) The UAMP of sample distribution of each
datasets before the removal of batch effect; samples from individual datasets are clustered separately, which indicated the existence of batch
effect. (F) The UAMP of sample distribution of each datasets after the removal of batch effect; the samples of each datasets were clustered
together, suggesting a good removal of batch effect.
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Immunoinfiltration clustering of IgAN

To further explore the genetic mechanisms of IgAN, cluster

analysis was performed on 100 IgAN samples in data1 based on the

abundanceof 24 types of immune cells obtained fromssGSEA. In the

CDF curve of different K-values, the CDF delta has the slowest

downward trend when K-value = 2 (Figure 3A), and the area under

theCDFcurve increasedwith the increase of theK-value (Figure 3B).

We need to keep the CDF delta decline as slow as possible on the

premise of keeping the area as large as possible. Ultimately, the

number of clusters was selected as K = 2 for achieving the highest

average consistency within the groups (Figure 3C). One-hundred

IgANsampleswere divided into two clusters (Figure 3D), 53 samples

in cluster 1, and 47 samples in cluster 2 (Supplementary Table 4).

We then compared the abundance of immune cells in cluster

1 and cluster 2. DCs, macrophages, and NK cells in cluster 2

were significantly higher than those in cluster 1. There was no

difference in macrophages and NK cells of cluster 2 compared

with the controls (Figure 3E). Thus, cluster 2 is considered to

represent severe inflammation, whereas cluster 1 represented

mild inflammation in IgAN samples.
Differential expression analysis for IgAN

A total of 3,754 DEGs between IgAN and the control group

in data1 were identified with P < 0.05, including 1,553
Frontiers in Immunology 05
upregulated and 2,203 downregulated genes. In addition, 2,818

upregulated and 7,097 downregulated genes were obtained from

GSE141295 (Figure 4A); DEGs of data1 and GSE141295 were

combined to screen 1,104 common DEGs, which consisted of

637 upregulated and 467 downregulated genes (Figures 4B, C).

Then, the expression matrix of 1,104 common DEGs from 100

IgAN samples in data1 was selected to generate data2 for

further analysis.
Co-expression analysis between DEGs
and IgAN clusters

To identify the genes significantly associated with IgAN

clusters, 1,104 genes in data2 were divided into seven modules

using WGCNA based on b = 4 (Figures 5A, B). In addition, the

brown module was positively correlated with cluster 2 and

negatively correlated with cluster 1, which had the highest

correlation with igAN cluster and contained 219 genes

(Figure 5C). Furthermore, we calculated the correlation

between module feature vectors and gene expression to

obtain hub genes, based on the cutoff criteria (|MM| >

0.9). Fifteen genes with high connectivity in the clinical

significant module were identified as hub genes, which were

considered to be associated with severe inflammation in IgAN.

Cytoscape 3.8.2 was used to show the correlations between

them (Figure 5D).
A

B

D E

C

FIGURE 2

ssGSEA of data1 and GSE141295. (A)Differences in 10 layer1 immune cell infiltration between IgAN and controls. Each row represents a type of immune
cell; each column, a different group. (B)Differences in abundance of 10 types of layer1 immune cells between IgAN and controls of data1. (C)Differences in
abundance of 14 types of layer2 immune cells between IgAN and controls of data1. (D)Differences in abundance of 10 types of layer1 immune cells
between IgAN and controls of GSE141295. (E)Differences in abundance of 14 types of layer2 immune cells between IgAN and controls of GSE141295.
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A

B C

FIGURE 4

Identification of common DEGs in data1 and GSE141295. (A) The Manhattan plot of DEGs in data1 and GSE141295. 1: 1,553 upregulated genes in
the IgAN samples of data1; 2: 2,203 downregulated genes in the IgAN samples of data1; 3: 2,818 upregulated in the IgAN samples of
GSE141295; 4: 7,097 downregulated in the IgAN samples of GSE141295. (B) The Venn diagram of 636 common upregulated genes in data1 and
GSE141295. (C) The Venn diagram of 467 common downregulated genes in data1 and GSE141295.
A B

D E

C

FIGURE 3

Cluster analysis of 100 IgAN samples in data1 based on the abundance of immune cells. (A) The CDF curve of different K-values; the CDF delta
has the slowest downward trend when K-value = 2. (B) The relative change in area under CDF curve; as the K-value increased, the area under
the CDF curve increases gradually. (C) The bar graph of the consistency within the clusters; the number of clusters with the highest average
consistency within the group was K-value = 2. (D) The heat map of clusters; there were 53 IgAN samples in cluster 1, whereas there were 47
IgAN samples in cluster 2. (E) The differences in abundance of 10 types of layer1 immune cells between controls, cluster 1, and cluster 2. *P ≤

0.05, **P ≤ 0.01, ****P ≤ 0.0001.
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Enrichment analysis

The results of enrichment analysis indicated that 15 hub

genes were related to immune processes such as NK cell–

mediated cytotoxicity, complement and coagulation cascades,

and cell killing pathways in KEGG (Figure 6A). In terms of GO,

15 hub genes were involved in, interleukin-6 (IL-6), IL-10, Toll-

like receptor signaling pathway, interferon-gamma–mediated

signaling pathway, and macrophage activation involved in

immune response production (Figure 6B).
Short time-series expression
miner analysis

STEM analysis was used to determine the alteration in 15

hub genes during the progression from healthy controls to

different IgAN clusters (Supplementary Table 5). Among

them, C3AR1, CYBB, CTSS, IGTB2, FCER1G, TYROBP,

CD53, RAC2, HCK, IFI30, IL10RA, NCF2, TLR2, and HCLS1

showed a trend of gradual increase with different IgAN clusters

(Figure 7A). C3AR1, CD53, CTSS, CYBB, FCER1G, HCK, IFI30,

IL10RA, ITGB2, RAC2, and TYROBP were in trend 1, NCF2,

SAMSN1, and TLR2 were in trend 2, whereas HCLS1 was in

trend 3 (Figures 7B–D). The results of STEM analysis suggested

that these 14 genes may be associated with different immune
Frontiers in Immunology 07
infiltration of IgAN alterations. These genes may be potential

inflammation biomarkers in IgAN.
Construction and assessment of machine
learning models

Fourteen hub genes that increased with different IgAN clusters

were selected to construct ML models. The model rank and

prediction–observation values of six models were generated on

the basis of CV = 10 (Figures 8A, B). The value of observed vs.

predicted is shown in Figure 8C, and Figure 8D shows the feature

importance. Considering accuracy and kappa-values (Table 2),

Nnet-5-0.1 was the best model for predicting the inflammation in

IgAN based on 14 hub genes, which were significantly correlated

with the severity of inflammatory infiltration in IgAN glomeruli.

This modelmay be of great value in predicting the severity of IgAN

glomeruli inflammation in the future.

Identification of potential molecules
for IgAN

Enrichr platform is used to identify potential molecules for

IgAN using hub genes. The molecules that could regulate the

expression of hub genes were collected from DSigDB

(Supplementary Table 6). Table 3 shows the top 10 potential
A B

DC

FIGURE 5

WGCNA of IgAN clusters in data. (A) Identification of soft threshold, b = 4 was considered the most suitable. (B) The cluster dendrogram of co-
expression genes in clusters of 100 IgAN samples. (C) Module–trait relationships in clusters of 100 IgAN samples. Each cell contains corresponding
correlation and p-value. (D) The network of 15 hub genes in the brown module based on MM = 0.9.
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A B

FIGURE 6

The enrichment analysis of 15 hub genes in the brown module. (A) The KEGG enrichment analysis of 15 hub genes in the brown module. (B)
The GO enrichment analysis of 15 hub genes in the brown module, including cellular component, biological process, and molecular function.
A B

DC

FIGURE 7

STEM analysis of 15 hub genes. (A) The heat map of 15 hub gene expression trends. In addition to SAMSN1, the expression of the other 14 hub
genes increased gradually from control group to cluster 1 and then to cluster 2. (B) The line chart of six gene expressions in trend 1, including
C3AR1, CD53, CTSS, CYBB, FCER1G, HCK, IFI30, IL10RA, ITGB2, RAC2, and TYROBP. (C) The line chart of six gene expressions in trend 2,
including NCF2, SAMSN1, and TLR2. (D) The line chart of six gene expressions in trend 3, including HCLS1.
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molecules from DSigDB; among them, fucose was considered as

a candidate molecule for the treatment of IgAN as it has the

highest odds ratio and the highest combined score.

Discussion

IgAN is an autoimmune disease that is driven by environment,

genetics, and immunity, particularly the dysregulations in the
Frontiers in Immunology 09
adaptive and innate immune systems (5). Although it has been

discovered and studied for many years, there are still limitations on

its pathogenesis, pathophysiology, and treatment (24). Exploring

the immune-mediated inflammation in IgAN glomeruli would

bring new insights and breakthroughs to the protecting of

glomerular function and personalized treatment.

To improve the accuracy and persuasiveness of the study, all

IgAN glomeruli-related microarray data in the GEO database
A B

DC

FIGURE 8

construction and evaluation of ML models. (A) The cross-validation results of the accuracy of all models. (B) The cross-validation results of the
kappa-value of all models. (C) The observed vs. predicted (best candidate for algorithm) of all models. (D) Feature importance of genes in the
ML models.
TABLE 2 The accuracy and kappa-value of top 10 models.

Model Accuracy Kappa AccuracySD KappaSD

nnet-5-0.1 0.766 0.645 0.13 0.192

nnet-5-0.01 0.731 0.592 0.092 0.139

svmPoly-2-0.1-1 0.722 0.58 0.099 0.148

nnet-3-0.1 0.721 0.58 0.111 0.163

knn-1 0.718 0.58 0.116 0.169

svmPoly-3-0.1-0.25 0.713 0.568 0.120 0.176

svmPoly-3-0.1-1 0.713 0.569 0.116 0.170

nnet-3-0.01 0.712 0.569 0.059 0.085

svmLinear-1 0.713 0.564 0.144 0.219

svmPoly-2-0.1-0.5 0.707 0.560 0.132 0.195
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were downloaded and combined into new data in addition to a

RNA-seq dataset. There were differences in ssGSEA results

between microarray data and RNA-seq data, but both of them

lead to the same conclusion that is macrophage infiltration

increased while CD4+ T cell infiltration decreased in the

IgAN glomeruli.

Macrophages can be used as an important indicator to estimate

the development and prognosis of renal diseases due to their

involvement in the development of renal fibrosis (25), which is a

necessaryprocess for all chronic kidneydisease todevelop intoESRD

(26). Stimulated by inflammatory signals, circulating monocytes

migrate and infiltrate into the kidney and then differentiate into

macrophages (27). Macrophages could differentiate into M0, M1,

andM2types (28). Immunecomplexes andnecrotic cells canactivate

innate immune receptors and promote the differentiation of M1

macrophages, which promotes a series of inflammatory responses

and leads to kidney damage by secreting proinflammatory cytokines

such as TNF-a, IL-1, IL-6, IL-12, and chemokines (29). As

the development of inflammation and the production of anti-

inflammatory factors, the macrophages polarize toward M2

macrophages, which limit inflammatory response, promote renal

repair, and cause fibrosis (30). Macrophages play a critical role in

glomerular inflammationandglomerulosclerosis, andanti-apoptosis

inhibitor of macrophage therapy could inhibit the progression of

kidney inflammation and renal fibrosis (31). This reveals the

importance of macrophages in immune-mediated inflammation in

IgAN. The abundance of macrophages represents the severity of

renal inflammation in IgAN, which provides theoretical support for

our subsequent cluster analysis and targeted macrophage therapy.

In contrast to the increase of macrophages, the abundance of

CD4+T cells was significantly reduced comparedwith the controls

in IgAN glomeruli. CD4+ T cells participate in the IgAN through

differentiating into helper T cells (Th) and regulatory T cells (Treg)

(32). Notably, as an important subtype of CD+ T cells, iTreg was

significantly reduced in the glomeruli of IgAN. T cells are induced

to differentiate in vitro to produce iTregs that exert

immunosuppressive actions through secreting cytokines, such as

IL-4, IL-10, and TGF-b, and play an important role in immune
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homeostasis and induction of immune tolerance (33). A number of

research revealed that the decrease of Tregs may be involved in the

occurrence of IgAN (34, 35). Some studies indicated not only a

deficient quantity but also poor immunosuppressive function of

Tregs in IgAN (36). In addition, The decrease of Tregs always

signifies an increased abundance of Ths. Among the various Ths,

Th17 deserves the most attention, as the balance of Th17 and

Treg in vivo maintains immune homeostasis and they can be

transformed into each other under certain conditions (37, 38).

The dual defects in the quantity and function of Tregs make

the inflammation more active in the kidney, which could be

an important cause of IgAN progression (36). Restoring immune

homeostasis and tolerance through the amplificationand induction

ofTregsmaybe an importantway to cure or control IgAN(39). It is

worth mentioning that the inflammation in IgAN glomeruli is

mediated by a combination of immune cells, but perhaps the most

dazzlingaremacrophages andTcells.Changes inmacrophages and

T cells may be the most valuable and effective therapeutic targets.

On the basis of the results of ssGSEA, cluster analysis was

performed on IgAN samples in data1 and obtained two clusters.

Macrophages and NK cells in cluster 2 were significantly higher

than those in cluster 1. Cluster 1 was defined as mild

inflammation and cluster 2 as severe inflammation. In

addition, 637 upregulated and 467 downregulated genes were

identified from data1 and GSE141295. The above results were

then used for WGCNA to explore the gene modules closely

related to glomerular inflammation.

The brown module had the highest correlation with IgAN

clusters, and 15 hub genes were screened from it according to

appropriate thresholds, which were considered to be markers of

severe inflammation in IgAN glomeruli. KEGG enrichment

analysis indicated that these 15 hub genes were involved in

various immune processes such as NK cell–mediated

cytotoxicity and cell killing pathways, which are related to the

progression and prognosis of IgAN (40). In addition, hub genes

were involved in the complement and coagulation cascades,

which play a crucial role in IgAN progression and renal function

decline (41). In terms of GO enrichment analysis, 15 hub genes
TABLE 3 Suggested top 10 small molecules for IgAN.

Term P-value Odds Ratio Combined Score

fucose TTD 00008125 6.92E-05 208.0208333 1992.61613

pergolide HL60 UP 6.57E-10 64.52786885 1364.342173

GLYOXAL CTD 00006046 0.007674931 153.6615385 748.3003459

Eckol CTD 00002503 0.007674931 153.6615385 748.3003459

ADAPALENE CTD 00002588 0.009064489 128.0384615 602.2149226

methylglyoxal CTD 00006677 0.009758591 118.183432 547.142878

astemizole HL60 UP 5.69E-04 67.81292517 506.6875974

TRIMELLITIC ANHYDRIDE CTD 00000808 0.010452241 109.7362637 500.5003914

PCB 118 CTD 00002737 0.010452241 109.7362637 500.5003914

alfacalcidol CTD 00000387 0.010452241 109.7362637 500.5003914
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were associated with the production of IL-6 and IL-10,

macrophage activation involved in immune response, and

Toll-like receptor signaling pathway, which are important

components of innate and adaptive immunity and critical for

the pathogenesis of IgAN (42). It is worth mentioning that IL-6

involves in the etiopathogenesis of IgAN through the production

of Gd-IgA1 and regulation of mesangial cell proliferation (43),

whereas IL-10 represses proinflammatory responses and limits

kidney disruptions caused by inflammation (44). Although

almost all lymphocytes can synthesize IL-10, the most

important sources in vivo are activated mononuclear

macrophages and CD4+ T cells (45). These results indicated

that the hub genes are closely related to the changes in the

abundance and activation of CD4+ T cells and macrophages in

the immune microenvironment of IgAN, which could be

used as potential therapeutic targets.

Searching for reliable biomarkers is the basis of diagnosis

and targeted therapy for IgAN. We identified 14 genes from 15

hub genes using STEM analysis, which was beneficial for

predicting and evaluating the inflammation in IgAN glomeruli.

ML has been widely used in medicine to construct diagnostic

and predictive models of diseases (46). After testing and

evaluating six models, neural network (nnet) was considered

as the most valuable for the prediction of inflammation in IgAN

glomeruli due to its highest accuracy and kappa-values. It is

widely used for building prediction models from microarray

data (47). The research on the immune microenvironment and

the prediction model is expected to promote the exploration of

the pathogenesis and personalized treatment of IgAN.

Angiotensin-converting enzyme inhibitor or angiotensin II

receptor blocker benefits in controlling blood pressure and

reducing proteinuria. However, they cannot improve the

inflammation of the kidney. Although immunosuppressants

and monoclonal antibodies have been used to inhibit the

inflammatory response and progression of IgAN, there is

debate about their safety and effectiveness (10). Thus, it is

critical to explore effective drugs for improving the symptoms

and prognosis of patients with IgAN.

Fucose in DSigDB was identified as a potential molecule for

treating IgAN based on 14 hub genes. Fucose is a monosaccharide

present abundantly in gut glycoproteins and mediates the host–

microbe symbiosis that could suppress the virulence of pathogens

and pathobionts and improves both gut-centered and systemic

infection and inflammation (48). Furthermore, fucose plays an

important role in immunoregulation of renal disease by reducing

the deposition of complement C3 on renal tubules and infiltration of

immune cells (49), which is beneficial to the therapeutic intervention

of IgAN (50). Moreover, the activation of macrophage can be

inhibited by fucose, and it is an important regulator of intestinal

mucosal immunity (51). Fucose plays a critical role in mucosal

immunity through its immunocompetence of anti-infection and

anti-inflammation (52), which is of great significance to prevent
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the occurrence and progression of IgAN from the pathogenesis. In

addition, fucose is also a powerful antioxidant that reduces tissue

damage caused by inflammation and protects renal function (53).

The excellent biological activity of fucose may become an effective

treatment for IgAN in the future.

There are also certain limitations in our study; the data

obtained from GEO lack adequate clinical information, which

makes more detailed grouping and exploration difficult. Further

molecular experiments for the validation of genes and molecules

are missing, and large clinical samples will be collected to verify

our findings in the future. In addition, fucose as a potential

therapeutic molecule for IgAN is predicted based on the DSigDB

and lacks experimental verification, and we plan to conduct

subsequent experiments in animal models.

In conclusion, the present study demonstrated that the

increase of macrophages and decrease of iTregs are immune

signatures in IgAN glomeruli. We identified 15 hub genes

associated with severe inflammation and used 14 of them to

construct a nnet model to predict and evaluate the inflammation

in IgAN. Finally, we predict a molecule called fucose that may

become an effective drug for IgAN in the future.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Author contributions

JQ processed the data and drafted the paper. CL and XH

helped filter datasets for the manuscript. WS, HT, and HY

helped polish the manuscript. YL was responsible for final

review. All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by the National Natural Science

Foundation of China (82170716) and the Research Project

Supported by Shanxi Scholarship Council of China(2020-183).
Acknowledgments

We express our sincere gratitude to those who helped us a lot

during our writing process.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.929138
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Qing et al. 10.3389/fimmu.2022.929138
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 12
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.929138/full#supplementary-material
References
1. Rodrigues JC, Haas M, Reich HN. IgA nephropathy. Clin J Am Soc Nephrol
CJASN (2017) 12(4):677–86. doi: 10.2215/CJN.07420716

2. He JW, Zhou XJ, Lv JC, Zhang H. Perspectives on how mucosal immune
responses, infections and gut microbiome shape IgA nephropathy and future
therapies. Theranostics (2020) 10(25):11462–78. doi: 10.7150/thno.49778

3. Gesualdo L, Di Leo V, Coppo R. The mucosal immune system and IgA
nephropathy. Semin Immunopathol (2021) 43(5):657–68. doi: 10.1007/s00281-021-
00871-y

4. Chang S, Li XK. The role of immune modulation in pathogenesis of IgA
nephropathy. Front Med (2020) 7:92. doi: 10.3389/fmed.2020.00092

5. Suzuki H, Kiryluk K, Novak J, Moldoveanu Z, Herr AB, Renfrow MB, et al.
The pathophysiology of IgA nephropathy. J Am Soc Nephrol JASN. (2011) 22
(10):1795–803. doi: 10.1681/ASN.2011050464

6. Oortwijn BD, van der Boog PJ, Roos A, van der Geest RN, de Fijter JW, Daha
MR, et al. A pathogenic role for secretory IgA in IgA nephropathy. Kidney Int
(2006) 69(7):1131–8. doi: 10.1038/sj.ki.5000074

7. Novak J, Vu HL, Novak L, Julian BA, Mestecky J, Tomana M. Interactions of
human mesangial cells with IgA and IgA-containing immune complexes. Kidney
Int (2002) 62(2):465–75. doi: 10.1046/j.1523-1755.2002.00477.x

8. Selvaskandan H, Shi S, Twaij S, Cheung CK, Barratt J. Monitoring immune
responses in IgA nephropathy: Biomarkers to guide management. Front Immunol
(2020) 11:572754. doi: 10.3389/fimmu.2020.572754

9. Cheung CK, Rajasekaran A, Barratt J, Rizk DV. An update on the current
state of management and clinical trials for IgA nephropathy. J Clin Med (2021) 10
(11):2493. doi: 10.3390/jcm10112493

10. Floege J, Rauen T, Tang SCW. Current treatment of IgA nephropathy.
Semin immunopathol (2021) 43(5):717–28. doi: 10.1007/s00281-021-00888-3

11. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M,
et al. NCBI GEO: archive for functional genomics data sets–update. Nucleic Acids
Res (2013) 41(Database issue):D991–5. doi: 10.1093/nar/gks1193

12. Taminau J, Meganck S, Lazar C, Steenhoff D, Coletta A, Molter C, et al.
Unlocking the potential of publicly available microarray data using inSilicoDb and
inSilicoMerging R/Bioconductor packages. BMC Bioinf (2012) 13:335. doi:
10.1186/1471-2105-13-335

13. van der Kloet FM, Buurmans J, Jonker MJ, Smilde AK, Westerhuis JA.
Increased comparability between RNA-seq and microarray data by utilization of
gene sets. PloS Comput Biol (2020) 16(9):e1008295. doi: 10.1371/
journal.pcbi.1008295

14. Miao YR, Zhang Q, Lei Q, Luo M, Xie GY, Wang H, et al. ImmuCellAI: A
unique method for comprehensive T-cell subsets abundance prediction and its
application in cancer immunotherapy. Advanced Sci (Weinheim Baden-
Wurttemberg Germany) (2020) 7(7):1902880. doi: 10.1002/advs.201902880

15. Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool
with confidence assessments and item tracking. Bioinf (Oxford England) (2010) 26
(12):1572–3. doi: 10.1093/bioinformatics/btq170

16. Ritchie M, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

17. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8
18. Zeng F, Shi M, Xiao H, Chi X. WGCNA-based identification of hub genes
and key pathways involved in nonalcoholic fatty liver disease. BioMed Res Int
(2021) 2021:5633211. doi: 10.1155/2021/5633211

19. Tang J, Kong D, Cui Q, Wang K, Zhang D, Gong Y, et al. Prognostic genes of
breast cancer identified by gene Co-expression network analysis. Front Oncol
(2018) 8:374. doi: 10.3389/fonc.2018.00374

20. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an r package for comparing
biological themes among gene clusters. Omics J Integr Biol (2012) 16(5):284–7. doi:
10.1089/omi.2011.0118

21. Lee ON, Fukushima K, Park HY, Kawabata S. QTL analysis of stem
elongation and flowering time in lettuce using genotyping-by-Sequencing. Genes
(2021) 12(6):947. doi: 10.3390/genes12060947

22. Badgeley MA, Liu M, Glicksberg BS, Shervey M, Zech J, Shameer K, et al.
CANDI: an r package and shiny app for annotating radiographs and evaluating
computer-aided diagnosis. Bioinf (Oxford England) (2019) 35(9):1610–2. doi:
10.1093/bioinformatics/bty855

23. Yoo M, Shin J, Kim J, Ryall KA, Lee K, Lee S, et al. DSigDB: drug signatures
database for gene set analysis. Bioinf (Oxford England) (2015) 31(18):3069–71.
doi: 10.1093/bioinformatics/btv313

24. Rajasekaran A, Julian BA, Rizk DV. IgA nephropathy: An interesting
autoimmune kidney disease. Am J Med Sci (2021) 361(2):176–94. doi: 10.1016/
j.amjms.2020.10.003

25. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol (2008) 8(12):958–69. doi: 10.1038/nri2448

26. O'Donnell MP. Renal tubulointerstitial fibrosis. new thoughts on its
development and progression. Postgrad Med (2000) 108(1):159–62, 65, 71-2.
doi: 10.3810/pgm.2000.07.1155

27. Zhou D, Huang C, Lin Z, Zhan S, Kong L, Fang C, et al. Macrophage
polarization and function with emphasis on the evolving roles of coordinated
regulation of cellular signaling pathways. Cell Signalling (2014) 26(2):192–7. doi:
10.1016/j.cellsig.2013.11.004

28. Bain CC, Schridde A. Origin, differentiation, and function of intestinal
macrophages. Front Immunol (2018) 9:2733. doi: 10.3389/fimmu.2018.02733

29. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity (2014) 41(1):14–20. doi: 10.1016/j.immuni.2014.06.008

30. Wen Y, Crowley SD. The varying roles of macrophages in kidney injury and
repair. Curr Opin Nephrol Hypertension (2020) 29(3):286–92. doi: 10.1097/
MNH.0000000000000595

31. TakahataA,Arai S,HiramotoE,KitadaK,KatoR,MakitaY, et al.Crucial role of
AIM/CD5L in the development of glomerular inflammation in IgAnephropathy. J Am
Soc Nephrol JASN (2020) 31(9):2013–24. doi: 10.1681/ASN.2019100987

32. Zhang X, Wu X, Xiong L, Yi Z, He Q, He X, et al. Role of vitamin D3 in
regulation of T helper cell 17 and regulatory T-cell balance in rats with
immunoglobulin a nephropathy. Iranian J Kidney diseases. (2014) 8(5):363–70.

33. Kumar BV, Connors TJ, Farber DL. Human T cell development,
localization, and function throughout life. Immunity (2018) 48(2):202–13.
doi: 10.1016/j.immuni.2018.01.007

34. Yang Y, Liu K, Chen Y, Gong Y, Liang Y. Indoleamine 2,3-dioxygenase
(IDO) regulates Th17/Treg immunity in experimental IgA nephropathy. Folia
biologica (2019) 65(2):101–8.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.929138/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.929138/full#supplementary-material
https://doi.org/10.2215/CJN.07420716
https://doi.org/10.7150/thno.49778
https://doi.org/10.1007/s00281-021-00871-y
https://doi.org/10.1007/s00281-021-00871-y
https://doi.org/10.3389/fmed.2020.00092
https://doi.org/10.1681/ASN.2011050464
https://doi.org/10.1038/sj.ki.5000074
https://doi.org/10.1046/j.1523-1755.2002.00477.x
https://doi.org/10.3389/fimmu.2020.572754
https://doi.org/10.3390/jcm10112493
https://doi.org/10.1007/s00281-021-00888-3
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1186/1471-2105-13-335
https://doi.org/10.1371/journal.pcbi.1008295
https://doi.org/10.1371/journal.pcbi.1008295
https://doi.org/10.1002/advs.201902880
https://doi.org/10.1093/bioinformatics/btq170
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1155/2021/5633211
https://doi.org/10.3389/fonc.2018.00374
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.3390/genes12060947
https://doi.org/10.1093/bioinformatics/bty855
https://doi.org/10.1093/bioinformatics/btv313
https://doi.org/10.1016/j.amjms.2020.10.003
https://doi.org/10.1016/j.amjms.2020.10.003
https://doi.org/10.1038/nri2448
https://doi.org/10.3810/pgm.2000.07.1155
https://doi.org/10.1016/j.cellsig.2013.11.004
https://doi.org/10.3389/fimmu.2018.02733
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1097/MNH.0000000000000595
https://doi.org/10.1097/MNH.0000000000000595
https://doi.org/10.1681/ASN.2019100987
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.3389/fimmu.2022.929138
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Qing et al. 10.3389/fimmu.2022.929138
35. Stangou M, Bantis C, Skoularopoulou M, Korelidou L, Kouloukouriotou D,
Scina M, et al. Th1, Th2 and Treg/T17 cytokines in two types of proliferative
glomerulonephritis. Indian J Nephrol (2016) 26(3):159–66. doi: 10.4103/0971-
4065.159303

36. Huang H, Peng Y, Long XD, Liu Z, Wen X, Jia M, et al. Tonsillar CD4
+CD25+ regulatory T cells from IgA nephropathy patients have decreased
immunosuppressive activity in experimental IgA nephropathy rats. Am J nephrol
(2013) 37(5):472–80. doi: 10.1159/000350533

37. Eisenstein EM, Williams CB. The T(reg)/Th17 cell balance: a new paradigm
for autoimmunity. Pediatr Res (2009) 65(5 Pt 2):26R–31R. doi: 10.1203/
PDR.0b013e31819e76c7

38. Yang S, Chen B, Shi J, Chen F, Zhang J, Sun Z. Analysis of regulatory T cell
subsets in the peripheral blood of immunoglobulin a nephropathy (IgAN)
patients. Genet Mol Res GMR (2015) 14(4):14088–92. doi: 10.4238/
2015.October.29.28

39. Eggenhuizen PJ, Ng BH, Ooi JD. Treg enhancing therapies to treat
autoimmune diseases. Int J Mol Sci (2020) 21(19):7015. doi: 10.3390/ijms21197015

40. Zeng H, Wang L, Li J, Luo S, Han Q, Su F, et al. Single-cell RNA-sequencing
reveals distinct immune cell subsets and signaling pathways in IgA nephropathy.
Cell bioscI (2021) 11(1):203. doi: 10.1186/s13578-021-00706-1

41. Trimarchi H, Coppo R. Glomerular endothelial activation, C4d deposits and
microangiopathy in immunoglobulin a nephropathy. Nephrol dialysis Transplant
Off Publ Eur Dialysis Transplant Assoc - Eur Renal Assoc (2021) 36(4):581–6. doi:
10.1093/ndt/gfz241

42. Hosseini A, Hashemi V, Shomali N, Asghari F, Gharibi T, Akbari M, et al.
Innate and adaptive immune responses against coronavirus. Biomed Pharmacother
= Biomed Pharmacother (2020) 132:110859. doi: 10.1016/j.biopha.2020.110859

43. Groza Y, Jemelkova J, Kafkova LR, Maly P, Raska M. IL-6 and its role in IgA
nephropathy development. Cytokine Growth Factor Rev (2022) 66(2022):1–14.
doi: 10.1016/j.cytogfr.2022.04.001
Frontiers in Immunology 13
44. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
functions of the IL-10 family of cytokines in inflammation and disease. Annu Rev
Immunol (2011) 29:71–109. doi: 10.1146/annurev-immunol-031210-101312

45. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells.
Nat Rev Immunol (2010) 10(3):170–81. doi: 10.1038/nri2711

46. Feeny AK, Chung MK, Madabhushi A, Attia ZI, Cikes M, Firouznia M, et al.
Artificial intelligence and machine learning in arrhythmias and cardiac
electrophysiology. Circ Arrhythmia electrophysiol (2020) 13(8):e007952. doi: 10.1161/
CIRCEP.119.007952

47. Daoud M, Mayo M. A survey of neural network-based cancer prediction
models from microarray data. Artif Intell Med (2019) 97:204–14. doi: 10.1016/
j.artmed.2019.01.006

48. Pickard JM, Chervonsky AV. Intestinal fucose as a mediator of host-
microbe symbiosis. J Immunol (Baltimore Md 1950) (2015) 194(12):5588–93.
doi: 10.4049/jimmunol.1500395

49. Howard MC, Nauser CL, Vizitiu DA, Sacks SH. Fucose as a new therapeutic
target in renal transplantation. Pediatr Nephrol (Berlin Germany) (2021) 36
(5):1065–73. doi: 10.1007/s00467-020-04588-2

50. Rizk DV, Maillard N, Julian BA, Knoppova B, Green TJ, Novak J, et al. The
emerging role of complement proteins as a target for therapy of IgA nephropathy.
Front Immunol (2019) 10:504. doi: 10.3389/fimmu.2019.00504

51. Litvinova EA, Bets VD, FeofanovaNA, Gvozdeva OV, Achasova KM, Alperina
EL, et al.Dietary fucose affectsmacrophage polarization and reproductive performance
in mice. Nutrients (2021) 13(3):855. doi: 10.3390/nu13030855

52. Schneider M, Al-Shareffi E, Haltiwanger RS. Biological functions of fucose in
mammals. Glycobiology (2017) 27(7):601–18. doi: 10.1093/glycob/cwx034

53. Guerreiro BM, Silva JC, Lima JC, Reis MAM, Freitas F. Antioxidant
potential of the bio-based fucose-rich polysaccharide FucoPol supports its use in
oxidative stress-inducing systems. Polymers (2021) 13(18):3020. doi: 10.3390/
polym13183020
frontiersin.org

https://doi.org/10.4103/0971-4065.159303
https://doi.org/10.4103/0971-4065.159303
https://doi.org/10.1159/000350533
https://doi.org/10.1203/PDR.0b013e31819e76c7
https://doi.org/10.1203/PDR.0b013e31819e76c7
https://doi.org/10.4238/2015.October.29.28
https://doi.org/10.4238/2015.October.29.28
https://doi.org/10.3390/ijms21197015
https://doi.org/10.1186/s13578-021-00706-1
https://doi.org/10.1093/ndt/gfz241
https://doi.org/10.1016/j.biopha.2020.110859
https://doi.org/10.1016/j.cytogfr.2022.04.001
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1038/nri2711
https://doi.org/10.1161/CIRCEP.119.007952
https://doi.org/10.1161/CIRCEP.119.007952
https://doi.org/10.1016/j.artmed.2019.01.006
https://doi.org/10.1016/j.artmed.2019.01.006
https://doi.org/10.4049/jimmunol.1500395
https://doi.org/10.1007/s00467-020-04588-2
https://doi.org/10.3389/fimmu.2019.00504
https://doi.org/10.3390/nu13030855
https://doi.org/10.1093/glycob/cwx034
https://doi.org/10.3390/polym13183020
https://doi.org/10.3390/polym13183020
https://doi.org/10.3389/fimmu.2022.929138
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Fucose as a potential therapeutic molecule against the immune-mediated inflammation in IgA nepharopathy: An unrevealed link
	Introduction
	Methods
	Data collection and processing
	Single-sample gene set enrichment analysis
	Immune cell clustering of IgAN
	Differential expression analysis for IgAN
	Co-expression analysis between DEGs and IgAN clusters
	Enrichment analysis
	Short time-series expression miner analysis
	Construction and assessment of machine learning models
	Identification of potential molecules for IgAN

	Results
	Data collection and processing
	Single-sample gene set enrichment analysis
	Immunoinfiltration clustering of IgAN
	Differential expression analysis for IgAN
	Co-expression analysis between DEGs and IgAN clusters
	Enrichment analysis
	Short time-series expression miner analysis
	Construction and assessment of machine learning models
	Identification of potential molecules for IgAN

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


