[image: image1]Computational Analysis Reveals the Characteristics of Immune Cells in Glomerular and Tubulointerstitial Compartments in IgA Nephropathy Patients

		ORIGINAL RESEARCH
published: 04 May 2022
doi: 10.3389/fgene.2022.838863


[image: image2]
Computational Analysis Reveals the Characteristics of Immune Cells in Glomerular and Tubulointerstitial Compartments in IgA Nephropathy Patients
Bin Li1,2, Suchun Li1,2, Yuting Fan1,2, Hui Diao1,2, Siyang Ye1,2, Huajing Peng1,2 and Wei Chen1,2*
1Department of Nephrology, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China
2NHC Key Laboratory of Clinical Nephrology (Sun Yat-Sen University), Guangdong Provincial Key Laboratory of Nephrology, Guangzhou, China
Edited by:
Mulin Jun Li, Tianjin Medical University, China
Reviewed by:
Ettore Mosca, National Research Council, Italy
Navchetan Kaur, Natera, United States
* Correspondence: Wei Chen, chenwei99@mail.sysu.edu.cn
Specialty section: This article was submitted to Computational Genomics, a section of the journal Frontiers in Genetics
Received: 18 December 2021
Accepted: 06 April 2022
Published: 04 May 2022
Citation: Li B, Li S, Fan Y, Diao H, Ye S, Peng H and Chen W (2022) Computational Analysis Reveals the Characteristics of Immune Cells in Glomerular and Tubulointerstitial Compartments in IgA Nephropathy Patients. Front. Genet. 13:838863. doi: 10.3389/fgene.2022.838863

Objective: The commonalities and differences regarding immune states between glomerular and tubulointerstitial compartments of IgA nephropathy (IgAN) remains largely undetermined. We aim to perform bioinformatic analysis for providing a comprehensive insight into the characteristics of immune cells and associated molecular mechanisms in IgAN.
Materials and Methods: We performed integrated bioinformatic analyses by using IgAN-related datasets from the Gene Expression Omnibus database. First, the differentially expressed genes (DEGs) were identified and subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Then, CIBERSORT was employed to determine the landscape of infiltrating immune cells in both glomerular and tubulointerstitial compartments of IgAN patients, followed by Pearson’s correlation analysis and principal component analysis (PCA). Finally, commonly shared DEGs between glomerular and tubulointerstitial entities were recognized, followed by correlation analyses to identify the dominant commonly shared DEGs associated with immune cell infiltration in IgAN.
Results: GO and KEGG enrichment analyses showed apparently distinct biological processes in the glomerular and tubulointerstitial compartments of IgAN. In addition, CIBERSORT analyses revealed a clear trend of increasing proportions of M1 macrophage and M2 macrophage in the glomerular compartment while noticeably higher proportions of resting CD4+ memory T cells and M2 macrophages in the tubulointerstitial compartments. The PCA analyses showed that the varying composition of immune cells in both glomerular and tubulointerstitial entities was compelling to distinguish IgAN patients from healthy living controls. In addition, 21 commonly shared DEGs between glomerular and tubulointerstitial entities were recognized as key regulators in the pathogenesis of IgAN, among which the enhanced hemoglobin subunit beta (HBB) gene expression was found to be positively associated with M2 macrophage in the glomerular compartment and resting CD4+ memory T cells in the tubulointerstitial compartment. Most importantly, FBJ murine osteosarcoma viral oncogene homolog B (FOSB) gene deficiency was recognized as the dominant alteration in promoting M2 macrophage infiltration in the glomerular compartment of IgAN.
Conclusion: The findings from our current study for the first time reveal commonalities and differences regarding immune states between glomerular and tubulointerstitial compartments, as well as decode the essential role of M2 macrophages and associated molecular patterns within the microenvironments of IgAN.
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INTRODUCTION
IgA nephropathy (IgAN) is one of the most frequent types of primary glomerulonephritis and a principal cause of end-stage renal disease worldwide. The clinical manifestations of IgAN include repeated episodes of gross or microscopic hematuria, proteinuria, hypertension, loss of glomerular filtration function, and pathological changes featuring mesangial deposition of galactose-deficient IgA1 (Gd-IgA1)-containing immune complexes. Although 30–40% of patients develop end-stage renal disease within 20–30 years of diagnosis, current therapies such as blood pressure control or non-specific immune inflammation inhibition cannot impede the malignancy of IgAN, partly due to the incomplete understanding of the complicated pathogenesis.
Apart from the attack of Gd-IgA1 on mesangial cells, infiltration and activation of immune cells also provoke progressive renal lesions of IgAN. For instance, the cytokines derived from circulating CD4+ T cells in IgAN patients were able to trigger over-secretion of Gd-IgA1 by B cells (Yamada et al., 2010; Ruszkowski et al., 2019). In addition, glomerular CD68+ cells of monocyte–macrophage lineage were recognized as marker of endocapillary hypercellularity and indicator of chronic tubulointerstitial damage in IgAN (Soares et al., 2019). More importantly, probing the immune landscape of IgAN by single-cell transcriptomics revealed significantly higher proportions of macrophages and CD8+ T cells in the early stage of IgAN (Zheng et al., 2020). Accordingly, evaluating the immune cell status, as well as the altered gene expression patterns associated with immune cell infiltration, is important for yielding insights into the pathogenic process of IgAN.
The Cell-type Identification By Estimating Relative Subsets Of known RNA Transcripts (CIBERSORT) deconvolution algorithm method (https://cibersort.stanford.edu/) has been successfully developed to distinguish and assess the relative fraction of 22 immune cell phenotypes from bulk tissue gene expression profiles obtained by RNA-sequencing. This deconvolution technique can provide crucial information about the variation of immune cells that arise at different disease stages throughout the onset, development, and treatment, thus allowing earlier and more accurate diagnosis of comorbidities and prediction of therapeutic response.
In the present study, we for the first time found that M2 macrophage was apparently increased in both glomerular and tubulointerstitial compartments of IgAN by bioinformatic approaches. In addition, 21 differentially expressed genes (DEGs) (1 upregulated and 20 downregulated) were identified as the commonly shared DEGs between glomerular and tubulointerstitial compartments in IgA patients. Correlation analysis found that hemoglobin subunit beta (HBB) gene was positively associated with infiltrating M2 macrophage in the glomerular compartment and resting CD4+ memory T cells in the tubulointerstitial compartment of IgAN patients. Most importantly, FBJ murine osteosarcoma viral oncogene homolog B (FOSB) gene deficiency was identified as the dominant factor in promoting M2 macrophage recruitment and infiltration in the glomerular compartment of IgAN, and it may be a useful biomarker and therapeutic target in diagnosis and prognosis for IgAN patients.
MATERIALS AND METHODS
Retrieval of Microarray Dataset Collection
The flow diagram of the overall study design and analysis procedure is depicted in Figure 1. The qualified datasets comprised of comprehensive intrarenal gene expression profiles of kidneys from human IgAN patients were screened for further analysis. The enrollment criteria had to obey the rules as follows: 1) the study object must be human renal biopsy microarray or RNA-seq data, and samples did not pertain to different phenotypes of IgAN; 2) samples must be divided into glomeruli and tubulointerstitium from kidney biopsy samples instead of whole cortex tissue. In accordance with the aforementioned criteria, four qualified IgAN gene expression profiles (GSE93798, GSE37460, GSE35487, and GSE35488) were downloaded from the Gene Expression Omnibus (GEO) database and used to identify differentially expressed genes (DEGs). To be specific, in GSE37460 and GSE93798, RNA from the glomeruli compartment of human renal biopsy was extracted and processed for hybridization on Affymetrix microarrays, hence were exploited to profile the infiltrating immune cells in the glomerular compartment. The GSE37460 dataset included data on renal glomerular samples from patients with IgAN (n = 27) and healthy living donors (n = 27) on GPL11670 (Affymetrix Human Genome U133 Plus 2.0 Array) and GPL14663 (Affymetrix GeneChip Human Genome HG-U133A Custom CDF) platforms. GSE93798 contained data on renal glomerular samples from patients with IgAN (n = 20) and healthy living donors (n = 22) on the GPL22945 (Affymetrix Human Genome U133 Pus 2.0 Array) platform. By contrast, in GSE35487 and GSE35488, RNA from the tubulointerstitial compartment of human renal biopsy was extracted and processed for hybridization on Affymetrix microarrays, hence were employed to define the immune cell landscape in the tubulointerstitial compartment. The GSE35487 dataset included data on renal tubulointerstitial samples from patients with IgAN (n = 28) and healthy living donor (n = 6) on the GPL96 (Affymetrix Human Genome U133A Array) platform. The GSE35488 dataset included data on renal tubulointerstitial samples from patients with IgAN (n = 25) and healthy living donor (n = 6) on the GPL14663 (Affymetrix GeneChip Human Genome HG-U133A Custom CDF) platform. Additional information about all the aforementioned four datasets, including the detailed procedure of human RNA extraction from the glomeruli and tubulointerstitial compartments, sample preparation, and microarray processing as well as gene expression data analysis, could be acquired from the corresponding original literature and Supplementary Table S1 (Reich et al., 2010; Berthier et al., 2012; Liu et al., 2017).
[image: Figure 1]FIGURE 1 | Flowchart of the analysis used in this study. GSE, gene expression data series; DEG, differentially expression genes; CIBERSORT, Cell-type Identification By Estimating Relative Subsets Of known RNA Transcripts; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PCA, principal component analysis.
Identification of DEGs and Functional Enrichment Analyses
The linear models for the microarray data (LIMMA) package in Bioconductor was used to identify DEGs by comparing the expression values between kidney tissues from healthy living donor and those from IgAN patients. The corresponding p-values of the gene symbols after the t-test were used, and adjusted p < 0.05 and |log2 (FC)| > 1 were used as the selection cutoff criteria. Subsequently, the overlapping DEGs between GSE37460 and GSE93798 datasets were recognized to define glomerular compartment-specific DEGs associated with IgAN; the overlapping DEGs between GSE35487 and GSE35488 datasets were recognized to define tubulointerstitial compartment-specific DEGs associated with IgAN. These DEGs or overlapping DEGs were obtained for Gene Ontology (GO) enrichment and pathway analyses through WebGestalt (WEB-based GEne SeT AnaLysis Toolkit). In addition, the DEGs shared by both glomerular and tubulointerstitial compartments were further screened to define DEGs essential for the pathogenesis of both these two entities.
Evaluation of Immune Cell Infiltration by CIBERSORT
The analytical platform CIBERSORT (https://cibersort.stanford.edu/) with the reference of 1000 permutations and LM22 signature was employed to characterize the infiltrating immune cell composition of kidney tissue. The CIBERSORT deconvolution algorithm has been validated to accurately and reliably calculate 22 types of immune cell fractions based on bulk transcriptome data. These immune cells are as follows: naive B cells, memory B cells, plasma cells, CD8+ T cells, naive CD4+ T cells, resting CD4+ memory T cells, activated memory CD4+ T cells, follicular helper T cells (Tfhs), regulatory T cells (Tregs), gamma delta (γδ) T cells, resting natural killer (NK) cells, activated NK cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils. The notable alteration of the immune cell composition was identified according to the threshold of the Wilcoxon test with a cutoff standard p-value < 0.05. Pearson’s correlation coefficient was used to assess the relationship between different immune cell phenotypes, and principal component analysis (PCA) was utilized to determine whether there were clear boundaries in infiltrating immune cells between IgAN and healthy living donor.
Correlation Analysis Between DEGs and Infiltrating Immune Cells
The overlapping DEGs among four datasets were further identified to define the commonly shared DEGs between glomerular and tubulointerstitial compartments, which are deemed as essential regulators associated with the pathogenesis of IgAN. Subsequently, the ggstatsplot package was used to perform correlation analysis between these commonly shared DEGs from all four datasets and infiltrating immune cells, and the ggplot2 package was used to visualize the results.
RESULTS
Identification of DEGs, GO and KEGG Pathway Enrichment Analysis of DEGs
After batch correction and standardization of the microarray results, a total of 348 DEGs were detected in GSE93798 and 213 DEGs in GSE37460 (Figures 2A,B). A total of 84 overlapping DEGs between GSE93798 and GSE37460 were identified and recognized as the key DEGs associated with glomerular pathogenesis in IgAN (Figure 2C; Supplementary Table S2). Then, GO analysis and KEGG pathway analysis were performed to reveal the biological function based on the overlapping DEGs between GSE93798 and GSE37460. The top three GO terms in the biological process category were organelle fission, nuclear division, and mitotic nuclear division (Figure 2D). The top three GO terms in the molecular function category were microtubule binding, tubule binding, and motor activity (Figure 2E). The top three GO terms in the cellular component category were spindle, chromosomal region, and chromosome and centromeric region (Figure 2F). KEGG pathway analysis revealed that the overlapping DEGs were mainly enriched in cell cycle, oocyte meiosis, cellular senescence, viral protein interaction with cytokine and cytokine receptor, peroxisome proliferator-activated receptor (PPAR) signaling pathway, and progesterone-mediated oocyte maturation (Figure 2G).
[image: Figure 2]FIGURE 2 | Differentially expressed gene (DEG) expression between healthy living donor and IgAN. (A) In total, 348 DEGs (107 upregulated and 241 downregulated) in GSE93798 were selected by volcano plot filtering (adjusted p < 0.05 and |log2 (FC)| > 1). (B) In total, 213 DEGs (33 upregulated and 180 downregulated) in GSE37460 were selected by volcano plot filtering (adjusted p < 0.05 and |log2 (FC)| > 1). (C) In total, 84 overlapping DEGs (12 upregulated and 72 downregulated) between GSE93798 and GSE37460 as showed by the Venn plot. (D–F) GO analyses results of DEGs. (G) Pathway analyses results of DEGs.
On the other hand, a total of 222 DEGs were detected in GSE35487 and 186 DEGs in GSE35488 (Figures 3A,B). A total of 157 overlapping DEGs between GSE35487 and GSE35488 were identified and recognized as the key DEGs associated with tubulointerstitial pathogenesis in IgAN (Figure 3C; Supplementary Table S3). Overlapping DEGs between GSE35487 and GSE35488 then experienced GO functional enrichment analysis, with the three most significant GO terms in the molecular function category being response to nutrient levels, response to lipopolysaccharide, and response to molecule of bacterial origin (Figure 3D), the three most significant GO terms in the molecular function category being RNA polymerase II-specific transcription activator activity, DNA-binding transcription activator activity, and enzyme inhibitor activity (Figure 3E), and the three most significant GO terms in the cellular component category being collagen-containing extracellular matrix, endoplasmic reticulum lumen, and secretory granule lumen (Figure 3F). KEGG pathway analysis revealed that the overlapping DEGs were mainly enriched in the transcription misregulation in cancer, human T-cell leukemia virus 1 infection, and interleukin-17 (IL-17) signaling pathway (Figure 3G). The difference in the GO and KEGG pathway analyses between glomerular and tubulointerstitial compartments highlighted the difference in the microenvironment between glomerular and tubulointerstitial entities during the onset and progress of IgAN.
[image: Figure 3]FIGURE 3 | Differentially expressed gene (DEG) expression between healthy living donor and IgAN. (A) In total, 222 DEGs (144 upregulated and 78 downregulated) in GSE35487 were selected by volcano plot filtering (adjusted p < 0.05 and |log2 (FC)| > 1). (B) In total, 186 (128 upregulated and 58 downregulated) DEGs in GSE35488 were selected by volcano plot filtering (adjusted p < 0.05 and |log2 (FC)| > 1). (C) In total, 157 overlapping DEGs (113 upregulated and 44 downregulated) between GSE35487 and GSE35488 as showed by the Venn plot. (D–F) GO analyses results of DEGs. (G) Pathway analyses results of DEGs.
Composition of Immune Cell by CIBERSORT
The percentage of infiltrating immune cells based on the aforementioned RNA expression data was analyzed by CIBERSORT. Compared to healthy living control, glomerular IgAN was characterized by a clear trend of increasing M1 macrophage and M2 macrophage (Figures 4A,B; Supplementary Table S4). Particularly, M2 macrophage was dramatically elevated in both GSE93798 and GSE37460, accounting for the most pronounced elevation among all the immune cell types in glomerular IgAN (Figures 4A,B). Furthermore, a significantly negative correlation between M2 macrophage and activated mast cells was presented in both GSE93798 (r = −0.36) and GSE37460 (r = −0.32) by the correlation analyses (Figures 5A,B). A negative correlation between M2 macrophage and resting NK cells (r = −0.38) and a positive correlation between M1 macrophage and CD8+ T cell (r = 0.4) were presented in GSE37460 (Figure 5B). In addition, IgAN and healthy living donor display a clear separation when PCA was performed on the basis of the glomerular immune cell status, with the first two PCs explaining 36.5% of the variance in GSE93798 (Figures 5C,D) and 36.5% of variance in GSE37460 (Figures 5E,F). The first two PCs could explain most of the data variation and confirm the sensitivity and specificity of the altered immune cell status in glomeruli to discriminate healthy living donors from IgAN patients. These results underpinned the vital role of macrophages in the development of IgAN, which is in line with the classic notion that interaction between mesangial cells and immune cells accelerates the progress of IgAN.
[image: Figure 4]FIGURE 4 | Composition of infiltrating immune cell subpopulations in kidney tissues from IgAN patients. (A) Violin diagram of the proportion of immune cells in GSE93798. (B) Violin diagram of the proportion of immune cells in GSE37460. HLD, healthy living donor; IgAN, IgA nephropathy.
[image: Figure 5]FIGURE 5 | (A,B) Correlation heat map of 22 types of immune cells in GSE93798 and GSE37460. Dot size shows the extent of their relationships, and dot color indicates if they are positively related (red dots) or negatively related (blue dots). The number inside dots indicates the corresponding correlation value between two immune cells. The darker the color, the stronger the correlation. Colored dot without a black line around it denotes significance (p < 0.05). (C,D) Heat map and principal component analysis (PCA) cluster plot of immune cells in GSE93798. (E,F) Heat map and PCA cluster plot of immune cells in GSE37460.
In the meantime, tubulointerstitial IgAN was featured by a noticeably higher proportions of resting CD4+ memory T cells and M2 macrophages in both GSE35487 and GSE35488 (Figures 6A,B; Supplementary Table S5). More importantly, correlation analysis found that the percentages of M2 macrophages was negatively correlated with resting NK cells (r = −0.35) in GSE35487 (Figure 7A). By comparison, the percentage of M2 macrophages was positively correlated with neutrophils (r = 0.58) and M1 macrophage (r = 0.44) but negatively correlated with plasma cells (r = −0.65), activated mast cells (r = −0.54), and resting dendritic cells (r = −0.36) in GSE35488 (Figure 7B). In addition, the percentage of resting CD4+ memory T cells was found negatively correlated with CD8+ T cells in both GSE35487 (r = −0.69) and GSE35488 (r = −0.74) (Figures 7A,B). In addition, PCA analyses demonstrated an obvious clustering trend for the immune cell status in tubulointerstitial between the healthy living donor and IgAN patient, with the first two PCs explaining 39.4% variation in GSE35487 (Figures 7C,D) and 48.8% variation in GSE35488 (Figures 7E,F), suggesting the capability of the immune cell status in tubulointerstitial to distinguish healthy living donors from IgAN patients. This finding revealed important meanings of the dysregulated immune cell status in tubulointerstitium during the development of IgAN. These observations indicate that the selective accumulation and exudation of M2 macrophages may be precursor steps in the evolution of IgAN.
[image: Figure 6]FIGURE 6 | Composition of infiltrating immune cell subpopulations in kidney tissues from IgAN patients. (A) Violin diagram of the proportion of immune cells in GSE35487. (B) Violin diagram of the proportion of immune cells in GSE35488. HLD, healthy living donor; IgAN, IgA nephropathy.
[image: Figure 7]FIGURE 7 | (A,B) Correlation heat map of 22 types of immune cells in GSE35487 and GSE35488. Dot size shows the extent of their relationships and dot color indicates if they are positively related (red dots) or negatively related (blue dots). The number inside dots indicates the corresponding correlation value between two immune cells. The darker the color, the stronger the correlation. Colored dot without a black line around it denotes significance (p < 0.05). (C,D) Heat map and principal component analysis (PCA) cluster plot of immune cells in GSE35487. (E,F) Heat map and PCA cluster plot of immune cells in GSE35488.
FOSB Identified as a Key Factor of Glomerular Immune Infiltration in the Microenvironment of IgA Nephropathy
Given our findings showed the crucial role of dysregulated immune cell infiltration, particularly M2 macrophages in both the glomerular and tubulointerstitial compartments of IgAN, we are very interested to know what are the commonly shared regulators that contribute to the immune cell infiltration in both these two entities. These commonly shared regulators might help shed light on the commonalities and differences between glomerular and tubulointerstitial compartments in the development of IgAN.
The results revealed that 21 DEGs were shared exclusively by glomerular and tubulointerstitial compartments (Figure 8A and Table 1), including 1 upregulated gene (HBB) and 20 downregulated genes. Intriguingly, as the only upregulated DEGs in the 21 overlapping DEGs among all four datasets, HBB was positively associated with CD8+ T cells in the glomerular compartment of GSE93798 (Figure 8B), but negatively associated with CD8+ T cells in the tubulointerstitial compartment of GSE35488 (Figure 8C), indicating the heterogeneity between tubulointerstitial and glomerular compartments in initiating the immune infiltration in IgAN. In addition, HBB was positively associated with M2 macrophage in the glomerular compartment of GSE93798 (Figure 8B) as well as resting CD4+ memory T cells in the tubulointerstitial compartment of GSE35488 (Figure 8C). Most importantly, as the dominant downregulated DEGs in the glomerular compartment among the 21 overlapping DEGs, FOSB gene was found to be negatively correlated with M2 macrophages, CD8+ T cells, and activated NK cells in both glomerular datasets (GSE93798 and GSE37460), indicating the key role of FOSB deficiency in the glomerular compartment of IgAN as the driving molecular force during the process of immune cell activation (Figures 8D,E). Special noteworthy should be paid to the obviously negative correlation between FOSB gene and M2 macrophage, considering this result is consistent with the aforementioned data recognizing M2 macrophage as the most pronounced elevation among all the immune cell types in the glomerular compartment of IgAN (Figures 4A,B).
[image: Figure 8]FIGURE 8 | Correlation between HBB, FOSB gene, and infiltrating immune cells. (A) Overlapping DEGs among all selected four GEO datasets. (B,C) Correlation between HBB gene and infiltrating immune cells in GSE93798 and GSE35488, respectively. (D,E) Correlation between FOSB gene and infiltrating immune cells in GSE83798 and GSE37460, respectively.
TABLE 1 | Overlapping DEGs among all selected four GEO datasets.
[image: Table 1]DISCUSSION
In the current study, we studied both glomerular and tubulointerstitial mRNA expression profiles by computational analysis and present novel observations of immune filtration involvement in the IgAN patients. Our current study revealed clear separation between the IgAN patients and healthy living controls by the distinct landscape of infiltrating immune cells, highlighting the role of infiltrating immune cells as one of the driving forces in the pathogenesis of IgAN. Specifically, our findings identified significantly increased proportions of M1 and M2 macrophages in the glomerular compartment as well as significantly high fractions of M2 macrophage and resting CD4+ memory T cells in the tubulointerstitial compartment from IgAN patients compared to control healthy subjects. Moreover, to explore the similarities and differences between glomerular and tubulointerstitial compartments, 21 DEGs were recognized as the commonly shared regulators between these two entities in the pathogenesis of IgAN, among which the HBB gene was positively associated with M2 macrophage infiltration in the glomerular compartment and resting CD4+ memory T cells infiltration in the tubulointerstitial compartment of IgAN patients. Most importantly, we confirmed the negative association of FOSB gene in the activation of M2 macrophage in the glomerular compartment of IgAN patients. Overall, our findings suggest a potentially important role of infiltrating immune cells, particularly M2 macrophages, in the pathophysiology of IgAN-associated renal damage, in which FOSB and HBB genes may provide important roles in this immune response.
The positive correlation between macrophages counts per glomerulus and the number of glomerular crescents in IgAN patients (Arima et al., 1991; Ikezumi et al., 2011; Silva et al., 2012; Xie et al., 2021) suggests an important role of the mononuclear phagocytes in the pathogenesis of mesangial hypercellularity and irreversible glomerular damage. Macrophages have been divided into classically activated M1 types that are characterized by a pro-inflammatory phenotype and alternatively activated M2 types that display regulatory functions in tissue repair and remodeling. In a study of 204 patients with IgAN, the presence of CD68+ (a marker of pan-macrophage or M1 type) macrophages was positively correlated with the following: Serum creatinine at the time of biopsy, proteinuria, progression of renal disease, and a worse disease outcome (Myllymaki et al., 2007; Soares et al., 2019). In line with this previous evidence, our current study demonstrates an obvious higher proportion of M1 macrophage in the glomerular compartment, strengthening the key role of M1 macrophage in the development of IgAN.
In the meantime, we observed increased M2 macrophage fractions in both the compartments of glomerular and tubulointerstitial, although there is still controversy regarding the long-term influence of M2 macrophage in the pathogenesis of IgAN. CD163+ (a marker of M2 type) M2 macrophages play a central role in hemoglobin clearance and limit oxidative heme toxicity, which are significant prognostic factors for an incomplete recovery of renal function in IgAN patients with macro-hematuria-associated acute kidney injury, warfarin coagulopathy, and paroxysmal nocturnal hemoglobinuria (Martin Cleary et al., 2010; Ballarin et al., 2011; Gutierrez et al., 2012). Despite the renoprotective role, emerging evidence suggests a distinct role of M2 macrophage to promote the development of IgAN. For example, the CD163+ M2 macrophages were found to be higher in both glomerular and tubulointerstitial compartments of kidney tissue from new-onset IgAN patients or IgAN patients with crescents (Ikezumi et al., 2010; Ikezumi et al., 2011; Silva et al., 2012; Han et al., 2013; Kim et al., 2015), and the glomerular M2 macrophage counts were positively correlated with percentage of crescents and fibrotic lesion (Ikezumi et al., 2011; Li et al., 2015; Zhao et al., 2015). Taken together, our observations, in accordance with previous evidence, precipitate the conclusion that M2 macrophages are positioned as potential effectors of glomerular and tubulointerstitial injury in IgAN and may be potential target for therapeutic intervention.
CD4+ T cells play critical in orchestrating B-cell responses (Yamada et al., 2010), and cytokines produced by subpopulations of CD4+ T cells can dramatically impact B-cell responses in IgAN pathogenesis and correlate with its clinical severity (Ruszkowski et al., 2019). Importantly, resting CD4+ memory T cells have been shown to be superior helpers for precipitating B-cell antibody production in comparison with naïve CD4+ T cells, and this is most readily derived from the capability of memory cells to more quickly attain a helper-competent activation state than naive cells (McKinstry et al., 2010). Our study agrees with these previous findings to show the apparently increased proportion of resting CD4+ memory T cells in the tubulointerstitial compartment of IgAN. Therefore, we presume that the unique functional qualities of resting CD4+ memory T cells have the strength to elicit a secondary response in diverse approaches via its continuum.
Further efforts are urgently needed in numerous areas if the clinically feasible imbalance of mononuclear phagocytes and T-cell subpopulations are highlighted as promising therapeutic targets and biomarkers for the treatment and monitoring of disease to succeed. Notably, the diagnostic role of mononuclear phagocytes and specific T cells have not been confirmed in studies of adequate sample size, different patient populations, and in patients with other forms of glomerulonephritis as controls (Yamada et al., 2010; Ruszkowski et al., 2019; Soares et al., 2019; Zheng et al., 2020). As a tool for risk stratification and disease monitoring, data on the association between mononuclear phagocytes, various T-cell subsets and the degree of histological damage, and the rate of decline in renal function as well as renal end points are limited. In addition, no data exist on the serial monitoring of these immune cell subpopulation changes at different phases of IgAN. Accordingly, future studies to validate their roles in risk stratification and monitoring of patients with IgAN, preferably in different stages of the disease and using several different populations of patients, are required before advancements can be made.
The KEGG enrichment analysis mainly reflect transcripts associated with some classic signaling pathways associated with immune cell activation and inflammation during the pathogenesis of IgAN, such as PPAR signaling pathway in the glomerular compartment but IL-17, tumor necrosis factor (TNF), and the Forkhead box O (FoxO) signaling pathways in the tubulointerstitial compartment. The PPAR signaling pathway has long been recognized as an important transcriptional activator in macrophage polarization toward the M2 phenotype (Chang et al., 2015), which to some extent is consistent with our current finding of significantly increased M2 macrophage in glomeruli. Similarly, IL-17, TNF, and FoxO signaling pathways are able to regulate the frequency of effector and/or memory CD4+ T cells by providing proliferative and survival signals either directly to the T cells or to the antigen-presenting cells with which they interact (Nembrini et al., 2009; Chen et al., 2016; Delpoux et al., 2021), which is in line with our current findings of apparently elevated resting CD4+ memory T cells in tubulointerstitial.
Few studies have pinpointed the commonly shared gene-expressing changes occurring in the glomerular and tubulointerstitial compartments using a sensitive transcriptomic profiling approach. Our study for the first time revealed that 21 DEGs were shared in both glomerular and interstitial compartments, including 1 upregulated gene (HBB) and 20 downregulated genes. These commonly shared DEGs indicated that these two different entities share some general mechanisms. However, in contrast to the positive association between HBB gene and CD8+ T-cell activation in the glomerular compartment, a negative association between HBB gene and CD8+ T-cell activation was observed in the tubulointerstitial entity. This discrepancy indicates that these two entities also differ from each other in the underlying pathophysiology. Our study further found that HBB gene was positively associated with M2 macrophage activation in the glomerular compartment and CD4+ memory T-cell activation in the tubulointerstitial compartment. The HBB gene provides instructions for generating a protein called beta-globin that is a subunit of a larger protein called hemoglobin. Although how the HBB gene expression in nonerythroid cells affected cellular physiology remains largely undetermined, the capability of hemoglobin in maintaining oxygen homeostasis and mediating inflammatory response in some other cell types precipitates one hypothesis that the binding of soluble hemoglobin to a yet unidentified hemoglobin receptor expressed in infiltrating immune cells (Saha et al., 2014). Such a receptor could facilitate the internalization of HBB into the target immune cells to elicit a series of subsequent immune response in IgAN. The elucidation of the mechanism underlying the activity of hemoglobin in exaggerating the immune response and boosting the development of IgAN has to be elucidated yet.
FBJ murine osteosarcoma viral oncogene homolog B (FOSB) is a protein that is encoded by the FOSB gene localized on chromosome 19q13 and composed of four exons in humans. FOSB gene is a member of the Fos family of genes that functions as transcription factors by forming the transcription factor complex active protein 1 (AP-1). AP-1 acts as a regulator of cell homeostasis and mediates gene expression in response to a variety of environmental and physiological factors such as cytokines, oxidative stress, and other cell stressors. It was confirmed in various experimental systems that renal inflammation, fibrosis, and podocyte function are deteriorated by elevating AP-1 complex composition (Mezzano et al., 2001; Le et al., 2005), indicating a potential regulatory effect of FOSB gene in the development of IgAN. Indeed, several clinical studies were consistent with our current study to identify the downregulated expression of FOSB in the kidney from IgAN patients, cultured podocytes, or tubule cells exposed to polymeric IgA extracted and purified from the serum of IgAN patients (Miraji et al., 2019; Zhang et al., 2019; Liao et al., 2020; Park et al., 2020). More importantly, FOSB gene overexpression in cultured podocyte or tubule cells was able to reduce the secretion of pro-inflammatory mediators (Liao et al., 2020). Special noteworthy is that our current study revealed not only an obvious deficiency of FOSB gene in the glomerular compartment of IgAN but also a close relation between the glomerular FOSB deficiency and M2 macrophage infiltration. It thus seems reasonable to speculate that the decreased FOSB gene expression in glomeruli might be tightly involved in the development of IgAN, possibly thorough a boosting influence on M2 macrophage activation (Ranghino et al., 2017).
Altogether, abnormal expression of effector molecules and disordered activation and differentiation of immune cells synergistically stimulates local inflammation and immune response, causing renal tissue damage and pathological repair in IgAN. Aiming at all aspects of immune mechanism involvement, it is helpful to develop novel and promising clinical early-diagnosis and prognostic indicators as well as ideal specific therapeutic targets in translational medicine. Notably, in the current study, the identification of mononuclear phagocytes and specific T cells involved in the occurrence and development of IgAN highlights the imbalance of these immune cell subsets as new therapeutic targets and biomarkers for the treatment and monitoring of the disease.
CONCLUSION
To the best of our knowledge, no study has analyzed the immune cell transcriptome within the renal microenvironments of IgAN and associated molecular patterns through a combination of all the currently available datasets; the original studies derived from all the selected datasets (Reich et al., 2010; Berthier et al., 2012; Liu et al., 2017) have not performed any microarray analysis regarding the immune cell states, either. Therefore, we employed a cross-dataset integration strategy of defining the landscape of the immune cells and associated molecular patterns from human renal biopsies of IgAN. Our current study for the first time revealed that the diversity in the immune cell landscape could clearly separate IgAN patients from healthy living controls, and enhanced M2 macrophage infiltration possibly plays an important role in boosting the pathogenesis of IgAN in both glomerular and tubulointerstitial compartments. In specific, glomerular elevation of HBB gene and deficiency of FOSB gene were found to be closely associated with M2 macrophage infiltration, suggesting the potential role of these two DEGs in keeping the differentiation toward a M2-skewed polarization phenotype, which consequently triggers the immune response and the renal damage of IgAN. These findings may be useful to develop M2 macrophage-targeted therapy for IgAN treatment in the future.
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