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Background: Immunoglobulin A nephropathy (IgAN) and lupus nephritis (LN) are the most prevalent primary and secondary
glomerular diseases, respectively, with several similarities in clinical presentations. Common pathogenic mechanisms in IgAN and LN
have been well investigated by previous studies. However, the manifestation mechanism of these two independent diseases carrying
distinct immunofluorescent pathological features is still unknown considering the similarities between them. Therefore, differences in
pathogenic mechanisms between IgAN and LN were compared in this study.

Methods: R packages were used for processing the glomerular gene expression datasets acquired from the Gene Expression Omnibus
(GEO) database. Least Absolute Selection and Shrinkage Operator (LASSO) and multivariate logistic regression analysis were used to
construct models predicting [gAN and LN. Cibersort was used to process the immune cell infiltration analysis. Inmunochemistry was
used to validate the findings by bioinformatics analysis.

Results: In the predicting models based on differentially expressed genes (DEG) and weighted correlation network analysis
(WGCNA), retinoic acid receptor y (RARG) and prolactin releasing hormone (PRLH) were independent risk factors for I[gAN, and
HECT domain and RCC1-like domain-containing protein 5 (HERCS) and interferon stimulated exonuclease gene 20 (ISG20) were
independent risk factors for LN. Gene Ontology (GO) analysis revealed that DEGs mostly correlated to IgAN were enriched in ligand-
receptor activity-induced cellular growth and development, while DEGs mostly correlated to LN were enriched in nucleic acid/
nucleotide binding-induced type I interferon-related activity and response to virus infection. Immune infiltration analysis showed
CD4+ T-cells and M2 macrophage abundance in the glomerular compartment in IgAN and LN, respectively. Immunochemistry
validated the predicting models for IgAN and LN and revealed different expression patterns of RARG, PRLH, HERCS, and ISG20.
Conclusion: We investigated key differences in the pathogenesis between IgAN and LN and provided validated predicting models to
distinguish IgAN and LN. RARG and PRLH, HERCS and ISG20 might play an essential role in the formation of IgAN and LN,
respectively.
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Introduction

Chronic kidney disease is a common cause of end-stage renal disease (ESRD) affecting global public health significantly.
IgAN and LN are the most prevalent primary and secondary glomerular diseases, respectively,'? with similar clinical
manifestations, such as hematuria and proteinuria,™* and several similarities in their pathogenesis and pathological
presentation. As autoimmune kidney diseases, intrarenal immune complex deposition was detected by immunofluores-
cence in both IgAN and LN. Complement elements activation,> inflammatory cells infiltration including T cells”® and

11,12

macrophages,”'® and Toll-like receptors (TLRs), important members in response to infection in innate immunity,
were investigated to be involved in enhancing and deteriorating intrarenal inflammation in both IgAN and LN. Mesangial
hypercellularity is common in IgAN, and diffuse mesangial hypercellularity was found in about 20% to 40% of IgAN

patients.'*"'* Significant mesangial hypercellularity could also be found in class II, class III, class IV LN, and class II LN
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(mesangial proliferative) accounts for 7-22% of all cases.* Though prodromic infection in IgAN and positive results of
antinuclear antibody profile in LN could help distinguish IgAN patients from LN patients clinically, it is still difficult to
distinguish IgAN from LN in the pathological aspect in these patients with mesangial hypercellularity.

IgAN and LN are two independent kidney diseases carrying different immunofluorescent pathological features.
Pathological lesions of IgAN are characterized by polymeric Gd-IgAl containing immune complex deposition in
mesangium with expansion of extracellular matrix and mesangial hypercellularity, while LN is characterized by full
field of IgA, IgM, and IgG deposition with different histological classes in kidney biopsies.'>'® Gd-IgAl deposition
induced proliferation and activation of mesangial cells plays the key role in the pathogenesis of IgAN,'” followed by
altered mesangial — endothelial/podocyte/tubular epithelial cell crosstalk'®'® deteriorating renal tissue damage.
Compared to IgAN, endogenous nuclear particles from renal cells and autoantibodies targeting these endogenous
antigens by misidentifying them as viral antigens combined to form immune complexes, initiating intrarenal inflamma-
tion in LN.?° Different types of antigens seemed to induce different histological classes of LN."

Considering all those similarities between IgAN and LN, it is confusing how these two independent diseases carrying
distinct immunofluorescent pathological features are manifested, and the mechanism under which different phenotypic
changes are associated with these two diseases remains to be elucidated. Though several studies have investigated the
pathogenesis and biomarkers of IgAN?'"2* and LN**7 by using bioinformatics analysis, only Jia®® compared genetic
susceptibility loci in IgAN and LN by genome-wide association studies (GWAS) enrichment analysis. Studies focusing
on comparing different pathogenesis between I[gAN and LN are still lacking.

Therefore, we explored the key differences in the pathogenesis between IgAN and LN by acquiring glomerular
expression profiles available in public databases in this study to elucidate different mechanisms underlying the
pathogenesis of I[gAN and LN.

Method

Data Source

Gene expression datasets from expression profiling by array based on human samples were searched in the GEO database
(http://www.ncbi.nlm.nih.gov/geo) using “IgA nephropathy”, “lupus nephritis”, and “glomerular compartment” as key-
words. Expression data of 26 IgAN patients and 30 LN patients were extracted from the GSE99339 dataset. As the
GSE99339 dataset did not consist of healthy controls, expression data of 22 healthy controls (HCs) from the GSE93798

dataset were extracted for data integration and further comparison.

Data Integration and Identification of DEGs

The R package Sva was used to integrate gene expression data of IgAN patients, LN patients, and HCs in the two
aforementioned datasets into the gene expression profile of the renal glomerulus, in which the batch effect was adjusted.
Probe sets without a corresponding gene symbol were removed, and genes with multiple probe sets were averaged. Then
R package Limma was used to determine the DEGs between IgAN patients and healthy controls, and between LN
patients and healthy controls. Statistical significance for the DEGs was considered with a P < 0.05 and a |fold change
(FC)| > 1, and FC > 1 and FC < —1 were used to indicate upregulated and downregulated DEGs, respectively. Volcano
maps were drawn using the R package ggplot2. To identify common DEGs with the same and opposite altered trends
between IgAN patients and LN patients, the Venn online tool was used to draw a Venn map.

Weighted Correlation Network Analysis

The WGCNA R package (version 1.68) was used for the WGCNA of the integrated gene expression profile of the renal
glomerulus (The R code could be freely available at: https://github.com/cran/WGCNA). The soft threshold power in this
study was chosen as 8 (R* = 0.9) for the correlation matrix, calculated by pickSoftThreshold of the WGCNA package.
The soft threshold power and gene correlation matrix were used to build an adjacency matrix, from which the topological

overlap matrix (TOM) and the dissimilarity TOM (1-TOM) were transformed. TOM was then used to measure gene
expression similarity, and genes were hierarchically clustered and visualized in a dendrogram according to the 1-TOM.
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The first principal component of each gene module was used to determine module eigengenes (MEs) to represent all
genes in each module. Correlations between clinical features (IgA nephropathy, lupus nephritis, or healthy control) and
MEs were then analyzed for IgAN and LN-associated modules, in which the gene significance (GS) and the module
membership (MM) were used to identify the modules. Correlations between MM and GS were analyzed to determine
modules of interest. Genes mostly correlated to IgAN and LN were determined with MM > 0.8 and GS > 0.2 in the
associated modules, respectively.

Diagnostic Value of the Correlated Genes with Significant Differential Expression in

IgAN - and LN - Associated Modules

The Venn online tool was used to identify DEGs mostly correlated to [gAN and LN in the IgAN - and LN-associated
modules by intersecting genes mostly correlated to IgAN and LN in the associated modules with DEGs. Statistical
analysis of the diagnostic value of those DEGs mostly correlated to IgAN and LN was processed by R software. We
extracted the expression data of those DEGs mostly correlated to IgAN and LN from the glomerular profile, and LASSO
regression analysis was utilized to select the genes with optimal predictive capability in IgAN and LN. Multivariate
logistic regression analysis was utilized to identify the independent factors by incorporating the genes selected in the
LASSO regression. Stepwise logistic regression would be performed if there was strong multicollinearity (r > 0.8)
between DEGs mostly correlated to IgAN and LN measured by Spearman’s rank correlation tests. Models were
constructed to predict IgAN and LN by developing nomograms based on the independent factors with a two-sided
p-value of <0.05 in the logistic regression. The models’ performance was measured by the area under the receiver
operating characteristic curve (AUC), concordance index (C-index), sensitivity, and specificity. The nomogram was
subjected to 100 bootstrap resamples for internal validation to assess their predictive accuracies. The calibration curve
measured the consistency between the observed outcomes and predicted probabilities. The net clinical benefit was
measured by decision curve analysis (DCA).

Functional Enrichment Analysis and Protein—Protein Interaction (PPI) Network

Construction
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses run by the “clusterProfiler”
R package were utilized to functionally annotate DEGs mostly correlated to IgAN and LN. P.adjust value <0.05 and
a false discovery rate (FDR) <0.25 in the GO and KEGG enrichment were considered statistically significant.

The online search tool STRING (http://string-db.org) was used to investigate the interaction among DEGs with

opposite altered trends in [gAN and LN to construct PPI networks, respectively. Interactions with a combined score of
over 0.4 were considered statistically significant. Then, the Cytoscape software was utilized to visualize the PPI network
and examine major functional modules, with the following selection criteria: K-core = 2, degree cutoff = 2, max depth =
100, and node score cutoff = 0.2.

Estimation of Immune Cell Infiltration and Investigation of Its Correlation with Risk
Factor Genes in IgAN and LN

To evaluate immune cell infiltration in IgAN and LN, the gene expression matrix data was uploaded to CIBERSORT
(https://cibersort.stanford.edu/) to obtain the immune cell infiltration matrix of the 22 kinds of immune cells. Violin

diagrams to visualize the differences in immune cell infiltration among IgAN patients, LN patients, and HCs were drawn
by the R package “ggplot2”. Spearman’s rank correlation tests were used to investigate the correlation between risk
factor genes in the nomograms and the abundances of infiltrating immune cells in IgAN and LN.

Immunohistochemistry

Immunohistochemistry (IHC) staining was carried out to validate the findings in predicting IgAN and LN. Paraffin-
embedded tissues of IgAN and LN used for IHC were gained from the Department of Nephrology, Peking University
Third Hospital, Beijing. Sections were boiled in Tris/EDTA buffer (pH 9.0) for antigen retrieval (ZLI-9069; ZSGB-BIO,
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China), and endogenous HRP activity was blocked with 3% H202. After blockage with bovine serum albumin (ZLI-
9056; ZSGB-BIO, China), sections were incubated with primary antibodies against RARG (11424-1-AP, rabbit; 1:800,
proteintech, USA), PRLH (YN3961, rabbit; 1:500, Immunoway, USA), ISG20 (22,097-1-AP, rabbit; 1:1000, proteintech,
USA), HERCS (22,692-1-AP, rabbit; 1:300, proteintech, USA) under 4°C overnight. Then, the targets were detected
using a two-step detection kit (PV-6000; ZSGB-BIO, China), and the antibody reaction was visualized by 3, 30-
diaminobenzidine (DAB) (ZLI-9018; ZSGB-BIO, China). Expression was calculated by intraglomerular mean IHC
optical density (OD) score via the use of the Image J software IHC Profiler plugin. Then the obtained mean OD scores
were subjected to statistical analysis by GraphPad Prism 8.0.2. The statistical significance (P < 0.05) was calculated by
the means of the one-way analysis of variance or Kruskal-Wallis test.

Patients Inclusion, Ethics Statement, and Written Informed Consent

Renal biopsies from 10 IgAN patients and 8 LN patients, and para-cancerous renal tissues from 5 renal carcinoma
patients were included in this study for IHC validation. As there are several subtypes of morphological changes in IgAN
and LN, we chose IgAN and LN patients with mild mesangial hypercellularity and mesangial matrix expansion for
comparison (M1 pathological change in IgAN according to the Oxford classification, and class II LN according to the
ISN/RPS classification). The pathological features and clinical situation (including blood pressure, hematuria, protei-
nuria, and serum creatinine) of these patients were listed in the Supplementary Table 1. To avoid the influence of renal

carcinoma on the para-cancerous renal tissues as much as possible, para-cancerous renal tissues were obtained from area
at least 5 cm away from the tumor boundary.

This study protocol was approved by the Ethics Committee of Peking University Third Hospital, approval number
M2022204.

Written informed consents were obtained from IgAN and LN patients to participate in the study if their renal biopsies
were used for [HC.

Results
|dentification and Analysis of DEGs

Our research methodology roadmap is shown in Figure 1. We constructed a gene expression profile of the renal
glomerulus by obtaining and integrating gene expression data from the GSE99339 and the GSE93798 datasets from
the GEO database, consisting of samples of 26 IgAN patients, 30 LN patients, and 22 hCs (Supplementary Figure 1). The

information of those datasets was given in Supplementary Table 2. In IgAN samples compared with HCs, 1030
upregulated DEGs and 1355 downregulated DEGs were identified. In addition, 772 upregulated DEGs and 901 down-
regulated DEGs were identified in the LN samples compared with HCs (Figure 2a and b). A Venn diagram (Figure 2c)
revealed that IgAN and LN shared 735 common DEGs, 11 of which expressed in the same trend, while the other 724
common DEGs expressed in the opposite trend. In those DEGs with the same expression trend in I[gAN and LN, 4 of

them were upregulated, and the remaining 7 DEGs were downregulated. In those DEGs with the opposite expression
trend between IgAN and LN, 392 of them were upregulated in IgAN but downregulated in LN, while the other 332
DEGs were upregulated in LN but downregulated in IgAN. Supplementary Table 3 demonstrated the aforementioned
DEGs in detail.

Weighted Co-Expression Network Construction and Correlated Genes Identification
By using 8 as the soft threshold power (Figure 3a), a total of 23 modules were identified in the glomerular profile through
the WGCNA, with each color representing a different module in the hierarchical cluster analysis (Figure 3b). Then,
a heatmap was mapped for module—trait relationships to evaluate the association between each module and the clinical
features (IgAN and LN) according to the Spearman correlation coefficient (Figure 3c). The “salmon” module (r=0.59,
p=1.1e-8) was positively associated with IgAN with 8 identified genes mostly correlated to IgAN. The “red” module
(r=0.74, p=1.5e-14) and the “green” module (1=0.59, p=1.7e-8) were found positively correlated with LN, including 40
and 35 genes mostly correlated to LN, respectively.
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Figure | Research design flowchart.

Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; WGCNA, weighted correlation network analysis; DEG, differentially expressed gene; FC, fold
change; MM, module membership; GS, gene significance; HC, healthy control; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein—protein
interaction; IHC, immunohistochemistry.

Construction and Internal Validation of Nomograms for IgAN and LN

We obtained intersection elements between genes mostly correlated to IgAN and LN in the associated modules and
DEGs and identified DEGs mostly correlated to IgAN and LN by the Venn tool. Five genes in the “salmon” module, 38
genes in the “red” module and 27 genes in the “green” module were identified to be DEGs mostly correlated to IgAN and
LN (Supplementary Table 4), respectively. Expression data of all the 5 above genes in the “salmon” module in I[gAN

patients and HCs and the top 15 above genes ranked by GS in the “red” module in LN patients and healthy controls were
extracted from the glomerular profile to construct models by LASSO regression analysis and logistic analysis to predict
IgAN and LN, respectively. After the LASSO regression selection, two genes, RARG and PRLH, remained significant
predictors for IgAN (Supplementary Figure 2a and b), and three genes, HERCS, HERC6, and ISG20, remained predictors
for LN (Supplementary Figure 2¢ and d). As HERC5 and HERC6 demonstrated strong multicollinearity (Supplementary

Figure 3b), stepwise logistic regression was performed for LN. In the end, RARG and PRLH were independent risk
factors for IgAN, and HERCS and ISG20 were independent risk factors for LN. The constructed models based on
independent risk factors in IgAN and LN were presented as nomograms (Figure 4a and b). The model predicting [gAN
yielded an AUC value of 0.797 (95% CI 0.665-0.929) with a C-index of 0.813 in the training set and 0.801 in the
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Figure 2 Identification of DEGs between IgAN and HC and between LN and HC, and analysis of the identified DEGs in IgAN and LN based on the expression trend. (a)
Volcano map demonstrating DEGs between IgAN and HC. (b) Volcano map demonstrating DEGs between LN and HC. (c) Common DEGs in IgAN and LN with the same
expression trend and opposite expression trend.

Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; HC, healthy control; DEG, differentially expressed gene.

validation set, a sensitivity of 0.731 (95% CI 0.56-0.901) and a specificity of 0.864 (95% CI 0.72-1). And the model
predicting the LN yielded an AUC value of 0.992 (95% CI 0.976—-1) with a C-index of 0.988 in the training set and 0.989
in the validation set, a sensitivity of 1 (95% CI 1-1) and a specificity of 0.955 (95% CI 868—1). The analysis suggested
good performance of both models. The calibration curves of both models demonstrated good consistency between
observative outcomes and predicted probabilities (Figure 4c and d). DCA showed that the nomograms had greater net
benefits for the identification of IgAN and LN, respectively, than that without the predicting models (Figure 4¢ and f).
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network topology. (b) The cluster dendrogram of co-expression genes in IgAN and LN. (c) Module-trait relationships by heatmap in IgAN and LN.
Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; HC, healthy control; WGCNA, weighted correlation network analysis.
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Figure 4 Construction of predicting models for IgAN and LN. (a) Nomogram to predict risk of IgAN. (b) Nomogram to predict risk of LN. (c) Calibration curve of the
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analysis for the LN risk nomogram. The y-axis in (e) and (f) measures the net benefit.

Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; RARG, retinoic acid receptor y; PRLH, prolactin releasing hormone; HERC5, HECT domain,
and RCCI-like domain-containing protein 5; ISG20, interferon stimulated exonuclease gene 20; DCA, decision curve analysis.

Functional Enrichment Analysis and PPl Network Construction
Enrichment analysis conducted by the “clusterProfiler” package revealed the biological functions and pathways related to

DEGs were mostly correlated to [gAN and LN. Significant enrichments (top 10 in maximum) were listed. GO analysis

revealed that the biological function of DEGs mostly correlated to IgAN was mainly enriched in ligand-receptor activity-

induced cellular growth and development (Figure Sa), in which the two genes RARG and PRLH in the nomogram
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Figure 5 Functional enrichment analysis and PPl networks construction for IgAN and LN. (a) GO enrichment analysis of DEGs mostly correlated to IgAN in the “salmon”
module. (b and ¢) GO and KEGG enrichment analysis of DEGs mostly correlated to LN in the “red” module. (d) Significant gene clustering module consisting of DEGs
mostly correlated to IgAN in the nomogram for IgAN. (e) Significant gene clustering module consisting of DEGs mostly correlated to LN in the nomogram for LN.
Abbreviations: PP|, protein—protein interaction; IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; GO, Gene Ontology; DEG, differentially expressed gene;
KEGG, Kyoto Encyclopedia of Genes and Genomes.

predicting IgAN were involved (Supplementary Table 5). And biological function of DEGs is mostly correlated to LN in

the “red” module enriched in nucleic acid/nucleotide binding-induced type I interferon-related activity and response to
virus infection (Figure 5b), and the two genes HERCS5 and ISG20 in the nomogram predicting LN were involved in this
function (Supplementary Table 5). GO analysis for genes in the LN-associated “green” module did not demonstrate

significant results. Pathways of KEGG analysis based on DEGs mostly correlated to LN in the “red” module were
enriched in pathways responsible for virus infection and pattern recognition receptor signalings (Figure 5¢), and details of
this KEGG analysis were listed in Supplementary Table 6. No significant result was found in KEGG analysis in the

IgAN-associated “salmon” module and the LN-associated “green” module.

With the use of Cytoscape, PPI networks of upregulated genes in common DEGs with the opposite-altered trend for
IgAN and LN were constructed, respectively. The MCODE plug-in of Cytoscape was used to obtain the most closely
related gene modules for [gAN and LN. Nine gene modules and seven gene modules were obtained for IgAN and LN,
respectively. The gene modules consisting of risk factors in the nomograms were shown in Figure 5d and e. The other
related modules were listed in Supplementary Figures 4 and 5.

Immune Infiltration Analysis and Its Correlation with Risk Factors in the Nomograms
for IgAN and LN

Visualized results of the immune cell infiltration pattern of 22 types of leukocyte subpopulations in kidney tissues
profiled by microarray in IgAN and LN were shown in Figure 6. Compared to HCs, the local infiltration of naive CD4+
T cells (p=0.03), regulatory T cells (p=0.02) and activated mast cells (p=0.04) was significantly more abundant while
follicular helper T cells (p=0.05) and resting mast cells (p=0.03) infiltrated less (Figure 6a) in I[gAN. Analysis in LN
showed that the infiltration level of M2 macrophages (p=2.0e-5) increased significantly, while the infiltration level of MO
macrophages (p=0.01) and resting mast cells (p=0.05) in LN decreased significantly compared to HC (Figure 6b). And
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Figure 6 (a) Immune infiltration pattern in the glomerular compartment in IgAN patients compared to HCs. (b) Immune infiltration pattern in the glomerular compartment
in LN patients compared to HCs. (c¢) Comparison of the immune infiltration pattern in the glomerular compartment between IgAN and LN patients.

Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; HC, healthy control.
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comparison between IgAN and LN confirmed the distinct infiltration of CD4+ T cells, regulatory T cells, and M2
macrophages between IgAN and LN (Figure 6¢). Analysis results of immune cell infiltration in I[gAN and LN compared
to HC were listed in Supplementary Table 7. In addition, RARG presented weakly correlation with infiltration of
regulatory T cells in IgAN (r=0.33, p=0.02) while PRLH showed moderate correlation (r=0.46, p=9.55¢-4), and HERC5
(r=0.66, p=1.02e-7) and ISG20 (r=0.61, p=1.70e-6) demonstrated strong correlation with M2 macrophages infiltration in
LN (Figure 7).

Validation of the Independent Risk Genes for IgAN and LN by IHC

Figure 8 and Supplementary Figure 6 demonstrated the IHC staining results of RARG, PRLH, HERCS, and ISG20 in
IgAN, LN, and HC. Characterized RARG staining in mesangial cells was detected in IgAN (median OD = 46.64 in IgAN
vs 25.21 in LN; P = 0.0001), while PRLH staining was scattered in the glomeruli in IgAN, suggesting infiltrating
inflammatory cells (median number of infiltrating cells = 11 in IgAN vs 1 in LN; P = 0.0008). Scattered staining of
HERCS indicating infiltrating inflammatory cells was also detected in the glomeruli in LN (median number of infiltrating
cells =0 in [gAN vs 9 in LN; P = 0.0003), while ISG20 showed linear staining in podocytes in LN (median OD = 2.82 in
IgAN vs 15.76 in LN; P < 0.0001). IHC validated the independent risk genes in the nomograms for predicting differential
diagnosis of IgAN and LN and revealed different expression profiles of those four genes.

Discussion

In this study, we investigated the common DEGs with opposite altered trends between IgAN and LN, and identified
genes mostly correlated to [gAN and LN in the associated modules by WGCNA, respectively. Model construction using
DEGs mostly correlated with IgAN and LN to predict differential diagnosis of IgAN and LN demonstrated that RARG
and PRLH were independent risk factors for I[gAN, and that HERCS and ISG20 were independent risk factors for LN.
GO analysis revealed that the DEGs are mostly correlated with IgAN in the “salmon” module mainly enriched in ligand-
receptor activity-induced cellular growth and development, in which RARG and PRLH seem to play an indispensable
role. HERCS and ISG20 predicting LN participated in the nucleic acid/nucleotide binding-induced type 1 interferon-
related activity and response to virus infection enriched in the biological function of DEGs mostly correlated with LN in
the “red” module. IgAN and LN showed different immune cell infiltration patterns, in which HERCS and ISG20
indicated a strong correlation with M2 macrophage infiltration, while the correlation between RARG and PRLH and
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Figure 7 Result of correlation analysis of immune cell infiltration with risk factors genes in the nomograms predicting IgAN and LN. (a) The relationship between risk factor
genes and immune cell infiltration in IgAN. (b) The relationship between risk factor genes and immune cell infiltration in LN.

Abbreviations: IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; RARG, retinoic acid receptor y; PRLH, prolactin releasing hormone; HERC5, HECT domain,
and RCCl-like domain-containing protein 5; ISG20, interferon stimulated exonuclease gene 20.
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Figure 8 Validation of different expression patterns of RARG, PRLH, HERC5 and ISG20 in the predicting models for IgAN and LN by IHC.
Abbreviations: RARG, retinoic acid receptor y; PRLH, prolactin releasing hormone; HERC5, HECT domain, and RCCI-like domain-containing protein 5; 1ISG20, interferon
stimulated exonuclease gene 20; IgAN, immunoglobulin A nephropathy; LN, lupus nephritis; HC, healthy control; IHC, immunohistochemistry.

T-cell infiltration seemed to be weaker in IgAN. Further validation by IHC demonstrated different expression profiles of
those four genes in the glomeruli in IgAN and LN.

Several studies have investigated the pathogenesis of IgAN and LN by bioinformatics analysis, respectively. Zhou?’
presented the result of GO enrichment in receptor-ligand activity in IgAN similar to our study. Wei*’ indicated an
immune cell infiltration pattern in IgAN similar to ours with more abundance in CD4 naive T cells and regulatory T cells.
However, diagnostic biomarkers at present for IgAN based on bioinformatics analysis seemed to be less convincing as
they were not the results of WGCNA, LASSO regression and multivariate logistic analysis or laboratory validation.?'*
Results of hub genes for LN including IF144, IFIT3, HERCS, RSAD2, and DDX60, and biological function of type

I interferon-related activity and response to virus infection enriched in GO analysis in previous studies®>°

supported our
findings in LN. Jia®® demonstrated the first and the only one study comparing the expression profiles of IgAN and LN,
but they mainly focused on the shared pathogenic modules of these two diseases enriched in immunity, cell death, and
extracellular vesicle pathways, and explored the common disease—associated genetic variants in IgAN and LN in Asian
and European populations by GWAS enrichment analysis. Our study remained the first one to explore the key differences

in the pathogenic mechanisms between IgAN and LN.
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The pathogenesis of IgAN is characterized by polyclonal Gd-IgA1 containing immune complex deposition-induced
mesangial hypercellularity, extracellular matrix expansion, and release of cytokines attracting inflammatory cell infiltra-
tion. Gd-IgA1 containing immune complex could induce mesangial cell proliferation by binding to transferrin receptors
(TfR1/CD71)* through the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin
(mTOR) pathway,”'? and the soluble Gd-IgA1 receptor FcaR (CD89) secreted by mesangial cells could enhance the
above process by upregulating the expression of CD71 after binding to Gd-IgA1.**** In addition, the Fcy receptor on
mesangial cells mediates phagocytosis of Gd-IgA1 containing immune complex.®> The role of CD4+ T cells in IgAN has
been well established by laboratory and clinical data, reviewed by Tang® and Ruszkowski*® in detail. While both
circulating Thl and Th2 subsets increase in IgAN patients,”” Th2 polarization in circulation seemed to dominate the
immune abnormalities in IgAN in the chronic phase®® and deteriorate renal fibrosis in IgAN,** and Thl polarization
occured in the early stage of the disease.*” Th2 immune response promotion with increased levels of Th2 cytokines (IL-4
and IL-5) could induce abnormalities in the terminal glycosylation of IgA.*'** However, circulating regulatory T cell
(Treg) has been reported to be significantly decreased and negatively correlated with clinical presentation in IgAN
patients,*® while our research demonstrated an abundance of Treg cells infiltrating the glomerular compartment. Th17
and Th22 cells were also involved in the immune response of IgAN.** Th17 cells could be recruited by CCL20 released
by mesangial cells stimulated with IgA1 in an in vitro experiment.*> The proliferative Th22 cells induced by increased
IL-1, IL-6 and TNF-a level in hemolytic streptococcus infection were recruited by CCL20, CCL22, and CCL27 from
mesangial cells and presented TGF-B, leading to renal fibrosis and progression in IgAN.*® However, investigations of
CD4+ T cells in the progression of IgAN were limited in their circulating components, and few studies have explored the
function of infiltrating T cells in kidney in IgAN. Therefore, functional analysis of subpopulations of T cells infiltrating
into intrarenal tissue in IgAN based on single-cell sequencing is urgently needed. According to the GeneCards database
(https://www.genecards.org/), RARG we identified encodes a retinoic acid receptor belonging to the nuclear hormone

receptor family and is associated with cellular growth and development. Retinoic acid signaling has been reported to
promote IgAN through nuclear factor kB pathway*’ and enhance IgA class switch recombination.*® Data from the
Human Protein Atlas database (https://www.proteinatlas.org/) suggested that RARG expression was mostly enriched in

fibroblasts (Supplementary Figure 7). As mesangial cells possess features of fibroblasts*” and IHC in our study validated

that RARG staining was mainly located in mesangial cells in the glomeruli, it is reasonable to hypothesize that RARG
might be involved in the mesangial hypercellularity in IgAN. Such a hypothesis still needs further validation. The
association between the expression of RARG and local infiltration of T cells expressing PRLH was weak, suggesting that
the mesangial hypercellularity with highly expressed RARG was independent of T cell infiltration.

In SLE patients, delayed removal of dead cells originating from genetic defects results in misidentification of the self-
nuclear antigens as viral nucleic acids by antigen-presenting cells, leading to induction of a type I interferon-mediated
nonspecific antiviral response, and autoantibodies produced by autoreactive plasma cells targeting self-antigens induce
immune complex deposition to initiate regional inflammation.”® In LN, nucleic acids from different renal cells with
different locations of immune complex deposition seem to be associated with different classes of pathologic changes in
the kidney.’*" After stimulation by nucleic acids and the deposited immune complexes, renal cells produce massive
amounts of type I interferon to promote the production of nuclear antigens by renal cells in turn, and autoantibodies then
enhance the formation of immune complexes, induce inflammatory cells infiltration, and feedback to act on renal cells,
leading to cellular injury and progression to renal fibrosis.’>>* Type I interferon (IFN-B) induces macrophage infiltration
by strongly enhancing the expression of chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, and CXCL11.%*% Other
chemokines inducing macrophage recruitment in LN mainly include monocyte chemotactic protein-1 (MCP-1), colony
stimulating factor 1 (CSF-1), CXCLI, and osteopontin.’® Renal biopsy specimens from LN patients suggested the
dominant role of M2 macrophages rather than M1 macrophages in LN,’” which was associated with complement
activation.”® Generally, M2 macrophages exert anti-inflammatory functions and protect against renal injury by secreting
interleukin-10 (IL-10) and transforming growth factor-f (TGF-B). In LN patients, type I interferon could induce down-
regulation of the anti-inflammatory heme oxygenase-1 with increased expression of IL-6 in M2 macrophages to enhance
intrarenal inflammation,”® which might be one of the reasons that M2 macrophage infiltration was associated with
crescent formation in LN.”*° In a mouse model of LN, tissue-resident macrophages and monocyte-derived macrophages
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have distinct pathogenic roles in expressing monocyte chemo-attractants and internalizing immune complexes, respec-
tively, and similar grouped features of macrophages in renal tissue were also detected in kidney biopsies of LN patients,
suggesting a division of labor in the kidney macrophage response in LN.®' More details about the characteristics of
macrophages in LN could be found in the review by Kwant.’® According to the GeneCards database, HERC5 functions
as an interferon-induced E3 protein ligase that mediates ISGylation of protein targets and also acts as a modulator of the
antiviral immune response. ISG20 is involved in defense against virus, negative regulation of viral genome replication
and nucleobase-containing compound catabolic process. HERCS5 and ISG20 have been reported to be involved in the
pathogenesis of LN.?>2%6263 gpotted HERC5 staining and linear staining of ISG20 in the podocytes in the THC
suggested the intraglomerular infiltrating macrophages and the podocyte injury in LN, respectively. However, the
molecular mechanism of these two genes in deteriorating LN and the relationship between ISG20 associated podocyte
injury and HERCS5 associated macrophage activation still remained to be investigated.

Limitations in our study should be noted. First, we could not clarify the relationship between samples and clinical
features as the data downloaded from the GEO database lacked the clinical information. And we chose IgAN and LN
patients with similar mesangial hypercellularity and extracellular matrix expansion for the validated IHC for compensa-
tion. Second, the predicting models presented as nomograms we constructed were only used for differential diagnosis
between IgAN and LN, and their efficacy in predicting the occurrence or the severity of these two diseases remained to
be investigated. And as the data downloaded from the GEO database lacked the clinical information, there was no
clinical data listed in the nomograms for prediction. Third, this study was carried out to explore the difference between
IgAN and LN. We did not investigate the unique transcription characteristic of IgAN and/or LN for their diagnosis from
other kidney diseases. Fourth, peripheral blood mononuclear cells of IgAN and LN patients should be acquired for
another comparison study to fully elucidate the different mechanisms between the pathogenesis of IgAN and LN, and to
validate the findings in our study. Fifth, more reliable experimental data to investigate the effect of RARG and PRLH in
IgAN and the effect of HERCS5 and ISG20 in LN are needed in the future.

Conclusion

Using bioinformatics technology, we demonstrated the key differences in the pathogenic mechanisms between IgAN and
LN with the integrated gene expression profile of the renal glomerulus. RARG and PRLH served as biomarkers in
predicting IgAN, and HERCS5 and ISG20 were identified as biomarkers in predicting LN. Cellular growth and develop-
ment characterized IgAN, while type I interferon-related activity and response to virus infection were the predominant
features of LN. Different immune cell infiltration patterns between I[gAN and LN were also investigated in this study. The
differential expression pattern of those four genes for IgAN and LN prediction was validated by IHC, RARG and PRLH,
HERCS, and ISG20 may play important roles in the pathogenesis of IgAN and LN, respectively. However, the effect of
RARG and PRLH in IgAN and the effect of HERCS and ISG20 in LN still need further investigation in the future.
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