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Background

Membranous nephropathy (MN) is an autoimmune glomerular disease that is predominantly mediated by immune complex deposition and complement activation. The aim of this study was to identify key biomarkers of MN and investigate their association with immune-related mechanisms, inflammatory cytokines, chemokines and chemokine receptors (CCRs).





Methods

MN cohort microarray expression data were downloaded from the GEO database. Differentially expressed genes (DEGs) in MN were identified, and hub genes were determined using a protein-protein interaction (PPI) network. The relationships between immune-related hub genes, immune cells, CCRs, and inflammatory cytokines were examined using immune infiltration analysis, gene set enrichment analysis (GSEA), and weighted gene co-expression network analysis (WGCNA). Finally, the immune-related hub genes in MN were validated using ELISA.





Results

In total, 501 DEGs were identified. Enrichment analysis revealed the involvement of immune- and cytokine-related pathways in MN progression. Using WGCNA and immune infiltration analysis, 2 immune-related hub genes (CYBB and CSF1R) were identified. These genes exhibited significant correlations with a wide range of immune cells and were found to participate in B cell/T cell receptor and chemokine signaling pathways. In addition, the expressions of 2 immune-related hub genes were positively correlated with the expression of CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2.





Conclusion

Our study identified CSF1 and CYBB as immune-related hub genes that potentially influence the expression of CCRs and pro-inflammatory cytokines (CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2). CSF1 and CYBB may be potential biomarkers for MN progression, providing a perspective for diagnostic and immunotherapeutic targets of MN.
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1 Introduction

Membranous nephropathy (MN) is an autoimmune glomerular disease and is the most frequent cause of nephrotic syndrome (NS) in adults, accounting for approximately 30% of the cases, with individuals aged 30–50 years reaching the peak incidence rate (1, 2). Specific lesions of MN are the results of thickening of the glomerular capillary walls that results from the formation of immune deposits on the capillary wall (3). This immunological conflict is predominantly mediated by immune complex deposition and complement activation, which contribute to the impairment of glomerular filtration barrier, leading to nonselective proteinuria (4). Approximately 80% of MN cases occur without a specific cause (primary MN [pMN]), whereas 20% are associated with other diseases such as lupus erythematosus, infections (hepatitis B), malignancies, or drug intoxication (5).

The organ-specific autoimmune nature of pMN was determined in 2009 with the identification of phospholipase A2 receptor (PLA2R) in podocytes (6). Glomerular deposition of IgG on PLA2R is specific for pMN and is found in approximately 70% of cases reported in adults. This discovery has improved our understanding of the pathophysiology of pMN, in which circulating autoantibodies directly target podocyte antigens (7). This has opened a paradigm shift in the pathophysiological pattern, diagnosis, and targeted intervention for MN. Meanwhile, the mechanisms of autoimmunity initiation, exposure to antigens, and antibody pathogenicity have attracted much attention, revealing the significance of the immune system in the progression of MN (8). The initiation of MN may involve the cooperation of multiple factors, including genetic and environmental factors, as well as epigenetic and immune predispositions that result in the loss of immune system tolerance to develop MN (9). B and T cells, autoantibodies, cytokines, and complement system activation contribute to MN pathogenesis. A disordered proportion of regulatory T cells has been suggested to be the main characteristic of patients with MN without treatment (10). Some patients with MN display an increase in the CD4+/CD8+ subset ratio (11), which might be associated with the clinical response to immunosuppressive therapy; however, this was not confirmed in patients with MN treated with rituximab (12). In addition, the number of plasma cells and regulatory B cells in patients with MN was significantly higher than those in healthy individuals, and the number of PLA2R-specific memory B cells amplified in vitro may be related to circulating PLA2R antibody titers (13). Chemokines and chemokine receptors (CCRs) could recruit immune cells into tissues and are involved in inflammatory response (14). However, many aspects of the molecular mechanisms of immunity and chemokines involved in MN pathogenesis remain unclear.

Bioinformatics analysis has been widely utilized to reveal molecular pathogenesis of diseases and identify disease biomarkers (15). Microarray technology has been used in a range of bioinformatics analyses in the biomedical field to provide novel insights and help discover critical factors in the etiopathogenesis of diseases (16). In this study, gene expression profiles of MN were obtained using the Gene Expression Omnibus (GEO) database and differentially expressed genes (DEGs) were identified from them. Notably, weighted co-expression network analysis (WGCNA) and Gene Set Enrichment Analysis (GSEA) analyses were performed to explore immune cell infiltration in MN and further reveal immune-related pathways and identify potential biomarkers for MN. In addition, correlations between immune-related central genes and pro-inflammatory cytokines were analyzed. A flowchart of this study is shown in Figure 1.




Figure 1 | Technology roadmap for this study.






2 Materials and methods



2.1 Data acquirement and preprocessing

Microarray expression data for the MN cohorts were obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo/). The GSE108113 dataset containing data of 44 cases of MN and six healthy controls was used as a training set. For validation, microarray expression data from an additional 51 patients with MN and 6 healthy controls were obtained from another dataset, GSE200828. The “ggord” and “yyplot” packages in R were used to perform principal component analysis (PCA) between samples. In this analysis, the sample separation among different groups were checked. Meanwhile, the “GEOquery” package was used to perform probe annotation and normalization of gene expression using the obtained datasets. When a gene corresponded to multiple probe IDs, only the ID with the highest average expression level was retained. The standardized matrix file was used for all subsequent downstream analyses.




2.2 Identification of DEGs, construction of PPI network, and screening of hub genes

Differential expression analysis was conducted using the ‘limma’ package in R software, employing a screening criterion of P-value < 0.05 and |log fold change (FC)| > 1.5 (17, 18). The resulting DEGs were visualized using various approaches including PCA, Venn diagrams, and volcano plots. To identify hub genes, a protein-protein interaction (PPI) network of DEGs was constructed using the STRING database (https://cn.string-db.org/). The PPI information was extracted with an interaction score of 0.4, specifically focusing on “Homo sapiens” as the species. Subsequently, the PPI network analysis results were exported to Cytoscape 3.9.1, for further investigation. The CytoHubba plug-in was employed to sort and filter the nodes within the network based on the network characteristics, aiding in the identification of core elements within this complex network. Core genes were identified using the degree, MNC, closeness, and MCC methods available in the CytoHubba plug-in. Common genes among the top 20 genes identified by each method were identified to determine the hub genes.




2.3 Functional enrichment analysis

GO and KEGG analyses of the DEGs were conducted using the Metascape database (https://metascape.org/). The analysis was limited to the species “Homo sapiens,” and the KEGG screening conditions included a minimum overlap of 3, a P-value threshold of 0.01, and a minimum enrichment of 1.5. The DEG list was used for GO and KEGG enrichment analysis (19), and the results were visualized using the ‘clusterprofiler’ packages of R software and the OmicShare tools (https://www.omicshare.com/tools).




2.4 Validation of hub genes

The levels of different hub genes in patients with MN and healthy individuals were assessed by box plots, which were processed by the “ggplot2” package of R software. To further evaluate the predictive accuracy of the hub genes, receiver operating characteristic (ROC) curve analysis was performed to distinguish patients with MN from healthy individuals. Based on the obtained expression profile of hub genes and its high-throughput sequencing data, the ROC curves of hub genes were plotted using the “pROC “ software package. The area under the curve (AUC) was used to compare the diagnostic value of the hub genes. Meanwhile, the independent external GSE200828 dataset was used to validate the expression levels and diagnostic value of the hub genes in distinguishing patients with MN and healthy individuals.




2.5 Immune cell infiltration analysis and its correlation with hub genes

The ssGSEA algorithm (20) was utilized to quantify the infiltration levels of 28 immune cells in the selected samples from the GSE108113 dataset. The abundance of these 28 types of infiltrating immune cells in the GSE108113 samples was estimated using the “GSVA” package. The proportion of 22 immune cell types in the GSE108113 samples was estimated using CIBERSORTx. The relationship between hub genes and immune cell infiltration was estimated by the “GSVA” package, which was visualized using the “ggplot2” package. KEGG pathway datasets from different expression groups performed functional enrichment analyses by using “GSVA” package.




2.6 Weighted gene co-expression network analysis and its correlation with hub genes

To construct a gene co-expression network of the GSE108113 dataset, WGCNA was performed using the WGCNA package in R software. Genes with the highest absolute deviation of 25% from the median were selected for analysis (21). The quality of the analyzed data was evaluated by “goodSampleGenes” function, followed by clustering of samples and elimination of outlier samples. An ideal soft threshold was selected, and the “pickSoftThreshold” function was used to transform the matrix data into an adjacency matrix. This was followed by cluster analysis and modules were identified according to topological overlap. The results of immune infiltration obtained as phenotypic data were combined with WGCNA results to perform module analysis, which aimed to explore the relationship between the modules and immune cells. The genes in the module most closely related to immunity that overlapped with the hub genes were selected for further analysis.




2.7 Correlation of immune-related hub genes with chemokines and pro-inflammatory cytokines

To further analyze the correlation between immune-related hub genes, CCRs, and pro-inflammatory cytokines, lists of CCRs and pro-inflammatory cytokines were collected (Supplementary Table S1). Spearman correlation coefficients between immune-related hub genes, CCRs, and pro-inflammatory cytokines were analyzed. Thereafter, scatter plots depicting their relations were generated using the “ggstatsplot” package, presenting the linear relationship between them generated using the statistical method “lm.”.




2.8 Enzyme-linked immunosorbent assay

To measure the protein levels of CSF-1 and CYBB/NOX2, we used specific ELISA kits for human CSF-1 (KE00184; Proteintech, USA) and CYBB/NOX2 (EK13559; Signalway Antibody, USA). Serum samples were collected from 20 patients with MN and 18 healthy controls (the clinical characteristics of the patients with MN and healthy controls are provided in Supplementary Table S2). ELISA was performed according to the manufacturer’s instructions. Briefly, the standard samples and samples from both experimental groups were transferred to a 96-well plate. An equal volume of the kit reagent was added to each well, and the plate was incubated for 30 min. The stop solution was added, and the absorbance signal was measured at 450 nm using a plate reader.




2.9 RT-PCR

To test the gene expression level of CSF1R and CYBB in patients with MN and healthy controls, quantitative real-time polymerase chain reaction (RT–PCR) analysis of the mRNA levels of the genes from serum of patients was performed (Applied Biosystems, USA). The mRNA was reverse transcribed to cDNA using an Omniscript RT kit (Vazyme, China). RT-qPCR analysis was performed using the AceQ Universal SYBR qPCR Master Mix. After GAPDH normalization, the relative expression levels of the target gene were carried out with the 2-△△CT approach. The primer sequences are listed in Table 1.


Table 1 | Sequences of the primers designed for RT-qPCR.






2.10 Ethics approval and consent to participate

All patients came from Dongzhimen Hospital. Studies involving human participants were reviewed and approved by the Ethics Committee of Beijing Dongzhimen Hospital, First Clinical Medical College of Beijing University of Chinese Medicine. All the patients/participants provided written informed consent to participate in the study.





3 Results



3.1 Sorting of sample data, identification of DEGs and screening of hub genes

PCA distinctly indicated the separation of patients with MN from healthy controls (Figure 2A). A total of 501 DEGs were identified during differential expression analysis based on adjusted P-value < 0.05 and |logFC| > 1.5. Among these DEGs, 133 were upregulated and 368 were downregulated (Figure 1) (Supplementary Table S3). Using the STRING database, a PPI network of DEGs was constructed, comprising 273 nodes and 840 edges. The scores for degree, MNC, closeness, and MCC were calculated using the CytoHubba plug-in, and the top 20 genes from each method were intersected to identify seven hub genes: SLC2A2, HRG, CYBB, PCK1, CSF1R, FTCD, and ALB. The Venn diagram in Figure 2B shows the overlap between DEGs.




Figure 2 | Identification of DEGs and hub genes. (A) Volcano diagram of DEGs. Red indicates upregulated genes and green indicates downregulated genes. (B) Venn diagram for screening hub genes. DEGs, differentially expressed genes.






3.2 GO and KEGG enrichment analysis of DEGs

During KEGG enrichment analysis, the upregulated KEGG pathways were related to the MAPK signaling pathway, cytokine-cytokine receptor interactions, and NK cell-mediated cytotoxicity (Figures 3A-C). During GO analysis, the upregulated genes were mainly involved in the negative regulation of the immune system process, endocytic vesicles, and heme binding (Figure 3D). Among the downregulated genes, the most relevant downregulated KEGG pathways were those related to metabolism of xenobiotics by cytochrome P450, drug metabolism, and chemical carcinogenesis-receptor activation (Figures 3E-G). The genes downregulated in MN were mostly related to amino acid metabolic process, apical part of cell, and transmembrane transporter activity (Figure 3H). Detailed information is provided in Supplementary Table S4.




Figure 3 | Functional enrichment analysis. (A) Bar graph of KEGG pathway enrichment analysis of upregulated genes. The horizontal coordinate indicates the number of genes annotated to the pathway, and different colors represent different pathway classifications. (B) Circle diagram of KEGG pathway enrichment analysis of upregulated genes. The first circle indicates the number of the pathway; the second circle indicates the number of genes and P-value of the pathway; the third circle indicates the number of genes annotated to the pathway; and the fourth circle indicates the enrichment coefficient for each pathway. (C) Network diagram of KEGG pathway enrichment analysis of upregulated genes indicate the specific target distribution on the pathway. (D) Bubble plot of GO enrichment analysis of upregulated genes, including BP, CC, and MF. The size of the dots indicates the number of genes, and the color corresponds to the P-value. (E-H) GO and KEGG pathway enrichment analysis of downregulated genes. BP: biological process, CC: cell component, MF: molecular function.






3.3 Validation of hub gene expression and diagnostic efficacy

Box plots were constructed to assess the expression levels of the seven hub genes between patients with MN and healthy controls (Figure 4A). The expression levels of ALB (P=2.1e-05), FTCD (P=6.3e-05), HRG (P=1.6e-05), PCK1 (P=8.1e-06), and SLC2A2 (P=0.0019) in MN were significantly lower than those in healthy controls. However, the expression levels of CSF1R (P=1.6e-05) and CYBB (P=2.1e-05) in patients with MN were significantly higher than those in healthy controls (Figure 4B). Furthermore, to validate the expression levels of these seven hub genes in patients with MN and healthy controls, an independent external dataset, GSE200828, was used, and the results were consistent with those from the GSE108113 dataset (Figure 5A). The diagnostic ability of these seven hub genes was validated using GSE200828 dataset. The values of AUC of the seven hub genes showed that all seven hub genes indicated favorable diagnostic value for MN, with an AUC of 0.958 (95%CI 90.52%-100%) for ALB, AUC of 0.962 (95%CI 90.53%-100%) for CSF1R, AUC of 0.958 (95%CI 90.23%-100%) for CYBB, AUC of 0.943 (95%CI 87.22%-100%) for FTCD, AUC of 0.962 (95%CI 91.1%-100%) for HRG, AUC of 0.970 (95%CI 92.44%-100%) for PCK1, and AUC of 0.871 (95%CI 73.74%-100%) for SLC2A2 (Figure 5B). Thus, all seven hub genes exhibited high diagnostic values, with AUC values > 0.85.




Figure 4 | Validation of hub genes in the exploration cohort. (A) The expression of each hub gene in different subgroups. (B) AUC values for each hub gene in the ROC curve. AUC: area under the curve. ROC: receiver operating characteristic.






Figure 5 | Validation of the hub genes in the validation cohort. (A) The expression of each hub gene in different subgroups. (B) AUC values for each hub gene in the ROC curve.






3.4 Immune cell infiltration and association between hub genes

To investigate the relative level of immune cell infiltration between patients with MN and healthy controls, the CIBERSORT algorithm was used. The distribution of the 22 immune cell infiltrations in GSE108113 is presented as a bar plot (Figure 6A). Immune cell infiltration analysis revealed that the numbers of CD4+ T cells, CD8+ T cells, natural killer (NK) cells, monocytes, and macrophages were significantly higher in MN tissues than in healthy tissues (P < 0.001) (Figure 6B). Furthermore, the correlation between the seven hub genes and 28 immune cells was assessed. CYBB and CSF1R exhibited positive correlations with several immune cells, particularly central memory CD4+ T cells (cor = 0.70, P < 0.001; cor = 0.640, P < 0.001), monocyte (cor = 0.776, P < 0.001; cor = −0.640, P < 0.001), activated dendritic cell (cor = 0.750, P < 0.001; cor = 0.724, P < 0.001), T follicular helper cell (cor = 0.782, P < 0.001; cor = 0.744, P < 0.001) and regulatory T cell (cor = 0.737, P < 0.001; cor = 0.715, P < 0.001). In addition, SLC2A2, PCK1, HRG, FTCD, and ALB levels were negatively correlated with most immune cells, including central memory CD4+ T cells, monocytes, NK cells, and follicular helper T cells (P < 0.05) (Figures 6C, D).




Figure 6 | Immune cell infiltration analysis. (A) Plot of the percentage of 22 immune cells in each sample. Different colors represent different immune cells. (B) The distribution of 28 immune cells in different groups. (C, D) Correlation between 28 immune cells and hub genes. The color indicates the correlation size. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.






3.5 Co-expression network construction and hub module identification

For WGCNA, 6,221 genes were selected. The appropriate soft threshold was determined to be β = 2, indicating a scale-free network (Figure 7A). Combining the results of immune infiltration with WGCNA, the correlation between each sample and the 28 immune cells is shown in Figure 7B. Four gene modules were obtained by merging similar modules (Figure 7C). As revealed by heat maps, the correlations between multiple modules of 28 immune cells associated with patients with MN and healthy controls are presented in Figure 7D, which shows that immune cells are closely associated with genes in the black module. Within the black module, two immune-related hub genes, CSF1R and CYBB, were selected by intersecting the genes in the module with previously identified hub genes.




Figure 7 | Weighted gene co-expression network analysis (A) Determination of the soft threshold value. The red line indicates the soft threshold value corresponding to a correlation coefficient of 0.9. (B) The samples were analyzed for clustering, observed for the presence of outliers, and combined with the results of immune cell infiltration. (C) Clustered dendrogram of the top 25% absolute deviations of the median, with each branch representing one gene. Each color at the bottom indicates one module, and the modules after merging are shown below. (D) Heat map of the relationship between modules and traits. The black modules in the graph clearly correlate more strongly with multiple immune cells than other modules.






3.6 Correlation analysis between two hub genes and immune cell infiltration

To further explore the correlation between two hub genes and immune cells infiltration, the “GSVA” and “ggplot” packages were used for analysis and visualization. As shown in Figures 8A, D, both CSF1 and CYBB displayed a significant positive correlation with 28 immune cells, except type 17 helper cells (P <0.005). In Figures 8C, F, the boxplot shows the abundance of 28 immune cells corresponding to hub genes at different expression levels. Due to the similarity in the grouping of these two genes at different expression levels, the results of immune cell infiltration analysis are also similar, but they are actually different. CD4+ T cells, CD8+ T cells, NK cells, monocytes, and macrophages evidently exhibited high immune scores for high CYBB and CSF1R expression (P < 0.001), which further verified that the two hub genes were responsible for the pathogenesis of immune-mediated MN.




Figure 8 | Analysis of immune-associated hub genes. (A) Lollipop plot of CSF1R correlation with 28 immune cells. The horizontal coordinate indicates the correlation size, and the color indicates the P-value. (B) Immune-related GSEA analysis of CSF1R with different expression levels. (C) Distribution of 28 immune cells in CSF1R with different expression levels. (D-F) Analysis of CYBB. **P <0.01, ***P <0.001, ****P <0.0001.



The GSEA of DEGs that take the canonical pathways gene sets (c2.cp.kegg.v7.5.1.symbols) in the MsigDB database as a reference was performed with the criteria of | normalized enriched score (NES)| > 1 and FDR < 0.25 (Supplementary Table S5). The samples were divided into high- and low-expression groups based on the expression levels of CYBB and CSF1R (Figures 8B, E). Overexpression of CSF1R was enriched in pathways involved in B cell/T cell receptor signaling pathways, chemokine signaling pathway, NK cell-mediated cytotoxicity, and cytokine-cytokine receptor interactions (P < 0.05). In addition, the pathways altered by CYBB were related to B cell/T cell receptor signaling pathways, chemokine signaling pathway, and primary immunodeficiency (P < 0.05). These results confirmed that CYBB and CSF1R play crucial roles in immune-related signaling pathways during MN development.




3.7 Correlation analysis of immune-related hub genes with ccrs and pro-inflammatory cytokines

To further analyze the effect of immune-related hub genes on CCRs and pro-inflammatory cytokines, six CCRs and pro-inflammatory cytokines were obtained from the black modules: CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2. The correlation between CYBB and CSF1R and the six CCRs and pro-inflammatory cytokines is shown in Figure 9A. There was a significant positive correlation with a significant difference (P < 0.01). The correlation between CSF1R and CYBB was further demonstrated using scatter plots (Figures 9B, C). As the expression of CYBB and CSF1R increased, the expression of the six CCRs and proinflammatory cytokines also increased. This showed that CYBB and CSF1R influenced the expression of CCRs and pro-inflammatory cytokines to promote inflammation.




Figure 9 | Correlation between immune-related hub genes and inflammatory factors and CCRs. (A) Correlation heat map. The different colors represent the magnitude of the correlation. (B, C) Correlation scatter plot. **P < 0.01, ***P < 0.001.






3.8 Validation of CSF-1 and CYBB in clinical samples

The experimental results of serum levels of CSF-1 in patients with MN were significantly higher than those in healthy controls (Figure 10A), which is consistent with the results of our bioinformatic prediction. Similarly, increased CYBB expression was observed in patients with MN compared to that in healthy controls (Figure 10B). qPCR analysis showed that mRNA expression of CSF1R and CYBB was increased in patients with MN compared to healthy controls (Figures 10C, D). These experimental findings validate and reinforce the predictive value of bioinformatic analysis, further supporting the involvement of CSF1R and CYBB in MN pathogenesis.




Figure 10 | Validation of CSF-1 and CYBB. Each point represents a sample. (A, B) ELISA measurement of CSF-1 and CYBB. (C, D) mRNA expression of CSF1R and CYBB was analyzed by RT-qPCR. ***P < 0.001, vs Control.







4 Discussion

In this study, GO analysis revealed that the upregulated genes were primarily enriched in immune system processes, endocytic vesicles, and heme-binding. The pathogenesis of MN involves the formation of circulating immune network complexes and activation of autoreactive immune cells targeting glomerular cells, encompassing both innate and adaptive immune responses. The upregulated genes mainly participated in multiple immune-related diseases and immune pathways according to KEGG, such as the C-type lectin (CTL) receptor (CLR) signaling pathway, cytokine-cytokine receptor interaction, and NK cell-mediated cytotoxicity. The accumulation of subepithelial immunocomplexes induces complement activation and disruption events that lead to the release of pathogen-associated molecular patterns (PAMP) and damage-associated molecular patterns (DAMP). CTLs are pattern recognition receptors that recognize these molecules and play vital roles in the immune system. CLRs on the surface of dendritic cells can promote the expression of costimulatory molecules and enhance their ability to present antigens to CD4+ and CD8+ T cells after binding to ligands, thus regulating the adaptive immune response. After recognizing ligands, CLRs on the surface of lymphocytes can induce the expression of pro-inflammatory factors and facilitate the binding of lymphocytes to major histocompatibility complex I (MHC I) or MHC class I molecules on target cells to induce inflammation and cytotoxicity. The concordance between these findings and the enrichment of upregulated genes suggests the presence of key genes involved in the immune response networks associated with MN.

Growing evidence regarding the pathogenic role of the impaired immune system and the molecular mechanism of MN progression has been widely revealed. Autoantibodies, immune complexes, and cytokines induced by T cells, B cells, monocytes, and other immune cells are involved in the progression of MN. Immune complex deposition within the GBM leads to the release of DAMP, which activate innate immune cells and trigger antigen-presenting cell (APC) activation. Antigen presentation by APCs to T cells leads to their activation and differentiation into subsets, such as Th1 and Th2, which involve key signaling pathways in patients with idiopathic MN (8). T cell-derived cytotoxicity contributes to the inflammatory response and tissue infiltration by immune cells (22). Autoreactive T-cells recruit, activate, and proliferate B-cells, resulting in the production of autoantibodies that cause barrier disruption and irreversible kidney damage. Indeed, basic and clinical research has indicated that the deposition of IgG along the glomerular basement membrane secreted by B cells is a hallmark of MN, which results in a sequence of events that impair the glomerular filtering barrier and induce proteinuria (23). In addition, B cells are present in renal biopsy specimens of MN, which shows that B lymphocytes are related to the pathogenesis of the disease (24). Rituximab treatment reduces glomerular IgG4 and C3 deposition by suppressing autoantibody generation, improving proteinuria in MN (25). Monocytes and macrophages are critical drivers of the innate immune system and are responsible for tissue regeneration and regulation immune (26). A recent study showed that CD14+CD163+CD206+M2 monocytes positively correlated with 24 h urine albumin and PLA2R levels in MN (27). Tubulointerstitial injury is mediated by macrophage migration, which is a common finding during the early phase of MN progression. M2-like monocytes are considered potential indicators of MN severity (28). We employed computational approaches such as CIBERSORTx or the ssGSEA algorithm to analyze immune infiltration. The results of the present study are consistent with previous findings, confirming an altered distribution of immune cells in MN.

Based on the genes closely associated with MN, as identified by PPI network analysis, seven hub genes were identified, namely, ALB, FTCD, HRG, PCK1, and SLC2A2 (upregulated genes) and CSF1R and CYBB (downregulated genes). To identify genes closely related to MN progression, WGCNA was used to identify core molecules. Furthermore, combined with immune cell infiltration analysis, the results of WGCNA revealed that the black module was closely related to immune response in MN, which was further intersected with seven hub genes to obtain the overlapping genes CSF1R and CYBB. These results strongly suggest that the regulation of CSF1R and CYBB may influence MN pathogenesis through the immune system. Based on the immune infiltration analysis, both CSF1R and CYBB were significantly and positively associated with most immune cells, which further confirmed that these two genes play a central role in the autoimmune pathology of MN.

The identification of the roles of CSF1R and CYBB in MN advances our strategies for disease diagnosis and treatment. As a central receptor on the macrophage surface, CSF1R binds to CSF-1 or IL-34 to regulate the development, activation, and function of macrophages (29). Furthermore, the CSF-1R signaling pathway is responsible for migration and multiply of macrophage (30). Several studies have identified CSF-1R as a pharmacological target for alleviating disease progression, including those of rheumatoid arthritis, Alzheimer’s disease, and cancer. Particularly, CSF-1 acted as a “master switch” and contributed to monocyte and macrophage phenotypes that was positively related with lupus activity in kidney diseases (31). Further, the treatment with CSF-1R inhibitor was confirmed to significantly ameliorate renal injury in murine lupus (32). Pharmacological inhibition of CSF-1R with GW2580 alleviated ischemia-induced renal injury by reducing M2 macrophage infiltration (33). Recently, MALDI–MSI analysis was performed to detect proteomic alterations in renal biopsies, and macrophage migration inhibitory factor was identified as a valuable biomarker for response to therapy in MN (34). In addition, renal biopsies from patients with MN showed that monocytes/macrophages predominate the interstitial infiltrate, suggesting that macrophages may be key regulators of the pathogenesis of MN (35). Based on these studies, CSF1R was predicted to contribute to the disturbance of the immune balance associated with MN. CYBB (also called NOX2) is considered the central component of NADPH oxidase, which is responsible for the bactericidal activity within macrophages and neutrophils involved in respiratory bursts (36). When CYBB/NOX2, the terminal component of the respiratory chain, is activated, it enters the plasma membrane to form phagosomes, which are necessary for triggering superoxide production activity of the complex (37). A recent study showed that CYBB/NOX2 in cDCs promotes antigen presentation to activate CD4+ T cells and leads to TH cell-induced tissue damage (38). In a model of hyperhomocysteinemia-induced renal injury, NADPH oxidase-mediated redox signaling was responsible for switching on NLRP3 inflammasome activation, which recruited immune cell infiltration, ultimately leading to glomerular injury and sclerosis (39). These results are further supported by our study. To explore the possible mechanism by which CSF1 and CYBB act on immune cells in MN, GSEA was used to determine the immune function of DEGs. The results revealed that CSF1R and CYBB were significantly correlated with B cell/T cell receptor signaling pathways, which are involved in MN immunopathogenesis. Furthermore, using ELISA, CSF1 and CYBB/NOX2 were found to be overexpressed in patients with MN, and the dependability of their diagnostic values was confirmed by ROC curve analysis, which further verified our bioinformatics analysis results.

Chemokines could promote differentiation of immune cells and induce tissue extravasation (40). Notably, studies have found that podocytes can be stimulated by the inflammatory setting of glomerulonephritis, which is mediated by CCRs (41). The expression of IL-10 and CCR1 mRNA were observed in polarized Mφ, and M-CSF restored the synthesis of IL-10 through M1 Mφ (42). CCL2/MCP-1 coordinates inflammatory monocyte transport between bone marrow, circulation and atherosclerotic plaque by binding to CCR2 (43).The distribution pattern of CX3CR1 was consistent with the expression of T cells and monocytes/macrophages, and it was distributed in both renal interstitial and glomerular infiltrated leukocytes (44). In our study, CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2 were activated by CSF1 and CYBB/NOX2, which are closely related to the inflammatory response. These results reveal that CSF1 and CYBB/NOX2 could be potential diagnostic biomarkers and immunotherapy targets for MN.

Our study has some limitations. First, the sample size of healthy controls was small, which may have influenced the study results. Second, through validation using sera from patients with MN, gene expression levels in renal tissues need to be further explored, and experimental studies are warranted to utilize our results in clinical settings. Third, there was little clinical information in the included dataset, which resulted in further correlation analyses that could not be conducted.




5 Conclusion

Through comprehensive bioinformatics analysis, we identified two hub genes (CSF1R and CYBB) that are closely involved in the progression of MN. The results of this preliminary study highlight the significance of immune infiltration and the relationship between the two hub genes and most immune cells with potential immune mechanisms in MN. CSF1R and CYBB influenced the expression of CCRs and proinflammatory cytokines (CCR1, CX3CR1, IL1B, CCL4, TNF, and CCR2). CSF1R and CYBB may be potential biomarkers for MN progression, providing a perspective for diagnostic and immunotherapeutic targets of MN.
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Necroptosis, a pathway of regulated necrosis, involves recruitment and activation of RIPK1, RIPK3 and MLKL, leading to cell membrane rupture, cell death and release of intracellular contents causing further injury and inflammation. Necroptosis is believed to play an important role in the pathogenesis of kidney ischemia-reperfusion injury (IRI). However, the dynamics of necroptosis in kidney IRI is poorly understood, in part due to difficulties in detecting phosphorylated MLKL (pMLKL), the executioner of the necroptosis pathway. Here, we investigated the temporal and spatial activation of necroptosis in a mouse model of unilateral warm kidney IRI, using a robust method to stain pMLKL. We identified the period 3-12 hrs after reperfusion as a critical phase for the activation of necroptosis in proximal tubular cells. After 12 hrs, the predominant pattern of pMLKL staining shifted from cytoplasmic to membrane, indicating progression to the terminal phase of necroptotic cell death. Mlkl-ko mice exhibited reduced kidney inflammation at 12 hrs and lower serum creatinine and tubular injury at 24 hrs compared to wild-type littermates. Interestingly, we observed increased apoptosis in the injured kidneys of Mlkl-ko mice, suggesting a relationship between necroptosis and apoptosis in kidney IRI. Together, our findings confirm the role of necroptosis and necroinflammation in kidney IRI, and identify the first 3 hrs following reperfusion as a potential window for targeted treatments.




Keywords: necroptosis, ischemia-reperfusion, necroinflammation, mlkl, acute kidney injury, chronic kidney disease




1 Introduction

Ischemia-reperfusion injury (IRI) is a pathological process that occurs when the blood supply to an organ is temporarily reduced and then restored (1). Cellular damage occurs during both the ischemic period and subsequent reperfusion of the kidney. During ischemia, there is a switch from aerobic to anaerobic metabolism (2), resulting in acidosis (3). Cellular ion transport mechanisms are compromised, with increased intracellular calcium, sodium and water causing cellular oedema (4–6). During reperfusion aerobic metabolism is restored and pH is normalised, but reactive oxygen species (ROS) are generated, damaging functional cellular components and ultimately inducing cell death (7–9). The kidney, a highly vascular and metabolically active organ, is particularly susceptible to IRI which may occur during episodes of hypotension, vascular surgery, sepsis, cardiac events or during kidney retrieval for transplantation (10). Kidney IRI causes inflammation (11, 12), immune system activation (13–15), microvascular dysfunction (16–19) and fibrosis (20, 21). IRI has both immediate and early clinical consequences (acute kidney failure) (22, 23) and contributes to progressive long term fibrosis and chronic kidney disease (CKD) (24). Kidney IRI causes significant patient morbidity and mortality, contributing to increasing healthcare costs (25–31). One of the hallmarks of kidney IRI is acute tubular necrosis, which occurs predominantly in the proximal tubules (9).

Recent studies have established that necrosis can occur in a regulated manner via several pathways including necroptosis (32), ferroptosis (33), pyroptosis (34, 35), mitochondrial permeability transition (MPT)-driven necrosis (36), and parthanatos (37, 38). In contrast to apoptosis, these forms of regulated necrosis lead to cell membrane rupture and release of damage-associated molecular patterns (DAMPs), resulting in inflammation and immune activation [reviewed in (39)]. Necroptosis is a caspase-independent regulated necrosis pathway triggered by a range of extracellular stimuli, including death receptor ligands (e.g. TNF) or pathogen patterns (e.g. LPS) binding to their respective cell surface receptors, or intracellular stimuli such as viral nucleic acids binding to the intracellular receptor ZBP1 (reviewed in (40, 41). In scenarios where the pro-NF-κB activity of the cIAP E3 ubiquitin ligase family and the pro-apoptotic function of Caspase-8 protease are diminished, the intracellular kinases Receptor Interacting Protein Kinase 1 (RIPK1) and Receptor Interacting Protein Kinase 3 (RIPK3) assemble into a high molecular weight intracellular platform termed the necrosome via their RIP homology interaction motifs (RHIMs) (42, 43). Recruitment of subcomplexes comprising RIPK3 and the terminal effector in the pathway – the Mixed lineage kinase domain-like (MLKL) pseudokinase – from the cytosol to the necrosome prompts RIPK3-mediated phosphorylation of the MLKL pseudokinase domain at T357/S358 in human MLKL and S345 in mouse MLKL (44–46). Phosphorylation is the critical step in MLKL activation, inducing MLKL to undergo a conformational change, disengage from the necrosome, and assemble into pro-necroptotic oligomers (47–50). MLKL oligomers are trafficked from the necrosome to the plasma membrane, where they accumulate in hotspots that perturb the membrane to kill cells once a phospho-MLKL (pMLKL) threshold is exceeded (50). Accordingly, phosphorylation of MLKL has become synonymous with necroptosis pathway and MLKL activation, and is considered a hallmark of necroptosis pathway activation. Many of the inflammatory molecules released during necroptosis promote further necroptotic cell death and inflammation (51), creating an auto-amplification loop termed necroinflammation (52).

Necroptosis is believed to play an important role in the pathogenesis of kidney IRI (reviewed in (39) (53). Studies by Linkermann et al. (54) and Newton et al. (55) showed lower mortality of Ripk3-deficient mice compared to wild-type (WT) mice. In the absence of mouse-specific inhibitors of MLKL, the executioner protein of necroptosis, in vivo data for its role come from studies of necroptosis-deficient Mlkl knockout (Mlkl-ko) mice (55, 56). Müller et al. used a bilateral renal pedicle clamping model of IRI to demonstrate improved kidney function in Mlkl-ko mice compared with wild-type (WT) mice at 48 and 72 hrs post-reperfusion, but not at the earlier timepoints of 6, 12, and 24 hrs (56). Although there was a time-dependent increase in total MLKL protein expression in WT kidneys commencing at 12 hrs post-reperfusion, the authors were unable to detect pMLKL by immunostaining or Western blotting (56). This inability to reliably detect pMLKL in mouse kidney sections has been a major hindrance to understanding the dynamics of necroptosis in kidney IRI. To address this problem, we developed a reproducible method to stain pMLKL in formalin-fixed kidney tissue sections and used it to track the temporal and spatial activation of necroptosis in the kidneys of WT mice subjected to unilateral IRI. Mice were analyzed at different timepoints post-reperfusion (0, 3, 12, 24, 48, 72 hrs, and 4 weeks). The pMLKL staining pattern at each timepoint was correlated with kidney function, tubular injury, and the expression of a range of genes relevant to kidney injury, inflammation, and necroptosis. Finally, we compared Mlkl-ko mice with WT littermate controls at each timepoint to assess the degree and mechanism of protection from IRI afforded by deletion of MLKL.




2 Materials and methods



2.1 Animal and ethical statement

Mlkl-ko mice on a C57BL/6J background (45) and WT littermate controls were generated by heterozygous matings and screened by PCR of tail tip genomic DNA by the Walter and Eliza Hall Institute for Medical Research (WEHI) (45). Mice were housed in microisolator cages in a pathogen-free facility with a 12-hour light-dark cycle under standard conditions of temperature and humidity and fed commercial mouse chow diet with free access to drinking water. All animal experiments were conducted in compliance with the Australian Code of Practice for the Care and Use of Laboratory Animals for Scientific Purposes (Eighth edition, 2013) and the Prevention of Cruelty to Animals Act 1986, Victoria, Australia. All experiments were carried out with the approval of the Animal Ethics Committee of St. Vincent’s Hospital Melbourne.




2.2 Kidney ischemia-reperfusion injury model

10–12-week-old male mice were anaesthetised by intraperitoneal injection of ketamine (100 mg/kg) and xylazine (15 mg/kg), followed by right nephrectomy prior to left renal pedicle clamping for 18 min using a microvascular clamp (Roboz, Rockville, MD). After removal of the clamp, the kidney was assessed for even reperfusion prior to abdominal wound closure. Mice received 200 µL warm normal saline (37°C) i.p. post-operatively, and core body temperature was maintained at 35.5 - 36.5°C throughout. Sham mice had a right nephrectomy but the left renal pedicle was not clamped. Separate cohorts of mice were euthanised by anesthetic overdose (ketamine/xylazine) and exsanguination immediately following injury (baseline), at 3, 12, 24, 48, 72 hours or 4 weeks after reperfusion. Blood and kidney samples were obtained to assess kidney function, kidney injury, inflammation, and necroptosis. Group sizes varied depending on availability of homozygous Mlkl-ko and WT littermates during experimental procedures. Specific group sizes are specified in all figure legends.




2.3 Analysis of kidney function

Serum creatinine was measured using a kinetic colorimetric assay on a COBAS Integra 400 Plus analyser (Roche, Castle Hill, NSW, Australia).




2.4 Assessment of tubular injury

Kidney tissue blocks were fixed overnight in 10% formalin and embedded in paraffin wax. 3 µm sections were cut and de-waxed prior to Periodic Acid Schiff (PAS) staining (57). Each section was divided into 12 regions. A representative area of each region was viewed under 400X magnification, with a focus on the corticomedullary junction. A score was derived by calculating the number of damaged proximal tubules as a percentage of total proximal tubules manually counted in each area (58). Markers of a damaged tubule included tubular atrophy, tubular dilatation, tubular cast formation, vacuolization, and tubular cell degeneration with loss of brush border or thickening of tubular basement membranes. An average of the 12 scores obtained per section was calculated. Scoring was performed under blinded conditions by personnel trained by an experienced veterinarian pathologist.




2.5 Immunohistochemical analysis

3 µm paraffin sections were de-waxed prior to antigen retrieval in a citrate buffer (pH 6.0) using a pressure cooker at 125°C for 90 s (pMLKL staining) or 180 s (cC3 staining), and left to cool to room temperature. Slides were then washed on a shaker prior to incubation in 10 μL 3% H2O2 v/v in double-distilled water for 5 min and blocked with 50 μL 10% swine serum for 1 hr at room temperature. Sections were then incubated with rabbit monoclonal anti-phospho-MLKL (pSer345) (ab196436, 1:100, Abcam, Melbourne, Australia) or rabbit monoclonal anti-human/mouse cleaved Caspase-3 (cC3) (Asp175) (IC835G, 1:200, RD Systems, Noble Park, Australia) in 2% swine serum at 4°C overnight. After incubation with DAKO anti-rabbit IgG HRP secondary antibody (Envision+ System, K4003, 1:1, Dako, Santa Clara, USA) for 1 hr, sections were developed using DAB and counterstained with hematoxylin. pMLKL- or cC3-stained sections were scanned using an Aperio ScanScope (Leica Biosystems) to generate a digitized image of the whole section. 12 representative areas of the cortex were analysed (4 upper pole, 4 mid pole and 4 lower pole) at X400 magnification. A score was manually calculated by counting the number of tubules with pMLKL or cC3 staining as a percentage of the total number of tubules in the section.




2.6 Reverse transcription-quantitative PCR

Harvested kidneys were stored in RNA Later® at 4°C for 24-48 h, followed by storage at -80°C until processing. Total RNA was extracted using the ReliaPrep ™ RNA Tissue Miniprep system (Promega Australia, Alexandria, NSW, Australia) according to manufacturer’s instructions. RNA concentration and quality were measured using a Fluorostar Omega multimode microplate reader (BMG Labtech, Mornington, Australia). First-strand complementary DNA (cDNA) was generated in a reaction volume of 22 µL containing 1 µg oligo (dT), 1 µg random hexamers (Invitrogen, Carlsbad, CA), 12 µg of RNA and sterile Milli-Q H2O. The reaction was incubated for 10 min at 70°C. Following this, a 28 µL mix comprising 2.5 µL 10 mM dNTPs, 1 µL SuperScript III recombinant reverse transcriptase, 1 µL RNaseOUT recombinant ribonuclease inhibitors, 2.5 µL 0.1 M DTT, 10 µL 5 x first strand buffer (Invitrogen, Carlsbad, USA) and 11 µL Milli-Q H2O was added to the first reaction. Reverse transcription was performed at 42°C for 1 hr and 70°C for 10 min. The cDNA was stored at -20°C. Quantitative real-time PCR was performed using the TaqMan Universal PCR Master Mix system and TaqMan Gene Expression Assays for Kidney injury molecule 1 (Kim1) (Mm00506686_m1), Neutrophil gelatinase-associated lipocalin (Ngal) (Mm01324470_m1), Tumour necrosis factor alpha (Tnfa) (Mm00443258_m1), Interleukin 1 beta (Il1b) (Mm00434228_m1), Interleukin 33 (Il33) (Mm00505403_m1), Interleukin 6 (Il6) (Mm00446190_m1), Macrophage inflammatory protein-2 (Mip2) (Mm00436450_m1), Receptor interacting protein kinase 1 (Ripk1) (Mm00436354_m1), Receptor interacting protein kinase 3 (Ripk3) (Mm00444947_m1), Mixed lineage kinase domain-like protein (Mlkl) (Mm01244222_m1), Toll-like receptor 2 (Tlr2) (Mm00442346_m1), Toll-like receptor 4 (Tlt4) (Mm00445273_m1), and Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Mm99999915_g1) (Applied Biosystems, Carlsbad, CA), using a 7400Fast Real-Time PCR System (Applied Biosystems).




2.7 Statistical analysis

Descriptive statistics were used to summarise the kinetic changes at different time points after reperfusion. Results were expressed as mean ± SEM unless otherwise indicated. A Kruskal-Wallis test and Dunn multiple comparisons test were used when comparing > 2 groups. Comparisons between 2 groups were performed using a Mann-Whitney U-test. Statistical analyses were performed using GraphPad Prism version 9.3 (GraphPad, San Diego, CA) with p<0.05 considered significant.





3 Results



3.1 Kinetics of kidney injury and pro-inflammatory gene expression in WT mice following IR

C57BL/6J WT mice were subjected to right nephrectomy and clamping of the left renal pedicle for 18 min, and cohorts were analyzed at 7 timepoints post-reperfusion (0, 3, 12, 24, 48, 72 hrs, and 4 weeks). Kidney injury was assessed by measuring kidney function (serum creatinine), tubular injury (semi-quantitative morphological analysis), and mRNA expression of the genes for the kidney injury markers KIM-1 and NGAL. Serum creatinine (Figure 1A) and tubular injury (Figure 1B; Supplementary Figure 2) were elevated at 3 hrs, although these increases did not reach statistical significance and there was no change in expression of Kim1 (Figure 1C) or Ngal (Figure 1D) at this early timepoint. By 12 hrs, creatinine levels and tubular injury were significantly increased, and expression of both Kim1 and Ngal was massively upregulated. All parameters remained elevated at 24, 48 and 72 hrs before returning to baseline by 4 weeks.




Figure 1 | Time course of kidney injury after IR in WT mice. (A): serum creatinine; (B): tubular injury score; (C): mRNA expression of Kim1; (D): mRNA expression of Ngal. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared to baseline control. Data presented as mean ± SEM.



We then examined the expression of several pro-inflammatory genes relevant to necroptosis and/or kidney IRI. TNFα is the best characterized activator of necroptosis (53) and has been described as a necroptosis-associated alarmin (59). Tnfa expression was significantly increased at 12, 48 and 72 hrs, and remained high at 4 weeks (Figure 2A). Interleukin-6 (IL-6) is an acute inflammatory cytokine that is upregulated in necrotic cells but not in apoptotic cells (60). Il6 expression was elevated earlier than Tnfa (3 hrs) and returned to baseline levels by 72 hrs (Figure 2B). IL-1β and IL-33 are released by necroptotic cells (61, 62). Il1b expression was upregulated at 12, 24 and 48 hrs (Figure 2C), whereas Il33 was increased later, from 24 hrs (Figure 2D). Signalling via Toll-like receptor 4 (TLR4) can activate necroptosis, whereas TLR2 has not been shown to play a role in necroptotic cell death (53). Both Tlr4 (Figure 2E) and Tlr2 (Figure 2F) were upregulated relatively late (48 and 72 hrs, respectively), with Tlr2 expression remaining high at 4 weeks. Macrophage inflammatory protein-2 (MIP-2) is a neutrophil chemoattractant/activator that is upregulated in kidney IRI (63). Mip2 expression was significantly increased at all timepoints except 48 hrs, peaking at 12 hrs (Figure 2G).




Figure 2 | Time course of pro-inflammatory gene expression in the left kidney after IR in WT mice. (A): Tnfa; (B): Il6; (C): Il1b; (D): Il33; (E): Tlr4; (F): Tlr2. (G): Mip2. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared to baseline control. Data presented as mean ± SEM.






3.2 Kinetics of necroptotic pathway gene expression in WT mice following IR

Although elevated expression of the necroptotic pathway genes Ripk1, Ripk3 and Mlkl does not necessarily equate with increased necroptosis in vivo (53), it may indicate an increased propensity for this form of cell death. We therefore measured IRI-associated changes in the expression of these genes in the kidney at different times post-reperfusion. All 3 genes were significantly upregulated at most timepoints, with the highest expression observed at 48 hrs (Figure 3).




Figure 3 | Time course of necroptotic pathway gene expression in the left kidney after IR in WT mice. (A): Ripk1; (B): Ripk3; (C): Mlkl. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 compared to baseline control. Data presented as mean ± SEM.






3.3 Temporal and spatial pattern of pMLKL staining in kidneys of WT mice following IR

Sections were cut from formalin-fixed left kidney tissue of WT mice from each cohort and stained for pMLKL using a rabbit monoclonal antibody [ab196436, EPR9515 (2)] This antibody has previously been used to detect pMLKL in methanol-fixed mouse dermal fibroblast cell lines (64) and in formalin-fixed mouse cecal tissue (65). Reproducible staining was achieved after optimization of the antigen retrieval step based initially on a method described by He et al., 2021 (65). Mlkl-ko mice subjected to IRI were used as a control to validate the antibody; Mlkl-ko kidneys showing substantial morphological injury were negative for pMLKL staining at each timepoint (Supplementary Figure 3). pMLKL was not detected in WT/IRI kidneys at 0 or 3 hrs post-reperfusion (Figures 4A, B). At 12 hrs, numerous tubules containing cells displaying dense punctate cytoplasmic staining were observed (Figure 4C). Interestingly, the tubules at this timepoint were either completely positive or completely negative. At 24 hrs, the pattern of staining had changed from cytoplasmic to predominantly membrane/intraluminal i.e., on the apical surface of tubular epithelial cells (Figure 4D). At 48 hrs, strong staining of proteinaceous casts within the tubules was observed, along with patchy intraluminal staining (Figure 4E). At 72 hrs (Figure 4F) and 4 weeks (Figure 4G), staining was weaker and mainly restricted to casts.




Figure 4 | Time course of pMLKL staining in the left kidney after IR in WT mice. Representative sections from 0 hrs (A), 3 hrs (B), 12 hrs (C), 24 hrs (D), 48 hrs (E), 72 hrs (F), and 4 weeks (G) post-reperfusion. (H): percentage of proximal tubules staining positive for pMLKL, stratified according to cellular location (dark blue = cytoplasmic; light blue = membrane/intraluminal). Examples of cytoplasmic, membrane and proteinaceous cast staining are indicated by arrowheads and short and long arrows, respectively. Kruskal-Wallis test with Dunn multiple comparisons test with * p<0.05, *** p<0.001 compared to baseline control. Image magnification x 400.



We performed a semi-quantitative analysis by counting the number of pMLKL-positive tubules as a percentage of the total number of tubules. The degree of positivity was highest at 12 hrs and remained significantly elevated at 24 and 48 hrs (Figure 4H). The data were further stratified into cytoplasmic and intraluminal staining, likely representing the activation and execution phases of necroptosis, respectively. On this basis, maximum activation of necroptosis was observed at 12 hrs, while the terminal stage of necroptotic cell death was relatively constant at 12, 24 and 48 hrs, and returned to close to baseline by 72 hrs (Figure 4H).




3.4 Effect of MLKL deletion on kidney IRI

Compared to WT mice, Mlkl-ko mice showed reduced kidney injury at 24 hrs post-reperfusion, evidenced by significant decreases in serum creatinine (Figure 5A) and tubular injury score (Figure 5B). Kidney function and injury were not significantly different at the other timepoints. Expression of Kim1 (Figure 5C) and Ngal (Figure 5D) were reduced at the earlier timepoint of 12 hrs, although only the former was statistically significant. Expression of the pro-inflammatory cytokine genes Tnfa, Il1b and Mip2 was also significantly lower at 12 hrs in Mlkl-ko mice compared to WT mice, whereas expression of Il6, Il33, Tlr2 and Tlr4, and of the necroptosis pathway genes Ripk1 and Ripk3, was generally similar in Mlkl-ko and WT mice at all timepoints (Supplementary Figure 1). As expected, Mlkl expression and pMLKL staining were undetectable in kidneys from Mlkl-ko mice (data not shown).




Figure 5 | Comparison of kidney injury time course after IR in Mlkl-ko and WT mice. (A): serum creatinine; (B): tubular injury score; (C): mRNA expression of Kim1; (D): mRNA expression of Ngal. Mann Whitney U test comparing with Mlkl-ko and WT mice at each timepoint; * p<0.05, ** p<0.01. Data presented as mean ± SEM.



To investigate the mode of IRI-associated cell death in a necroptosis-deficient setting, kidney sections from the 24 hr timepoint were stained for cleaved Caspase-3 (cC3) as a marker of apoptosis. While WT kidneys showed a significant but modest increase in apoptotic tubules compared to sham kidneys, Mlkl-ko kidneys showed a major increase (Figure 6), suggesting a greater role for apoptosis in this model when necroptosis is inactivated. The pattern of cC3 staining in Mlkl-ko tubules at 24 hrs was like that of pMLKL staining in WT tubules at 12 hrs (Figure 4C) i.e., tubules were either completely positive or negative.




Figure 6 | Comparison of cleaved Caspase-3 staining in WT and Mlkl-ko mice at 24 hrs post-reperfusion. (A): WT; (B): Mlkl-ko; (C): sham; (D): semi-quantitative analysis. Mann Whitney U test with * p<0.05 compared to sham procedure and # p<0.05 compared to WT mice. Data presented as mean ± SEM. Image magnification x 200.







4 Discussion

Although several studies employing mouse models have implicated necroptosis in the pathogenesis of kidney IRI (54, 55, 66, 67), this is the first study to definitively demonstrate activation of the terminal stage of the necroptotic pathway (i.e., phosphorylation of MLKL) in this setting and to explore the dynamics of the process. We performed a time course analysis in a mouse model of unilateral warm IRI to detail the kinetics of kidney injury, inflammation and necroptosis. Our data suggest that the critical phase lies within 3-12 hrs following reperfusion. During this period, there was major activation of necroptosis as evident by strong pMLKL staining within proximal tubular cells (PTCs) at 12 hrs. Some of the PTCs exhibited pMLKL staining at the cell surface, suggesting progression to the pre-lytic/lytic phase of necroptosis. At the same time, there was upregulated expression of the necroptosis pathway genes Ripk1, Ripk3 and Mlkl and the pro-inflammatory cytokine genes Tnfa, Il6, Il1b and Mip2. This, together with activation of the NLRP3 inflammasome by pMLKL (68), would be expected to create favourable conditions for further necroptosis and inflammation via DAMP release, driving the cycle of necroinflammation.

Of interest was the pattern of pMLKL staining. Epithelial cell injury associated with kidney IR is most apparent in the proximal tubules (1), as PTCs have low anaerobic glycolytic capacity and are located in areas with low partial pressure of oxygen such as the outer medulla and inner cortex (9). Consistent with this, we observed that tubular injury was focused in the proximal tubules in the cortico-medullary region. Necroptosis, as indicated by pMLKL staining, was also restricted to PTCs. This is in contrast to the findings of a recent single-cell analysis suggesting that necroptosis in kidney IRI occurs mainly in non-PTC cell types, with secondary effects on PTCs (69). Furthermore, injured tubules were clustered together, and necroptosis appeared to be activated in all cells within affected tubules. This suggests either a location-dependent effect, or communication between adjacent cells undergoing necroptosis resulting in the spread of necroptosis from cell to cell within affected tubules. pMLKL staining from 24 hrs appeared polarised, with staining of the apical but not basal surface of PTCs. The precise mechanism by which pMLKL clustering at the apical surface may promote cellular communication within the lumen of affected tubules remains to be further explored, with roles for pMLKL in promoting plasma membrane remodelling at intercellular junctions (50) and generation of extracellular vesicles (70, 71) previously proposed.

In the absence of necroptosis (i.e., in Mlkl-ko mice), early inflammation and kidney injury were reduced, providing further evidence that necroptosis and the associated inflammation play a role in kidney damage following IR. The absence of pMLKL staining at 3 hrs in WT mice indicated that the initial injury did not involve necroptosis. It is therefore unsurprising that there was no difference in serum creatinine [which is a delayed marker of kidney injury (72)] between WT and Mlkl-ko mice at 3 hrs. The inability of Mlkl-ko mice to activate necroptosis in the critical 3-12 hr phase is likely to account for the subsequent reduction in kidney inflammation at 12 hrs, and lower serum creatinine and tubular injury scores at 24 hrs. Interestingly, Mlkl-ko mice were protected from kidney IRI at 24 hrs but not at 48 or 72 hrs. This contrasts with an earlier study where protection was noted at 48 and 72 hrs but not at 24 hrs (56). Model differences, including the type (unilateral versus bilateral) and degree of ischemia (18 min versus 35 min), anesthesia (ketamine/xylazine versus the more IRI-protective isoflurane), and WT controls (littermates versus non-littermates), may account for this discrepancy.

While we have further defined the role of necroptosis in kidney IRI, the stimulus that triggers necroptosis in this setting remains unclear. Engagement of death receptors such as TNF receptor 1, activation of TLRs, interferon signalling, and intracellular stimuli in response to viruses, are all able to initiate necroptosis (73). A recent in vitro study using a genetically manipulated myeloid cell system confirmed TNF as an alarmin molecule released following necroptotic cell death to drive further inflammation (59). We suggest that TNF released by inflammatory cells triggers necroptosis during the 3-12 hours post-reperfusion, while TNF and DAMP release following necroptotic cell death stimulate subsequent waves of necroptosis. We showed upregulation of Tnfa gene expression in WT mice, which was reduced in Mlkl-ko mice, leading us to hypothesise that TNF activates necroptosis and drives ongoing necroinflammation in kidney IRI.

The concept that one regulated cell death pathway can compensate for another in acute kidney injury has previously been proposed for necroptosis and ferroptosis, although treatment of Mlkl-ko mice with a ferroptosis inhibitor did not provide further protection from kidney IRI (56). In our model, apoptosis appeared to become the dominant cell death pathway in the absence of necroptosis, suggesting a relationship between necroptosis and apoptosis in kidney IRI. However, a limitation of our study was that it focused on the role of necroptosis without investigating the contribution of other regulated necrosis pathways, notably ferroptosis.

Our study is the first to describe the dynamics of necroptosis and necroinflammation in a mouse model of kidney IRI. Our results suggest that treatments targeting the key necroptosis component, MLKL, may reduce kidney injury following IR, although it should be noted that no specific inhibitors of mouse MLKL are currently available. In addition, our results suggest that such treatments may be effective even if given 3 hrs after reperfusion. This is advantageous in a clinical setting, as in many instances IRI is unpredictable and cannot be treated prophylactically. Finally, combination therapy with inhibitors of MLKL and apoptosis may provide additive protection, with the ultimate aim of preventing acute and chronic kidney disease following kidney IR.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was approved by St Vincent’s Hospital Melbourne Animal Ethics Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

AP, JM, FI and PC designed the experimental studies. AP, AB, JM, NF, ES conducted the experimental studies. AB, JM and AP performed the IRI surgery. AP, AB, ES and JM analysed the results. AP and PC drafted the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded in part by grant number 88279 from the St Vincent’s Hospital Melbourne Research Endowment Fund. AP was supported by a postgraduate scholarship and JMM by an Investigator Grant (1172929) from the National Health & Medical Research Council (NHMRC) of Australia. JMM acknowledges infrastructure support from the NHMRC (IRIISS 9000719) and the Victorian State Government Operational Infrastructure Support Scheme.




Acknowledgments

We thank Dr Andre Samson, Dr Ueli Nächbur, and Dr Anne Hempel for helpful discussion on necroptosis and provision of experimental animals; Dr Fenella Munz for advice on veterinary matters and tubular injury scoring; and staff at the Bioresources Centre, St Vincent’s Hospital, Melbourne, for animal care.





Conflict of interest

Authors JMM and PC have received research funding from Anaxis Pharma Pty Ltd.

The remaining 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1251452/full#supplementary-material

Supplementary Figure 1 | Comparison of pro-inflammatory and necroptotic gene expression after IR in Mlkl-ko and WT mice. (A): Tnfa; (B): Il6; (C): Il1b; (D): Il33; (E): Tlr4; (F): Tlr2; (G): Mip2; (H): Ripk1; (I): Ripk3. Mann Whitney U test comparing with Mlkl-ko and WT mice at each timepoint; * p<0.05. Data presented as mean ± SEM.

Supplementary Figure 2 | Representative PAS stained kidney tissue at baseline, 3 hrs, 12 hrs, 24 hrs, 48 hrs, 72 hrs and 4 weeks following IRI. Image magnification x 40.

Supplementary Figure 3 | Representative pMLKL stained kidney tissue of Mlkl-ko mice taken at baseline, 3 hrs, 12 hrs, 24 hrs, 48 hrs, 72 hrs and 4 weeks following IRI. Image magnification x 40.
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“Cytokine storm” is common in critically ill COVID-19 patients, however, mechanisms remain largely unknown. Here, we reported that overexpression of SARS-CoV-2 N protein in diabetic db/db mice significantly increased tubular death and the release of HMGB1, one of the damage-associated molecular patterns (DAMPs), to trigger M1 proinflammatory macrophage activation and production of IL-6, TNF-α, and MCP-1 via a Mincle-Syk/NF-κB-dependent mechanism. This was further confirmed in vitro that overexpression of SARS-CoV-2 N protein caused the release of HMGB1 from injured tubular cells under high AGE conditions, which resulted in M1 macrophage activation and production of proinflammatory cytokines via a Mincle-Syk/NF-κB-dependent mechanism. This was further evidenced by specifically silencing macrophage Mincle to block HMGB1-induced M1 macrophage activation and production of IL-6, TNF-α, and MCP-1 in vitro. Importantly, we also uncovered that treatment with quercetin largely improved SARS-CoV-2 N protein-induced AKI in db/db mice. Mechanistically, we found that quercetin treatment significantly inhibited the release of a DAMP molecule HMGB1 and inactivated M1 pro-inflammatory macrophage while promoting reparative M2 macrophage responses by suppressing Mincle-Syk/NF-κB signaling in vivo and in vitro. In conclusion, SARS-CoV-2 N protein-induced AKI in db/db mice is associated with Mincle-dependent M1 macrophage activation. Inhibition of this pathway may be a mechanism through which quercetin inhibits COVID-19-associated AKI.
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Introduction

Acute kidney injury (AKI) has been recognized as a common complication of the coronavirus disease 2019(COVID-19), which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). AKI is common in critically ill COVID-19 patients with high mortality (1–4). Patients with older age and underlying diseases such as hypertension, diabetes, and chronic kidney disease (CKD) are at high risk for COVID-19 AKI (5, 6). However, mechanisms for COVID-19 AKI remain largely unknown.

Increasing evidence shows that cytokine storm is common in critically ill patients with AKI (7). Cytokine storm is related to excessive immune responses in patients with severe SARS-CoV-2 infection and is characterized by the production of large amounts of cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor-alpha (TNF-a), and monocyte chemotactic protein-1 (MCP-1) (8–13). Thus, understanding the mechanisms that lead to the cytokine storm associated with COVID-19 infection is extremely important for developing potential treatments for critically ill COVID-19 patients.

Elevated inflammatory markers such as white blood cell count, monocyte count, high levels of C-reactive protein, and proinflammatory cytokines such as IL-6, TNF-a, and MCP-1 have been demonstrated in patients with severe COVID-19 (10–15). It is also reported that the CD68+ macrophages infiltrating the kidney are also associated with severe kidney injury in COVID-19 patients (16). Tubular necrosis is a pathological feature of COVID-19 patients with AKI (7). Tubular necrosis can induce renal inflammation by releasing the damage-associated molecular patterns (DAMPs) to activate immune cells through identical pattern recognition receptors (PRR) (17). Macrophage-inducible C-type lectin (Mincle) is a transmembrane pattern recognition receptor that is expressed by M1 pro-inflammatory macrophages in response DAMPs (18, 19). Mincle acts via its downstream Syk and NF-κB signaling to activate M1 pro-inflammatory macrophages and is essential for maintaining the pro-inflammatory phenotype of M1 macrophages in AKI (20). It has been reported that increased expression of DAMPs such as the high-mobility group box 1 protein (HMGB1) and S100A8/A9 is found in patients with moderate to severe COVID-19 (21, 22). Early post-mortem examination confirms that SARS-CoV-2 can directly infect human kidney tubular cells and then induce acute tubular damage by a direct cytopathic effect and CD68-positive macrophages (23). Our recent study also finds that SARS-CoV-2 N protein can activate transforming growth factor beta (TGF-β) signaling by interacting with Smad3 and thus causes tubular cell death via mechanisms associated with Smad3-dependent G1 cell cycle arrest and Ripk3/MLKL necroptosis pathways (24–26). However, Mincle-dependent M1 macrophage activation in COVID-19 AKI remains unexplored, which was investigated in the present study.

Quercetin is a widespread flavonoid found in a large variety of Chinese herbs and dietary supplements. It shows multiple pharmacological effects, including antiviral, antioxidant, and anti-inflammatory properties. Clinical trials demonstrate that treatment of COVID-19 patients with oral quercetin significantly improves the severity of COVID-19 syndromes (27, 28). Molecular docking studies predict that quercetin can bind to multiple SARS-CoV-2 proteases and thus inhibit viral infection (29, 30). Our recent studies confirmed that ultrasound-microbubble-mediated kidney-specifically overexpressing SARS-CoV-2 N protein can induce AKI in 8-week-old db/db mice by causing tubular necrosis and elevated serum levels of creatinine and blood urea nitrogen, which is further exacerbated in older age (16 weeks) of db/db mice, but is inhibited by treatment with quercetin (24). We find that quercetin can effectively block the binding of SARS-CoV-2 N protein to Smad3, therefore inhibiting SARS-CoV-2 N protein-induced tubular cell death via the Smad3-p16-dependent G1 cell cycle arrest mechanism (24). It is also reported that quercetin can inhibit proinflammatory cytokine expression in a cisplatin-induced mouse model of AKI by suppressing Mincle/Syk/NF-κB signaling (31). However, it remains unknown whether treatment with quercetin inhibits COVID-19 AKI via the Mincle-dependent mechanism, which was also investigated in the present study in vivo and in vitro.





Materials and methods




Preparation of SARS-CoV-2 N protein-expressing plasmid

Mammalian expression plasmids for pcDNA3.1(+)-Flag-N were constructed and synthesized by GenScript (Nanjing, China) and GenBank accession number is MW617760.1. The pcDNA3.1(+)-Flag-N and pcDNA3.1(+)-Empty-Vector (EV) were purified by EndoFree Maxi Plasmid Kit (DP117, TIANGEN BIOTECH, Beijing, China). The primers used in this study were as follows:

Flag-N: Forward: GCGGATCCATGTCTGATAATGGACCCCA;

Reverse: GCTCTAGATTAGGCCTGAGTTGAGTCAG.





Mouse model of AKI and treatment with quercetin

A mouse model of AKI was induced in the male db/db mice at the age of 16 weeks by ultrasound-microbubble-mediated kidney-specifically transferring SARS-CoV-2 N protein-expressing plasmid as previously described (24–26). Quercetin was dissolved in 2% DMSO and then mixed with jelly in the mouse food. Groups of 6 db/db mice at the age of 16 weeks were given oral quercetin at dosages of 150mg/kg/day from day 0 before ultrasound-microbubble-mediated SARS-CoV-2 N gene transfer until being killed on day 2 as previously described (24). In the present study, there were 5 groups of db/db mice, including untreated, EV (empty vector), NP (SARS-CoV-2 N protein), NP +QUE (NP+quercetin), and NP+DMSO (NP+DMSO-control). A group of 6 db/m mice at the age of 16 weeks was used as normal control.





Cell lines and cell cultures

The mouse tubular epithelial cells (mTEC) were a gift from Dr. Jeffrey B. Kopp (National Institutes of Health) and were transfected with SARS-CoV-2 N protein expressing plasmid as previously described (24–26). The mTEC with overexpressing SARS-CoV-2 N (or empty vector)-expressing plasmid were cultured in DMEM/F12 medium (11320082, Gibco, ThermoFisher) supplemented with 10% FBS, 1%(v/v) penicillin-streptomycin (P/S) (15070063, Gibco, ThermoFisher). Cells were stimulated with or without advanced glycation end products (AGE, 100μg/ml, ab51995, Abcam), a hyperglycemia-related products associated with the development of diabetic kidney disease for 48 hours to obtain HMGB1-rich conditional medium for the macrophage activation studies as described below.

A mouse macrophage cell line RAW264.7 was purchased from the American Type Culture Collection (ATCC) (Manassas, VA). RAW264.7 were cultured in DMEM (11965118, Gibco, ThermoFisher) supplemented with 10% FBS, 1%(v/v) P/S. To study the inhibitory effect of quercetin on M1 macrophage activation and proinflammatory cytokine production. RAW264.7 were pretreated with quercetin (32μM) or 0.05% DMSO for 24 hours prior to the addition of HMGB1-rich conditional medium. At least three independent experiments were performed in each study.





Small interfering RNA transfection

To knock down Mincle, RAW264.7 cells were transfected with small interfering RNA against mouse Mincle (sense 5’-CCUUUGAACUGGAAACAUUTT-3’, antisense 5’-AAUGUUUCCAGUUCAAAGGTT-3’) (designed and synthesized by Shanghai GenePharma Co., Ltd., China) by using Lipofectamine™ RNAiMAX (13778150, Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions. A scramble sense control was used as negative control (NC). At least three independent experiments were performed in each study.





Immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded tissue sections (3μm) using endogenous horseradish peroxidase blocking and microwave-based antigen retrieval technique if necessary (32). The antibodies used in this study included Ultra-LEAF purified anti-mouse F4/80 (123164, Biolegend) and p-p65(ab97726, Abcam). After incubation with the primary antibody overnight at 4°C, sections were incubated with anti-rabbit EnVision+ System-HRP Labelled Polymer (K4003, DAKO) at room temperature for 60 min. Then color was developed with a diaminobenzidine tablet (045-22833, FUJIFILM Wako Pure Chemical Corporation) and the nuclei were counterstained with Hematoxylin (H-3404, Burlingame) if necessary. The stained sections were viewed under a LEICA CRT6000 Light Microscope. The positive cells were counted in 6 random areas of kidney sections under the power field (x20) of a microscope and expected as positive rate or cells/mm2.





Multiplex immunofluorescence

To detect the co-localization between Mincle and F4/80 expression, paraffin-embedded kidney sections (3μm) were blocked with endogenous horseradish peroxidase and then incubated with Ultra-LEAF purified anti-mouse antibody against F4/80 (123164, Biolegend) overnight, followed by adding rabbit polyclonal antibody to Mincle (BS-8541r, Bioss) as previously described (24–26). The fluorescence was developed using the Alexa Fluor ™ 488 Tyramide Reagent (B40953, Invitrogen) or Alex Fluor ™ 568 Tyramide Reagent (B40956, Invitrogen), and the nuclei were counterstained with Hoechst 33342 (H1399, Invitrogen) according to the manufacturer’s protocol. All staining sections were detected and photographed by a ZEISS AXIO Microscope. The positive co-location cells were counted in 6 random areas of kidney sections under the high-power field (x40) of a microscope and expected as positive cells/mm2.





Enzyme-linked immunosorbent assay

The serum from mouse and the supernatant from cultured mTEC were collected and the concentrations of HMGB1 were measured with a mouse HMGB1 ELISA Kit according to the manufacturer’s instructions (E-EL-M0676C, Elabscience).





Flow cytometry

Total kidney tissues were digested by Liberase TM Research Grade (Roche, Indianapolis, IN) and RAW264.7 cells were digested with 0.25% trypsin–EDTA into cell suspension. All cells were fixed by IC Fixation Buffer (00-8222-49, Invitrogene) for 10 minutes. Then cells were co-stained with CD68-PE antibody (137014, Biolegend), Mincle-FITC antibody (bs-8541R-FITC, Bioss), iNOS-APC antibody (17-5920-82, eBioscience), or CD206-FITC antibody (141704, Biolegend) overnight at 4°C. After being labeled, cells were gated and analyzed by using a BD LSRFortessa flow cytometer (BD Biosciences), and the data were analyzed by FlowJo software (V10).





Western blot analysis

The total protein of mouse kidney tissues and RAW264.7 cells were extracted by RIPA lysis buffer (P0013B, Beyotime, Shanghai, China). The proteins were electrophoresed in a 10% SDS-PAGE gel and transferred to a Nitrocellulose Transfer Membrane (66485, Pall Corporation, Mexico). Then the membranes were blocked for 1 h at room temperature with 5% skim milk or BSA and incubated with primary antibodies at 4°C overnight. The next day, the membranes were incubated with mouse IgG (H&L) antibody DyLight™ 800 conjugated (610-145-002, ROCKLAND) or rabbit IgG (H&L) antibody DyLight™ 800 conjugated (611-145-002, ROCKLAND). The expression levels of protein were visualized by the Odyssey Infrared Imaging System (San Diego, CA, USA) and quantitatively analyzed by the Image J software (NIH, Bethesda, MD, USA). The antibodies used in this study included mouse antibodies against Mincle (sc-390806, Santa Cruz), TLR-4(sc-293072, Santa Cruz), β-actin (sc-69879, Santa Cruz) and rabbit antibodies against HMGB1(ab79823, Abcam), p-Syk (#2710, Cell Signaling Technology), Syk (#13198, Cell Signaling Technology), p-p65(ab86299, Abcam), p65(#8242, Cell Signaling Technology), iNOS (ab15323, Abcam).





Real-time PCR assay

Total RNA from mice kidneys and RAW264.7 cells were extracted with TRIzol reagent (TR118, Molecular Research Center) following the manufacturer’s instructions. Real-time quantitative-PCR was measured with QuantStudio™ 6 and 7 Flex Real-time PCR systems (4489826, ThermoFisher) and SYBR Green Supermix (1725122, Bio-Rad). The primers used in this study included mouse Mincle: forward 5’-CCAAGTGCTCTCCTGGACGATA-3’, reverse 5’-CTGATGCCTCACTGTAGCAGGA-3’; mouse TNF-a: forward 5’- CATCTTCTCAAAATTCGAGTGACAA-3’, reverse 5’- TGGGAGTAGACAAGGTACAA CCC-3’; mouse IL-6: forward 5’- GTCCTTCCTACCCCAATTTCCA-3’, reverse 5’-TAAC GCACTAGGTTTGCCGA-3’; mouse MCP-1:forward 5’-TTAAAAACCTGG ATCGG AA C CAA-3’, reverse 5’-GCATTAGCTTCAGATTTACGGGT-3’; mouse IL-4:forward 5’-C C C CAGCTAGTTGTCATCCT-3’, reverse 5’- TGGTGTTCTTCGTTGCTGTG-3’; mouse IL-10: forward 5’-CGGGAAGACAATAACTGCACCC-3’ reverse 5’-CGGTTAG CAG TATG TTG TCCAGC-3’; mouse β-actin: forward 5’-GTGACGTTGACA T CCGTAAAGA-3’, reverse 5’-GCCGGACTCATCGTACTCC-3’.





Statistical analyses

All data were presented as the mean ± SD. Statistical analysis was performed with one-way ANOVA for multiple groups from GraphPad Prism 9.0 Software (GraphPad, San Diego, CA, USA). P values less than 0.05 were considered statistically significant.






Results




Overexpression of SARS-CoV-2 N protein exacerbates renal inflammation in diabetic kidney of db/db mice, which is associated with increased HMGB1 and Mincle-expressing M1 macrophage infiltration

As inflammation is a feature of COVID-19 patients with AKI (7–17, 33). To explore the pathological link between renal inflammation and COVID-19 AKI, we first examined renal inflammation in the AKI kidney of 16-week-old db/db mice induced by overexpressing SARS-CoV-2 N protein. We found that ultrasound-microbubble-mediated overexpression of SARS-CoV-2 N protein greatly enhanced F4/80+ macrophage accumulation and expression of proinflammatory cytokines such as IL-6, TNF-α and MCP-1 (Figures 1A, B). This was associated with an increase in both serum and renal tissue levels of HMGB1, one of the DAMP molecules, and upregulation of Mincle at both mRNA and protein levels (Figures 1D-F). Further studies by two-color immunofluorescence and flow cytometry clearly detected that overexpression of SARS-CoV-2 N protein largely promoted M1 proinflammatory macrophages infiltrating the kidney by co-overexpressing F4/80 and Mincle/iNOS markers, which was largely increased in the diabetic kidney of db/db mice (Figures 2, 3A, B). These observations suggest that overexpression of SARS-CoV-2 N protein may mediate severe AKI under diabetic conditions by triggering the release of DAMP molecules such as HMGB1 from the necrotic tubular cells, which then may activate M1 macrophages and stimulate the production of proinflammatory cytokines to exacerbate further AKI via a Mincle-dependent mechanism.




Figure 1 | Kidney-specifically overexpressing SARS-CoV-2 N protein promotes renal inflammation in db/db mice at the age of 16 weeks by enhancing the release of HMGB1 and expression of Mincle, which is inhibited by treatment with quercetin. (A) Immunohistochemistry for F4/80+ macrophages infiltrating the kidney of db/db mice treated with or without quercetin. (B, C) Real-time PCR for proinflammatory cytokines (IL-6, TNF-α and MCP-1) and anti-inflammatory cytokines (IL-4 and IL-10) mRNA expression in the diabetic kidney treated with or without quercetin. (D) Serum levels of HMGB1. (E) Real-time PCR for renal Mincle mRNA expression. (F) Western blot analysis for expression of HMGB1 and Mincle in the kidney of db/db mice treated with or without quercetin. Each dot represents one mouse and data are expressed as the mean ± SD for groups of 6 mice. * p<0.05, **p<0.01, ***p<0.001, **** p<0.0001 versus empty vector control group (db/db-EV); ##p<0.01, ### p<0.001, #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO). g, glomerulus; scale bar=100μm.






Figure 2 | Tow-color immunofluorescence detects that overexpression of SARS-CoV-2 N protein triggers Mincle-expressing macrophages infiltrating the AKI kidney at the age of 16-week db/db mice, which is inhibited by quercetin treatment. (A) Two-color immunofluorescence shows the co-localization of Mincle (green) and F4/80(red) macrophages infiltrating the kidney of db/db mice treatment with or without quercetin. (B) Semi-quantitative analysis of Mincle-expressing macrophages (F4/80+Mincle+). Each dot represents one mouse and data are expressed as the mean ± SD for groups of 6 mice. **** p<0.0001 versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO). Scale bar=50μm.






Figure 3 | Two-color flow cytometry detects that overexpression of SARS-CoV-2 N protein largely promotes M1 macrophages infiltrating the AKI kidney at the age of 16-week db/db mice, which is inhibited by quercetin treatment. (A) Mincle+ cluster of CD68+ macrophages identified by Mincle+CD68+ cells in the AKI kidney of db/db mice treated with or without quercetin. (B) M1 macrophages identified by iNOS+CD68+ cells. (C) M2 macrophages identified by CD206+CD68+ cells. Note that quercetin treatment inhibits the Mincle-expressing macrophages and switches the M1 macrophages to M2 phenotype in SARS-CoV-2 N protein-induced AKI kidney of db/db mice. Each dot represents one mouse and data are expressed as the mean ± SD for groups of 6 mice. **p<0.01, ***p<0.001, **** p<0.0001 versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO).







Overexpression of SARS-CoV-2 N protein promotes M1 pro-inflammatory macrophage activation and renal inflammation under diabetic conditions by activating Mincle-Syk-NF-κB signaling

It is well known that Mincle is a typical PRR expressed by M1 proinflammatory macrophages and can recognize the endogenous DAMPs released by necrotic cells. The binding of DAMPs to Mincle can activate Syk and NF-κB signaling by phosphorylation (19). Our previous study also demonstrated that LPS induces M1 macrophage activation in AKI via Mincle/Syk/NF-κB-dependent mechanism (34). In the present study, western blotting and immunohistochemical staining also detected that overexpressing SARS-CoV-2 N protein caused severe renal inflammation with massive M1 macrophage infiltration in the diabetic kidney of db/db mice, which was associated with upregulation of Mincle on macrophages (Figures 2, 3A, B) and activation of Syk/NF-κB signaling (Figure 4).




Figure 4 | Kidney-specifically overexpressing SARS-CoV-2 N protein activates Syk/NF-κB signaling in db/db mice at the age of 16 weeks, which is inhibited by treatment with quercetin. (A, B) Western blot analysis of activation of Syk (p-Syk), NF-κB(p-p65) and expression of TLR-4 and iNOS in the kidney of db/db mice treated with or without quercetin. (C, D) Immunohistochemistry for detecting activation of NF-κB (p-p65 nuclear translocation). Note that treatment with quercetin inhibits phosphorylation of Syk and NF-κB as well p65 nucleated translocation in SARS-CoV-2 N protein-induced AKI kidney. Each dot represents one mouse and data are expressed as the mean ± SD for groups of 6 mice. ** p<0.01, *** p<0.001, **** p<0.0001 versus empty vector control group (db/db-EV); #### p<0.0001 versus DMSO-treated control group(db/db-NP+DMSO). g, glomerulus; scale bar=100μm.



To further confirm the necessary role for Mincle in M1 macrophage-mediated AKI in response to SARS-CoV-2 N protein under diabetic conditions, we performed serial studies in SARS-CoV-2 N protein-overexpressing tubular cells under high AGEs conditions. We found that either SARS-CoV-2 N protein or AGEs were capable of inducing equal levels of HMGB1 released from injured tubular cells, indicating that either SARS-CoV-2 N protein or AGEs can induce tubular cell injury to release HMGB1. Interestingly, once SARS-CoV-2 N protein-overexpressing tubular cells were cultured with AGEs, the release of a DAMP molecule HMGB1 became double (Figure 5A), suggesting that SARS-CoV-2 N protein can potentiate HMGB1 released from injured tubular cells under diabetic conditions. To further determine whether SARS-CoV-2 N protein can activate M1 macrophages via the Mincle-dependent mechanism, we cultured macrophages (RAW264.7) with high HMGB1-contained supernatant obtained from AGEs-stimulated SARS-CoV-2 N protein-expressing tubular cells. As expected, the addition of high HMGB1-contained supernatant largely promoted Mincle expression by macrophages, resulting in a marked activation of M1 proinflammatory macrophages by co-expressing CD68 and Mincle/iNOS and production of IL-6, TNF-α, and MCP-1 (Figures 5B-E). All these changes were blocked by specifically silencing macrophage Mincle with siRNA (Figures 5B-E), demonstrating that SARS-CoV-2 N protein may trigger M1 macrophage activation and proinflammatory response via the Mincle-dependent mechanism. This was further confirmed by western blotting that silencing macrophage Mincle suppressed HMGB1-induced Mincle expression and activation of Syk/NF-κB signaling (Figure 5F).




Figure 5 | Overexpression of SARS-CoV-2 N protein in mouse tubular epithelial cells (mTEC) largely promotes the release of HMGB1 to activate M1 macrophages in RAW264.7 cells via the Mincle-dependent mechanism in vitro. (A) Concentrations of HMGB1 in the supernatant of dead mTEC induced by overexpressing SARS-CoV-2 N protein in the presence or absence of AGE (100µg/ml for 48 hours). (B, C) Real-time PCR shows that silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant (Sup)induced upregulation of Mincle, IL-6, TNF-α, and MCP-1 mRNA expression in RAW264.7 cells. (D, E) Flow-cytometry analysis reveals that silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant (Sup) induced M1 macrophages as determined by Mincle+CD68+ and iNOS+CD68+ populations in RAW264.7 cells. (F) Western blot analysis shows that silencing macrophage Mincle blocks HMGB1-contained mTEC supernatant (Sup) induced activation of Mincle-Syk/NF-κB signaling in RAW264.7 cells. Each dot represents one experiment and data are presented as mean ± SD for at least three independent experiments. *p<0.05, ** p<0.01, **** p<0.0001 versus control group; @@@@ p<0.0001 versus AGE group; &&&& p<0.0001versus Flag-empty vector with AGE group (EV+AGE); # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001 versus cells treated with supernatant from SARS-CoV-2 N protein-induced dead mTEC and negative control siRNA (Sup+NC).







Treatment with quercetin attenuates SARS-CoV-2N protein-induced AKI in diabetic db/db mice by blocking Mincle-mediated-M1 macrophage activation via a Syk-NF-κB-dependent mechanism in vivo

Our recent study showed that quercetin can effectively block SARS-CoV-2 N protein-induced tubular cell death by targeting the Smad3-p16-dependent G1 cell cycle arrest mechanism (24). In the present study, we further investigated whether treatment with quercetin can attenuate SARS-CoV-2 N protein-induced AKI in diabetic db/db mice by blocking M1 macrophage activation and renal inflammation in diabetic db/db mice via a Mincle-dependent mechanism. As shown in Figure 1, treatment with quercetin largely inhibited SARS-CoV-2 N protein-induced F4/80+ macrophages infiltrating the diabetic kidney (Figure 1A) and greatly suppressed the mRNA expression of IL-6, TNF-α, and MCP-1 while increasing the expression of IL-4 and IL-10 mRNA levels (Figure 1B, C). This was associated with the inhibition of both serum and renal tissue levels of HMGB1 and expression of Mincle in the diabetic kidney of db/db mice (Figures 1D-F), suggesting that treatment with quercetin may inhibit the release of DAMPs such as HMGB1 from necrotic renal tubular cells and thus suppresses M1 macrophage activation and renal inflammation. This was further demonstrated by two-color immunofluorescence, demonstrating that treatment with quercetin inhibited Mincle-expressing F4/80+ macrophage infiltrating the diabetic kidney of SARS-CoV-2 N protein-induced AKI (Figure 2). Further studies by two-color flow cytometry also confirmed this notion that treatment with quercetin significantly inhibited SARS-CoV-2 N protein-induced M1 macrophages by co-expressing Mincle+CD68+and iNOS+CD68+ macrophages while increasing CD206+CD68+ macrophages (Figure 3). These findings suggest that quercetin may result in the switching of macrophage properties from M1 to M2 macrophage phenotype.

As Mincle is a typical PRR expressed by macrophages and can recognize endogenous DAMPs such as HMGB1 released by the necrotic cells to activate the downstream Syk/NF-κB signaling (19, 34), we further examined whether treatment with quercetin inhibits SARS-CoV-2 N protein-induced M1 macrophage activation and renal inflammation via the Mincle-Syk/NF-κB signaling pathway. Interestingly, although treatment with quercetin did not alter the expression of TLR-4 (Figures 4A, B), it did significantly suppress Mincle expression (Figure 1F) and therefore inhibited phosphorylation of Syk and NF-κB/p65 in the diabetic kidney of SARS-CoV-2 N protein-induced AKI (Figure 4).





Quercetin inhibits SARS-CoV-2 N protein-induced M1 macrophage activation while promoting M2 macrophages via Mincle-dependent Syk/NF-κB signaling in RAW264.7 cells

To further confirm the mechanism of quercetin in the inhibition of SARS-CoV-2 N protein-induced M1 macrophage activation, we treated RAW264.7 cells with HMGB1-contained medium obtained from SARS-CoV-2 N protein-overexpressing mouse tubular cells as described above. Mincle-dependent mechanism in M1 macrophage activation was confirmed by treating RAW264.7 cells with the Mincle siRNA. Results showed that, like Mincle siRNA, treatment with quercetin was capable of inhibiting HMGB1-induced M1 macrophage activation by suppressing the expression of Mincle and pro-inflammatory cytokines including IL-6, TNF-α, and MCP-1 while increasing anti-inflammatory cytokines such as IL-4 and IL-10 expression (Figure 6A). Two-color flow cytometry also revealed that the addition of quercetin resulted in the shift from M1 to M2 macrophages as demonstrated by reducing about 50% of the Mincle+CD68+ and iNOS+CD68+ M1 macrophages while increasing more than 50% of CD206+CD68+ macrophages (Figures 6B, C). Further study by western blot analysis also confirmed this notion that the addition of quercetin blocked the activation of Mincle-Syk-NF-κB signaling under HMGB1-rich supernatant (Figure 6D). Taken together, these findings suggest that quercetin inhibits SARS-CoV-2 N protein-induced AKI under diabetic conditions by switching M1 to M2 macrophage phenotype via the Mincle/Syk/NF-κB signaling.




Figure 6 | Quercetin inhibits HMGB1-contained mTEC supernatant-induced M1 macrophages while promoting M2 populations by targeting Mincle-Syk/NF-κB signaling in RAW264.7 cells. (A) Real-time PCR detects that like a Mincle siRNA, pre-treatment of RAW264.7 cells with quercetin (32µM) for 24 hour is able to inhibit Mincle, IL-6, TNF-α, MCP-1, while increasing IL-4 and IL-10 mRNA expression induced by the HMGB1-contained supernatant (Sup) from SARS-CoV-2 N protein-expressing mTEC. (B, C) Two-color flow-cytometry analysis reveals that like specifically silencing macrophage Mincle, pre-treatment with quercetin (32µM) for 24 hour inhibits M1 (Mincle+CD68+ and iNOS+CD68+) while increasing M2 (CD206+CD68+) macrophage populations induced by the HMGB1-contained supernatant (Sup) from SARS-CoV-2 N protein-expressing mTEC. (D) Western blot analysis shows that like treatment with Mincle siRNA, pre-treatment with quercetin blocks Mincle-Syk/NF-κB signaling in RAW264.7 cells in response to the HMGB1-contained supernatant (Sup) from SARS-CoV-2 N protein-expressing mTEC. Each dot represents one experiment and data are presented as mean ± SD for at least three independent experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 versus control group; # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001 versus cells treated with supernatant from SARS-CoV-2 N protein-induced dead mTEC and negative control siRNA and DMSO group (Sup+NC+DMSO).








Discussion

Our previous studies demonstrated that ultrasound-microbubble-mediated kidney-specifically overexpressing SARS-CoV-2 N protein is capable of inducing kidney tubular necrosis and causing AKI via Smad3-dependent G1 cell cycle arrest and necroptosis mechanisms (24–26). In the present study, we identified that SARS-CoV-2 N protein caused AKI by promoting M1 macrophage activation and renal inflammation via a Mincle-dependent mechanism, which added new information to the previous findings that SARS-CoV-2 N protein can activate NLRP3 and NF-κB to induce hyperinflammation (35, 36). We found that SARS-CoV-2 N protein-induced renal tubular cell necrosis in diabetic db/db mice resulted in the release of HMGB1, a DAMP molecule that can bind Mincle on macrophages and activate M1 macrophages via Mincle-Syk/NF-κB signaling. It is now clear that HMGB1 is an abundant non-histone nuclear protein that can be secreted into the extracellular environment and serves as an essential DAMP to activate proinflammatory signaling (37). HMGB1 can activate M1 macrophages in mouse models of ischemia-reperfusion and obstruction kidney disease and in vitro (38–41). In critically ill COVID-19 patients, serum HMGB1 is elevated and correlated with levels of inflammatory cytokines (7, 21, 22). The present study also found that a large amount of HMGB1 was released from injured tubular cells induced by overexpressing SARS-CoV-2 N protein under diabetic conditions in vivo and in vitro. Importantly, we also uncovered that HMGB1 could activate M1 macrophages via the Mincle-dependent mechanism, specifically silencing macrophage Mincle protected against HMGB1-induced M1 macrophage activation and production of signature cytokines such as IL-6, TNF-α, and MCP-1. It is well documented that Mincle plays an important role in renal inflammation and is a key factor for triggering and maintaining the M1 macrophage phenotype. Blockade of Mincle on macrophages can protect against cisplatin-induced AKI (34, 42). Consistent with these previous findings, we found that SARS-CoV-2 N protein-induced AKI in db/db mice was associated with a marked increase in Mincle-expressing macrophages (Mincle+CD68+) and iNOS+CD68+ M1 macrophages. It is highly possible that overexpression of SARS-CoV-2 N protein could largely promote the release of DAMPs such as HMGB1 from injured renal tubular cells in db/db mice, resulting in high levels of HMGB1 in both serum and renal tissues. After being released, HMGB1 could bind and activate Mincle on macrophages and then stimulate M1 macrophage activation and production of proinflammatory cytokines such as IL-6, TNF-α, and MCP-1 via the Syk/NF-κB pathway. This was further confirmed in RAW264.7 cells in which specifically silencing macrophage Mincle blocked HMGB1-induced activation of Mincle-Syk/NF-κB signaling and thus blocked M1 macrophage activation and proinflammatory cytokine production. It should be pointed out that HMGB1 is one of the DAMPs released from SARS-CoV-2 N protein overexpressing tubular cells and many other DAMP molecules released from the injured tubular cells in response to overexpression of SARS-CoV-2 N protein may also contribute to activate proinflammatory macrophages. Indeed, besides HMGB1 (7, 21, 22), other DAMP molecules such as S100A8/A9, SP-A, CIRBP, and histone may also participate in M1 proinflammatory macrophage activation in response to COVID-19 infection as previously reported (21). This novel finding may well explain the clinical notions that DAMPs can cause the “cytokine storm” and lead to organ damage in critically ill COVID-19 patients (17). Thus, SARS-CoV-2 N protein is pathogenic in COVID-19 AKI. It can induce tubular cell death via the Smad3-dependent G1 cell cycle arrest and necroptosis mechanisms as previously reported (24–26). It may also cause severe AKI under diabetic conditions by activating M1 macrophages and promoting massive renal inflammation via the Mincle-dependent mechanism. However, it should be pointed out that systemic inflammatory responses such as “cytokine storm” after COVID-19 infection may also contribute to the M1 macrophage activation. It has been well documented that there are excessive immune responses with massive production of proinflammatory cytokines such as IL-6, IL-1β, TNF-a, and MCP-1 in patients with severe SARS-CoV-2 infection (8–13). These proinflammatory cytokines can activate M1 macrophages systemically and then promote their migration into the diseased kidney where they become further activated and maintain the M1 proinflammatory phenotype via Mincle-dependent mechanism as previously reported (34). Nevertheless, in the present study, macrophages may be primarily activated locally within the kidney via the Mincle-dependent mechanism as AKI was induced by overexpressing SARS-CoV-2 N protein locally in the diabetic kidney.

In the present study, we also uncovered that quercetin functions as a Mincle inhibitor to block Mincle/Syk/NF-κB signaling, thereby inhibiting M1 while promoting M2 macrophage activation in SARS-CoV-2 N protein-induced AKI in db/db mice. Quercetin is a natural flavonoid compound, which is widely found in various heat-clearing and detoxifying herbs and food. Quercetin has antiviral, anti-inflammatory, antioxidant, and other biological activities (43). Many studies suggest that quercetin is effective for the treatment of patients with COVID-19. Both experimental and clinical trials showed that quercetin has a therapeutic effect on COVID-19-associated AKI (27–30, 44). In vitro, quercetin can inhibit LPS-induced M1 macrophages while promoting M2 macrophage differentiation (45), indicating that quercetin ameliorates renal injury in AKI by regulating macrophage polarization. Our previous study also showed that quercetin inhibits M1 while upregulating M2 macrophages by blocking Mincle/Syk/NF-κB signaling in cisplatin-induced AKI mouse models and in LPS-induced bone marrow-derived macrophages (31). Interestingly, the present study found that treatment with quercetin inhibited SARS-CoV-2 N protein-induced Mincle but not TLR4 expression in db/db mice with AKI. This suggested that Mincle but not TLR4 may be involved in the M1 macrophage activation during the development of SARS-CoV-2 N protein-induced AKI. We have previously reported that treatment with quercetin can inhibit SARS-CoV-2 N protein-induced tubular cell death via the Smad3-p16-dependent G1 cell cycle arrest mechanism (24). This may also inhibit the release of DAPMs such as HMGB1 from the injured tubular cells and inactivate M1 proinflammatory macrophages by suppressing the binding of HMGB1 to Mincle. Thus, quercetin treatment inhibited macrophage activation and progressive renal inflammation in SARS-CoV-2 N protein-induced AKI via a Mincle-dependent mechanism. This was further confirmed in cultured macrophages in which the addition of quercetin was capable of inhibiting HMGB1-induced Mincle expression and activation of Syk/NF-κB signaling, thereby blocking M1 while promoting M2 macrophage activation. Thus, consistent with previous findings clinically (27, 28), quercetin may be an effective therapeutic agent for COVID-19 AKI (27, 28). Furthermore, results from this study also revealed that blockade of Mincle-Syk/NF-κB-mediated M1 macrophage activation may be a novel molecular mechanism through which quercetin treatment improves the severity of COVID-19 patients clinically.

In summary, SARS-CoV-2 N protein is pathogenic for AKI and may mediate AKI by activating M1 macrophages via a Mincle-Syk/NF-κB-dependent mechanism. Quercetin is a therapeutic agent for SARS-CoV-2 N protein-induced AKI in db/db mice and may inhibit AKI by switching M1 to M2 macrophage activation, which may be associated with inactivation of Mincle signaling.
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Excessive renal fibrosis is a common pathology in progressive chronic kidney diseases. Inflammatory injury and aberrant repair processes contribute to the development of kidney fibrosis. Myeloid cells, particularly monocytes/macrophages, play a crucial role in kidney fibrosis by releasing their proinflammatory cytokines and extracellular matrix components such as collagen and fibronectin into the microenvironment of the injured kidney. Numerous signaling pathways have been identified in relation to these activities. However, the involvement of metabolic pathways in myeloid cell functions during the development of renal fibrosis remains understudied. In our study, we initially reanalyzed single-cell RNA sequencing data of renal myeloid cells from Dr. Denby’s group and observed an increased gene expression in glycolytic pathway in myeloid cells that are critical for renal inflammation and fibrosis. To investigate the role of myeloid glycolysis in renal fibrosis, we utilized a model of unilateral ureteral obstruction in mice deficient of Pfkfb3, an activator of glycolysis, in myeloid cells (Pfkfb3ΔMϕ) and their wild type littermates (Pfkfb3WT). We observed a significant reduction in fibrosis in the obstructive kidneys of Pfkfb3ΔMϕ mice compared to Pfkfb3WT mice. This was accompanied by a substantial decrease in macrophage infiltration, as well as a decrease of M1 and M2 macrophages and a suppression of macrophage to obtain myofibroblast phenotype in the obstructive kidneys of Pfkfb3ΔMϕ mice. Mechanistic studies indicate that glycolytic metabolites stabilize HIF1α, leading to alterations in macrophage phenotype that contribute to renal fibrosis. In conclusion, our study implicates that targeting myeloid glycolysis represents a novel approach to inhibit renal fibrosis.
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Introduction

Fibrosis is a pathological condition commonly observed in advanced stages of organ disease, such as chronic kidney disease (CKD) (1). The progression of renal fibrosis relies heavily on the activation of myofibroblasts, a specialized type of fibroblast characterized by the expression of alpha-smooth muscle actin (α-SMA). These myofibroblasts play a pivotal role in renal fibrosis by producing and secreting excessive extracellular matrix proteins such as fibronectin and collagens (2) and other components to affect renal function (3). Various cell types have been identified as potential sources of myofibroblasts involved in the development of renal fibrosis including resident fibroblasts, hematopoietic cells, and pericytes (4–11).

Extensive research has elucidated the significant involvement of myeloid cells, particularly monocytes/macrophages, in the development of renal fibrosis (12–17). During the early stage of renal injury, upon the stimulation of various inflammatory cytokines (18, 19), circulating monocytes are recruited to the injured kidney and undergo differentiation into M1 macrophages. These M1 macrophages not only proliferate locally but also have the ability to differentiate to be M2 macrophages in response to the changes in the microenvironment (20). Additionally, a subset of M2 macrophages can further undergo a phenotype change, acquiring some characteristics of myofibroblasts, which has been described as macrophage-myofibroblast transition (MMT) in some recent studies (11, 14, 21–23). Inhibition of monocyte infiltration into the kidney (24–26), attenuation of renal injury caused by M1 macrophages (27) (28), as well as modulation of fibrotic activity associated with M2 and MMT processes (14, 29), have all been shown to inhibit the progression of renal fibrosis effectively.

Metabolic reprogramming, particularly the shift toward glycolysis, plays a critical role in various pathological cellular procedures such as tumor cell growth and metastasis (30, 31), drug resistant epilepsy (32), and the function and polarization of myeloid cells (33). One important enzyme involved in this process is 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), which catalyzes the synthesis of fructose-2, 6-bisphosphate (F-2,6-P2). F-2,6-P2 serves as a potent allosteric activator of 6-phosphofructo-1-kinase (PFK-1), one of key rate-limiting enzymes in glycolysis (34). Previous studies utilizing mice deficient in myeloid Pfkfb3 have demonstrated its role in suppressing ocular angiogenesis (35, 36), pulmonary hypertension (37), and atherosclerosis (38). Metabolic shifting to glycolysis has been noted in renal repair and fibrosis development with renal acidosis developed after the accumulation of lactate (39, 40). In studies from our lab and other research groups, glycolysis has emerged as a notable contributor to renal fibrosis with divergent effect on different renal cells, and glycolysis inhibitors can reduce the macrophage infiltration in renal fibrosis (41–43). However, the effect of glycolysis on macrophage differentiation and the significance of myeloid PFKFB3-mediated glycolysis in the development of renal fibrosis has yet to be fully elucidated. In this study, we employed a combination of in vitro and in vivo approaches to investigate the role of myeloid PFKFB3 in myeloid cell infiltration to kidney, renal inflammation, M2 macrophage differentiation, and ultimately the development of renal fibrosis in the unilateral ureteral obstruction (UUO) model.





Method




Mouse generation

All animal care and experimental procedures were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocol (Animal protocol # 2011-0401 and # 2018-0971) followed was approved by the Institutional Animal Care and Use Committee at Augusta University. Prior to, during, and after the experiment, welfare assessments, measurements, and interventions were performed. The mice were housed under controlled environmental conditions, including a temperature range of 21-25 °C, humidity between 40-60%, and a 12-hour light/dark cycle. All animals had ad libitum access to food (Teklad global 18% protein rodent diet; 2918-060622M, Envigo, Madison, WI, USA) and water. Floxed Pfkfb3 (Pfkfb3flox/flox) mice were generated by Xenogen Biosciences Corporation (Cranbury, NJ, USA) (44). To achieve cell-specific deficiency of Pfkfb3 in macrophages, Pfkfb3flox/flox mice were crossbred with Lysm-Cre transgenic mice (The Jackson Laboratory, stock no. 004781, Bar Harbor, ME, USA) to generate Pfkfb3flox/flox Lysm-Cre (Pfkfb3ΔMφ) mice, with Pfkfb3WT/WT Lysm-Cre (Pfkfb3WT) mice used as wild type control. All mice were genotyped by PCR amplification of tail-clip samples (Supplementary Table 1).





Unilateral ureteral obstruction mouse model

As described previously (41), Adult male mice weighing between 20-25 grams were used for this study. Under anesthesia induced by i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), a midline abdominal incision was made to expose the left ureter. A double-ligature technique was utilized to create a complete obstruction by tying a suture around the left ureter at two distinct points, with a 1-mm interval between the ligatures. The ureter was then gently compressed between the ligatures and carefully examined to ensure complete occlusion. The mice were allowed to recover under controlled temperature and humidity conditions. At designated time points, the mice were euthanized using i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) to collect kidney samples for analysis. The kidneys were carefully dissected and processed for histological examination and gene expression studies. The contralateral kidneys without ligation were used as control.





Culture of bone marrow-derived macrophages

After euthanizing the mice, femurs and tibias were collected and transected. The bone marrow cells were flushed out from the femurs and tibias. These cells were then passed through a 70 μm cell strainer and centrifuged at 1000 x g for 3 minutes to obtain a single-cell suspension. The collected cells were plated onto a 10 cm2 dish and allowed to incubate for 6-8 hours to discard the attached cells. The remaining suspension cells were collected and reseeded into a 6-well plate at a density of 2 x 106 cells/mL. Cells were cultured in RPMI 1640 medium (SH30027.01, Cytiva, Marlborough, MA, USA) supplemented with 10% FBS (F4135, Sigma-Aldrich, St. Louis, MO, USA), 10 ng/mL MCSF (315-02, PeproTech, Cranbury, NJ, USA) and 1% Antibiotic-Antimycotic (15240062, Thermo Scientific, Grand Island, NY, USA) in a humidified incubator with 5% CO2 at 37°C for 7 days to induce macrophage differentiation as described before (45). After 7 days, the differentiated cells were cultured in RPMI 1640 medium supplemented with 1% FBS, 1% Antibiotic-Antimycotic, and 10 ng/mL MCSF. Subsequently, the cells were treated with or without 10 ng/mL mouse TGFβ1 (7666-MB-005, R&D SYSTEMS, Minneapolis, MN, USA) to induce macrophage differentiation for 5 days.





Real-time PCR

To extract total RNA from cells or tissues, the Trizol Reagent (15596018, Invitrogen, Grand Island, NY) was employed following the manufacturer’s protocol, as previously described (46). For cDNA synthesis, the iScriptTM cDNA synthesis kit (1708891, Bio-Rad Hercules, CA, USA) was utilized. RT-qPCR was performed on a StepOne Plus System (Applied Biosystems, Grand Island, NY) using the Power SYBR Green Master Mix (1725122, Bio-Rad Hercules). The relative gene expression was quantified using the efficiency-corrected 2−△△CT method, with 18S ribosomal RNA serving as the internal control. The obtained data are presented as fold change relative to the control groups. Supplementary Table 2 includes the list of gene-specific primers employed in our study.





Western blot analysis

Protein extracts were obtained from kidney tissues and cells by lysing them in RIPA buffer supplemented with protease inhibitor cocktails (05892970001, Roche, SC, USA). The kidney tissues were ground and then lysed to prepare the tissue lysates. The extracts were centrifuged at 12,000 rpm for 10 minutes, and the resulting supernatant was collected. The protein concentration in the supernatant was determined using the BCA assay. Subsequently, the samples were subjected to SDS-PAGE and transferred onto nitrocellulose membrane. After blocking with 5% skim milk for one hour, the blots were probed with the following primary antibodies: PFKFB3 (diluted 1:1000, ab181861, abcam), ACTA2 (diluted 1:1000, sc-56499, Santa Cruz), Vimentin (diluted 1:1000, CST5741, Cell Signaling Technology), Collagen I (diluted 1:1000, NB600-408, NOVUS), Collagen IV (diluted 1:1000, ab6586, abcam), Fibronectin (diluted 1:1000, ab2413, abcam), Cyclophilin B (diluted 1:1000, CST43603, Cell Signaling Technology), HIF1A (diluted 1:500, AF1935-SP, R&D systems). Anti-β-actin (diluted 1:1000, sc47776, Santa Cruz) and GAPDH (diluted 1:1000, 2118, CST) were used as loading controls. The antibodies used are provided in Supplementary Table 3. The western blots were quantified with a method described previously (47).





Immunofluorescence

Cells were cultured in 8-Chambered Cell Culture Slides (08-774-26, Fisher Scientific). Frozen or paraffin blocks were sectioned at 7 μm thickness using a Microm cryostat or paraffin microtome. For cells or frozen sections, a PBS wash was performed, followed by fixation with 4% paraformaldehyde for 15 minutes. Subsequently, permeabilization was achieved by treating the cells or slides with 0.5% Triton X-100 for 20 minutes at room temperature. In the case of paraffin sections, slides were subjected to deparaffinization and rehydration before permeabilization. For antigen retrieval, slides were heated in citrate acid buffer (10 mM, pH 6.0) by microwaving at 98°C for 10 minutes. Following these steps, cells or sections were blocked with 10% normal goat serum (50062Z, Thermo Scientific) for 1 hour at room temperature. Primary antibodies against PFKFB3, ACTA2, F4/80, Arg1, IL1β, or COL1 were then added and incubated overnight at 4°C in a humidified chamber. After washing, samples were incubated with Alexa Fluor 488, 594, or 647-conjugated secondary antibodies for 1 hour at room temperature. Nuclei were counterstained with DAPI for 10 minutes at room temperature. The imaging process was carried out using an inverted confocal microscope (Zeiss 780, Carl Zeiss). The images were quantified with a method described previously (35). Four images/section/kidney were used for statistic purpose. The primary antibodies used in our study can be found in Supplementary Table 3.





Immunohistochemistry

Paraffin-embedded kidneys were sectioned and underwent deparaffinization using xylene, followed by rehydration with a gradient of ethanol and water solutions. The activity of endogenous peroxidase in the tissue was eliminated by a treatment with methanol containing 30% H2O2 for 30 minutes at room temperature. Antigen retrieval was performed by exposing the sections to 10 mM sodium citrate buffer (pH 6.0) at 98°C for 10 minutes, followed by blocking with avidin blocking solution for 1 hour at room temperature. The antibodies were mixed with biotin blocking solution as per the manufacturer’s instructions and applied to the slides, which were then incubated overnight at 4°C. Subsequently, the tissue sections were treated with a biotinylated secondary antibody for 1 hour at room temperature, followed by incubation with ABC solution (PK-6100, Vector Laboratories) for 30 minutes at room temperature. The antibody was visualized using the peroxidase substrate 3, 3’-diaminobenzidine (3468, Dako, Santa Clara, CA, USA). Hematoxylin I (GHS116, Sigma) was used for counterstaining of the kidney sections. Finally, the slides were dehydrated and mounted using a xylene-based mounting medium (8312-4, Richard-Allan Scientific). The image data was quantified with the method described previously (48), using Image J Software (National Institutes of Health, USA, http://imagej.nih.gov/ij). Four images/section/kidney were used for statistic purpose. The primary antibodies used in our study can be found in Supplementary Table 3.





Histological staining

We performed H & E staining on 7 μm sections of kidney with hematoxylin (22050111, Thermo Scientific) and eosin (220501110, Thermo Scientific) following the manufacturer’s standard protocol. Collagen deposition was visualized using Masson’s Trichrome staining kit (25088-1, Polysciences, PA, USA) and Sirius Red staining kit (ab150681, Abcam, CA, USA) according to the manufacturer’s instructions. Four images of were randomly taken in cortex/outer medulla region per section for each kidney, captured with a Keyence Microscope BZ-X800, and the percentage of collagen deposition area was quantified with Image J Software (National Institutes of Health, USA, http://imagej.nih.gov/ij).





Metabolomics assay

In the experiment, biological triplicate 10 cm2 dishes were utilized to cultivate BMDMs in the presence of complete cell medium. Following the specific treatment, metabolites were extracted using 1 mL of ice-cold 80% methanol on dry ice. Subsequently, the samples underwent centrifugation at 14000 rpm for a duration of 5 minutes. To ensure thorough extraction, the cell pellet was subjected to an additional step involving the use of 0.5 mL of 80% methanol. For accurate protein quantitation, the cell pellet was dissolved in an 8 M urea solution. To facilitate convenient shipment or storage, the supernatant obtained from the metabolite extraction was desiccated into a pellet using a SpeedVac from Eppendorf (Hamburg, Germany), employing a heat-free technique. When it was time for analysis, the dried pellets were re-suspended in 20 μL of HPLC grade water in preparation for mass spectrometry as described before (49). A volume of 5-7 μL of the resulting resuspension was injected and subjected to analysis using a cutting-edge hybrid 6500 QTRAP triple quadrupole mass spectrometer from AB/SCIEX (MA, USA), which was coupled to a Prominence UFLC HPLC system from Shimadzu (Kyoto, Japan). The analysis was carried out through selected reaction monitoring (SRM), targeting a comprehensive set of 298 endogenous water-soluble metabolites, enabling a thorough examination of the steady-state characteristics of the samples. The original data has been uploaded to MetaboLights (MTBLS8278) for public data sharing.





Measurement of cytokines

The levels of mouse cytokines TNFα and IL1β were measured with ELISA kits (MTA00B and MLB00C, R&D, Minneapolis, MN, USA) according to the manufacturer’s instructions.





Statistical analysis

Statistical analysis was conducted using GraphPad Prism Software (Version 9.0, RRID: SCR_000306). The significance of differences between two groups was evaluated using the unpaired Student’s t-test or unpaired two-tailed Student’s t-test with Welch’s correction (with unequal variances). Multiple comparisons were performed through one-way ANOVA followed by Bonferroni post hoc test. All results are presented as mean ± SEM. A significance level of P < 0.05 was considered statistically significant. To calculate the Z-score, we used the formula below: Z-score = (x - μ)/σ, x is the value of the data point, μ is the mean of the sample or data set, σ is the standard deviation. Each biological experiment was repeated a minimum of three times, utilizing independent cell cultures or individual animals as biological replications.






Results




Increased glycolytic gene expression in myeloid cells infiltrating in the UUO kidney

In a study by Conway et al., myeloid populations crucial for renal fibrosis in the UUO kidney were characterized using single-cell RNA sequencing (scRNAseq) (50). Among these myeloid populations, the significance of Ly6c2+ and Arg1+ myeloid cells in renal fibrosis were observed (50). To gain further insights of the early events in kidney obstruction, we conducted a reanalysis of the inflammation, TGFβ signaling, and glycolysis related mRNA expression in these myeloid cells and compared them to resident macrophages in UUO 2-day condition. Our findings revealed substantially higher levels of mRNA expression in inflammation, TGFβ signaling, and glycolysis pathways in Ly6c+ and Arg1+ myeloid cells than those of resident macrophages (Figure 1A, Supplementary Figure 1). Consistent with these altered pathways, the corresponding genes involved in these pathways were upregulated in Ly6C+ and Arg1+ myeloid cells compared to resident macrophages. Notably, these genes included Il1, Tgfb1, and Hif1 (Figure 1B, Supplementary Figure 2). Intriguingly, Ly6C+ and Arg1+ myeloid cells also exhibited elevated levels of Fn1 and Vim in comparison to resident macrophages (Figure 1B), suggesting a potential role of myeloid glycolysis in renal fibrosis initiation.




Figure 1 | scRNAseq reveals upregulated glycolysis in myeloid cells infiltrating in the UUO kidney. (A) Violin plots of inflammation, TGFβ signaling, and glycolysis pathways in resident macrophage, Ly6c2+ macrophage and Arg1+ monocyte clusters. (B) Violin plots of indicated genes in resident macrophage, Ly6c2+ macrophage and Arg1+ monocyte clusters.







Decreased renal fibrosis in myeloid-specific Pfkfb3-deficient mice following UUO

To investigate the role of myeloid PFKFB3 in renal fibrosis, we generated myeloid-specific Pfkfb3-deficient mice (Pfkfb3ΔMϕ) and their controls (Pfkfb3WT) by breeding floxed Pfkfb3 mice with Lysm-Cre mice (Supplementary Figures 3A, B). Deletion of Pfkfb3 in myeloid cells was confirmed through Real time PCR, Western blot analysis and immunostaining of PFKFB3 in Bone marrow derived macrophages (Supplementary Figures 3C-E). We conducted unilateral ureter obstruction (UUO) surgery in these mice (Figure 2A). The change in mouse body weight following the UUO procedure did not show a significant difference between the two groups (Figure 2B). After 14 days, the weight of obstructive kidneys was significantly reduced compared to that of control kidneys, indicating obvious kidney atrophy (Figures 2C, D, Supplementary Figure 4). And hydronephrosis was observed at kidney harvesting, indicating the success of ureter obstruction. Meanwhile, there was no significant difference of kidney weight between groups of Pfkfb3ΔMϕ and Pfkfb3WT mice (Figures 2C, D). The co-staining of PFKFB3 and F4/80 confirmed the induction of PFKFB3 in Pfkfb3WT macrophages and the depletion of Pfkfb3 in Pfkfb3ΔMϕ macrophages in kidneys after UUO injury (Supplementary Figure 5). Using qRT-PCR, we examined the mRNA levels of multiple fibrotic factors. The expression of Acta2, Col1 and 3, Mmp2 and 9, and Tgfb were significantly increased in UUO kidneys compared to control kidneys (Figure 3A). Notably, the upregulation of these fibrotic factors in UUO kidneys of Pfkfb3ΔMϕ mice was markedly reduced compared to Pfkfb3WT mice (Figure 3A). We also assessed the protein levels of a few fibrotic factors through Western blot analysis (Figure 3B). The levels of α-smooth muscle actin (ACTA2), vimentin (VIM), collagen (COL) I and IV and fibronectin (FN) were significantly elevated in UUO kidneys compared to control kidneys. However, the increased levels of these fibrotic factors in UUO kidneys of Pfkfb3ΔMϕ mice were significantly reduced compared to Pfkfb3WT mice (Figure 3B).




Figure 2 | The myeloid Pfkfb3 deficiency does not show significant impact on body weight and kidney weight loss after ureter obstruction. (A) Schematic illustration of Unilateral ureteral obstruction (UUO) in myeloid Pfkfb3 deficient mice. (B) The daily body weight loss percentage for Pfkfb3ΔMφ and Pfkfb3WT mice subjected to UUO surgery for 5 days. (C) The ratio of kidney weight to body weight from Pfkfb3ΔMφ and Pfkfb3WT mice subjected to UUO surgery for 14 days. (D) The ratio of fibrotic kidney weight to control from Pfkfb3ΔMφ and Pfkfb3WT mice subjected to UUO surgery for 14 days. n = 9 mice per group. Data are means ± SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test (C) or by Student’s t test (D).






Figure 3 | The myeloid Pfkfb3 deficiency suppresses renal fibrosis in UUO mouse model. (A) qRT-PCR analysis of the mRNA expression of Acta2, Col1, Col3, Mmp2, Mmp9 and Tgfb in kidney collected from Pfkfb3ΔMφ and Pfkfb3WT mice at day 14 post UUO surgery. (B) Representative Western Blots and their quantification showing ACTA2, Vimentin, COL I, COL IV, FN protein expression in kidney collected from Pfkfb3ΔMφ and Pfkfb3WT mice at day 14 post UUO surgery. n = 9 mice per group. Data are means ± SEM. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test (A) or by Student’s t test (B).



Furthermore, we verified the interstitial renal fibrosis by staining renal sections of UUO and control kidneys with Sirius Red and Masson’s trichrome. In the UUO kidneys from Pfkfb3WT mice, characterized by pronounced tubular dilation and thinning on hematoxylin and eosin (HE) stained sections, there was evident collagen deposition with Masson’s trichrome and Sirius Red staining, indicating a significant interstitial renal fibrosis (Figures 4A, B, Supplementary Figure 4). In contrast, there were fewer tubular destruction and less collagen deposition shown by Masson’s trichrome and Sirius Red staining in the sections of UUO kidneys from Pfkfb3ΔMϕ mice compared to Pfkfb3WT mice (Figures 4A, B).




Figure 4 | The myeloid Pfkfb3 deficiency suppresses renal fibrosis in obstructive kidney. Pfkfb3ΔMφ and Pfkfb3WT mice were subject to UUO for 14 days, kidneys were collected and fixed for paraffin-embedded sections. (A) Representative image of hematoxylin and eosin (H&E) staining. n = 9 mice/group. (B) Representative image and quantification data of Masson’s trichrome staining and Sirius red staining. (C) Representative image and quantification data of ACTA2, COL1 and COL IV staining. Scale bar = 100 μm or 50 μm. n = 3 mice/control group and n = 9 mice/UUO group, 4 areas/section were quantified. Data are means ± SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test.



We also performed immunostaining to examine the presence of specific myofibroblast marker and components of extracellular matrix. As shown in Figure 4C, the levels of ACTA2, Collagen I and IV, which were low but detectable in the control kidneys from both groups of mice, were remarkably elevated in the UUO kidneys of Pfkfb3WT mice. However, these increased levels of myofibroblast marker and extracellular matrix proteins were significantly reduced in the UUO kidneys from Pfkfb3ΔMϕ mice (Figure 4C).





Declined number of renal macrophages in myeloid-specific Pfkfb3-deficient mice following UUO

We investigated the infiltration of macrophages in the UUO kidney of Pfkfb3ΔMϕ mice by performing immunostaining on renal sections using the F4/80 antibody. The presence of F4/80 positive cells was not noticeable in control kidneys from both Pfkfb3WT and Pfkfb3ΔMϕ mice (Figures 5A, B). However, an obvious increase of F4/80-positive cells was observed in the UUO Pfkfb3WT kidneys (Figures 5A, B). Remarkably, the F4/80 positive area was significantly reduced in the UUO Pfkfb3ΔMϕ kidney sections compared to the UUO Pfkfb3WT kidney (Figures 5A, B). These findings strongly suggest that myeloid Pfkfb3 deficiency markedly inhibits the infiltration of macrophages into the UUO kidneys.




Figure 5 | Declined number of macrophages in myeloid-specific Pfkfb3-deficient mice following UUO. Pfkfb3ΔMφ and Pfkfb3WT mice were subject to UUO for 14 days, kidneys were collected and fixed for paraffin-embedded sections. (A) Representative image of F4/80 staining. Scale bar = 100 μm. (B) Quantification data of F4/80 staining. n = 3 mice/control group and n = 9 mice/UUO group, 4 areas/section/kidney were quantified. The percentage of F4/80 staining was determined by calculating the ratio of the F4/80-positive area to the total area, observed under a 20X microscope objective. Data are means ± SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test.







Reduced markers of M1 and M2 macrophages and related cytokines in myeloid-specific Pfkfb3-deficient mice following UUO

To assess the impact of myeloid Pfkfb3 deficiency on the infiltration of M1 and M2 macrophages in the UUO kidneys, we examined the mRNA and protein levels of M1/M2 markers and cytokines associated with M1/M2 macrophages. As shown in Figure 6A, the expression levels of M2 markers Arg1, Cd206, and M1 markers Cd80 were detectable but similar in the control kidneys of both groups of mice. However, in the UUO Pfkfb3WT kidney, there was a substantial upregulation of both M2 and M1 markers (Figure 6A). In contrast, these markers were significantly reduced in the UUO Pfkfb3ΔMϕ kidney compared to the UUO Pfkfb3WT kidney (Figure 6A). Consistent with the levels of M1/M2 markers, the levels of cytokines, including Il10, Mgl2, Retnla, Il6, Mcp1, Tnfa, Il1b, Nos2, and Cxcl10, were significantly lower in the UUO Pfkfb3ΔMϕ kidney compared to the UUO Pfkfb3WT kidney (Figure 6A). To validate the expression of some genes at protein levels, we examined the expression of Arg1 and Il1β on F4/80 positive cells by immunostaining in renal sections with their specific antibodies. The staining intensity of Arg1 and Il1β on F4/80-positive cells were much lower in sections of the UUO Pfkfb3ΔMϕ kidney compared to the UUO Pfkfb3WT kidney (Figure 6B). These findings indicate that Pfkfb3 deficiency leads to a significant reduction in the number of M1 and M2 macrophages, as well as the levels of cytokines associated with these macrophage phenotypes in UUO kidneys.




Figure 6 | Reduced markers of M1 and M2 macrophages and related cytokines in myeloid-specific Pfkfb3-deficient mice following UUO. (A) qRT-PCR analysis of the mRNA expression of indicated genes in kidney collected from Pfkfb3ΔMφ and Pfkfb3WT mice at day 14 post UUO. n = 9 mice/group. In the heatmap, Z-scores were calculated for each gene. (B) Representative images and the relative intensity quantification of Arg1 and IL1β staining in kidney collected from Pfkfb3ΔMφ and Pfkfb3WT mice at day 14 post UUO surgery. Nuclei were counterstained with DAPI (blue). n = 9 mice/group. Scale bar = 100 μm. Data are means ± SEM. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test.







Lowered macrophage differentiation in myeloid-specific Pfkfb3-deficient obstructive kidneys

To investigate whether myeloid Pfkfb3 deficiency affected macrophage differentiation to obtain myofibroblast phenotype in the UUO kidney, we quantified the number of macrophages expressing ACTA2 through co-immunostaining of the renal sections. In the control kidneys, the presence of ACTA2 and F4/80 positive cells was rare (Figures 7A, B). Conversely, the UUO Pfkfb3WT kidneys exhibited a significant induction of F4/80 positive cells, with about 6% of them co-stained with ACTA2 (Figures 7A, B), suggesting their transition to myofibroblasts. Remarkably, the UUO Pfkfb3ΔMϕ kidneys showed a substantial reduction of F4/80 positive area as well as the double-positive area of F4/80 and ACTA2 compared to the UUO Pfkfb3WT kidney (Figures 7A, B). Further analysis on the lineage of myofibroblasts revealed that, in the UUO Pfkfb3WT kidneys, about 32% of myofibroblasts (ACTA2 positive) expressed F4/80. This percentage dropped to approximately 15% in the UUO Pfkfb3ΔMϕ kidneys (Figure 7B). These findings indicate that myeloid-specific Pfkfb3 deficiency leads to a decrease of differentiated macrophage with myofibroblast characteristics in the UUO kidney.




Figure 7 | Reduced macrophage to myofibroblast cell transition (MMT) in myeloid-specific Pfkfb3-deficient mice following UUO. Pfkfb3ΔMφ and Pfkfb3WT mice were subject to UUO for 14 days, kidneys were collected and fixed for paraffin-embedded sections. (A) Representative image of ACTA2 and F4/80 staining. Nuclei were counterstained with DAPI (blue). Scale bar = 20 μm and 5 μm. (B) Quantification of the percentages of ACTA2 and F4/80 co-stained cells in myofibroblasts (ACTA2+) or macrophage (F4/80+). n = 3 mice/sham group and n = 9 mice/UUO group, 4 areas/section/kidney were quantified. Data are means ± SEM. ns, no significance; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test.







Decreased TGFβ1-induced M1 and M2 markers, cytokines and macrophage differentiation with Pfkfb3 deficiency

After observing the phenotypic changes of M1 and M2 markers, cytokines, and myofibroblast maker in the UUO Pfkfb3ΔMϕ kidney, we further examined whether Pfkfb3 deficiency could induce similar changes in macrophages in vitro. We first isolated bone marrow cells from Pfkfb3WT and Pfkfb3ΔMϕ mice and cultured bone marrow-derived macrophages (BMDMs). Upon TGFβ1 treatment, the expression of Pfkfb3 at both mRNA and protein levels was enhanced in BMDMs from Pfkfb3WT mice (Figures 8A, B). Subsequently, TGFβ1 incubation significantly upregulated the mRNA levels of M1 and M2 markers and associated cytokines, such as Tnfa and Arg1 (Figure 8C). In contrast, Pfkfb3 deficient BMDMs exhibited significantly lower levels of these mRNAs compared to WT BMDMs with TGFβ1 (Figure 8C). Furthermore, TGFβ1 treatment resulted in the differentiation of BMDMs, as evidenced by the expression of Acta2 at both mRNA and protein levels in the TGFβ1-treated group but not in the vehicle-treated group, and it was associated with Col1a1 mRNA change (Figures 8D-G). Remarkably, TGFβ1-induced Acta2 expression was nearly abolished in Pfkfb3 deficient BMDMs (Figures 8D-G). We subsequently analyzed the release of pro-inflammatory cytokines, TNFα and IL1β, by the BMDMs into the culture medium. As depicted in Figure 8H, TGFβ1 triggered a substantial release of these cytokines, which was markedly attenuated by the PFKFB3 knockout.




Figure 8 | Decreased TGFβ1-induced cytokine production and MMT of Pfkfb3 deficient macrophages. (A) qRT-PCR analysis of the mRNA expression of Pfkfb3 in BMDMs cultured from Pfkfb3WT mice and treated with TGFβ1 or vehicle for 1 day and 5 days. n = 4. (B) Representative Western Blots and their quantification showing PFKFB3 protein levels in BMDMs cultured from Pfkfb3WT mice and treated with TGFβ1 or vehicle for 1 day, 3 days and 5 days. n = 4. (C) qRT-PCR analysis of the mRNA expression of Pfkfb3, Tnfa and Arg1 in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 5 days. n = 6. (D) qRT-PCR analysis of the mRNA expression of Acta2 and Col1 in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 5 days. n = 6. (E, F) Representative image and quantification data of ACTA2 and F4/80 staining area percentage of BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 5 days. (G) Representative immunoblots and densitometry quantification of ACTA2 in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 5 days. n = 4. (H) Measurement of TNFα and IL1β in BMDMs culture medium by ELISA. n = 6. Data are means ± SEM. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test (A, C, D, F-H) or by Student’s t test (B).







Involvement of HIF1α in PFKFB3-regulated macrophage phenotypic change

We assessed glucose metabolism in cultured WT and Pfkfb3-deficient BMDMs using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Pfkfb3-deficient BMDMs displayed a modest decrease in the levels of some glycolytic metabolites compared with vehicle-treated WT BMDMs (Figure 9A). Upon TGFβ1 treatment, WT BMDMs exhibited a substantial increase in glycolytic metabolites, whereas Pfkfb3-deficient BMDMs failed to show similar increases (Figure 9A). Most importantly, the increase of the glycolysis end-product lactate relied on PFKFB3 induction (Figure 9A). Additionally, we observed the PFKFB3-dependent glycolysis level change after TGFβ1 by Seahorse analysis of ECAR (data not shown).




Figure 9 | Pfkfb3 regulated the expression of pro-inflammatory cytokines through Hif1a. (A) Heat map showing the metabolites in the glycolysis pathway and quantification data of lactate level in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 24 h. n = 3. (B) Representative Western Blots and their quantification showing PFKFB3 and HIF1α protein levels in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice and treated with TGFβ1 for 5 days. n = 5. (C) Representative Western Blots and their quantification showing PFKFB3 and HIF1α protein levels in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice transfected with Ad-CTRL or Ad- HIF1α adenovirus and treated with TGFβ1 for 5 days. n = 5. (D) qRT-PCR analysis of the mRNA expression of Acta2, Tnfa and Arg1 in BMDMs cultured from Pfkfb3WT or Pfkfb3ΔMφ mice transfected with Ad-CTRL or Ad- HIF1α adenovirus and treated with TGFβ1 for 5 days. n = 6. (E) Measurement of TNFα and IL1β in culture medium by ELISA. n = 6. Data are means ± SEM. ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 for indicated comparisons. Statistical significance was determined by one-way ANOVA followed by the Bonferroni test.



Since glycolytic metabolites are known to stabilize HIFs and modulate the phenotypic change of vascular cells (51), we investigated the protein level of HIF1α in our cultured BMDMs. The level of HIF1α was comparable between vehicle treated WT and Pfkfb3-deficient BMDMs (Figure 9B). However, TGFβ1 treatment significantly elevated the level of HIF1α in WT BMDMs (Figure 9B), while this upregulation was compromised in Pfkfb3-deficient BMDMs (Figure 9B). To determine whether this decreased HIF1α in TGFβ1-treated Pfkfb3-deficient BMDMs is responsible for the decreased expression of M1 and M2 markers, cytokines and Acta2, we transduced Pfkfb3-deficient BMDMs with an adenovirus-packaged non-degradable mutant HIF1α, aiming to restore the HIF1α level in these cells (Figure 9C). We measured mRNA levels of M1, M2 macrophage markers, Acta2, and cytokines with qPCR and observed that the decreased expression of these molecules in Pfkfb3-deficient BMDMs was enhanced following HIF1α overexpression (Figure 9D). Furthermore, it correlated with the cytokine release changes in the culture medium (Figure 9E). The ECAR measurement also indicated that HIF1α restoration in Pfkffb3-deficent BMDMs partially reversed the glycolysis level (data not shown). These findings indicate that HIF1α, at least partially, participates in PFKFB3-mediated macrophage phenotypic change.






Discussion

Our study has revealed the crucial involvement of PFKFB3-mediated glycolysis in myeloid cells in the progression of renal fibrosis. The impact of myeloid glycolysis on the development of renal fibrosis encompasses multiple mechanisms, including both the modulation of monocyte recruitment and the differentiation of M1 and M2 macrophages (Figure 10).




Figure 10 | Schematic illustration of the myeloid cell contribution in UUO induced kidney fibrosis. Our study has revealed the crucial involvement of PFKFB3-mediated glycolysis in myeloid cells in the progression of renal fibrosis. The impact of myeloid glycolysis on the development of renal fibrosis encompasses multiple mechanisms, including the modulation of monocyte recruitment, differentiation of M1 and M1 macrophages, and macrophage with myofibroblast phenotype differentiation (also called MMT).



Monocyte recruitment to the injured kidney is significantly impaired in mice lacking myeloid Pfkfb3. The accumulation of monocytes in the kidney is a prominent feature of both acute and chronic kidney disease. This accumulation occurs through the recruitment of circulating monocytes to the kidney, followed by their subsequent proliferation of these recruited monocytes (52, 53). In mice, there are two major subsets of monocytes, named Ly-6Chi and Ly-6Clo (54). Ly-6Chi monocytes are known as inflammatory cells that are actively recruited to the injured kidney (55). The chemokine monocyte chemoattractant protein-1 (MCP-1)/CC-chemokine ligand 2 and its receptor C-C chemokine receptor 2 (CCR2) plays a critical role in monocyte recruitment. Blocking this pathway, either through the deletion of Mcp-1 or using a CCR2 antagonist, suppresses renal injury and the associated renal fibrosis (25, 56, 57). Once infiltrated into the kidney, monocytes differentiate to M1 macrophages and proliferate locally via MCSF/cfms pathway. Inhibiting macrophage proliferation using antibodies against MCSF and c-fms also hinders renal injury and kidney fibrosis (58–62). PFKFB3 is predominantly expressed in Ly-6Chi myeloid cells and provides energy for cell motility (38). Loss of Pfkfb3 impaired myeloid cell infiltration into the vessel wall and lung (37, 38). Using a similar mechanism, myeloid cells may also have a compromised ability to recruit to the injury kidney. Furthermore, PFKFB3-mediated glycolysis supplies metabolic intermediates for biomass generation, which is essential for myeloid proliferation (38). In the absence of Pfkfb3, local infiltrated macrophages may experience impaired proliferation. This may explain why the number of macrophages in the UUO kidney was dramatically reduced (Figure 5).

Deficiency of Pfkfb3 suppresses both M1 and M2 macrophages in the UUO kidney. Both M1 and M2 macrophages play significant roles in the development of renal fibrosis (12). M1 macrophages are typically present in early stage of kidney injury (27, 63, 64), and their detrimental impact on kidney injury and fibrosis have been demonstrated in studies where accelerated renal injury occurred upon infusion of M1 macrophages in mice (65), whereas reduced renal injury was observed in mice with depletion of M1 macrophages (66, 67). M1 macrophages exacerbate renal inflammation through the release of proinflammatory cytokines (12, 68) and contribute to renal injury through the release of matrix metalloproteinases (MMPs) (69, 70). In addition to M1 macrophages, M2 macrophages also plays a crucial role in renal fibrosis (12). M2 macrophages expressing CD206 and/or CD163 have been closely associated with kidney fibrosis in human kidney diseases (71, 72) as well as animal kidney diseases (73–76). Depletion of M2 macrophages in experimental setups has been shown to protect rodents from fibrosis, while adoptive transfusion of M2 macrophages to rodents with renal injury has accelerated kidney fibrosis (29, 77), thus demonstrating the causal role of M2 macrophages in the development of kidney fibrosis. In our study, both in vivo renal samples and in vitro experiments using cultured BMDMs consistently showed decreased levels of both M1 and M2 macrophages, indicating a dual role of PFKFB3-mediated glycolysis in regulating M1 and M2 macrophage phenotypes. The role of PFKFB3-mediated glycolysis in myeloid cells in renal fibrosis aligns with its role in myeloid cells in pathological angiogenesis (36). In hypoxic angiogenesis, Pfkfb3 deficiency in myeloid cells reduces both M1 and M2 markers, as well as related cytokines/growth factors (36).

The induction of macrophage phenotype differentiation in the kidneys of mice with UUO is significantly hindered in mice lacking myeloid Pfkfb3. A notable portion of fibroblasts in fibrotic kidneys in both humans and animals exhibit markers associated with bone marrow cells and/or CD68 (4, 22, 78). This population of cells may arise from a further differentiation of M2, as evidenced by the expression of M2 markers including CD206 (22). Over the past few years, several studies conducted by different research groups have reported the presence of MMT and its critical role in kidney fibrosis (14, 22, 23, 79, 80). However, recent single-cell sequencing data does not provide substantial evidence supporting a significant contribution of myofibroblasts originating from macrophages (10). And the myofibroblast population is characterized by their production of extracellular matrix (10). It is important to note that this macrophage phenotypic change is also accompanied by a notable alteration in cytokine production (Figure 8), suggesting an important regulatory function of these cells in renal fibrosis, despite their direct involvement in extracellular matrix production.

Notably, macrophage is not the only source of myofibroblasts in UUO kidneys. Other cells such as resident renal fibroblast and pericytes also contribute to the myofibroblasts activation (7, 9). Concurrently, decreased macrophage infiltration leads to less pro-inflammatory cytokines release which can regulate all renal myofibroblast activation. Overall, macrophages influence renal fibrosis through both their differentiation into myofibroblasts and their role in inflammatory regulation (19). In our study, we observed the decrease of macrophage-originated myofibroblasts and reduced pro-inflammatory cytokines release in PFKFB3 deficient kidney after UUO injury. However, we do not have conclusive evidence indicating which of these mechanisms is predominant.

Our study also implicates that PFKFB3 may act as a bridge to mediate the crosstalk of TGF-β1 and HIF-1α signaling pathways in renal fibrosis (Figures 8, 9). The regulatory role of PFKFB3-mediated glycolysis in fibrotic activity of TGFβ has been demonstrated in pulmonary fibroblast (81). In line with previous study with fibroblasts (81), the TGFβ-induced expression of αSMA and extracellular matrix, such as collagen, is significantly suppressed in myeloid cells both in mouse kidney and in vitro cultured BMDMs in the absence of Pfkfb3(Figure 8). This suggests a similarity in the regulatory role of PFKFB3 in TGFβ-mediated pathways in different cell types. In myeloid cells, several pathways have been identified as being regulated by glycolytic metabolites (33). For instance, the deficiency of Pfkfb3 in macrophages resulted in decreased levels of Acetyl-CoA, leading to reduced histone acetylation and subsequently suppressing the transcription of growth factors and proinflammatory cytokines (36). Additionally, a decline in the protein level of phosphor-NF-kB p65 was observed in Pfkfb3-deficient BMDMs (35). Glycolytic metabolites have also been shown to stabilize HIFs in vascular cells and macrophages (82, 83). Our study indicates that HIF1α plays a significant role in the effect of PFKFB3-medaited glycolysis on phenotypic alterations observed in macrophages in renal fibrosis. Under fibrotic conditions, PFKFB3-mediated glycolysis can likewise stabilize HIF1α. The mediatory role of HIF1α in PFKFB3-regulated myeloid phenotypic change was demonstrated through the gain-of-function of HIF1α in Pfkfb3-deficient BMDMs (Figure 9).

Collectively, this study highlights the critical role of PFKFB3-medicated glycolysis in myeloid cells for the progression of kidney fibrosis (Figure 10). The activity of PFKFB3 can be effectively suppressed through knockdown using siRNA or inhibition using small molecules (84). Recent advancements have described the development of tool specifically designed to target macrophages (85). Consequently, the inhibition of myeloid PFKFB3-mediated glycolysis holds great promise as a potential therapeutic strategy for treating kidney fibrosis.
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Introduction

Renal fibrosis associated with inflammation is a critical pathophysiological event in chronic kidney disease (CKD). We have developed DM509 which acts concurrently as a farnesoid X receptor agonist and a soluble epoxide hydrolase inhibitor and investigated DM509 efficacy as an interventional treatment using the unilateral ureteral obstruction (UUO) mouse model.





Methods

Male mice went through either UUO or sham surgery. Interventional DM509 treatment (10mg/kg/d) was started three days after UUO induction and continued for 7 days. Plasma and kidney tissue were collected at the end of the experimental protocol.





Results

UUO mice demonstrated marked renal fibrosis with higher kidney hydroxyproline content and collagen positive area. Interventional DM509 treatment reduced hydroxyproline content by 41% and collagen positive area by 65%. Renal inflammation was evident in UUO mice with elevated MCP-1, CD45-positive immune cell positive infiltration, and profibrotic inflammatory gene expression. DM509 treatment reduced renal inflammation in UUO mice. Renal fibrosis in UUO was associated with epithelial-to-mesenchymal transition (EMT) and DM509 treatment reduced EMT. UUO mice also had tubular epithelial barrier injury with increased renal KIM-1, NGAL expression. DM509 reduced tubular injury markers by 25-50% and maintained tubular epithelial integrity in UUO mice. Vascular inflammation was evident in UUO mice with 9 to 20-fold higher ICAM and VCAM gene expression which was reduced by 40-50% with DM509 treatment. Peritubular vascular density was reduced by 35% in UUO mice and DM509 prevented vascular loss.





Discussion

Interventional treatment with DM509 reduced renal fibrosis and inflammation in UUO mice demonstrating that DM509 is a promising drug that combats renal epithelial and vascular pathological events associated with progression of CKD.





Keywords: dual acting molecule, farnesoid X receptor agonist, soluble epoxide hydrolase, inflammation kidney, fibrosis, chronic kidney disease





Introduction

Renal fibrosis associated with inflammation is considered as the final common pathway by which chronic kidney disease (CKD) leads to end stage renal disease (ESRD) (1, 2). Occurrence of CKD and ESRD are very common in patients with inflammatory diseases such as cardiometabolic syndrome, diabetes, and hypertension (2–4). These are the most common chronic diseases of the modern world that cause CKD and high mortality (3, 4). The high mortality and morbidity associated with CKD often linked to the lack of an effective anti-fibrotic and anti-inflammatory agents that could target renal fibrosis (4).

There is an unmet need of novel combined anti-inflammatory and anti-fibrotic agents, particularly as an effective therapeutic approach for CKD and its progression to ESRD (5–7). Angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers are the current therapeutic choices for the clinical management and treatment of CKD (8). However, these mainstay treatment options have limited efficacy to prevent or treat renal fibrosis, the major pathological event that leads to the progression of CKD to ESRD (5, 6). More recently, finerenone, a nonsteroidal selective mineralocorticoid receptor antagonist, has been demonstrated to decrease albuminuria and risk of CKD progression in chronic heart failure and diabetes (9, 10). Other novel approaches that have been attempted include the nuclear factor E2-related factor 2 inducer bardoxolone and the endothelin receptor blocker avosentan which proved largely ineffective in treating inflammation and associated renal fibrosis (11, 12). Findings from these studies clearly underscore a critical need for agent that can effectively treat renal fibrosis, the final common pathophysiological event in the progression of CKD to ESRD.

Potential targets for combating inflammation and renal fibrosis in CKD are the nuclear farnesoid X receptor (FXR) and the soluble epoxide hydrolase (sEH) enzyme (13, 14). FXR expression is decreased in the human and rodent models of kidney disease and this decrease correlated with the level of inflammation and fibrosis in the kidney (13, 15). Activation of FXR demonstrated kidney protective actions in animal models by decreasing kidney inflammation, oxidative stress, and fibrosis (16, 17). FXR is expressed on immune cells and FXR activation has anti-inflammatory actions (17, 18). These findings indicated an important role for FXR in kidney disease. Similar to FXR activation, inhibition of sEH that metabolizes and inactivates kidney protective epoxyeicosatrienoic acids (EETs) can combat inflammation and kidney disease (14, 19, 20). Experimental studies demonstrated beneficial kidney actions of EETs and sEH genetic deletion or inhibition in animal models of renal fibrosis and CKD (19, 20). Interestingly, it has also been demonstrated that FXR activation can induce the expression of EET producing cytochrome P450 enzymes and several polyunsaturated fatty acids including arachidonic acid act as FXR ligands (21, 22). Intriguingly, our research group has developed a dual acting FXR agonist and sEH inhibitor, DM509 which could decrease renal inflammation and fibrosis that occurs in CKD (23, 24).

Previous studies have demonstrated in mice that DM509 protected against liver and kidney fibrosis (23, 25, 26). Our previous kidney study demonstrated that DM509 administered one day prior to unilateral ureteral obstruction (UUO) prevented development of renal fibrosis (26). Unfortunately, the clinical treatment of CKD occurs after significant renal inflammation and fibrosis are evident. Thus, in the present study DM509 was tested in a clinically relevant manner.

In the current study we investigated interventional treatment with DM509 to reduce renal inflammation and fibrosis to halt the progression of CKD. Our findings demonstrate the therapeutic potential for the dual acting agent DM509 to combat renal inflammation and fibrosis associated with CKD progression.





Materials and methods




Animal experiments

All animal experiments carried out in this study were approved and conducted according to guidelines of the Medical College of Wisconsin Institutional Animal Care and Use Committee guidelines. All mice were housed in the Biomedical Resource Center at the Medical College of Wisconsin with free access to water and food under a 12/12h light-dark cycle. Male C57Bl/6J mice (8-10 weeks) were purchased from Jackson Laboratories, Bar Harbor, ME. Mice were randomized in three groups (n=6 mice/group) and were subjected to Sham or UUO surgery to induce kidney disease. Prior to and during the surgical procedure, mice were administered 2.0% isoflurane to induce anesthesia. The UUO surgery was carried out by obstructing the left ureter proximal to the renal pelvis using a 6-0 silk tie (20, 26). Sham surgery was carried out in a set of mice using same procedure as the UUO mice except that the ureter was not ligated. In the present study we started DM509 interventional treatment 3 days after UUO as previous studies demonstrated robust renal inflammation and fibrosis on day 3 after UUO surgery (20). Mice were kept in separate cages to accurately measure fluid intake. Vehicle (hydroxypropyl methylcellulose (HPMC) and 0.01% Tween 80) and DM509 were administrated in drinking water and the correct daily dose was maintained by monitoring daily fluid intake. At the end of the 7-day treatment protocol, the mice were euthanized, and blood and kidney samples were obtained. The experimental protocol used in this study is shown in Figure 1A. Kidney samples for histological and immunohistological studies were fixed in 10% buffered formalin and stored at room temperature. Kidney tissue samples for biochemical and gene expression analysis were snap-frozen in liquid nitrogen and stored at -80°C until used.




Figure 1 | Experimental Protocol and DM509 Interventional Treatment on Renal Fibrosis in UUO Mice. Experimental protocol (A); Blood urea nitrogen levels in experimental groups (B); Kidney hydroxyproline levels in experimental groups (C); Representative photomicrographs (D) depicting renal interstitial collagen (black arrows) and quantitative measurements of tubular interstitial collagen in experimental groups (E). Data are reported as box and whisker plots with median and minimum to maximum, n=6. p<0.05, * UUO + Vehicle vs. Sham + Vehicle; # UUO + DM509 vs. UUO + Vehicle.







Biochemical analysis

Kidney hydroxyproline tissue levels were determined in tissue homogenates using a colorimetric assay kit (Catalog # MAK008, Sigma-Aldrich, USA). Protein content of the tissue homogenates was measured using Pierce™ BCA Protein Assay Kit (Catalog # 23225, Thermo Fisher Scientific, USA). Monocyte chemoattractant protein-1 (MCP-1) levels in kidney tissues were measured using ELISA (Catalog # BMS6005, Thermo Fisher Scientific, USA). Blood urea nitrogen (BUN) was measured using a colorimetric assay kit (Catalog # EIABUN, Thermo Fisher Scientific, USA).





RNA isolation and real-time PCR analysis

Renal mRNA was isolated from kidney homogenates of each individual sample by RNeasy Mini Kit (QIAGEN, CA, USA) according to the manufacturer’s protocol. The purity and amount of mRNA in samples was quantified spectrophotometrically. For each sample, 1µg of total RNA was reverse transcribed to cDNA using iScript™ Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-Time (RT) PCR analysis was carried out using cDNAs to determine renal mRNA expression of the markers of fibrogenesis [fibronectin, α-smooth muscle actin (α-SMA), fibroblast specific protein-1 (FSP-1)], tubular injury [neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), Claudin-1,-3 and -4], inflammation [tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6)], and vascular injury [intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), Claudin-5, and VE-Cadherin]. Gene expression was quantified by iScript One-Step RT-PCR Kit with SYBR green using the MyiQ™ Single Color RT-PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Dissociation curve analysis was done with iQ5 Optical System Software, Version 2.1 (Bio-Rad Laboratories, Hercules, CA, USA. During RT-PCR, denaturation was done at 95°C for 2 min followed by 40 cycles at 95°C for 10s and 30s at 60°C. Each sample was run in triplicate and fold change in gene expression compared to controls was calculated using the comparative threshold cycle (Ct) method. The expression levels of the gene of interest were determined by normalizing Ct values to three housekeeping genes. All statistical analyses were carried out using 6 samples from each experimental group.





Histopathology

Formalin-fixed kidney samples from each animal were paraffin embedded. Kidney samples were sectioned (5μm thickness), mounted on slides, and stained with Picrosirius Red (PSR) (Alfa Aesar, Tewksbury, MA). The stained slides were examined for interstitial fibrosis (PSR-collagen positive area) in the kidney at 200x magnification using NIS Elements AR version 3.0 imaging software (Nikon instruments Inc., Melville, NY, USA). Collagen-positive renal fibrotic area is presented as a percentage area-fraction relative to the total area. Histological analysis and the scoring of collagen-positive kidney area were performed by two observers in a blinded fashion.





Immunohistopathological analysis of the kidney sections

Kidney histological slides prepared from the paraffin-embedded kidney tissue samples were deparaffinized and re-hydrated followed by overnight incubation with antibodies against α-SMA (1:100, Santa Cruz Biotechnology, USA), FSP-1 (1:50, Cell Signaling Technology, USA) and Epithelial-Cadherin (E-Cadherin, 1:100, Cell Signaling Technology, USA). Using similar experimental steps, kidney slides were incubated with antibodies against CD45 (1:100, Cell Signaling Technology) and CD31(1:50, Cell Signaling Technology). On the second day, slides were washed and incubated with biotinylated secondary antibody (1:200-1:300) for 45-60 minutes at room temperature. The presence of the target proteins in the kidney sections were determined from avidin-biotinylated HRP complex (Vectastain ABC Elite kit, Vector Laboratories, USA) followed by counterstaining with hematoxylin. Stained kidney slides were examined at 200x magnification with a light microscope and analyzed using Nikon NIS Elements Software (Nikon Instruments Inc., Melville, NY, USA). The renal area positive for a specific target protein was calculated by Nikon NIS Elements Software and expressed as the percentage area relative to total area examined. The analysis and scoring process was carried out in blinded fashion by two observers.





Statistical analysis

GraphPad Prism® Version 4.0 software was utilized to carry out one-way ANOVA followed by Tukey’s post-hoc test in order to establish statistical significance between groups (GraphPad Software Inc, La Jolla, CA, USA). All data are reported as box and whisker plots with median and minimum to maximum. A p value smaller or equal to 0.05 was considered significant.






Results




Interventional DM509 treatment attenuates renal fibrosis progression

Ten days following surgery, UUO mice exhibited renal injury with elevated BUN compared to the sham group. DM509 administered from day 3 to 10 reduced BUN by 40%. Mice with UUO developed marked renal fibrosis and demonstrated 5 times higher kidney level of hydroxyproline and 3 times higher collagen positive renal fibrotic area compared to sham mice. Dual FXR agonism-sEH inhibition with DM509 demonstrated marked anti-fibrotic effects and reduced kidney hydroxyproline content in UUO mice by 50% compared to UUO mice treated with vehicle. DM509 also reduced collagen positive fibrotic area in the kidney of UUO mice with levels like that in Sham mice (Figures 1B–E). Anti-fibrotic actions of DM509 were further assessed by evaluating renal mRNA protein expression of prominent fibrotic markers fibronectin, α-SMA and FSP-1 in UUO mice. We observed 3 to 19-fold higher mRNA expression of these fibrotic markers in the kidney of UUO compared to sham mice. In UUO mice, DM509 interventional treatment reduced renal mRNA expression of these markers by 40-50% compared to vehicle (Figures 2A–C). Renal expression of fibrotic markers was also determined at the protein level. UUO mice kidneys had nearly 90% higher expression of α-SMA and FSP-1 compared to sham mice. DM509 interventional treatment resulted in a robust 60-70% reduction of the renal expression of these markers in UUO mice compared to vehicle which further demonstrates a marked anti-fibrotic action (Figures 2E, F). An important mechanism of the fibrogenesis process is epithelial-to-mesenchymal transition (EMT). We observed higher renal expression of several mesenchymal markers including α-SMA and FSP-1 at both the mRNA and protein level in UUO mice. Renal expression of an important epithelial marker, epithelial-cadherin (E-Cadherin) demonstrated a robust 90% reduction in UUO compared to Sham mice. Interestingly, our findings demonstrate that DM509 interventional treatment reduced the loss of kidney E-cadherin levels in UUO mice kidney (Figure 2D). Overall, we demonstrate marked renal fibrosis and a fibrogenic process that involves EMT in UUO mice. We further demonstrated that interventional DM509 treatment has anti-fibrotic actions that are linked to a reduction in renal EMT in UUO mice.




Figure 2 | Attenuation of Renal Fibrosis Markers in UUO Mice by DM509 Interventional Treatment. Renal mRNA expression of fibrotic markers in experimental groups (A–C); Quantitative measurement and representative photomicrographs for renal expression of FSP-1 (E) and α-SMA (F) in experimental groups; Quantitative measurement and representative photomicrographs showing renal expression of E-Cadherin (D) in experimental groups. Data are reported as box and whisker plots with median and minimum to maximum, n=6. p<0.05, * UUO + Vehicle vs. Sham + Vehicle; # UUO + DM509 vs. UUO + Vehicle.







Renal inflammation is attenuated by DM509 interventional treatment in UUO mice

In the present study, we demonstrate that UUO mice developed marked renal inflammation. Kidney content of an important chemokine, MCP-1 was 90% higher in the UUO mice compared to sham mice. DM509 interventional treatment reduced kidney MCP-1 levels by 35% in UUO mice (Figure 3A). UUO mice also demonstrated marked renal infiltration of CD45 positive immune cells as indicated by 80% higher kidney area that were positive for CD45 in UUO compared to sham mice. Interestingly, DM509 treatment markedly reduced renal infiltration of immune cells by 50% in UUO mice (Figures 3B, C). Considering a positive effect of DM509 on renal chemotaxis in UUO mice, we investigated renal mRNA expressions of several pro-fibrotic cytokines. We demonstrated a 5-60-fold higher renal expression of TNF-α, IL-6, and IL-1β mRNA in UUO compared sham mice. Interventional DM509 treatment reduced renal mRNA expression of these cytokines by 30-70% in UUO mice (Figures 3D–E). In summary, we demonstrated marked chemotaxis and higher levels of pro-fibrotic cytokines at mRNA level in the kidney of fibrotic UUO mice. Our findings also demonstrated that interventional DM509 treatment has anti-inflammatory actions on chemotaxis and profibrotic cytokine mRNA expression in the kidney of UUO mice.




Figure 3 | DM509 Interventional Treatment Reduced Renal Inflammation in UUO Mice. Kidney MCP-1 level in experimental groups (A); Quantitative measurement of CD45 immunopositive kidney area (B) and representative photomicrographs showing CD45+ kidney area in experimental groups (C); Renal mRNA expression of profibrotic cytokines in experimental groups (D-E). Data are reported as box and whisker plots with median and minimum to maximum, n=6. p<0.05, * UUO + Vehicle vs. Sham + Vehicle; # UUO + DM509 vs. UUO + Vehicle.







DM509 interventional treatment reduced renal tubular injury in UUO mice

In renal fibrosis, tubular injury is a critical pathophysiological event and contributes to extracellular matrix formation. We demonstrated marked renal tubular injury in UUO mice with 100 to 150-fold higher mRNA expressions of KIM-1 and NGAL, two important tubular injury markers. Interventional DM509 treatment attenuated renal tubular injury and reduced mRNA expression of KIM-1 and NGAL by 40 to 50% in UUO mice (Figures 4A, B). Tubular injury was further assessed from the renal mRNA expressions of claudin-1, -3, and -4, tight junction proteins that are important for epithelial integrity. We demonstrated that renal mRNA expression of claudin-1, -3, and -4 was decreased by 50-75% in UUO mice compared to sham mice. Interestingly, Interventional DM509 treatment restored expression of claudins and brought renal mRNA expression levels in UUO mice to that in sham mice (Figures 4C–E). Overall, we demonstrated marked renal tubular injury in UUO mice which attenuated by interventional DM509 treatment.




Figure 4 | Renal Tubular Injury was Attenuated in UUO Mice by DM509 Interventional Treatment. Renal mRNA expression of tubular injury markers KIM-1 (A) and NGAL (B) in experimental groups; Renal mRNA expression of claudin 1,3 and 4 in experimental groups (C-E). Data are reported as box and whisker plots with median and minimum to maximum, n=6. p<0.05, * UUO + Vehicle vs. Sham + Vehicle; # UUO + DM509 vs. UUO + Vehicle.







Renal vascular loss is attenuated by interventional DM509 treatment in UUO mice

In the present study, we demonstrated that UUO mice have marked 10-20-fold higher renal mRNA expression of vascular adhesion molecules ICAM and VCAM compared to sham mice. In UUO mice, interventional DM509 treatment reduced renal mRNA expression of these vascular adhesion molecules by 50-60% (Figures 5A, B). Renal mRNA expression of tight junction proteins VE-Cadherin and Claudin-5 that are important for endothelial integrity were significantly reduced by 60-70% in the kidney of UUO compared to Sham mice. Interestingly, DM509 treatment markedly attenuated the renal decrease of VE-Cadherin and Claudin-5 mRNA in UUO mice and the expression of these genes was restored to levels similar to sham mice (Figures 5C, D). Most importantly, we observed a marked 80% decrease in the renal vasculature as assessed by CD31 immunopositive area in the UUO mice kidneys. We further demonstrated that DM509 interventional treatment reduced renal vascular loss in UUO mice by restoring renal vasculature to a level similar to sham mice and CD31 positive kidney area of DM509 treated animals was 75% higher than vehicle treated UUO mice (Figure 5E). In summary, UUO mice exhibited marked renal vascular loss along with elevated expression of vascular adhesin molecules and reduced expression endothelial tight junction protein. Interventional DM509 treatment markedly reduced vascular loss in the kidney of UUO mice.




Figure 5 | DM509 Interventional Treatment Reduced Renal Vascular Inflammation and Vascular Loss in UUO Mice. Renal mRNA expression of adhesion molecules ICAM (A) and VCAM (B) in experimental groups Renal mRNA expression of VE-Cadherin (C) and claudin 5 (D) in experimental groups; Quantitative measurement and representative photomicrographs showing renal expression for CD31+ kidney area in experimental groups (E). Data are reported as box and whisker plots with median and minimum to maximum, n=6. p<0.05, * UUO + Vehicle vs. Sham + Vehicle; # UUO + DM509 vs. UUO + Vehicle.








Discussion

Fibrosis, a characteristic of all chronic kidney diseases (CKD), is recognized to be an independent predictor of disease progression (1, 3, 27). CKD and ESRD are major public health problems with increasing prevalence worldwide and in the US almost 15% (37 million) people are suffering from CKD (28, 29). Unfortunately, at present, there are no effective therapies to prevent or slow the progression of renal inflammation and fibrosis, and the treatment options for patients with ESRD are limited to dialysis and renal transplant (4–6). The lack of novel drugs targeting the pathological events of renal inflammation and fibrosis often give mixed results with unwanted side effects (5, 6). The shortcomings of these experimental therapies are likely due to the fact that the pathogenesis of fibrosis is complex. Renal fibrosis is linked to expansion of the interstitium with activated myofibroblasts, elevated inflammation, tubular atrophy, and microvascular injury (2, 30). In previous study our laboratory demonstrated that DM509 administered in a preventive manner reduced renal fibrosis in UUO mice (26). A major shortcoming of the previous study is that the clinical treatment CKD takes place after renal damage is evident. The current study administered DM509 to UUO mice at three days where renal inflammation and fibrosis is established (19, 20). DM509 is a dual acting FXR agonist and sEH inhibitor that possesses low nanomolar dual potency (31). Previous studies have demonstrated that following a single 10 mg/kg dose of DM509 to mice results in a robust increase in the EET/DHET (sEH substrate product) ratio and modulation of FXR regulated gene expression in the liver (31). In the present study we have demonstrate the unique ability of DM509 given in an interventional mode to reduce renal inflammation and slow progression of renal fibrosis in the mouse UUO model. Our findings demonstrate promising anti-inflammatory and anti-fibrotic effects of interventional DM509 treatment in regard to its ability to affect all renal fibrotic pathological events.

During renal fibrosis there is marked accumulation of myofibroblasts in the tubular interstitial space and these are the primary cells to synthesize and deposit pathological components of fibrillar matrix namely collagen and fibronectin (30, 32). Accumulation of fibrotic matrix progressively destroys the normal kidney tissue architecture by contraction and increased stiffness, resulting in disrupted blood flow supply and nephron function, as well as by increasing the space between vascular and tubular structures (30, 32). In the present study, we have used an established UUO mouse model that demonstrates marked renal fibrosis with accumulation of activated myofibroblast and collagen formation. These critical fibrotic events are evident from elevated renal collagen level and high expression of activated myofibroblast markers α-SMA and FSP-1. Interventional treatment with the dual FXR agonist and sEH inhibitor, DM509 attenuated collagen and myofibroblast formation and demonstrated a robust anti-fibrotic effect in the UUO kidney. The observed anti-fibrotic ability of DM509 can be attributed to the biological actions of both FXR agonist and sEH inhibitor pharmacophores.

Several earlier studies reported marked anti-fibrotic actions of sEHi in animal models of CKD and renal fibrosis, including the mouse UUO model (19, 20, 33). Indeed, genetic or pharmacological sEH inhibition markedly reduced renal fibrosis and extracellular matrix protein formation in UUO mice by acting on multiple fibrotic pathophysiological events (19, 20). The other pharmacophore of DM509, FXR is highly expressed within the kidney, and studies have demonstrated that FXR activation can mitigate renal injury (13, 16). FXR levels were inversely correlated with CKD progression in mice and the degree of interstitial fibrosis in humans (34). FXR activation using obeticholic acid also decreased kidney inflammation and fibrosis in an ischemic reperfusion model of renal injury (34). It has been demonstrated that the renal expression of FXR is decreased in UUO mice (35). In the same study, it was also demonstrated that a novel FXR agonist EDP-305 reduced renal fibrosis (35). Consistent with these findings, we suggest that the anti-fibrotic actions of interventional DM509 treatment is due to both FXR agonism and sEH inhibition.

Renal fibrosis is complex process consisting of several mechanisms that ultimately leads to myofibroblast formation and extracellular matrix synthesis (36–38). Initial cell injury in response to UUO results in cell stress and necrosis which leads to release of damage-associated molecular patterns (DAMPs) leading to inflammation (36, 37). Several mechanisms including cellular activation, cellular proliferation, immune cell infiltration, EMT, mesothelial-to-mesenchymal transition (MMT), and endothelial-to-mesenchymal transition (EndoMT) are responsible for increasing the net pool of myofibroblast (37, 38). The current study evaluated the ability for interventional DM509 treatment to reduce EMT, inflammation and EndoMT in UUO mice.

EMT is one of several contributors to renal fibrosis in UUO mice (39, 40). Consistent with these findings, in the present study the renal fibrosis in UUO kidney was accompanied by EMT with a markedly reduced expression of epithelial marker E-cadherin and higher expression of mesenchymal markers α-SMA and FSP-1. UUO mice also demonstrated marked renal fibrosis with collagen formation and myofibroblast formation. It has been reported that the anti-fibrotic effect of the FXR agonist, EDP-305 could be associated with its ability to reduce mesenchymal expression and restoration of epithelial expression within the renal tubules (35). The ability of DM509 to also act as an sEH inhibitor to maintain and elevate epoxyeicosatrienoic acids (EETs) levels could contribute to the reduction in EMT and anti-fibrotic actions. EETs have strong cardiovascular and renal actions and are kidney protective with potent anti-fibrotic actions (14, 33). Interestingly, FXR agonist have the ability to affect the production of EETs from arachidonic acid by inducing CYP P450 (CYP) epoxygenases (21, 22). Indeed, it has been reported that in a liver fibrosis model FXR activation reprogrammed arachidonic acid metabolism by inducing CYP epoxygenase expression and EET production (21). The current study demonstrated that the anti-fibrotic actions of DM509 in UUO model is associated with a reduction in EMT. The anti-fibrotic action of DM509 was associated with its ability to reduce renal tubular EMT. Our findings suggest that the reduction in EMT induced by DM509 is due to FXR agonism, sEH inhibition and the important interactive relationship of these two DM509 pharmacophore activities.

During renal fibrosis, inflammation plays a key role in the activation of fibroblast and extracellular matrix formation in the kidney (2, 30, 41). Upon activation by profibrotic cytokines, resident interstitial fibroblasts progressively gain the myofibroblast phenotype, which was consistently seen in various CKD models including the UUO model (39, 42). Indeed, it was found that the monocytes/macrophages are the most abundant immune cells in most CKD models, and the presence of macrophages in human CKD biopsies is associated with tubular interstitial fibrosis and poor renal survival (43). In the present study, we demonstrated marked renal inflammation with elevated kidney MCP-1 levels and renal infiltration of immune cells in the UUO kidney. Elevated kidney chemokine levels and presence of immune cells in the UUO kidney were accompanied by elevated renal expression of key profibrotic cytokines. These findings are consistent with our earlier findings in the UUO renal fibrosis model (19, 20, 39). The dual acting molecule DM509 administered as an interventional treatment markedly reduced renal inflammation by reducing MCP-1 levels, infiltration of immune cells, and cytokine expression in UUO mice. The anti-inflammatory action of DM509 can be attributed to the biological actions of both FXR agonism and sEH inhibition activities. Anti-inflammatory actions of sEH inhibition in reducing kidney injury are well established in CKD animal models (19, 20, 44). Inhibition of sEH is known to reduce chemotaxis by reducing chemokines, renal infiltration of immune cells, and cytokine production in CKD (14, 20, 33). The sEH inhibitory anti-inflammatory actions in reducing renal fibrosis are also well established (14, 20). It has been reported that sEH inhibition either by genetic manipulation or by a pharmacological inhibition provides robust anti-inflammatory actions and attenuates renal fibrosis progression in UUO mice (19, 20). In UUO mice, sEH inhibition resulted in a marked decrease in renal infiltration of different types of immune cells and reduced profibrotic cytokine production which are linked to renal fibrotic pathophysiology (19, 20). The increase in EET levels in response to sEH inhibition could have direct actions on immune cells. A recent study provided evidence that renal EETs may act locally to regulate the ENaC activity in circulating monocytes entering the kidney to reduce inflammation in salt-sensitive hypertension (45). FXR activation has also been shown to suppress the inflammatory response by affecting several critical aspects of inflammatory processes (13, 17). FXR activation inhibited inflammation in various organ systems including liver, lung, and kidney (17). In several studies using rodent models of type I diabetes, high-fat diet-induced cardiometabolic syndrome, and type 2 diabetes mellitus, FXR expression and its target genes were down regulated in the kidney (46–48). Interestingly, such changes in the renal expression of FXR and its target genes in these models with renal pathology correlated with elevated inflammation and fibrosis in the kidney (46–48). A role of FXR was also reported in the UUO renal fibrosis model where it was demonstrated that FXR activation reduced renal inflammation and fibrosis by decreasing renal immune cell infiltration and expression of profibrotic cytokines (35). Like sEH inhibition and increased EET levels, FXR could act directly on immune cells. Indeed, previous studies have demonstrated that FXR agonists inhibit gastrointestinal inflammation through direct actions on immune cells to preserve the intestinal barrier during inflammatory bowel disease (49). A link to sEH inhibition could also exists as the FXR mediated anti-inflammatory actions require active CYP epoxygenases (21). Overall, the well-known anti-inflammatory actions of sEH inhibition and FXR agonism indicate that the robust anti-inflammatory actions of the novel dual acting DM509 are associated with the biological consequences of both molecular activities.

Renal inflammation caused by elevated chemokines, infiltrating immune cells and cytokine productions cause tubular injury and this tubular injury is considered an important event in renal fibrosis and CKD progression (3, 30, 42). Indeed, tubular degeneration evokes a vivid peritubular environment, and the injured tubular cells initiate a local inflammation, that finally leads to the removal of all tubular remnants and the formation of fibrosis (30, 42). An interesting finding from a recent reversal UUO study found an important contribution for F4/80 positive macrophages but not CD3+ T-cells in salt-sensitive hypertension (44). Our research group has previously demonstrated that DM509 treatment to non-alcoholic steatohepatitis mice decreased liver CXCR3, CXCL9, CXCL10, TNFα, IL-1β, and TGF-β expression (23). In the current study we demonstrate a similar DM509 anti-inflammatory action in UUO. Kidney MCP- levels, CD45 positive immune cells, and TNFα, IL-1β, and IL-6 IL gene expression were decreased by DM509 treatment. Previous studies with sEH inhibitors or genetic deletion have demonstrated decreased transforming growth factor beta (TGF-β) in UUO mice (19, 20, 50). Likewise, FXR has been demonstrated to have anti-fibrotic actions in UUO mice via regulating TGFβ-Smad3 pathway (16, 34). FXR expression can be found on macrophages, tissue resident macrophages, and dendritic cells (18, 51). Future studies are necessary to evaluate the actions of interventional DM509 treatment on TGF-β and specific immune cells. Nevertheless, TGF-β is a critical regulator that is likely inhibited by DM509 to decrease myofibroblast activation, renal fibrosis, and tubular injury.

In the present study, we demonstrated tubular injury with elevated renal KIM-1 and NGAL expression. These findings are consistent with findings of a recent study with the UUO renal fibrosis model (26). The current study also demonstrated reduced expression of claudins in the UUO mice. Claudins exhibit a specific expression pattern in the kidney and are considered to be essential in tight junction formation to establish close connections between epithelial cells, thereby maintaining cell polarity and tubular integrity (52, 53). Loss of tubular integrity and polarity of the tubular epithelial cells are associated with tubular epithelial injury and renal fibrosis (53, 54). Interventional treatment with dual acting FXR agonist and sEH inhibitor, DM509 reduced renal tubular injury and restored tubular epithelial integrity in UUO mice. We suggest that this DM509 action is a consequence of both FXR agonism as well as sEH inhibition. Several studies have demonstrated that sEH inhibition can reduce renal tubular injury (14, 19, 20). A similar renal tubular protective effect of sEH inhibition has also been reported in ob/ob mice with diabetic nephropathy and renal fibrosis (55). These findings indicate that sEH inhibitory activity byDM509 protects renal tubules. FXR agonism has also demonstrated to be renal tubule protective in several studies (34, 56). Obeticholic acid, a FXR agonist provided renal protection with reduced renal inflammation, tubular injury, and fibrosis in a lipopolysaccharide-induced acute kidney injury model (56). The FXR agonist obeticholic acid demonstrated a similar renal tubular protective and anti-fibrotic effect in a rodent model of renal ischemia injury (34). The findings of the current study demonstrate that interventional treatment with the dual FXR agonists and sEH inhibitor, DM509 acts through combined reduction in inflammation, attenuation of EMT, and decreased tubulointerstitial fibrosis significantly decreased renal injury in UUO mice.

Similar to renal tubular injury, another important pathophysiological event in CKD progression is vascular injury followed by vascular loss (56, 57). Intact microvasculature is a prerequisite for normal tubular structure and functions and peritubular vascular injury is associated with CKD progression (56–58). Indeed, a decrease in CD34+ tubulointerstitial capillaries has been observed together with tubular interstitial fibrosis in the UUO model (59). In a recent study, we demonstrated marked renal vascular loss in the UUO kidney with a decrease in CD31+ renal vasculature (50). Consistent with these previous findings, the current study demonstrated marked renal vascular loss in UUO mice with reduced renal CD31+ vascular levels. UUO mice also demonstrated kidney vascular inflammation with elevated expression of adhesion molecules ICAM and VCAM and a leaky endothelial barrier with elevation in claudin-5 and VE-cadherin. Claudin-5 and VE-Cadherin are specifically expressed in endothelial cells to maintain vascular barrier functions and regulate endothelial permeability (60, 61). In the UUO model reduction of renal Claudin-5 and VE-Cadherin was demonstrated to be associated with renal fibrosis progression (62). Interestingly, in the present study the dual acting molecule DM509 reduced CD31+ renal vascular loss in UUO mice. DM509 interventional treatment also reduced renal vascular inflammation and endothelial permeability in the UUO kidney by reducing ICAM and VCAM expression and also by attenuating the loss of claudin-5 and VE-Cadherin.

It is important to note that in the UUO kidney, we demonstrated markedly higher expressions of mesenchymal markers α-SMA and FSP-1 and reduced expression of endothelial markers VE-cadherin and CD31. This difference in the expressions of endothelial and mesenchymal markers indicate a possible endothelial-to-mesenchymal transition (EndoMT) in the UUO kidney. The EndoMT is a complex process by which certain endothelial cell subsets lose endothelial characteristics and transform into mesenchymal or smooth muscle cells (63, 64). EndoMT is often linked to the development of fibrosis in animal models, including the UUO model (65). We suggest that the effects of DM509 on the renal vasculature in UUO mice is caused by both its FXR agonistic property and ability to inhibit sEH. FXR activation by obeticholic acid, a synthetic FXR agonist, attenuated vascular remodeling of pulmonary vasculature in a rat model of pulmonary hypertension (66). This study suggested that FXR activation mediated anti-inflammatory actions to reduce EndoMT (66). Likewise, sEH inhibition has been demonstrated to stabilize EET levels, inhibit vascular inflammation, and promote vascular repair through neovascularization (14, 67, 68). An increase in EET levels induced by treatment with the sEH inhibitor 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA) promoted vascular repair in human coronary arterial endothelial cells (68). Pharmacological sEH inhibition also reduced coronary artery inflammation in a mouse model of heart disease associated with coronary artery aneurysms and myocardial infarction (68). Similar to AUDA, another sEH inhibitor t-AUCB dose dependently increased the expression of the angiogenic factor vascular endothelial growth factor (VEGF) (67, 69). Overall, we demonstrated that the novel dual acting molecule DM509 given as an interventional treatment reduced vascular loss during renal fibrosis by reducing vascular inflammation, restoring renal vasculature, and restoring vascular endothelial integrity. Our data also indicated a possible role of DM509 on EndoMT to reduce renal vascular injury in UUO mice.





Conclusion

We demonstrated renal anti-fibrotic actions of a novel first-in-class dual acting molecule DM509 that simultaneously act as a FXR agonist and sEH inhibitor. Interventional treatment with DM509 reduced renal fibrosis in UUO mice by acting on several critical inflammatory mediated pathophysiological events. Our data demonstrated that DM509 uniquely reduced extracellular matrix formation and renal tubular and vascular injury in UUO mice. Our data also suggest that DM509 anti-inflammatory and anti-fibrotic actions are associated with its ability to reduce renal EMT and EndoMT. Overall, these data reveal that DM509 given in a clinically relevant manner is a promising dual acting anti-fibrotic and anti-inflammatory therapeutic that attenuates renal epithelial and vascular pathological events associated with progression of CKD to ESRD.
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The Monocyte chemoattractant protein-1 (MCP-1), also referred to as chemokine ligand 2 (CCL2), belongs to the extensive chemokine family and serves as a crucial mediator of innate immunity and tissue inflammation. It has a notable impact on inflammatory conditions affecting the kidneys. Upon binding to its receptor, MCP-1 can induce lymphocytes and NK cells’ homing, migration, activation, differentiation, and development while promoting monocytes’ and macrophages’ infiltration, thereby facilitating kidney disease-related inflammation. As a biomarker for kidney disease, MCP-1 has made notable advancements in primary kidney diseases such as crescentic glomerulonephritis, chronic glomerulonephritis, primary glomerulopathy, idiopathic proteinuria glomerulopathy, acute kidney injury; secondary kidney diseases like diabetic nephropathy and lupus nephritis; hereditary kidney diseases including autosomal dominant polycystic kidney disease and sickle cell kidney disease. MCP-1 not only predicts the occurrence, progression, prognosis of the disease but is also closely associated with the severity and stage of nephropathy. When renal tissue is stimulated or experiences significant damage, the expression of MCP-1 increases, demonstrating a direct correlation with the severity of renal injury.
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1 Introduction

The immune system plays a crucial role in the pathogenesis of kidney disease. Dysfunction of the immune system in patients with kidney disease leads to injury to renal parenchymal cells, subsequently triggering an inflammatory response. Deposition of immune complexes within the kidneys disrupts normal renal function, resulting in manifestations such as proteinuria and fibrosis (1). Chemokines are a class of small cytokines or signaling proteins secreted by cells that possess the ability to induce directional chemotaxis of nearby responsive cells. They play a crucial role in the migration of innate and adaptive immune cells and are closely associated with the initiation and maintenance of inflammatory response (2). Chemokines can be classified into four primary subfamilies, namely CXC, CC, CX3C, and XC. Monocyte chemoattractant protein-1 (MCP-1), also referred to as chemokine ligand 2 (CCL2), belongs to the CC subfamily of cytokines (3). The main producers of MCP-1 are monocytes and macrophages, although it is also expressed by various other cell types such as endothelial cells, fibroblasts, epithelial cells, smooth muscle cells, mesangial cells, astrocytes, and microglia (4, 5). Upon binding to its receptor, MCP-1 can induce homing, migration, activation, differentiation,and development of lymphocytes and NK cells; facilitate infiltration of monocytes and macrophages; promote inflammation occurrence; stimulate angiogenesis; as well as exert fibrotic effects (6). Studies have demonstrated that MCP-1 plays a significant role in fibrosis affecting multiple organs (7). When the renal tissue is stimulated, there is a notable rise in the expression level of MCP-1, which exhibits a strong positive correlation with the extent of renal injury. The primary mechanism involves MCP-1 activating monocytes through chemotaxis thereby promoting their secretion offibrogenic cytokines such as TGF-B,resulting in extracellular matrix accumulation within glomeruliand renal tubules leading to renal interstitial fibrosis,promoting glomerulosclerosis,and ultimately causing renal failure (8). Research has shown that the release of MCP-1 is controlled by both cytokines with pro-inflammatory properties and those with anti-inflammatory properties. Inflammatory cytokines, including IL-1, TNF-α, and IL-6, have the potential to augment MCP-1 secretion from renal tubular epithelial cells. On the other hand, anti-inflammatory cytokines like retinoic acid and glucocorticoids can inhibit MCP-1 secretion. Moreover, various cytokines or growth factors including IL-4, macrophage colony-stimulating factor, platelet-derived growth factor, TGF-β, lipopolysaccharide, reactive oxygen species, and immune complexes are also capable of inducing MCP-1 production and participating in the reparative processes following kidney injury (9).

Conventional clinical indicators, such as proteinuria levels, hypertension status, and decreased glomerular filtration rate (GFR), fail to effectively detect patients with substantial tubulointerstitial involvement or individuals at higher risk of accelerated disease progression (10, 11). The evaluation of interstitial fibrosis and tubular atrophy (IFTA) necessitates invasive and delayed renal biopsy, which hampers the ability to continuously monitor disease progression (12, 13). Blood urea nitrogen, GFR estimation formula, serum creatinine, and albuminuria are currently utilized to evaluate the presence and progression of diabetic nephropathy (DN). However, they lack precision and sensitivity towards minor changes in renal function (14, 15). The most dependable indicator for renal function in patients with autosomal dominant polycystic kidney disease (ADPKD) is the height corrected total kidney volume (htTKV). Nevertheless, it is relatively expensive and exhibits limited sensitivity (16, 17). Therefore, there is an urgent need to discover novel biomarkers that possess high sensitivity, specificity, and ease of operation. The role of MCP-1 as a non-invasive biomarker has garnered significant attention in research. In this context, the utilization of MCP-1 as an inflammation marker in nephropathy is summarized below.




2 MCP-1/CCR2 signaling axis and functional architecture

The MCP-1 gene is located on human chromosome 17q11.2-q21.1 (18), with a size of approximately 13 kilodaltons and consisting of 76 amino acid residues (19). Within its primary structure, there are two crucial regions for biological activity: amino acids 10 to 13 and amino acids 34 to 35 (3). Alterations in the former region result in reduced biological activity, while mutations in the latter region lead to a complete loss of MCP-1’s activity. Four conserved cysteine residues can be found at positions 11, 12, 36, and 52 within the MCP-1 protein molecule (20). These cysteine residues form disulfide bonds between them, specifically Cys11-Cys36 and Cys12-Cys52 which create a left-handed helix structure. The presence of these disulfide bonds may be essential for maintaining MCP-1’s biological function. In terms of secondary structure, MCP-1 consists of a four-stranded β-sheet along with an unstructured N-terminal loop and a C-terminal α-helix positioned above the Greek bond formed by β-folding process (21). The N-terminal segment plays a significant role in activating receptors associated with MCP-1 signaling pathway activation. Additionally, any missing residues at the N-terminal region would result in loss or reduction of its activity (21). Figure 1 illustrates the mechanism of MCP-1 as an inflammatory marker in nephropathy.




Figure 1 | Role of MCP-1 as an inflammatory marker in nephropathy.



CCR2, the major receptor of MCP-1, belongs to the G protein-coupled receptor superfamily and consists of an amino-terminal extracellular domain and seven A-helix transmembrane structures rich in hydrophobic amino acids (22). CCR2 is widely expressed in immature dendritic cells, plasmacytoid dendritic cells, basophils, helper T cells 1, helper T cells 2, natural killer cells and helper T cells 17, etc (23). CCR2, as the main receptor of MCP-1, is an important chemokine in renal fibrosis. When MCP-1 binds to CCR2, the MCP-1/CCR2 axis is activated (24). Activation of the MCP-1/CCR2 axis induces chemotaxis and activation of inflammatory cells and initiates a series of signaling cascades in renal fibrosis (25). It mediates and promotes renal fibrosis by recruiting monocytes and promotes the activation and transdifferentiation of macrophages (26). The rationale for targeting MCP-1/CCR2 to treat human related diseases is to use drugs to block MCP-1 or CCR2 and inhibit the activation and conduction of the MCP-1/CCR2 axis, thereby reducing inflammatory cells and proinflammatory cytokines. Thus, the MCP-1/CCR2 axis is also a very important player in chemokine signaling in renal fibrosis (27).




3 MCP-1 as a biomarker



3.1 Primary nephropathy



3.1.1 Crescentic glomerulonephritis

In a prospective cohort study, 82 patients with pathologically confirmed crescentic glomerulonephritis (CrGN) were followed up for 5 years to investigate the role of urinary chemokines and cytokines as prognostic biomarkers in CrGN patients. This study supports the clinical significance of baseline GFR and IFTA score, while previous research has demonstrated that urinary MCP-1 (uMCP-1) can be utilized as a predictive biomarker for assessing renal prognosis in patients with CrGN (28). MCP-1 is essential for attracting macrophages, which stimulates tissue factor expression and fibrin deposition, leading to glomerular crescent formation and subsequent promotion of chronic fibrosis phase in CrGN (29). Macrophage depletion can reduce kidney injury and glomerular crescents, whereas adoptive transfer of macrophages can exacerbate crescentic glomerulonephritis in mice (30). The reduction of MCP-1 levels can result in a decrease in crescent formation, deposition of type I collagen, and renal damage in a mouse model of glomerulonephritis (31). uMCP-1 shows potential as a predictor for favorable prognosis in CrGN; however, further studies are warranted.




3.1.2 Chronic glomerulonephritis

The progression of renal damage in individuals with chronic glomerulonephritis is significantly associated with the activation of the renin-angiotensin system (RAS). By evaluating the expression level of angiotensinogen (AGT) in glomerulonephritis and urinary AGT (uAGT), it becomes feasible to evaluate the extent of RAS activation within the renal region and determine the pathological state of chronic glomerulonephritis (32, 33). Hattori observed the levels of uAGT and uMCP-1 in a group of 48 children diagnosed with chronic glomerulonephritis prior to any treatment. Furthermore, they conducted an immunohistochemical analysis on AGT and CD68, while also investigating the impact of angiotensin II (Ang II) on MCP-1 expression in a separate group of 27 children who had undergone RAS blockade and received immunosuppressive agents for two years. The findings revealed a positive correlation between urinary protein level, mesangial cell proliferation score, crescent formation rate, as well as AGT and CD68 expression in renal tissue with both uAGT and uMCP-1 levels (P<0.05). In addition, the levels of uAGT and uMCP-1 showed a significant reduction after the administration of RAS blockade and immunosuppressive therapy (p<0.01). Cultured human mesangial cells (MCs) exhibited elevated MCP-1 mRNA and protein levels after Ang II treatment (p<0.01). Therefore, both uMCP-1 and uAGT can serve as valuable biomarkers for assessing the extent of glomerular injury during RAS blockade and immunosuppressive therapy among children diagnosed with chronic glomerulonephritis (34).




3.1.3 Primary glomerulopathy

In a research investigation, urine specimens were obtained from individuals diagnosed with primary glomerulopathy (including IgA nephropathy, focal and segmental glomerulosclerosis, minimal change disease, membranous nephropathy) during the biopsy procedure. The value of MCP-1, EGF, and the EGF/MCP-1 ratio in predicting moderate to severe IFTA in primary glomerulonephritis was assessed using the enzyme-linked immunosorbent assay (ELISA). Univariate analysis identified connections between glomerular filtration rate, levels of EGF, the ratio of EGF to MCP-1, and IFTA. However, upon conducting multivariate analysis, it was determined that only the independent correlation between the EGF/MCP-1 ratio and IFTA remained significant. The sensitivity of the EGF/MCP-1 ratio in detecting IFTA was found to be 88%, while its specificity stood at 74% (35). Another study also came to a similar conclusion when investigating urinary biomarkers (EGF, MCP-1) and their ratio as predictors for achieving complete response in patients with biopsy-proven glomerulonephritis. The investigation also analyzed the association between these biomarkers and renal function following a period of 24 months. Complete remission (CR) was determined as the presence of urine protein levels equal to or less than 0.3 g/gCr. Out of 74 patients included in this study, 38 (51.4%) achieved CR status. The CR group exhibited significantly elevated baseline urinary levels of both EGF and the ratio of EGF/MCP-1 in comparison to the non-CR group. However, uMCP-1 did not exhibit a strong prognostic effect relative to EGF/MCP-1 (36).




3.1.4 Idiopathic proteinuria glomerulopathy

A cohort of 165 individuals, including 150 females, diagnosed with idiopathic albuminuric glomerulopathy and presenting a serum concentration below 68μmol/L at the time of diagnosis, were enrolled in this study. The uMCP-1 concentrations of these patients were measured using ELISA on the day of renal biopsy, followed by subsequent follow-up. The rate of progression in end-stage renal disease (ESKD) was assessed through the application of Kaplan-Meier survival analysis. The level of uMCP-1 excretion in patients with proliferative glomerulonephritis was significantly higher compared to those with non-proliferative glomerulonephritis (p<0.001). The percentage of patients exhibiting significantly worse renal function was 0.1% in the high uMCP-1 excretion group and 9.1% in the low uMCP-1 excretion group. However, after adjusting for confounding variables such as GFR and proteinuria, there was no significant association between uMCP-1 concentration and the progression of ESKD (HR = 1.75, 95%CI = 0.64-4.75, p = 0.27). Contrary to expectations, uMCP-1 could not be considered an independent predictor for long-term outcomes in patients with idiopathic glomerulonephritis (37). Nevertheless, it should be noted that this study’s limitation lies in measuring uMCP-1 only once; thus it cannot differentiate between patients experiencing rapid remission or recurrent seizures. Further studies are warranted to repeat measurements of uMCP-1 levels throughout the course of the disease for analyzing its predictive ability regarding prognosis.




3.1.5 Acute kidney injury

The baseline estimated glomerular filtration rate (eGFR) of 2,351 participants in the SPRINT study was below 60 ml/min/1.73m2. Exploratory factor analysis (EFA) was employed to capture distinct tubular pathophysiological processes, while a linear mixed-effect model was utilized to evaluate the association between each factor and longitudinal changes in eGFR. Cox proportional hazard regression analysis was conducted to assess the relationship between tubular factor scores and acute kidney injury (AKI). Among the 10 biomarkers examined, EFA revealed a reflection of tubular injury/fibrosis through KIM-1 and MCP-1, which were independently associated with an increased risk of AKI (HR 1.23 [1.02, 1.48]) (38). The longitudinal examination of AKI suggests that damage and inflammation may persist long after the initial insult. In a prospective cohort study involving 656 hospitalized subjects with AKI, multiple assessments of biomarkers were performed from diagnosis up to 7 months post-AKI. Cox proportional risk regression analysis was used to determine their association with a composite outcome comprising both incidence and progression of chronic kidney disease (CKD). After a follow-up period of 4.3 years, CKD and CKD progression were observed in 106 and 52 subjects respectively. Each increase in uMCP-1 levels by one standard deviation from baseline to one month was found to be significantly associated with a two- to three-fold increase in the risk of developing CKD (39). Other studies have controlled urinary concentrations for detecting biomarkers related to renal disease progression following AKI by using urinary creatinine (UCr) or urine osmolarity (UOsm) as covariates or calculating ratios such as biomarker-to-UCr ratio or biomarker-to-UOsm ratio for better prediction of outcomes. These studies have demonstrated that adjusting for UCr or UOsm strengthens the association and predictive ability for CKD when considering MCP-1 (40). The studies on MCP-1 in primary nephropathy are summarized in Table 1.


Table 1 | MCP-1 as a marker of inflammation in primary nephropathy.







3.2 Secondary nephropathy



3.2.1 Diabetic nephropathy

The presence of macroalbuminuria serves as a crucial indicator for the progression of DN (41), with most studies focusing on renal function decline or the development of ESRD in DN patients. The predictive value of uMCP-1 in determining the risk of requiring dialysis, experiencing a doubling of serum creatinine levels, or facing mortality (referred to as the primary outcome, PO) was assessed in a cohort of 56 patients with DN and type 2 diabetes mellitus (T2DM), who also had macroalbuminuria. This analysis was conducted over a follow-up period lasting approximately 30.7 ± 10 months. In Cox regression analysis, uMCP-1 levels were positively associated with the risk of PO. After adjusting for baseline albuminuria, blood pressure, and baseline creatinine, uMCP-1 (OR 11.0; 95% CI 1.6-76.4, p=0.02 for log MCP-1) remained a significant independent predictor of PO. The study concluded that uMCP-1 is independently associated with the risk of CKD progression in DN patients with macroalbuminuria. However, further investigation is needed to determine whether these biomarkers also play a role in DN patients with normoalbuminuria and microalbuminuria (42). The urinary albumin is initially filtered through the glomerulus and subsequently reabsorbed by renal tubular cells via the pathway mediated by giant protein-cubes (43). A study conducted in 2020 arrived at a similar conclusion by evaluating levels of urinary markers, such as MCP-1, in individuals with DN and analyzing their associations with eGFR and albuminuria. Urinary markers like MCP-1 exhibited significant associations with eGFR (MCP-1/Cr, p=0.023) and albuminuria (MCP-1/Cr, p<0.001). This study suggests that there is a widespread increase in urinary markers during advanced stages of DN (the extremely high risk/macroalbuminuria group), indicating their greater prominence during progressive glomerular and tubular structural abnormalities and dysfunction. Even after accounting for risk factors related to DN, the association between MCP-1/Cr and both eGFR and albuminuria remained statistically significant (44). Diabetes is recognized as the leading cause of ESKD. By examining the correlation between biomarkers indicative of tubular damage or repair, such as uMCP-1, renal function decline, and mortality rates; it was found that individuals within the highest quartile of MCP-1 had a 2.18-fold increased risk of experiencing renal function decline compared to those within the lowest quartile when considering fully adjusted models. Furthermore, for every twofold increase in baseline levels of urinary markers like MCP-1, there was an associated 10% to 40% higher risk of death (45).

The relationship between early normoalbuminuria and microalbuminuria in DN and biomarkers has been insufficiently investigated. The study included seventy-five type 2 diabetic patients with normoalbuminuria (n=25), microalbuminuria (n=25), or macroalbuminuria (n=25), as well as twenty-five healthy controls. The level of uMCP-1 was measured using ELISA. Significantly elevated levels of uMCP-1 were observed in DN patients with macroalbuminuria and microalbuminuria compared to those with normoalbuminuria and the healthy controls. Receiver operating characteristic (ROC) curve analysis was conducted to determine the optimal threshold of uMCP-1 for early diagnosis and detection of DN. The identified cut-off value was 110 pg/mg, demonstrating a sensitivity of 92% and specificity of 100%. The findings suggest that uMCP-1 holds potential as a promising novel diagnostic biomarker for the early detection of DN (46). A composite panel consisting of six biomarkers, namely osteopontin, soluble human tumor necrosis factor receptor-1, tenascin-C, vascular endothelial growth factor-a, and kidney injury molecule-1 (KIM-1), was developed using LASSO technique in a cohort of 346 normoalbuminic T2DM patients. The research findings demonstrated that a novel panel comprising six urinary biomarkers including MCP-1 effectively predicted the onset of microalbuminuria in T2DM patients with normal albuminuria (47).

The level of MCP-1 is also associated with gender, and RASS may have a significantly greater impact on interstitial lesions compared to glomerular lesions in detecting the effect of uMCP-1 on early DN (48). In this research, women exhibited a comparatively elevated initial level of uMCP-1, which displayed a more pronounced association with renal interstitial dilatation. This underscores the significance of gender as a potential risk factor for DN. Early detection of elevated uMCP-1 levels in women with T1DM may suggest a potential link between inflammatory processes and the development of renal interstitial changes during the initial stages of DN (49).

Most of the studies investigating MCP-1 and human kidney disease have primarily focused on urine, with limited research conducted on plasma or serum MCP-1 levels. uMCP-1 has been associated with unfavorable outcomes such as graft failure (50), heart disease (51), increased mortality in kidney transplant recipients (52), and impaired renal function in individuals with preserved renal function who have T2DM (53). However, there was no significant association found between serum MCP-1 concentration and decreased eGFR in T2DM patients with relatively preserved renal function (54). This study observed an elevated risk of DN progression with higher plasma MCP-1 concentrations, but only among individuals with baseline eGFR less than 45 ml/min per 1.73 m2. It is noteworthy that this study presents innovative findings regarding the association between plasma MCP-1 levels and the progression of DN in patients with moderate to severe CKD (55). Extracellular vesicles (EVs), which encompass exosomes and microvesicles, play a vital role in facilitating intercellular communication by transporting biomolecules like mRNA (56). The investigation focused on MCP-1 mRNA expression within blood EVs of patients with DN to determine its accuracy in predicting the early stages of DN. Quantitative analysis of the mRNA profile within blood EVs was conducted using qRT-PCR, while the diagnostic effectiveness of mRNA was evaluated through ROC curve analysis. A total of 196 subjects were enrolled, including 35 patients with overt DN, 53 patients with newly diagnosed DN, 62 patients with DM, and 46 healthy subjects. The predictive accuracy of MCP-1 mRNA for overt DN was determined to be at a level of 0.66 (95%CI:0.55–0.77), whereas its accuracy for predicting early-stage DN stood at a level of 0.61 (95%CI:0.51–0.71) (57).




3.2.2 Lupus nephritis

A study was conducted on 20 patients with LN episodes to evaluate the association between uMCP-1 and LN severity, as well as its role as a prognostic predictor. The concentrations of uMCP-1 exhibited a significant rise in cases of acute LN (2.74 ± 0.95 ng/mg creatinine), moderate LN (1.43 ± 0.46 ng/mg creatinine), and mild LN (0.76 ± 0.57 ng/mg). There was a notable association observed between the severity of LN and the level of uMCP-1 (P<0.0358), suggesting that uMCP-1 could potentially serve as a noninvasive indicator for evaluating the grade and onset of LN. Throughout the follow-up period, 15 patients achieved either complete or partial response, resulting in a significant reduction in average uMCP-1 levels by week 8 (P<0.0001). However, for the five participants who did not respond to treatment, there was no significant alteration in average uMCP-1 levels by week 8 (P<0.4858), indicating that a lack of reduction in uMCP-1 levels at this point may indicate an unfavorable prognosis (58). The correlation coefficients and area under curve (AUC) between renal damage and uMCP-1 and tumor necrosis factor-like weak inducer of apoptosis (uTWEAK) were found to be significantly higher. The combined model of uMCP-1 and uTWEAK demonstrated an AUC of 0.887 for distinguishing active LN, with a sensitivity of 86.67% and specificity of 80.00%. For distinguishing poor prognosis LN, the AUC was 0.778, with a sensitivity of 75.00% and specificity of 81.82%. These results indicate that the combination of both biomarkers outperforms their individual use (59). Another study evaluated uMCP-1 and uTWEAK separately, revealing sensitivities for detecting active LN as follows: uTWEAK - 80.43% and 100%, while specificities were recorded at 50% and 100%, respectively; for uMCP-1 - sensitivities were observed at 82.6% and 100%, with specificities also at values of 50% and 100%, respectively (60). Furthermore, Moloi’s study concluded that during the active phase, levels of uMCP-1 are elevated but decrease after CR (61). Additionally, MCP-1 has shown potential in predicting tubulointerstitial lesions in early stages compared to traditional markers when investigating patients diagnosed with active DN through pathological biopsy analysis involving a cohort consisting of 109 LN patients along with a control group comprising 50 individuals without any kidney abnormalities. “The levels of uMCP-1 showed a marked elevation in patients diagnosed with active LN compared to those diagnosed with inactive LN (P<0.001) or individuals from the normal control group (P<<0.001) (62). Additionally, heightened levels of uMCP-l correlated positively with intensified infiltration of inflammatory cells within the interstitium, as well as increased interstitial fibrosis and tubular atrophy.

In the clinical evaluation process, quantification of proteinuria is crucial as it serves as one of the determinants for renal prognosis. The 24-hour urinary protein excretion test has traditionally been considered the “gold standard” for measuring proteinuria. However, due to its inconvenience and potential inaccuracies, many kidney disease guidelines now recommend using urinary protein/creatinine ratio (uPCR) and urinary albumin/creatinine ratio (uACR) instead (63). Relevant research has been conducted on MCP-1 as a promising candidate for biomarker identification in LN. Spearman correlation analysis was utilized to investigate the association between uMCP-1 and conventional clinical indicators. The diagnostic efficacy of uMCP-1 and uACR in assessing proteinuria levels was evaluated through ROC curve analysis. Patients with biopsy-proven LN exhibited higher levels of uMCP-1 compared to those without LN. In addition, elevated levels of both uMCP-1 and uTWEAK were observed in patients with active renal involvement (rSLEDAI ≥4). Significantly, a strong association was observed between uMCP-1 levels and the rSLEDAI score, 24-hour urinary protein excretion, and anti-double-stranded DNA antibodies in the patient cohort. Furthermore, there was a positive correlation observed between the severity of LN damage and the levels of both uMCP-1 and uTWEAK; thus suggesting that their combined use could potentially serve as a predictor for LN-associated proteinuria (64).

In relation to different pathological categories, the assessment of MCP-1 levels in various forms of LN demonstrated notably elevated urine and serum MCP-1 levels in the proliferative group compared to the non-proliferative group. The urine and serum MCP-1 levels observed in the proliferation group were 1240.65 ± 876.38 pg/ml creatinine and 354.49 ± 598.60 pg/ml creatinine, respectively. Conversely, the urine and serum MCP-1 levels noted in the non-proliferative group were 544.47 ± 430.63 pg/ml creatinine and 200.40 ± 171.83 pg/mL creatinine, correspondingly (65). The non-selective immunosuppressive drugs utilized in the clinical management of proliferative LN are associated with significant adverse effects (66). In an attempt to identify a more targeted therapeutic agent with comparable efficacy but reduced side effects, one study focused on inhibiting MCP-1 and the homeostatic chemokine stromal cell-derived factor-1 (SDF-1/CXCL12). L-enantiomeric RNA Spiegelmer® chemokine antagonists, specifically MCP-1-specific mN 0X-E36 and CXCL12-specific N 0X-A12, will be administered to female MRL/lpr mice aged between 12 and 20 weeks. Research has demonstrated that simultaneous blockade of MCP-1 and CXCL12 can effectively impede the progression of proliferative LN similar to cyclophosphamide, a non-selective immunosuppressant (67).

In terms of gene prediction, a study utilizing data from gene network and GO analysis was conducted to identify candidate genes associated with LN in macrophages, revealing MCP-1’s localization in the core of the network. Further investigations have provided insights into the gene expression pattern of macrophages and revealed that macrophages derived from LN patients exhibit an upregulation of MCP-1. The Rat Genome Database (RGD) disease portal database has also indicated the association between MCP-1 and the development as well as progression of LN (68). A study conducted in Egypt aimed to investigate the potential of MCP-1 gene polymorphism as an early indicator for the development of nephropathy in patients with systemic lupus erythematosus (SLE). The findings revealed that individuals with a genotype of A/A were more prevalent among healthy controls compared to SLE patients. On the other hand, genotypes A/G (P < 0.000) and G/G (P < 0.000) were found to be more common among SLE patients than in the control group. It was observed that carriers of the G allele at MCP-1-2518 polymorphism had a significantly higher risk, over seven times, for developing nephropathy within the SLE patient population. Furthermore, patients with A/G and G/G genotypes exhibited notably elevated levels of MCP-1 when compared to those with an A/A genotype. Both MCP-1A (–2518) G gene polymorphism and increased levels of MCP-1 are believed to play crucial roles in the occurrence and progression specifically of SLE-associated nephropathy within Egypt (69). In a meta-analysis conducted in 2017 assessing the association between MCP-1 -2518A/G polymorphism and LN risk, a total sample size consisting of 1867 LN cases from 961 published case-control studies along with 10 control groups were included. The findings indicated a higher susceptibility to LN in individuals with the MCP-1 -2518A/G polymorphism. However, when stratified by ethnicity, no significant association was observed within European or Asian populations but rather predominantly found within US population due to potential genetic background variations as well as environmental exposures (70).

For comparison between urine and blood, Gupta measured serum MCP-1 and uMCP-1 in patients with ELISA. Urinary creatinine excretion values were standardized. Baseline uMCP-1 was significantly higher in active nephritis (AN) compared with active disease without nephritis (ANR), inactive disease (ID), healthy subjects (HC), and rheumatoid arthritis (RA) (p<0.001), but did not differ from DN and showed a good correlation with rSLEDAI and SLEDAI (r = 0.52 and 0.47, p<0.001), but not correlated with serum MCP-1 levels. uMCP-1 performed better than serum MCP-1, anti-dsdna antibody, C3, and C4 in ROC analysis to distinguish active nephritis from active disease without nephritis. uMCP-1 but not serum MCP-1 decreased significantly (p<0.001) (71). The 2022 study marks the initial exploration into the durability of emerging urinary biomarkers for LN, with a specific focus on assessing the renal activity index for lupus (RAIL). This comprehensive index incorporates MCP-1, KIM-1, ceruloplasmin, adiponectin, neutrophil gelatinase-associated lipocalin (NGAL), and blood phosphate. The findings demonstrate that urine biomarkers stored at -80°C for a duration of 3 months or at either 4 or 25°C for a period of 48 hours followed by storage at -80°C exhibit comparable results to freshly collected urine samples. Regardless of the conditions examined, there was no degradation in signal quality observed when exposed to dry or wet ice, or when subjected to two freeze-thaw cycles. The Spearman correlation coefficients indicated a high level of concordance. These findings suggest that RAIL biomarkers exhibit consistent stability even following brief storage under conditions relevant to clinical settings, and are capable of enduring transportation, extended storage periods, as well as multiple freeze-thaw cycles prior to bulk measurements. Table 2 summarizes the studies of MCP-1 in secondary nephropathy.


Table 2 | MCP-1 as a marker of inflammation in secondary nephropathy.







3.3 Hereditary nephropathy



3.3.1 Autosomal dominant polycystic kidney disease

The urinary biomarkers uMCP-1, KIM-1, immunoglobulin G, 24-hour urinary albumin, β2-microglobulin (β2MG), heart-type fatty acid binding protein, and NGAL were evaluated at the beginning of the study. The changes in eGFR for each participant over time were calculated using mixed-model analysis. After accounting for age, gender, and initial htTKV levels, all indicators of urinary impairment and inflammation demonstrated correlations with baseline eGFR. Subsequent backward analysis identified uMCP-1 and β2MG as the most strongly associated factors with accelerated disease progression. When the participants were divided into three groups based on levels of uMCP-1 and β2MG, the urine biomarker score showed a stronger predictive value compared to Mayo htTKV classification (area under the curve [AUC] 0.73 [0.64-0.82] vs. 0.61 [0.51-0.71], p = 0.04). Similar to the PROPKD score (AUC 0.73 [0.64-0.82] vs.65 [.55-.75], p =0.18), these findings suggest that proximal tubules and inflammation contribute to the pathophysiology of ADPKD. Furthermore, this urine marker is more user-friendly than traditional markers (72). Another study enrolled 130 patients with ADPKD, 55 patients with renal vascular sclerosis, and 40 patients with non-ischemic CKD. The study revealed a significant upregulation of uMCP-1 under ischemic conditions. In univariate analysis, htTKV emerged as the most reliable predictor of eGFR slope variability. However, a multivariate model incorporating uMCP-1, VEGF, and β2MG levels demonstrated an enhanced ability to predict decreased eGFR in ADPKD patients compared to htTKV alone. Urinary levels of molecules associated with renal ischemia (VEGF and MCP-1) or tubular injury (β2MG) were correlated with deteriorating renal function in ADPKD patients, thus suggesting their potential as biomarkers for monitoring disease progression (73). Additionally, another study identified associations between uMCP-1 and β2MG levels and annual changes in eGFR even after adjusting for traditional risk markers (standardized β = -0.35, P = 0.001; standardized β = -0.29,P = 0.009). Incorporating uMCP-1 and β2MG into the model containing traditional risk markers significantly improved its performance (final R2 = 0.152 vs. 0.292, P = 0.001). Therefore, uMCP-1 and β2MG levels are independently linked to decreased GFR in ADPKD patients and offer greater predictive value than conventional risk indicators (74). Furthermore, several studies have assessed the urinary concentrations of 28 biomarkers in ADPKD patients while gene expression analysis has been conducted on kidneys from DBA/2FG-pcy mice alongside urine samples from these mice to evaluate the efficacy of biomarkers.The findings indicated that out of the prospective urinary biomarkers examined, twelve exhibited statistical significance with high specificity observed for uMCP-1.Moreover,the content of uMCP-1 was significantly elevated in urine samples from DBA/2FG-pcy mice compared to wild-type mice,suggesting its potential utility as a urinary biomarker for ADPKD (75).

MCP-1 may facilitate the expansion of renal cysts in ADPKD patients with PKD1 or PKD2 mutations by promoting macrophage-mediated processes. The abnormal accumulation of macrophages around the cysts promotes their growth (76). In order to explore the potential contribution of MCP-1 and macrophages in facilitating cyst expansion, a study was conducted where Pkd1 knockout alone (single knockout) or both Pkd1 and MCP-1 were knocked out in mouse renal tubules. Upregulation of MCP-1 preceded the infiltration of macrophages in single-gene knockout mice. Initially, macrophages induce a proinflammatory response and cause damage to renal tubular cells, leading to oxidative DNA damage, morphological flattening, and proliferation-dependent cystic expansion within 0-2 weeks after induction. At 2-6 weeks after induction, macrophages switch to an alternative activation phenotype that further promotes cyst growth by increasing the rate of renal tubular cell proliferation threefold more than before. In double knockout mice, reduced expression of MCP-1 and fewer numbers of macrophages resulted in less initial tubular cell damage, slower cyst growth, and improved renal function. The upregulation of MCP-1 following Pkd1 knockdown promotes the accumulation of macrophages and subsequent cyst growth through a mechanism dependent on cellular proliferation (77). The objective of this research was to examine how the absence of MCP-1 affects the concentration of macrophages in the kidneys and the progression of disease in a mouse model with congenital polycystic kidney (Cpk). To achieve this, a genetic knockout of MCP-1 was generated. The results revealed that Cpk mice exhibited rapid enlargement of renal cysts, leading to decreased renal function and mortality by postnatal day 21. However, the genetic knockdown of MCP-1 extended the survival rate, with some mice living for more than 3 months. Notably, the MCP-1 genetic knockout effectively prevented the development of pulmonary edema observed in Cpk mice and also facilitated a decrease in resting heart rate along with an increase in heart rate variability in both Cpk and non-cystic mice. These findings suggest that besides its role as a macrophage chemoattractant (78), MCP-1 plays a significant role in altering cardiac and lung function while promoting mortality in this mouse model of ADPKD.




3.3.2 Sickle cell kidney disease

In a cross-sectional study of 213 children with sickle cell disease (SCD), the researchers discovered that the presence of glomerular damage was associated with elevated levels of inflammatory biomarkers, such as uMCP-1. Additionally, a short-term prospective observational cohort study involving 89 children was conducted to assess the predictive value of changes in urinary inflammatory biomarkers like MCP-1 over time for the development of glomerular proteinuria. The findings suggest that inflammatory molecules may play a crucial role in both the progression and onset of kidney disease in pediatric patients with SCD. Patients exhibiting albuminuria had significantly higher levels of inflammatory biomarkers, including MCP-1, compared to those without albuminuria. Correlation analysis revealed a significant positive association between the albumin/creatinine ratio and inflammatory biomarkers like MCP-1. These findings have important implications for understanding inflammation’s involvement in kidney disease among children with SCD and identifying potential therapeutic targets (79). Furthermore, MCP-1, which is potentially indicative of kidney damage in sickle cell patients, has also been linked to oxidative stress status. This study assessed blood and urine samples to evaluate MCP-1 levels and their correlation with malondialdehyde, a product resulting from lipid peroxidation. The results demonstrated significantly elevated levels of MCP-1 in SCD patients along with a positive correlation between MCP-1 and malondialdehyde levels, suggesting its potential as a biomarker for kidney damage associated with SCD as well as reflecting oxidative stress-induced harm present within this condition. Consequently, this research provides valuable insights into diagnosing and treating kidney damage related to SCD (80, 81). Table 3 summarizes the studies of MCP-1 in hereditary nephropathy.


Table 3 | MCP-1 as a marker of inflammation in hereditary nephropathy.








4 Conclusion

The investigation of MCP-1 as a biomarker in primary nephropathy is limited, primarily encompassing certain glomerular diseases; however, it has demonstrated significant value in crescentic glomerulonephritis,chronic glomerulonephritis and AKI. Based on current research findings, MCP-1 exhibits potential utility in primary nephropathy; nevertheless, its specificity and sensitivity are relatively low, rendering it unsuitable for independent prediction.

In terms of secondary nephropathy, the research on MCP-1 primarily focuses on DN and LN. MCP-1 has been extensively investigated in various stages of DN, including early stage, progression, and ESKD. Nevertheless, early prediction remains understudied and the majority of research has centered on uMCP-1 as opposed to blood MCP-1. Additionally, gender correlation has been observed in DN. Regarding LN, MCP-1 has been well-studied and shows significant correlation with disease severity and prognosis. It exhibits increased levels during active stages and decreased levels during remission stages. Moreover, increased MCP-1 levels are linked to the infiltration of inflammatory cells in the interstitial space, fibrosis in the interstitium, and atrophy of tubules. Notably, compared to traditional markers for prediction purposes in this context. uMCP-1 can serve as a promising predictor of proteinuria in LN, with higher levels observed in proliferative LN. In terms of the genetic aspect, MCP-1-2518A/G is closely associated with the pathogenesis of LN. Additionally, uMCP-1 exhibits excellent storage stability and holds great potential as a biomarker.

In the context of hereditary kidney diseases, the level of uMCP-1 is associated with a decline in GFR among patients with ADPKD, and it exhibits superior predictive value compared to traditional risk indicators while also being more operationally convenient. Within the realm of ADPKD, MCP-1 facilitates macrophage accumulation and cyst growth through a proliferation-dependent mechanism, thereby contributing to cardiac lesions, pulmonary edema, and mortality. Patients with SCD often have glomerular and tubular dysfunction, and the emergence of some new non-invasive urine biomarkers, such as MCP-1, provides hope for early diagnosis and treatment strategies. Biomarkers expand the methods and indicators for the assessment of renal function in SCD, and provide a new way for early diagnosis and treatment. The practical significance is that it provides a non-invasive, simple, and reproducible method for renal function assessment, which helps to improve the clinical management and treatment outcomes of patients with SCD.





Author contributions

YaL: Writing – original draft. KX: Writing – original draft. YX: Investigation, Writing – review & editing. BM: Investigation, Writing – review & editing. HL: Supervision, Writing – review & editing. YuL: Data curation, Writing – review & editing. YS: Data curation, Writing – review & editing. SL: Writing – review & editing, Writing – original draft. YB: Writing – review & editing, Writing – original draft.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





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.





References

1. He, S, Yao, L, and Li, J. Role of MCP-1/CCR2 axis in renal fibrosis: Mechanisms and therapeutic targeting. Med (Baltimore) (2023) 102(42):e35613. doi: 10.1097/md.0000000000035613

2. Hughes, CE, and Nibbs, RJB. A guide to chemokines and their receptors. FEBS J (2018) 285(16):2944–71. doi: 10.1111/febs.14466

3. Singh, S, Anshita, D, and Ravichandiran, V. MCP-1: Function, regulation, and involvement in disease. Int Immunopharmacol (2021) 101(Pt B):107598. doi: 10.1016/j.intimp.2021.107598

4. Chen, Y, Liu, S, Wu, L, Liu, Y, Du, J, Luo, Z, et al. Epigenetic regulation of chemokine (CC-motif) ligand 2 in inflammatory diseases. Cell Prolif (2023) 56(7):e13428. doi: 10.1111/cpr.13428

5. Galipeau, J. Macrophages at the nexus of mesenchymal stromal cell potency: The emerging role of chemokine cooperativity. Stem Cells (2021) 39(9):1145–54. doi: 10.1002/stem.3380

6. Cianci, R, Simeoni, M, Cianci, E, De Marco, O, Pisani, A, Ferri, C, et al. Stem cells in kidney ischemia: from inflammation and fibrosis to renal tissue regeneration. Int J Mol Sci (2023) 24(5):4631. doi: 10.3390/ijms24054631

7. Lv, W, Booz, GW, Wang, Y, Fan, F, and Roman, RJ. Inflammation and renal fibrosis: Recent developments on key signaling molecules as potential therapeutic targets. Eur J Pharmacol (2018) 820:65–76. doi: 10.1016/j.ejphar.2017.12.016

8. Sandokji, I, and Greenberg, JH. Plasma and urine biomarkers of CKD: A review of findings in the CKiD study. Semin Nephrol (2021) 41(5):416–26. doi: 10.1016/j.semnephrol.2021.09.003

9. Haller, H, Bertram, A, Nadrowitz, F, and Menne, J. Monocyte chemoattractant protein-1 and the kidney. Curr Opin Nephrol Hypertens (2016) 25(1):42–9. doi: 10.1097/mnh.0000000000000186

10. Greenberg, JH, Abraham, AG, Xu, Y, Schelling, JR, Feldman, HI, Sabbisetti, VS, et al. Urine biomarkers of kidney tubule health, injury, and inflammation are associated with progression of CKD in children. J Am Soc Nephrol (2021) 32(10):2664–77. doi: 10.1681/asn.2021010094

11. Tam, FWK, and Ong, ACM. Renal monocyte chemoattractant protein-1: an emerging universal biomarker and therapeutic target for kidney diseases? Nephrol Dial Transplant (2020) 35(2):198–203. doi: 10.1093/ndt/gfz082

12. Islamoglu, MS, Gulcicek, S, and Seyahi, N. Kidney tissue elastography and interstitial fibrosis observed in kidney biopsy. Ren Fail (2022) 44(1):314–9. doi: 10.1080/0886022x.2022.2035763

13. Ix, JH, and Shlipak, MG. The promise of tubule biomarkers in kidney disease: A review. Am J Kidney Dis (2021) 78(5):719–27. doi: 10.1053/j.ajkd.2021.03.026

14. Pérez-López, L, Boronat, M, Melián, C, Brito-Casillas, Y, and Wägner, AM. Animal models and renal biomarkers of diabetic nephropathy. Adv Exp Med Biol (2021) 1307:521–51. doi: 10.1007/5584_2020_527

15. Jung, CY, and Yoo, TH. Pathophysiologic mechanisms and potential biomarkers in diabetic kidney disease. Diabetes Metab J (2022) 46(2):181–97. doi: 10.4093/dmj.2021.0329

16. Shukoor, SS, Vaughan, LE, Edwards, ME, Lavu, S, Kline, TL, Senum, SR, et al. Characteristics of patients with end-stage kidney disease in ADPKD. Kidney Int Rep (2021) 6(3):755–67. doi: 10.1016/j.ekir.2020.12.016

17. Kim, K, Trott, JF, Gao, G, Chapman, A, and Weiss, RH. Plasma metabolites and lipids associate with kidney function and kidney volume in hypertensive ADPKD patients early in the disease course. BMC Nephrol (2019) 20(1):66. doi: 10.1186/s12882-019-1249-6

18. Wang, L, Lan, J, Tang, J, and Luo, N. MCP-1 targeting: Shutting off an engine for tumor development. Oncol Lett (2022) 23(1):26. doi: 10.3892/ol.2021.13144

19. Zhang, H, Yang, K, Chen, F, Liu, Q, Ni, J, Cao, W, et al. Role of the CCL2-CCR2 axis in cardiovascular disease: Pathogenesis and clinical implications. Front Immunol (2022) 13:975367. doi: 10.3389/fimmu.2022.975367

20. Miller, MC, and Mayo, KH. Chemokines from a structural perspective. Int J Mol Sci (2017) 18(10):2088. doi: 10.3390/ijms18102088

21. Joshi, N, Nagar, N, Gulati, K, Gangele, K, Mishra, A, Kumar, D, et al. Dissecting the differential structural and dynamics features of CCL2 chemokine orthologs. Int J Biol Macromol (2020) 156:239–51. doi: 10.1016/j.ijbiomac.2020.04.067

22. Deng, S, Zhou, F, Wang, F, Jiang, Y, Tang, J, Hu, X, et al. C5a enhances Vδ1 T cells recruitment via the CCL2-CCR2 axis in IgA nephropathy. Int Immunopharmacol (2023) 125(Pt A):111065. doi: 10.1016/j.intimp.2023.111065

23. Gong, X, Duan, Y, Zheng, J, Ye, Z, and Hei, TK. Tetramethylpyrazine prevents contrast-induced nephropathy via modulating tubular cell mitophagy and suppressing mitochondrial fragmentation, CCL2/CCR2-mediated inflammation, and intestinal injury. Oxid Med Cell Longev (2019) 2019:7096912. doi: 10.1155/2019/7096912

24. Wu, Q, Sun, S, Wei, L, Liu, M, Liu, H, Liu, T, et al. Twist1 regulates macrophage plasticity to promote renal fibrosis through galectin-3. Cell Mol Life Sci (2022) 79(3):137. doi: 10.1007/s00018-022-04137-0

25. Kashyap, S, Warner, GM, Hartono, SP, Boyilla, R, Knudsen, BE, Zubair, AS, et al. Blockade of CCR2 reduces macrophage influx and development of chronic renal damage in murine renovascular hypertension. Am J Physiol Renal Physiol (2016) 310(5):F372–84. doi: 10.1152/ajprenal.00131.2015

26. Zhou, H, Mu, L, Yang, Z, and Shi, Y. Identification of a novel immune landscape signature as effective diagnostic markers related to immune cell infiltration in diabetic nephropathy. Front Immunol (2023) 14:1113212. doi: 10.3389/fimmu.2023.1113212

27. Chen, A, Lee, K, and He, JC. Treating crescentic glomerulonephritis by targeting macrophages. Kidney Int (2022) 102(6):1212–4. doi: 10.1016/j.kint.2022.09.004

28. Jeon, J, Park, J, Boo, HJ, Yang, KE, Lee, CJ, Lee, JE, et al. Clinical value of urinary cytokines/chemokines as prognostic markers in patients with crescentic glomerulonephritis. Sci Rep (2022) 12(1):10221. doi: 10.1038/s41598-022-13261-7

29. Cantero-Navarro, E, Rayego-Mateos, S, Orejudo, M, Tejedor-Santamaria, L, Tejera-Muñoz, A, Sanz, AB, et al. Role of macrophages and related cytokines in kidney disease. Front Med (Lausanne) (2021) 8:688060. doi: 10.3389/fmed.2021.688060

30. Trimarchi, H. Crescents in primary glomerulonephritis: a pattern of injury with dissimilar actors. A Pathophysiol Perspective Pediatr Nephrol (2022) 37(6):1205–14. doi: 10.1007/s00467-021-05199-1

31. Urushihara, M, Kondo, S, Kinoshita, Y, Ozaki, N, Jamba, A, Nagai, T, et al. (Pro)renin receptor promotes crescent formation via the ERK1/2 and Wnt/β-catenin pathways in glomerulonephritis. Am J Physiol Renal Physiol (2020) 319(4):F571–f578. doi: 10.1152/ajprenal.00250.2020

32. Urushihara, M, and Kagami, S. Role of the intrarenal renin-angiotensin system in the progression of renal disease. Pediatr Nephrol (2017) 32(9):1471–9. doi: 10.1007/s00467-016-3449-7

33. Jang, HR, Jeon, J, Park, JH, Lee, JE, Huh, W, Oh, HY, et al. Clinical relevance of urinary angiotensinogen and renin as potential biomarkers in patients with overt proteinuria. Transl Res (2014) 164(5):400–10. doi: 10.1016/j.trsl.2014.05.009

34. Hattori, T, Fujioka, K, Nagai, T, Kondo, S, Kagami, S, Hirayama, M, et al. Intrarenal renin-angiotensin system activation and macrophage infiltrations in pediatric chronic glomerulonephritis. Pediatr Nephrol (2023) 38(11):3711–9. doi: 10.1007/s00467-023-06026-5

35. Worawichawong, S, Worawichawong, S, Radinahamed, P, Muntham, D, Sathirapongsasuti, N, Nongnuch, A, et al. Urine epidermal growth factor, monocyte chemoattractant protein-1 or their ratio as biomarkers for interstitial fibrosis and tubular atrophy in primary glomerulonephritis. Kidney Blood Press Res (2016) 41(6):997–1007. doi: 10.1159/000452595

36. Chanrat, E, Worawichawong, S, Radinahamed, P, Sathirapongsasuti, N, Nongnuch, A, Assanatham, M, et al. Urine epidermal growth factor, monocyte chemoattractant protein-1 or their ratio as predictors of complete remission in primary glomerulonephritis. Cytokine (2018) 104:1–7. doi: 10.1016/j.cyto.2018.01.015

37. Tofik, R, Ohlsson, S, and Bakoush, O. Urinary concentration of monocyte chemoattractant protein-1 in idiopathic glomerulonephritis: a long-term follow-up study. PloS One (2014) 9(1):e87857. doi: 10.1371/journal.pone.0087857

38. Bullen, AL, Katz, R, Jotwani, V, Garimella, PS, Lee, AK, Estrella, MM, et al. Biomarkers of kidney tubule health, CKD progression, and acute kidney injury in SPRINT (Systolic blood pressure intervention trial) participants. Am J Kidney Dis (2021) 78(3):361–368.e1. doi: 10.1053/j.ajkd.2021.01.021

39. Wen, Y, Xu, L, Melchinger, I, Thiessen-Philbrook, H, Moledina, DG, Coca, SG, et al. Longitudinal biomarkers and kidney disease progression after acute kidney injury. JCI Insight (2023) 8(9):e167731. doi: 10.1172/jci.insight.167731

40. Wen, Y, Thiessen-Philbrook, H, Moledina, DG, Kaufman, JS, Reeves, WB, Ghahramani, N, et al. Considerations in controlling for urine concentration for biomarkers of kidney disease progression after acute kidney injury. Kidney Int Rep (2022) 7(7):1502–13. doi: 10.1016/j.ekir.2022.03.026

41. Tagaya, M, Kume, S, Yasuda-Yamahara, M, Kuwagata, S, Yamahara, K, Takeda, N, et al. Inhibition of mitochondrial fission protects podocytes from albumin-induced cell damage in diabetic kidney disease. Biochim Biophys Acta Mol Basis Dis (2022) 1868(5):166368. doi: 10.1016/j.bbadis.2022.166368

42. Titan, SM, Vieira, JM Jr., Dominguez, WV, Moreira, SR, Pereira, AB, Barros, RT, et al. Urinary MCP-1 and RBP: independent predictors of renal outcome in macroalbuminuric diabetic nephropathy. J Diabetes Complications (2012) 26(6):546–53. doi: 10.1016/j.jdiacomp.2012.06.006

43. Liu, D, and Lv, LL. New understanding on the role of proteinuria in progression of chronic kidney disease. Adv Exp Med Biol (2019) 1165:487–500. doi: 10.1007/978-981-13-8871-2_24

44. Siddiqui, K, Joy, SS, George, TP, Mujammami, M, and Alfadda, AA. Potential role and excretion level of urinary transferrin, KIM-1, RBP, MCP-1 and NGAL markers in diabetic nephropathy. Diabetes Metab Syndr Obes (2020) 13:5103–11. doi: 10.2147/dmso.S282166

45. Chen, TK, Coca, SG, Thiessen-Philbrook, HR, Heerspink, HJL, Obeid, W, Ix, JH, et al. Urinary biomarkers of tubular health and risk for kidney function decline or mortality in diabetes. Am J Nephrol (2022) 53(11-12):775–85. doi: 10.1159/000528918

46. Shoukry, A, Bdeer Sel, A, and El-Sokkary, RH. Urinary monocyte chemoattractant protein-1 and vitamin D-binding protein as biomarkers for early detection of diabetic nephropathy in type 2 diabetes mellitus. Mol Cell Biochem (2015) 408(1-2):25–35. doi: 10.1007/s11010-015-2479-y

47. Yamashita, S, Shinozaki, T, Murata, H, Matsuyama, Y, and Babazono, T. Panel of novel urine biomarkers for incident microalbuminuria in people with type 2 diabetes mellitus. Diabetes Med (2020) 37(11):1910–8. doi: 10.1111/dme.14280

48. Ning, J, Xiang, Z, Xiong, C, Zhou, Q, Wang, X, and Zou, H. Alpha1-antitrypsin in urinary extracellular vesicles: A potential biomarker of diabetic kidney disease prior to microalbuminuria. Diabetes Metab Syndr Obes (2020) 13:2037–48. doi: 10.2147/dmso.S250347

49. Fufaa, GD, Weil, EJ, Nelson, RG, Hanson, RL, Knowler, WC, Rovin, BH, et al. Urinary monocyte chemoattractant protein-1 and hepcidin and early diabetic nephropathy lesions in type 1 diabetes mellitus. Nephrol Dial Transplant (2015) 30(4):599–606. doi: 10.1093/ndt/gfv012

50. Lai, Y, Wang, Y, Fan, X, and Zhao, Y. Allograft inflammatory factor-1 stimulates inflammatory properties of peripheral blood leukocytes and increases cell viability via enhancing mitochondrial function in Ctenopharyngodon idellus. Fish Shellfish Immunol (2022) 127:412–8. doi: 10.1016/j.fsi.2022.06.051

51. Bernardino, JI, Alejos, B, Rodriguez-Centeno, J, Esteban-Cantos, A, Mora-Rojas, B, Montejano, R, et al. Monocyte activation and ageing biomarkers in the development of cardiovascular ischaemic events or diabetes in people with HIV. Microorganisms (2023) 11(7):1818. doi: 10.3390/microorganisms11071818

52. Gniewkiewicz, M, Gozdowska, J, Deborska-Materkowska, D, Czerwinska, K, Perkowska-Ptasinska, A, Burban, A, et al. Potential utility of urinary chemokine CCL2 to creatinine ratio in prognosis of 5-year graft failure and mortality post 1-year protocol biopsy in kidney transplant recipients. Immun Inflammation Dis (2023) 11(6):e901. doi: 10.1002/iid3.901

53. Nadkarni, GN, Rao, V, Ismail-Beigi, F, Fonseca, VA, Shah, SV, Simonson, MS, et al. Association of urinary biomarkers of inflammation, injury, and fibrosis with renal function decline: the ACCORD trial. Clin J Am Soc Nephrol (2016) 11(8):1343–52. doi: 10.2215/cjn.12051115

54. Pena, MJ, Heinzel, A, Heinze, G, Alkhalaf, A, Bakker, SJ, Nguyen, TQ, et al. A panel of novel biomarkers representing different disease pathways improves prediction of renal function decline in type 2 diabetes. PloS One (2015) 10(5):e0120995. doi: 10.1371/journal.pone.0120995

55. Schrauben, SJ, Shou, H, Zhang, X, Anderson, AH, Bonventre, JV, Chen, J, et al. Association of multiple plasma biomarker concentrations with progression of prevalent diabetic kidney disease: findings from the chronic renal insufficiency cohort (CRIC) study. J Am Soc Nephrol (2021) 32(1):115–26. doi: 10.1681/asn.2020040487

56. Das, K, Paul, S, Mukherjee, T, Ghosh, A, Sharma, A, Shankar, P, et al. Beyond macromolecules: extracellular vesicles as regulators of inflammatory diseases. Cells (2023) 12(15):1963. doi: 10.3390/cells12151963

57. Dehghanbanadaki, H, Forouzanfar, K, Kakaei, A, Zeidi, S, Salehi, N, Arjmand, B, et al. The role of CDH2 and MCP-1 mRNAs of blood extracellular vesicles in predicting early-stage diabetic nephropathy. PloS One (2022) 17(4):e0265619. doi: 10.1371/journal.pone.0265619

58. Singh, RG, Usha,, Rathore, SS, Behura, SK, and Singh, NK. Urinary MCP-1 as diagnostic and prognostic marker in patients with lupus nephritis flare. Lupus (2012) 21(11):1214–8. doi: 10.1177/0961203312452622

59. Dong, XW, Zheng, ZH, Ding, J, Luo, X, Li, ZQ, Li, Y, et al. Combined detection of uMCP-1 and uTWEAK for rapid discrimination of severe lupus nephritis. Lupus (2018) 27(6):971–81. doi: 10.1177/0961203318758507

60. Elsaid, DS, Abdel Noor, RA, Shalaby, KA, and Haroun, RA. Urinary tumor necrosis factor-like weak inducer of apoptosis (uTWEAK) and urinary monocyte chemo-attractant protein-1 (uMCP-1): promising biomarkers of lupus nephritis activity? Saudi J Kidney Dis Transpl (2021) 32(1):19–29. doi: 10.4103/1319-2442.318522

61. Moloi, MW, Rusch, JA, Omar, F, Ekrikpo, U, Dandara, C, Bello, AK, et al. Urinary MCP-1 and TWEAK as non-invasive markers of disease activity and treatment response in patients with lupus nephritis in South Africa. Int Urol Nephrol (2021) 53(9):1865–73. doi: 10.1007/s11255-020-02780-9

62. Ding, Y, Nie, LM, Pang, Y, Wu, WJ, Tan, Y, Yu, F, et al. Composite urinary biomarkers to predict pathological tubulointerstitial lesions in lupus nephritis. Lupus (2018) 27(11):1778–89. doi: 10.1177/0961203318788167

63. Jensen, MB, Viken, I, Høgh, F, and Jacobsen, KK. Quantification of urinary albumin and -creatinine: A comparison study of two analytical methods and their impact on albumin to creatinine ratio. Clin Biochem (2022) 108:5–9. doi: 10.1016/j.clinbiochem.2022.06.014

64. Dong, X, Zheng, Z, Luo, X, Ding, J, Li, Y, Li, Z, et al. Combined utilization of untimed single urine of MCP-1 and TWEAK as a potential indicator for proteinuria in lupus nephritis: A case-control study. Med (Baltimore) (2018) 97(16):e0343. doi: 10.1097/md.0000000000010343

65. Lan, L, Han, F, Lang, X, and Chen, J. Monocyte chemotactic protein-1, fractalkine, and receptor for advanced glycation end products in different pathological types of lupus nephritis and their value in different treatment prognoses. PloS One (2016) 11(7):e0159964. doi: 10.1371/journal.pone.0159964

66. Thakare, SB, So, PN, Rodriguez, S, Hassanein, M, Lerma, E, and Wiegley, N. Novel therapeutics for management of lupus nephritis: what is next? Kidney Med (2023) 5(8):100688. doi: 10.1016/j.xkme.2023.100688

67. Devarapu, SK, Kumar Vr, S, Rupanagudi, KV, Kulkarni, OP, Eulberg, D, Klussmann, S, et al. Dual blockade of the pro-inflammatory chemokine CCL2 and the homeostatic chemokine CXCL12 is as effective as high dose cyclophosphamide in murine proliferative lupus nephritis. Clin Immunol (2016) 169:139–47. doi: 10.1016/j.clim.2016.07.003

68. Shu, B, Fang, Y, He, W, Yang, J, and Dai, C. Identification of macrophage-related candidate genes in lupus nephritis using bioinformatics analysis. Cell Signal (2018) 46:43–51. doi: 10.1016/j.cellsig.2018.02.006

69. Mohammad, LA, Atef, DM, and Abul-Saoud, AM. Association of monocyte chemoattractant protein 1 (MCP-1) gene polymorphism with lupus nephritis in Egyptian patients. Hum Immunol (2015) 76(10):724–8. doi: 10.1016/j.humimm.2015.09.027

70. Sang, GY, Meng, CR, Hao, YF, and Dai, JH. Monocyte chemoattractant protein-1 (MCP-1)-2518 A/G polymorphism and lupus nephritis risk: A PRISMA-compliant meta-analysis. Med (Baltimore) (2017) 96(51):e9401. doi: 10.1097/md.0000000000009401

71. Gupta, R, Yadav, A, and Aggarwal, A. Longitudinal assessment of monocyte chemoattractant protein-1 in lupus nephritis as a biomarker of disease activity. Clin Rheumatol (2016) 35(11):2707–14. doi: 10.1007/s10067-016-3404-9

72. Messchendorp, AL, Meijer, E, Visser, FW, Engels, GE, Kappert, P, Losekoot, M, et al. Rapid progression of autosomal dominant polycystic kidney disease: urinary biomarkers as predictors. Am J Nephrol (2019) 50(5):375–85. doi: 10.1159/000502999

73. Segarra-Medrano, A, Martin, M, Agraz, I, Vilaprinyó, M, Chamoun, B, Jatem, E, et al. Association between urinary biomarkers and disease progression in adults with autosomal dominant polycystic kidney disease. Clin Kidney J (2020) 13(4):607–12. doi: 10.1093/ckj/sfz105

74. Messchendorp, AL, Meijer, E, Boertien, WE, Engels, GE, Casteleijn, NF, Spithoven, EM, et al. Urinary biomarkers to identify autosomal dominant polycystic kidney disease patients with a high likelihood of disease progression. Kidney Int Rep (2018) 3(2):291–301. doi: 10.1016/j.ekir.2017.10.004

75. Kawano, H, Muto, S, Ohmoto, Y, Iwata, F, Fujiki, H, Mori, T, et al. Exploring urinary biomarkers in autosomal dominant polycystic kidney disease. Clin Exp Nephrol (2015) 19(5):968–73. doi: 10.1007/s10157-014-1078-7

76. Hosseinpour, M, Ardalani, F, Mohseni, M, Beheshtian, M, Arzhangi, S, Ossareh, S, et al. Targeted next generation sequencing revealed novel variants in the PKD1 and PKD2 genes of Iranian patients with autosomal dominant polycystic kidney disease. Arch Iran Med (2022) 25(9):600–8. doi: 10.34172/aim.2022.95

77. Cassini, MF, Kakade, VR, Kurtz, E, Sulkowski, P, Glazer, P, Torres, R, et al. Mcp1 promotes macrophage-dependent cyst expansion in autosomal dominant polycystic kidney disease. J Am Soc Nephrol (2018) 29(10):2471–81. doi: 10.1681/asn.2018050518

78. Salah, SM, Meisenheimer, JD, Rao, R, Peda, JD, Wallace, DP, Foster, D, et al. MCP-1 promotes detrimental cardiac physiology, pulmonary edema, and death in the cpk model of polycystic kidney disease. Am J Physiol Renal Physiol (2019) 317(2):F343–60. doi: 10.1152/ajprenal.00240.2018

79. Belisário, AR, Vieira É, LM, de Almeida, JA, Mendes, FG, Miranda, AS, Rezende, PV, et al. Evidence for interactions between inflammatory markers and renin-angiotensin system molecules in the occurrence of albuminuria in children with sickle cell anemia. Cytokine (2020) 125:154800. doi: 10.1016/j.cyto.2019.154800

80. dos Santos, TE, Gonçalves, RP, Barbosa, MC, da Silva, GB Jr., and Daher Ede, F. Monocyte chemoatractant protein-1: a potential biomarker of renal lesion and its relation with oxidative status in sickle cell disease. Blood Cells Mol Dis (2015) 54(3):297–301. doi: 10.1016/j.bcmd.2014.11.019

81. Cody, EM, Rose, JE, Huang, B, Qiu, T, Brunner, HI, and Devarajan, P. Stability of novel urinary biomarkers used for lupus nephritis. Front Pediatr (2022) 10:974049. doi: 10.3389/fped.2022.974049




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.

Copyright © 2024 Liu, Xu, Xiang, Ma, Li, Li, Shi, Li and Bai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 15 January 2024

doi: 10.3389/fimmu.2023.1335936

[image: image2]


Understanding the podocyte immune responses in proteinuric kidney diseases: from pathogenesis to therapy


Hong Jiang 1*†, Zhirang Shen 1†, Jing Zhuang 1, Chen Lu 2, Yue Qu 1, Chengren Xu 1, Shufen Yang 1 and Xuefei Tian 3*


1 Division of Nephrology, Department of Internal Medicine, People’s Hospital of Xinjiang Uygur Autonomous Region, Urumqi, China, 2 Division of Nephrology, Department of Internal Medicine, The First Affiliated Hospital of Xinjiang Medical University, Urumqi, China, 3 Section of Nephrology, Department of Internal Medicine, Yale University School of Medicine, New Haven, CT, United States




Edited by: 

Xu-jie Zhou, Peking University, China

Reviewed by: 

Giuseppe Remuzzi, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Italy

Tongtong Liu, China Academy of Chinese Medical Sciences, China

*Correspondence: 

Hong Jiang
 jangh-yt@163.com 

Xuefei Tian
 xuefei.tian@yale.edu


†These authors have contributed equally to this work and share first authorship



Received: 09 November 2023

Accepted: 29 December 2023

Published: 15 January 2024

Citation:
Jiang H, Shen Z, Zhuang J, Lu C, Qu Y, Xu C, Yang S and Tian X (2024) Understanding the podocyte immune responses in proteinuric kidney diseases: from pathogenesis to therapy. Front. Immunol. 14:1335936. doi: 10.3389/fimmu.2023.1335936



The glomerular filtration barrier, comprising the inner layer of capillary fenestrated endothelial cells, outermost podocytes, and the glomerular basement membrane between them, plays a pivotal role in kidney function. Podocytes, terminally differentiated epithelial cells, are challenging to regenerate once injured. They are essential for maintaining the integrity of the glomerular filtration barrier. Damage to podocytes, resulting from intrinsic or extrinsic factors, leads to proteinuria in the early stages and eventually progresses to chronic kidney disease (CKD). Immune-mediated podocyte injury is a primary pathogenic mechanism in proteinuric glomerular diseases, including minimal change disease, focal segmental glomerulosclerosis, membranous nephropathy, and lupus nephritis with podocyte involvement. An extensive body of evidence indicates that podocytes not only contribute significantly to the maintenance of the glomerular filtration barrier and serve as targets of immune responses but also exhibit immune cell-like characteristics, participating in both innate and adaptive immunity. They play a pivotal role in mediating glomerular injury and represent potential therapeutic targets for CKD. This review aims to systematically elucidate the mechanisms of podocyte immune injury in various podocyte lesions and provide an overview of recent advances in podocyte immunotherapy. It offers valuable insights for a deeper understanding of the role of podocytes in proteinuric glomerular diseases, and the identification of new therapeutic targets, and has significant implications for the future clinical diagnosis and treatment of podocyte-related disorders.




Keywords: podocyte, immunity response, pathogenesis, proteinuria, treatment




1 Introduction

The glomerulus, a specialized unit within the kidney, serves as a crucial filtration system that eliminates waste products from the blood. Maintaining internal stability by clearing external and internally produced waste is its primary function. Its filtration structure relies on the intricate network of glomerular capillaries, comprising glomerular endothelial cells, the glomerular basement membrane (GBM), and glomerular podocytes, collectively forming the unique filtration barrier of the glomerulus (1). Any impairment in this barrier may result in protein loss. Notably, proteinuric kidney disease originating from glomerular dysfunction accounts for 80% of individuals who eventually progress to end-stage kidney disease (ESKD), necessitating kidney replacement therapy (2).

Podocytes, the largest cells in the glomerulus, attach to the outer layer of the GBM. They consist of a cell body housing a nucleus, several prominent primary processes branching out from the cell, and secondary processes that further branch to form interdigitating foot processes (tertiary processes) on the GBM (3). The podocyte cytoskeleton plays a vital role in stabilizing its morphology and maintaining its biological function. It contributes to the integrity of the glomerular filtration barrier through interactions with cell-cell junctions and cell-matrix proteins (4). Podocytes can be categorized into three distinct membrane domains: the basal domain, the apical domain, and the intercellular/slit diaphragm domain. The slit diaphragm, a complex structure comprising multiple protein molecules, plays a pivotal role in regulating glomerular permeability, in coordination with the glomerular basement membrane and the glomerular endothelial cells. Key protein molecules within the slit diaphragm of podocytes include nephrin, neph1, neph2, CD2-associated protein(CD2AP), and podocin, among others (5). Furthermore, emerging evidence suggests that podocytes possess diverse functions beyond their mechanical supportive role, contributing to the innate and adaptive immune system to maintain glomerular health homeostasis (6). The immune malfunction of podocytes is considered to be associated with the pathogenesis of several common proteinuric glomerular diseases. Immune complexes, complement factors, various immune cells, and even the immune attributes of podocytes might contribute to the development of these proteinuric glomerular diseases. However, the intricate mechanisms of immune responses leading to podocyte injury remain incompletely understood. This review aims to consolidate current insights into the pathogenic mechanisms of immune responses triggering podocyte injury and the latest therapeutic strategies targeting the immune system.




2 Immunological mechanisms in podocyte



2.1 Innate immune responses in podocytes

An expanding body of evidence underscores the significant role of podocytes in the glomerular filtration barrier and their involvement in innate immune responses. Podocytes have been found to express various pattern recognition receptors (PRRs), including Toll-like Receptors (TLRs), enabling them to actively participate in innate immune responses by recognizing and eliminating foreign pathogens or endogenous danger signals (7). Notably, Toll-like Receptor 4 (TLR4) is a specific subtype capable of recognizing bacterial lipopolysaccharide (LPS) (8). Furthermore, exposure to a high-glucose milieu has been demonstrated to directly enhance the activation of TLR4. This activation is posited to contribute to the pathogenesis of podocyte damage and the subsequent progression of interstitial fibrosis (9). TLRs are present on the cell surface or intracellularly and are expressed by a range of cell types, including dendritic cells, macrophages, fibroblasts, B cells, T cells, as well as endothelial and epithelial cells (10). They play a pivotal role in recognizing pathogen-associated biomarkers (11). For instance, cell surface TLRs mainly recognize microbial membrane components like LPS, lipids, and proteins, while intracellular TLRs primarily detect bacterial and viral nucleic acids (12). However, it’s worth noting that some studies have reported that stimuli like puromycin aminonucleoside (PAN) can induce glomerular podocyte injury, increase Toll-like Receptor 9 (TLR9) expression, activate Nuclear factor kappa-B (NF-κB) and p38,mitogen-activated protein kinase (MAPK) signaling pathways, and potentially use endogenous mitochondrial DNA as a ligand. This results in damage to glomerular podocytes and leads to apoptosis, suggesting that TLRs can have a dual effect on podocytes—both protecting the integrity of the glomerular filtration barrier and potentially promoting glomerulosclerosis (13). Moreover, Masum and colleagues utilized BXSB/MpJ-Yaa (Yaa) mice to demonstrate that overexpression of TLR9 correlated with podocyte injury and the development of typical membranoproliferative glomerulonephritis (MPGN) lesions. In contrast, BXSB control mice, with weak TLR9 expression, showed no MPGN lesions. These findings suggest a potential role of TLR9 in podocyte injury and MPGN development (14).

In addition to TLRs, podocytes also express other critical PRRs that actively participate in processes related to inflammation, cell death, and proteinuria (15). For example, Nod-like receptors (NLRs) have been implicated in podocyte injury, with abnormal activation of the NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome leading to podocyte damage (16). The activation of the NLRP3 inflammasome contributes to aldosterone-induced podocyte injury, yet studies indicate that its targeted silencing can substantially reduce the severity of such damage. This finding underscores the potential therapeutic role of NLRP3 inhibition in conditions characterized by aldosterone-mediated damage to podocytes (17). More recently, researchers have uncovered the significance of the Cyclic GMP-AMP synthase (cGAS) - Stimulator of interferon genes (STING) axis in podocyte innate immunity (18). cGAS serves as a PRR and is a key sensor of cytosolic Deoxyribonucleic acid (DNA) (19). It can catalyze the production of the second messenger 2’3’-cyclic GMP-AMP (cGAMP), which binds to STING, activates TANK binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3), ultimately leading to the production of type I interferons (20). Upon activation, the cGAS-STING pathway triggers apoptosis or autophagy-mediated death in podocytes. This event initiates proteinuria and expedites the loss of podocytes (21). Consequently, these chain reactions contribute significantly to the acceleration of the development and the progression of glomerular diseases. The cGAS-STING pathway is a critical innate immune pathway that senses cytosolic DNA, contributing to antiviral immunity and inflammatory responses. High-mobility group box 1 (HMGB1), a nuclear protein that is overexpressed in podocytes, becomes actively secreted or passively released into the extracellular milieu following cellular damage (22). Upon its release, HMGB1 interacts with various receptors, notably the Receptor for Advanced Glycation End products (RAGE) and TLR4, which subsequently triggers podocyte apoptosis and promotes epithelial-mesenchymal transition (EMT)—processes that compromise podocyte integrity and function (23, 24). Therapeutic strategies that interrupt the HMGB1-receptor signaling axis have demonstrated potential in ameliorating podocyte injury, consequently enhancing the integrity of the glomerular filtration barrier (25). This avenue represents a promising therapeutic target for ameliorating the progression of CKD (Figure 1).




Figure 1 | Schematic diagram of innate immunity in podocytes. This figure illustrates the role of TLR, NLRP3, and cGAS-STING signaling pathways in podocyte innate immunity. (A) Intracellular TLR signaling pathway: TLR, a pattern recognition receptor, can identify pathogen-related molecular patterns (PAMPs) and damage-related molecular patterns (DAMPs) within and outside cells, such as lipopolysaccharides (LPS). Upon TLR activation, downstream signaling molecules, including IRF3, IRF7, NF-κB, among others, are stimulated through various adapter proteins like MyD88, TRIF, etc., leading to the expression of antiviral and inflammatory genes. (B) NLRP3 Inflammasome activation: NLRP3, a member of the NOD-like receptor (NLR) family, is capable of recognizing intracellular PAMPs and DAMPS. Following NLRP3 activation, it assembles an inflammasome complex with ASC and Caspase-1, thereby triggering Caspase-1 activity and facilitating the maturation and secretion of IL-1β. (C) CGAS-STING signal pathway: CGAS, a cyclic GMP-AMP synthase, can detect DNA within cells. Upon eGAS binding to DNA, it synthesizes cyclic GMP-AMP (cGAMP) as a second messenger, which activates the STING protein. The STING protein subsequently triggers downstream signaling molecules like TBK1 and IRF3, leading to the expression of antiviral and inflammatory genes. HMGB1, High mobility group box-1 protein; LPS, Lipopolysaccharide; TIRAP, Toll-interleukin Receptor domain-containing adaptor protein; MyD88, Myeloid Differentiation Factor 88; MAPK, mitogen-activated protein kinases; AP1, activator protein-1; NF-κB, Nuclear factor kappa-B; IRF3, Interferon regulatory Factor 3; IRF7, Interferon regulatory Factor 7; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; NLRP3, NOD-like receptor thermal protein domain associated protein 3; Nek7, never in mitosis gene a-related kinase 7; ASC, apoptosis-associated speck-like protein containing a CARD domain; CGAS, cyclic guanosine monophosphate-adenosine monophosphate synthase; TBK1, TANK-binding kinase 1; STING, Stimulator of interferon genes; By Figdraw (www.figdraw.com).






2.2 Adaptive immune responses in podocytes

In addition to their role in innate immunity, podocytes also participate in adaptive immune responses (26). Podocytes have the capacity to express major histocompatibility complex (MHC) class I and II antigens, which can respectively activate CD8+ and CD4+ T cells (27, 28). CD4+ T cells are involved in activating innate immune cells, B-lymphocytes, cytotoxic T cells, as well as nonimmune cells by secreting cytokines (29). On the other hand, CD8+ T cells exert specific cytotoxic effects, aiding in the body’s defense against pathogens and tumor cells (30). The activation of T cells relies on a two-signal process: the first signal involves the binding of MHC antigens to the T cell receptor (TCR), and the second signal entails the interaction between a co-stimulatory molecule and its ligand. Remarkably, podocytes can express B7-1 (CD80), which is a T cell co-stimulatory molecule that binds to CD28 on T cells, resulting in the generation of a positive synergistic stimulation signal. B7-1/CD80 is associated with B cells and antigen-presenting cells (APCs), and it can augment T cell responses to antigens presented by MHC class I/II (31). In contrast, B7-2 (CD86) is another co-stimulatory molecule found on B cells and APCs, which can also bind to CD28 (32) (Figure 2). These findings underscore the specific role of podocytes in adaptive immune regulation, which may have a significant impact on renal inflammation and injury. The complement system, an important integral component of innate and adaptive immune responses, has gained increasing attention in understanding the underlying pathogenesis of glomerular diseases. With a better understanding of the complement system and its role in glomerular diseases, treatments targeting complement activation are being explored for various glomerular conditions. Abnormal activation of the complement system is implicated in causing podocyte injury through multiple pathways. This involvement includes the production of reactive oxygen species (ROS), stimulation of cytokine release, and induction of endoplasmic reticulum stress. Collectively, these biochemical events compromise cytoskeletal stability, leading to podocyte detachment from the GBM and initiating the development of proteinuria (33). Studies investigating primary membranous nephropathy have demonstrated the critical involvement of the C3a/C3aR pathway in podocyte injury, noting that increased levels of plasma C3a and glomerular C3aR are associated with disease progression and serve as predictive indicators for patient prognosis (34). Podocytes serve a dual role in the narrative of complement-mediated damage: they are not only a target but also a source of complement system activation (35). Podocytes employ multiple defense mechanisms, including the expression of regulatory proteins like complement factor H and surface regulators such as CD46, CD55, and CD59, as well as processes like autophagy and actin-mediated endocytosis, to protect against and maintain homeostasis in the face of complement-induced damage (36). The interplay between the complement system and podocyte damage is intricate and comprises multiple dimensions. Elucidating the nuances of this relationship is pivotal for the innovation of therapeutic approaches aimed at treating conditions linked to podocyte damage (Table 1) (Figure 3).




Figure 2 | Adaptive immunity of T cells in podocytes. (A) Interaction of podocytes with CD4 T Cells: Podocytes express B7-1 and MHC II molecules, facilitating interactions with CD4 T cells and promoting glomerular inflammatory responses. (B) Interaction of podocytes with CD8 T Cells: Podocytes express B7-1 and MHC I molecules, enabling interactions with CD8 T cells and promoting glomerular inflammatory responses. MHC, major histocompatibility (www.figdraw.com). complex; By Figdraw.




Table 1 | The role of immunity in podocyte injury.






Figure 3 | The role of complement system in podocyte immunity. Diagrammatic representation of complement system pathways and their involvement in podocyte immunity, highlighting the classical, lectin, and alternative pathways leading to pathogen lysis and immune cell recruitment. By Figdraw (www.figdraw.com).







3 Crosstalk between podocytes and other cells in the glomerulus

Cellular crosstalk is a fundamental process of intercellular signaling and interaction that exerts a significant influence on the behavior and function of various cells. This dynamic communication can occur between identical cell types or across different cell types (45). The interaction between other cells in the glomerulus and podocytes is critical in the development of glomerular diseases.Research has demonstrated a correlation between mitochondrial oxidative stress in glomerular endothelial cells and an increased expression of Endothelin-1 (Edn1) along with its receptor, Endothelin-1 receptor A (Ednra) (46). Targeted attenuation of mitochondrial oxidative stress or the disruption of the Edn1/Ednra signaling cascade has been shown to effectively ameliorate damage to glomerular endothelial cells, reduce the depletion of podocytes, decrease proteinuria levels, and attenuate the progression of glomerulosclerosis in D2 mice (47).

Vascular endothelial growth factor A (VEGF-A) and angiopoietin 1 (Ang-1) secreted by podocytes serve as protective factors that uphold the integrity and stability of endothelial cells by binding to receptors on the endothelial cells (48–50), Nevertheless, both the overexpression and deficiency of VEGF-A can lead to endothelial cell injury and proteinuria (51). Angiopoietin 2 (Ang2), primarily produced by glomerular endothelial cells, exhibits an antagonistic effect. It competitively inhibits the activation of the Tie2 receptor by Ang1, thereby increasing endothelial cell apoptosis and permeability (47). Additionally, vascular endothelial growth factor B (VEGF-B) secreted by podocytes acts as a pathogenic factor, fostering lipid accumulation and lipotoxicity, damaging the endothelial cell surface, and inducing proteinuria by binding to receptors on the endothelial cells (52).

Glomerular endothelial cells secrete endothelin-1 (ET-1), a vasoconstrictive peptide with multifaceted effects. ET-1 exerts diverse physiological and pathophysiological roles by binding to ETAR or ETBR on the surface of endothelial cells, mesangial cells, or surrounding cells (53). While ETAR primarily mediates vasoconstriction, cell proliferation, fibrosis, podocyte injury, and inflammatory response (54), ETBR predominantly mediates vasodilation, anti-proliferation, and anti-fibrosis, thereby exerting a protective effect (55). These crosstalk mechanisms significantly contribute to the regulatory processes involved in glomerular injury and repair.

Furthermore, the transforming growth factor β (TGF-β) released by podocytes activates various downstream signals within the Smad signaling pathway by binding to distinct receptors. This activation promotes mesangial cell proliferation, differentiation, and matrix deposition, influencing the phenotype and function of endothelial cells, mesangial cells, and podocytes themselves, ultimately leading to glomerular fibrosis (56). Exosomes, small extracellular vesicles, possess the capability to transport numerous molecular components, including proteins, lipids, DNA, miRNA, and lncRNA (57). Recent evidence has shed light on the role of exosomes in compromising the structural integrity of glomeruli, renal tubules, and renal interstitium. Under hyperglycemic conditions, mesangial cell-derived exosomes can potentially alter the functionality of podocytes through the delivery of TGF-β1, thereby contributing to the pathogenesis of diabetic nephropathy (58, 59).

Cytokines, such as TNF-α and TGF-β, secreted by mesangial cells, are known to reduce the expression of podocyte-associated proteins, including nephrin and podocin. This reduction weakens or disrupts junctions within the slit diaphragm, subsequently increasing the permeability of the glomerular filtration membrane. Consequently, proteinuria and impaired renal function ensue (60). This mechanism may partially elucidate the pathogenesis of FSGS.

The interplay between podocytes and other cells in glomeruli, as well as among podocytes themselves, plays a critical role in the pathogenesis of various kidney diseases, including glomerulonephritis, FSGS, and LN. This intricate process involves the complex interaction and regulation of various cytokines and receptors, ultimately contributing to the progression of glomerular damage and dysfunction. Understanding the molecular mechanisms underlying these crosstalks is instrumental in deciphering the pathogenesis of kidney diseases and serves as a foundation for the development of novel therapeutic strategies aimed at preserving glomerular function and ameliorating the progression of proteinuric glomerular diseases.




4 Common proteinuric glomerular diseases associated with immune responses in podocytes



4.1 Minimal change disease

MCD is the predominant type of nephrotic syndrome in children and adolescents. However, in adults, MCD accounts for a smaller proportion, approximately 10% to 16% of nephrotic syndrome cases (61). Clinically, MCD is characterized by massive proteinuria, hypoalbuminemia, edema, and dyslipidemia. Kidney biopsy typically reveals predominantly normal glomeruli under light microscopy, with the only notable finding being the diffuse disappearance of podocyte foot processes observed under transmission electron microscopy (62). Although the precise pathogenesis of MCD remains elusive, numerous research findings suggest its association with immune system dysregulation.

Traditionally, it has been postulated that MCD is mediated by certain unidentified circulating factors, possibly released by T cells, which target podocytes directly, leading to their dysfunction and consequent proteinuria (63). Evidence indicates that the circulating factors responsible for MCD may include specific cytokines, primarily belonging to the T helper 2 cell (Th2) subgroup, such as interleukin-13 (IL-13), interleukin-8 (IL-8), interleukin-4 (IL-4), among others (64–67). On one hand, T cell effector factors serve as the source of the aforementioned pro-inflammatory cytokines and others, which can directly or indirectly impair podocytes, resulting in proteinuria. On the other hand, regulatory T cells (Treg cells) maintain immune balance by binding to CD80 on antigen-presenting cells (APCs) through the expression of Cytotoxic T lymphocyte associate protein-4 (CTLA-4) (68). The reduced number and function of Treg cells in MCD patients may lead to immune dysregulation and an inflammatory response (69). Additionally, MCD has been associated with certain Treg cell-related genetic or acquired immune deficiency syndromes (70).

While much of the research on MCD has traditionally focused on T cell-related cytokines, recent studies have shed light on the involvement of B cells and specific autoantibodies, such as those targeting nephrin, a critical podocyte protein (71). The role of B cells in MCD pathogenesis has gained increased attention in recent years, particularly following the use of rituximab (RTX), a monoclonal antibody targeting the pan-B-cell marker CD20, which has shown efficacy in reducing recurrence rates (72, 73). In the process of antibody synthesis, B cells are capable of exerting a direct impact on the structural integrity and functional capacities of podocytes through the release of particular cytokines. Additionally, B cells can modulate T cell responses, thereby contributing to the pathogenesis of diseases. This dual capacity underscores the complex and integral participation of B cells in disease pathology, extending their influence beyond the classical role of antibody generation (74). Some studies suggest that B cells may contribute to MCD development by promoting T cell responses or producing autoantibodies. For instance, elevated levels of B cell-activating factor in the serum of MCD patients have been observed, which may drive T cell activation in MCD (75). Research has also revealed increased levels of T cells bearing immunoglobulin M (IgM) on their surface in patients with idiopathic nephrotic syndrome (INS) who exhibit poor treatment responses. In vitro experiments have demonstrated that these T cells can induce rearrangement of the podocyte cytoskeleton, indicating that the interplay between B cells and T cells may play a crucial role in MCD pathogenesis (76). Furthermore, IgM can trigger the classical complement activation pathway in the glomeruli of INS patients (77). These studies suggest that B cells may contribute to MCD through various mechanisms, but further research is required to elucidate their exact roles. In addition, certain autoantibodies have been considered mediators of MCD. Studies have shown that around 50% of children with relapsing hormone-sensitive nephrotic syndrome have elevated plasma anti-UCHL1 (ubiquitin C-terminal hydrolase-L1) antibody levels. However, in adult MCD patients, no elevation of anti-UCHL1 antibody levels was observed (78). This suggests the existence of different immune mechanisms in children and adults with MCD.

In summary, the pathogenesis of MCD involves complex interactions among the immune system, glomerular cells, and genetics, with multiple potential pathogenic factors and mechanisms at play. MCD is not a straightforward immune or podocyte disease. Heterogeneity and the absence of reliable animal models pose challenges to our understanding of MCD. Therefore, future research should focus on developing new experimental models, screening for new autoantibodies, and improving our understanding of cell-cell interactions in this disease.




4.2 Focal segmental glomerulosclerosis

FSGS is a group of glomerular lesions that were once considered to have a low incidence but have shown a gradual increase in global prevalence in recent decades. Reports suggest that the annual incidence of FSGS ranges from 0.2 to 1.8 cases per 100,000 people (79). Histopathologically, FSGS is characterized by partial sclerosis of some glomeruli, with each affected glomerulus showing only segmental involvement. Clinically, FSGS commonly presents as proteinuria, nephrotic syndrome, with or without kidney function impairment (80). While the precise mechanisms underlying the development of FSGS remain incompletely understood, emerging evidence suggests significant involvement of the immune system in the pathogenesis, with podocyte injury considered to be at the core of the disease.

FSGS has been linked to various immune-related factors, including infections, tumors, drugs, and genetic mutations, which can impact the structure and function of podocytes, leading to proteinuria and a decline in kidney function (81–85). T cells, a crucial component of the adaptive immune system, secrete various cytokines that regulate glomerular permeability and inflammatory responses. As early as 1974, Shalhoub proposed the hypothesis that FSGS is a T-cell-mediated disease (86). Subsequent research has identified abnormalities in different subtypes and functional states of T cells in FSGS patients. Some studies have reported a progressive decrease in the relative numbers of CD4 and CD8 T cells with disease progression (87). Reports have also demonstrated an increase in Th17 cells and a decrease in Treg cells among CD4 T cells in some adult patients with INS (88). Furthermore, various observations have associated the levels of certain cytokines secreted by T cells with glomerulosclerosis in FSGS patients. For example, interleukin-17 (IL-17), produced by the Th17 subgroup, has been linked to glomerulosclerosis in FSGS patients (89). Other studies have revealed that FSGS is related to the activation of the tumor necrosis factor-α (TNF-α) pathway in podocytes (90, 91). These cytokines may induce morphological changes, dedifferentiation, and apoptosis in podocytes by directly or indirectly affecting them. Podocytes express various TLRs involved in innate immunity, capable of activating signaling pathways that lead to morphological changes in podocytes and induce the expression of chemokines (92, 93). Moreover, TLR signaling can enhance the expression of CD80 on podocytes, a molecule that stimulates T cells (93, 94). Therefore, TLRs may also modulate the interaction between podocytes and T cells.

B cells are another crucial component of the adaptive immune system, primarily responsible for mediating humoral immune responses through the production of antibodies. Additionally, they perform various other immune functions. B cells function as efficient APCs, processing and presenting antigens to T cells, thereby activating T cell responses to antigens. Moreover, B cells secrete various cytokines, including both pro-inflammatory and anti-inflammatory factors, to regulate the balance of immune responses (95). While FSGS is not typically considered a typical immune complex-mediated disease, increasing evidence suggests that B cells also play a significant role in FSGS. Several potential autoantigens and antibodies associated with B cells have been identified in FSGS. For instance, annexin A2, a protein involved in apoptosis and signal transduction, has been identified as a potential autoantigen through mass spectrometry analysis (96). Another study found that 29% of INS patients had anti-nephrin immunoglobulin G (IgG) antibodies in their plasma, which decreased with treatment and disappeared in patients with complete remission (97). A recent report by Dr. Hattori and colleagues showed that circulating anti-nephrin autoantibodies detected in plasma samples from a recurrent FSGS patient after kidney transplantation results in the tyrosine phosphorylation of nephrin, leading to alterations in nephrin distribution and podocyte foot process effacement. It was indicated that circulating anti-nephrin autoantibodies could be a possible pathogenic candidate for circulating factors in the posttransplant recurrence of primary FSGS (97). Furthermore, there is evidence indicating a higher frequency of the human leukocyte antigen (HLA)-A30 antigen in primary FSGS patients, with HLA-A30 being associated with FSGS recurrence (98).

The Src homology 3 domain-binding protein 2 (SH3BP2) is an adaptor protein ubiquitously expressed in immune cells, governing signaling pathways within the cell (99). Kidney biopsy samples from patients with these conditions consistently exhibit upregulation of the SH3BP2 signaling complex, suggesting its potential involvement in immune activation—a prominent feature of these podocytopathies (100). Research led by Tarak Srivastava and colleagues, using murine models, has further underscored the significance of SH3BP2 in podocyte injury. Transgenic mice with induced mutations in the SH3BP2 gene displayed features indicative of podocyte dysfunction, including elevated urinary albumin levels, a decrease in serum albumin, and an increase in mesangial cell proliferation (100). Collectively, these findings position SH3BP2 and its associated proteins at the forefront of immunological processes that contribute to podocyte injury.

Despite the unclear pathogenesis of FSGS, comprehensively studying the structure and function of proteins related to podocytes, as well as the mechanisms underlying podocyte injury in FSGS, offers essential insights for deciphering its pathophysiology. These investigations could reveal novel avenues for clinical treatment, potentially resulting in the effective reduction or deceleration of the glomerulosclerosis process and postponing the onset of end-stage kidney failure.




4.3 Primary membranous nephropathy

Membranous nephropathy (MN) is a common kidney disease affecting individuals across different age groups, particularly adults. Pathologically, it involves the deposition of immune complexes on the outer side of the GBM located beneath the podocyte, accompanied by diffuse GBM thickening. Approximately 20% to 30% of MN cases are associated with secondary factors such as systemic autoimmune diseases, infections, drugs, malignancy, or hematopoietic stem cell transplantation, known as secondary MN. In cases where no clear causal relationship or recognizable systemic disease, infection, or drug exposure is identified, the condition is termed primary membranous nephropathy (pMN), often perceived as a kidney-specific autoimmune disease (101, 102). pMN is the most common cause of primary nephrotic syndrome in non-diabetic patients, accounting for approximately 30% of adult non-diabetic nephrotic syndrome cases. It is characterized by massive proteinuria, hypoalbuminemia, dyslipidemia, and edema, while a small number of patients present with asymptomatic proteinuria (103). The typical microscopic pathological features of pMN include GBM thickening, podocyte foot process effacement, and spike-like electron-dense deposits under the glomerular podocytes. Immunofluorescence analysis typically shows granular deposits of IgG and C3 along the capillary wall, with IgG4 being the dominant IgG subtype in pMN (104).

The pathogenesis of pMN is not yet fully elucidated. According to the classical theory, antigens on the podocytes bind to specific antibodies, forming in situ immune complexes that deposit at the GBM. This deposition activates complement and creates membrane attack complexes, leading to damage to the glomerular filtration barrier and subsequent proteinuria (105). Recent progress in understanding the pathogenesis of pMN has been driven by the discovery of two key podocyte antigens: phospholipase A2 receptor (PLA2R) and thrombospondin type-1 domain-containing 7A (THSD7A), which serve as antibody markers in 70% and 2-3% of pMN patients, respectively (106). Animal models have validated the pathogenicity of human PLA2R and THSD7A antibodies. Both PLA2R and THSD7A are transmembrane proteins expressed by podocytes that can bind to circulating IgG4 subtype autoantibodies, forming subepithelial immune complexes (107, 108). Tomas NM and colleagues engineered a transgenic mouse model that specifically expresses human phospholipase A2 receptor 1 (hPLA2R1) in podocytes. These mice spontaneously generate antibodies against hPLA2R1, resulting in the development of nephrotic syndrome and demonstrating classical histological features of MN (109). This rodent model faithfully recapitulates key aspects of human MN, providing a valuable tool for probing the pathophysiological underpinnings of the disease and for the assessment of targeted therapeutic interventions. Additionally, several other podocyte-intrinsic antigens, such as high-temperature requirement A1 (HTRA1), netrin G1 (NTNG1), contactin-1 (CNTN1), and Semaphorin 3B (SEMA3B), have been identified, although the pathogenicity of these antigens in MN remains to be confirmed (110–113).

Furthermore, some potential antigens that are not expressed by podocytes have been associated with pMN. Studies have shown that certain pMN cases are linked to the accumulation of exostosin glycosyltransferase 1 (EXT1) and exostosin glycosyltransferase 2 (EXT2). In a study of 48 PLA2R-negative pMN cases, EXT1 and EXT2 were detected in 21 of them but not in PLA2R-related pMN cases or control cases (114). Additionally, a mass spectrometry study conducted on 126 PLA2R-negative MN cases revealed that 29 cases were positive for neural epidermal growth factor-like 1 protein (NELL-1) (115). The clinical and kidney biopsy results of NELL-1-positive MN exhibited characteristics of pMN. In 5.7% of PLA2R-negative pMN cases, a unique protein called protocadherin 7 (PCDH7) was detected, and notably, all other antigens were negative in these cases (116). PCDH7-associated pMN appears to be a distinct, previously unidentified type of MN. Additionally, researchers have identified a novel antigen, neural cell adhesion molecule 1 (NCAM1), in rare pMN cases, with a prevalence of 2.0% in pMN cases (117). These antigens may be neo- or allo-antigens that deposit in the subepithelial space and bind to IgG1 or IgG3 subtype autoantibodies. The mechanism of action of these antigens in MN is unclear, and their potential associations with other diseases remain uncertain (102).

The pathogenesis of pMN is highly complex and results from the interaction of multiple factors. As our understanding of the molecular structure and gene loci of target antigens continues to grow, different target antigens and gene loci may provide new insights for the diagnosis and treatment of this disease. Further exploration of the mechanism of podocyte immunity in MN and the discovery of more effective and safe therapeutic targets are crucial directions for future pMN research.




4.4 Lupus nephritis with podocyte injury

Systemic lupus erythematosus (SLE) is a complex autoimmune disease that affects multiple systems and organs throughout the body. It’s estimated that up to 40% of SLE patients will develop lupus nephritis (LN) (118). LN is a common and serious complication of SLE, significantly impacting the long-term prognosis of patients. The hallmark histopathological feature of LN is the deposition of immune complexes and inflammatory reactions in the kidneys. This ultimately leads to the destruction of kidney parenchyma and a clinical decline in kidney function (119). The most internationally recognized pathological classification of LN is the 2003 classification of lupus nephritis by the International Society of Nephrology (ISN) and the Renal Pathology Society (RPS), which divides LN into types I-VI (120). However, this classification system does not encompass all types of LN pathology. Some LN patients may have kidney biopsy results that do not align with their clinical manifestations, such as having massive proteinuria with relatively normal glomeruli or only mild glomerular mesangial proliferation. These patients may have a unique subtype of LN known as LN with podocyte lesions (119).

The pathogenesis of LN is not completely understood, but the prevailing view is that LN is characterized by the deposition of immune complexes (IC) formed by various autoantibodies, such as anti-double-stranded DNA (ds-DNA) antibodies and antigens. Infiltration of inflammatory cells occurs, with podocytes being one of the primary targets of IC attacks (121). Anti-dsDNA antibodies can recognize various DNA structures and also cross-react with various non-DNA molecules present in the renal matrix or on the surfaces of endogenous renal cells, such as α-actinin, annexin II, collagen III/IV, and others (122–124). Additionally, the degree of glycosylation of anti-dsDNA antibodies can affect their pathogenicity, with α-2,6-sialylation attenuating their effects and fructosylation exacerbating their nephritogenic activity (125). The deposition of IC can activate the complement system, leading to the production of various complement components, such as C3, C4, C5a, and more. These complement components can attract and activate inflammatory cells like neutrophils, monocytes, and macrophages, which in turn release podocyte-toxic substances, resulting in direct damage or apoptosis of podocytes (126). An alternative hypothesis posits that the interplay of podocytes and TLRs could be a contributing factor in the pathogenesis of LN. The overexpression of TLR8 and TLR9 plays a key role in stimulating the NF-κB pathway, which results in the generation of specific inflammatory cytokines, namely IL1b, IL6, IFN-g, and TNF-α (127). This, in turn, intensifies the inflammatory response and contributes to glomerular damage. Significantly, an increase in TLR9 expression has been robustly associated with podocyte impairment. This is evident in the decline in podocyte numbers, loss of foot processes, and emergence of microvillous protrusions, along with the thickening and subsequent wrinkling of the basal membrane (14).

Recent research has revealed that, in addition to the involvement of relevant aberrant autoantibodies in antigen-antibody reactions contributing to the pathogenesis of LN, renal cells actively participate in the inflammation and immune response of LN. Kidneys harbor tertiary lymphoid structures (TLSs), resembling lymph node-like structures housing immune cells such as T cells, B cells, dendritic cells, macrophages, and more. TLSs serve as local immunity structures that promote adaptive immunity; their unencapsulated structure enables direct exposure to diverse stimuli from an inflamed environment, including CKD. These immune cells proliferate, differentiate, activate, and form memory within TLSs, actively engaging in the production of autoantibodies and pro-inflammatory factors, ultimately causing kidney tissue damage. Functional characterization of TLSs in CKD and the development of interventions to regulate kidney TLSs potentially lead to promising therapeutic avenues (128, 129). Notably, the preferential expression of TCR Vβ gene expression in intrarenal T cells, driven by antigen stimulation compared to peripheral blood lymphocytes, and the high expression of IL-4 and IL-10 on intrarenal T cells from LN patients, suggest that intrarenal T cells potentially play a critical role in the pathogenesis of LN (130). Furthermore, CD8+ T cells can induce podocyte injury, directly or indirectly, leading to crescent formation (131). Macrophages play a pivotal role in the pathogenesis of LN by mediating impaired kidney repair mechanisms in lupus-susceptible mice. Studies have revealed that these aberrant macrophages facilitate suboptimal kidney repair, precipitating the onset of LN in such mice (132). Similarly, dendritic cells, renowned as the most powerful APCs, are integral to bridging innate and adaptive immunity. Their role in engulfing apoptotic blebs followed by the promotion of Th17 cell differentiation is pivotal, leading to the maladaptive immune responses and the breakdown of self-tolerance that are hallmarks of SLE (133). Furthermore, podocytes are not only structural components of the glomerulus but also actively contribute to immune responses. These cells have been increasingly recognized for their significant role in the pathogenic mechanisms underlying LN. Dysregulated autophagy in podocytes is posited to be a contributory factor in the pathogenesis of SLE (134). Observations indicate that LN stimulates Cyclooxygenase-2(COX-2) in the endoplasmic reticulum stress pathway and activates Activating Transcription Factor 4(ATF4) in podocytes, while inhibition of COX-2 reduces LN-induced autophagy in these cells, highlighting COX-2 as a viable therapeutic target for LN (135). TLR9 has been identified as playing a significant role in the pathophysiology of LN, evidenced by its substantial up-regulation within glomerular structures (136). The interaction between TLR9 and IgG originating from patients is a critical aspect of the disease mechanism. These IgG molecules infiltrate podocytes, eliciting an enhanced expression of calcium/calmodulin-dependent protein kinase IV (CaMK4) (32). This increase in CaMK4 expression subsequently leads to the up-regulation of genes involved in podocyte damage and T-cell activation (137). Moreover, there is a discernible expression and activation of Nod-like receptor protein 3 (NLRP3) inflammasomes within the podocytes in instances of LN, as observed in lupus-susceptible murine models (38). Importantly, the pharmacological inhibition of the NLRP3 inflammasome has been shown to mitigate proteinuria and diminish both the histological deterioration of kidney tissue and the effacement of podocyte foot processes (138). These findings suggest that the activation of NLRP3 plays a crucial role in the advancement of podocyte injury and the ensuing proteinuria, comprising a significant aspect of the pathogenesis of LN.

In recent years, significant progress has been made in understanding the pathogenesis, diagnosis, and treatment of podocyte immune injury in LN. However, there is still a significant research agenda focused on exploring various pathogenic mechanisms and identifying biomarkers associated with this condition. Current research aims to uncover new diagnostic methods and biomarkers to gain a deeper understanding of the underlying processes causing podocyte immune injury in LN. Moreover, identifying potential therapeutic targets is crucial for the development of more effective treatments for this severe complication of SLE.





5 Therapeutic strategies targeting immunity in podocyte injury



5.1 Current standard therapies for podocyte-related proteinuric glomerular diseases

The clinical manifestations of podocyte-related kidney diseases often present as proteinuria. Most of the diseases are widely acknowledged as immune-mediated kidney disorders. As a result, the standard approach to treating proteinuric glomerular kidney diseases associated with podocyte injury primarily revolves around reducing proteinuria and moderating hyperactive immune responses through the application of immunosuppressive therapy (139). Aside from the commonly used drugs like renin-angiotensin-aldosterone inhibitors, sodium-glucose cotransporter-1 inhibitors, glucagon-like peptide-1 agonists, and mineralocorticoid receptor antagonists, which reduce proteinuria and protect kidney functions through non-immunological mechanisms of action (140), we will focus on the immune-related drugs for podocyte-related proteinuric kidney diseases below.



5.1.1 Immunosuppressive drugs

Glucocorticoids (GCs) have been the mainstay in the treatment of podocyte-related proteinuric kidney diseases for several decades (141). These agents primarily exert their effects by binding to the glucocorticoid receptor (GR) in podocytes, thereby modulating gene expression and influencing the structure and function of these cells (142). For instance, GCs are capable of suppressing the secretion of various pro-inflammatory cytokines, such as interleukins (IL), TGF-β, and tumor necrosis factor (TNF), thereby attenuating the inflammatory response in the glomerulus (143). Furthermore, GCs activate the gene promoter of nephrin, a critical protein in the kidney’s slit diaphragm, thereby facilitating its proper glycosylation and phosphorylation, and reinforcing its connection with the actin cytoskeleton, ultimately maintaining the integrity and stability of the slit diaphragm (144–147). The KDIGO (Kidney Disease: Improving Global Outcomes) 2012 guidelines classified nephrotic syndrome into different types based on the response to glucocorticoid therapy, namely, glucocorticoid-sensitive and glucocorticoid-resistant nephrotic syndrome (148). It has been observed that oral glucocorticoid therapy in children with nephrotic syndrome may encounter issues of resistance, with approximately 50% of affected children eventually progressing to end-stage kidney disease if unresponsive after five years of treatment (149). Consequently, the implementation of specific immunosuppressive therapies, including drugs such as cyclophosphamide, has become necessary (150). The combination of alkylating agents with steroids has demonstrated high efficacy in managing high-risk podocyte-associated proteinuric kidney diseases such as MN (151). Studies have indicated the effectiveness of the combination of cyclophosphamide with prednisone for various high-risk MN patients (152). Research indicates that high-dose cyclophosphamide suppresses CD103+ dendritic cells in a rat model, resulting in changes in their frequency, surface molecule expression, and antigen-capturing ability. This alteration enhances CD4+ T cell activation, modulates the TLR/MyD88/MAPK pathway, and results in increased Treg levels while reducing Th1/Th2 differentiation and Th17 generation (153). In a ten-year multicenter retrospective study involving 752 pMN patients, cyclophosphamide demonstrated superior performance compared to calcineurin inhibitors. Cyclophosphamide showed statistically significant improvements in treatment response, kidney function preservation, and a lower recurrence rate (154). Despite the fact that calcineurin inhibitors are less effective compared to cyclophosphamide in the management of PMN, they maintain a crucial role in the treatment of podocyte immunological injury.

Calcineurin inhibitors, such as cyclosporine A, tacrolimus, and voclosporin, belong to a class of immunosuppressants that inhibit T cell activation and regulate the Th17 immune response, thereby modulating the occurrence and development of podocyte-related proteinuric kidney diseases (155, 156). Cyclosporine A is of vital importance for the stabilization and protection of podocytes. Evidence has shown that it directly stabilizes the actin cytoskeleton in podocytes, thus helping to maintain the integrity of the glomerular filtration barrier, which is essential for proper podocyte functioning (157). Moreover, research has revealed that Cyclosporine A indirectly safeguards podocytes by regulating the phosphorylation of proteins implicated in the control of actin dynamics, such as WAVE1 (158), and by stabilizing the expression of cofilin-1 (159). Furthermore, Cyclosporine A has proven to be efficacious in addressing specific genetic podocyte damage (160). Tacrolimus is a substance that has been conclusively shown to offer protection to podocytes via mechanisms that include cytoskeleton stabilization, cell apoptosis inhibition, and damage repair (161). Various rodent models of kidney injury have highlighted the ability of Tacrolimus to rejuvenate impaired podocytes and maintain the expression level of Calcineurin Binding Protein 1 (Cabin1) (162, 163). In the context of diabetic nephropathy, Tacrolimus confers protection to podocytes from apoptotic death through downregulating Transient Receptor Potential Channel 6 (TRPC6) (164). Moreover, Tacrolimus aids in mitigating podocytic injury by reinstating FK506 Binding Protein 12 (FKBP12) on the actin cytoskeleton (165). Despite the rapid reduction in proteinuria in pMN upon treatment with calcineurin inhibitors, their long-term effects tend to be unstable, leading to relapses upon discontinuation, and are associated with certain toxic side effects (166). Therefore, the KDIGO 2021 guidelines suggest the use of calcineurin inhibitors in patients with normal kidney function and a moderate risk of disease progression to shorten the duration of proteinuria (139). Voclosporin, a newly developed calcineurin inhibitor, has been licensed in a multitude of countries for the management of lupus nephritis (167). Besides its recognized T-cell immunosuppressive capabilities, Voclosporin serves a dual role in the stabilization of podocytes and exhibiting anti-proteinuric traits. Empirical evidence suggests its superior efficacy in proteinuria reduction, outpacing both cyclosporine A and Tacrolimus (168).

While mycophenolate mofetil (MMF) is well-established as an immunosuppressant for renal immune diseases, the intricacies of its mechanistic effect on podocytes remain to be fully elucidated. Nevertheless, several lines of research provide intriguing insights into potential modes of action. It has been suggested that one facet of MMF’s protective effect against podocyte injury could be attributed to its role in restoring the integrity of the cytoskeletal axis of actin filaments (169, 170). Furthermore, experiments utilizing diabetic mouse models treated with MMF showed a notable reduction in the number of infiltrated CD4 and CD8 T cells within the kidneys. More interestingly, the previous downward trajectory of nephrin and WT1 expression in the glomeruli appeared to be successfully arrested and reversed (171).

While immunosuppressive drugs primarily target immune-mediated glomerular diseases, their use may lead to serious side effects, especially after prolonged use, such as infections, osteoporosis, and hypertension. Moreover, these drugs may not be effective or have limited efficacy in some non-immune proteinuric glomerular diseases, including genetic or metabolic glomerular diseases. Consequently, the development of novel drugs to manage various types of podocyte immune injury is urgently needed.




5.1.2 Biological agents

In recent years, our understanding of the molecular mechanisms and immune targets involved in podocyte injury has advanced, leading to the continuous exploration and development of novel immune-targeted therapeutic strategies (Table 2). Biologic agents have emerged as a pivotal treatment option for immune-related diseases and hold significant promise for addressing podocyte-related conditions. RTX, a human-mouse chimeric CD20 monoclonal antibody, disrupts the interaction between B cells and T cells by specifically binding to CD20, inducing CD20+ B cell depletion through antibody-dependent and complement-dependent cytotoxic effects (186, 187). In podocytes, RTX also plays a protective role by preserving the actin cytoskeleton, preventing the downregulation of SMPDL-3b, and inhibiting actin cytoskeleton remodeling, ultimately reducing proteinuria (188). A combined treatment approach involving RTX, initial short-term low-dose oral cyclophosphamide, and a rapid tapering of prednisone has shown encouraging results. After a follow-up period of 25 to 62 months for 60 patients with pMN receiving this combined treatment, the study by Zonozi et al. reported that 100% of patients achieved partial remission, with 90% achieving lasting complete remission, while maintaining an acceptable safety profile (189). Ofatumumab (OFA), a new generation of anti-CD20 IgG1κ human monoclonal antibodies, offers an excellent alternative for patients resistant to or sensitized against RTX. OFA is a well-tolerated and safe treatment with longer intervals between doses, which can effectively replace RTX (190). Some studies even suggest that low-dose OFA can induce remission of proteinuria in children with long-term treatment-resistant INS (191). RTX can also be used in combination with calcineurin inhibitors to enhance therapeutic efficacy (192).


Table 2 | Commonly used immunotherapy drugs for podocyte-related proteinuric kidney disease.



Abatacept, categorized as an immunomodulatory drug, is formed by fusing cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), a surface protein, with the Fc segment of human immunoglobulin. External factors like viral infections and Treg function can impact the expression of B7-1 (CD80) on podocytes, potentially causing podocyte cytoskeletal disarray and severe proteinuria (193). CTLA-4, a critical co-factor expressed on podocytes and Tregs, binds to B7-1 (CD80), inhibits T cell activation, and reinstates SS1 integrin activation, thereby alleviating podocyte injury and proteinuria (194). Contrary to conventional wisdom, recent research challenges the notion of increased B7-1 expression within the podocytes of individuals with proteinuria. Studies investigating minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS) utilizing multiple antibodies and assays found no significant upregulation of podocyte B7-1 in these conditions, casting doubt on the efficacy of B7-1 inhibitory treatment (195). Moreover, B7-1 is not induced in podocytes of patients with diabetic nephropathy (DN) or in BTBR ob/ob mice, a type 2 diabetes model (196). A recent study exploring abatacept’s efficacy in post-kidney transplant FSGS patients who developed FSGS after transplantation and failed conventional therapy revealed that responders to abatacept were B7-1 positive. This suggests that podocyte B7-1 staining in kidney transplant biopsies might identify patients benefiting from abatacept (197). Researchers propose that the mechanism behind the anti-proteinuric effects of B7-1 inhibitors may involve the suppression of immune cell activation rather than direct effects on podocytes (195). Furthermore, some evidence suggests a direct podocyte protective role of abatacept (198). Consequently, further research is crucial to elucidate the association between B7-1 and podocyte damage in different kidney conditions.

Immunotherapy, which leverages the immune system to intervene in podocyte damage, is a promising approach known for its high specificity, minimal side effects, and durable benefits. It can be applied to treat various types of podocyte damage. Future research should prioritize a deeper understanding of the mechanisms involved and the optimization of parameters for immunotherapy to improve its clinical applicability and effectiveness.





5.2 Novel therapeutic approaches

In recent years, as our understanding of the immune mechanisms underlying podocyte injury in proteinuric kidney diseases has deepened, new prospects for immunotherapy in managing podocyte diseases have emerged. The involvement of the complement system in the pathogenesis of podocyte injury has been highlighted (199). C5b is known to induce osmotic lysis of podocytes, leading to alterations in the actin cytoskeleton and the podocyte slit diaphragm, as well as limiting the proliferation of podocytes (200). Therefore, the utilization of the complement inhibitor Eculizumab to impede the activation of the complement cascade and the subsequent generation of C5b constitutes an effective strategy for intervention (183). Avacopan, as a selective inhibitor of the C5a receptor, orchestrates a blockade against C5a activity (201). By attenuating the complement system’s activation and thereby abating subsequent inflammatory responses and cellular damage, this inhibition facilitates an indirect protective effect on podocytes through the modulation of the inflammatory environment (184). Narsolimab, or OMS721, is a fully human monoclonal antibody that specifically targets and inhibits mannan-binding lectin-associated serine protease-2 (MASP-2) (202). MASP-2 serves as the effector enzyme within the lectin pathway of the complement system, which is regarded as one of the principal routes of complement activation (203). By effectively inhibiting MASP-2, narsolimab disrupts the activation of the lectin pathway, thereby mitigating complement-mediated inflammation and minimizing endothelial damage (204). In a recent study, the administration of narsolimab demonstrated clinically significant reductions in proteinuria and sustained stability in estimated glomerular filtration rates (185).

In the case of patients with MCD, podocytes express angiopoietin-like 4 (Angptl4), with one of its forms being hyposialylated Angptl4, which binds to the glomerular basement membrane and endothelial cells, leading to proteinuria (205). Utilizing N-acetyl-D-mannosamine has shown promise in converting hyposialylated Angptl4 to its sialylated form, which can be taken up and stored by podocytes, thereby reducing the production of proteinuria (206). Although this appears to be a potential treatment option, relevant clinical data remains limited.

The field of immunotherapy for podocyte preservation is in a state of constant advancement, highlighted by the emergence of various natural compounds and small-molecule inhibitors known for their podocyte-protective properties. For example, curcumin, derived from turmeric, has been recognized for effectively reducing reactive oxygen species (ROS) and RIPK3 expression, thereby establishing itself as a potential therapeutic agent for combating diabetic nephropathy (207). Additionally, luteolin exerts a protective effect against glucose-induced podocyte stress by inhibiting the NLRP3 inflammasome, a critical component of the immune system and inflammatory response (208). Expanding the scope, Astragaloside IV is acknowledged for its comprehensive protective capabilities, which include mitigating endoplasmic reticulum stress, promoting autophagy, and improving mitochondrial function (209). This multitargeted approach involves interaction with several signaling pathways such as SERCA2, AMPKα, and Nrf2-ARE/TFAM, highlighting the molecule’s potential in supporting podocyte integrity (210, 211). In a similar vein, hyperoside presents a protective strategy by modulating mitochondrial dynamics. It specifically inhibits mitochondrial fission, which has been observed to diminish albuminuria and renal damage in experimental models, further emphasizing its therapeutic potential (212).

Within the realm of metabolic regulation, the Rho-associated coiled-coil-containing protein kinase 2 (ROCK2) signaling pathway has been identified as a crucial regulator with significant implications for podocyte health. The ROCK2 signaling pathway plays an instrumental role in numerous metabolic functions critical to podocyte health, notably the initiation of apoptosis (213). Additionally, it disrupts fatty acid oxidation through the downregulation of peroxisome proliferator-activated receptor alpha (PPARα), thus underlining the pathway’s fundamental influence on cellular metabolism and the podocyte’s adaptability to metabolic stress (214). Additionally, in the intricate web of intracellular signaling, the mechanistic target of the rapamycin (mTOR) pathway stands out, particularly through its two distinct complexes, mTORC1, and mTORC2, as a vital target for immunotherapeutic intervention (215). Inhibiting these complexes has been shown to offer reprieve to stressed podocytes, principally by counteracting the adverse effects of hyperglycemia (216). These effects extend to safeguarding cell viability, reducing apoptosis, and maintaining the stability of structural proteins, which are fundamental to podocyte function. Moreover, contemporary research has shed light on the utility of angiotensin II inhibition in podocyte protection and the retardation of glomerulosclerosis progression (217). The benefits of this inhibition extend beyond the direct antagonism of angiotensin II type 1 (AT1) receptors on the podocytes themselves (218). Emerging evidence suggests additional protective mechanisms that may involve crosstalk with other cellular entities or alternative molecular pathways, presenting potential avenues for therapeutic interventions (Table 3).


Table 3 | Some natural medications with immunotherapeutic effects on podocyte injury.



Collectively, these diverse strategies underscore the rapid advancement in the realm of podocyte immunotherapy, paving the way for novel, tailored treatment options aimed at reducing the burden of podocyte injury and related kidney diseases. Each compound or pathway presents its mechanism of action, which when considered in conjunction, could offer a comprehensive, multi-targeted approach to combat renal pathologies associated with podocyte damage.





6 Conclusion remarks

Podocytes play a crucial role in both renal physiology and pathology, providing valuable insights into kidney function. While prior research has highlighted tubulointerstitial fibrosis as a key pathological mechanism in the progression and kidney failure of CKD, recent studies have also underscored the connection between the dysfunction and death of podocytes and the advancement of CKD. The immune response of podocytes serves as a pivotal factor in the development and progression of various proteinuric kidney diseases and presents itself as a promising therapeutic target. Despite advancements, numerous aspects of the mechanisms governing podocyte immune responses remain uncharted, emphasizing the need for further exploration. Subsequent research endeavors should aim to identify novel podocyte-related antigens and antibodies, unravel the intricacies of the regulatory mechanisms governing the interaction between podocytes and other immune cells, and develop innovative therapeutic strategies that specifically target podocyte immune responses. These efforts are essential for enhancing the prognosis and overall quality of life for patients affected by kidney disease and for addressing the current unmet medical needs in this area.
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Diabetic kidney disease (DKD) stands as the predominant cause of chronic kidney disease (CKD) on a global scale, with its incidence witnessing a consistent annual rise, thereby imposing a substantial burden on public health. The pathogenesis of DKD is primarily rooted in metabolic disorders and inflammation. Recent years have seen a surge in studies highlighting the regulatory impact of energy metabolism on innate immunity, forging a significant area of research interest. Within this context, fibroblast growth factor 21 (FGF21), recognized as an energy metabolism regulator, assumes a pivotal role. Beyond its role in maintaining glucose and lipid metabolism homeostasis, FGF21 exerts regulatory influence on innate immunity, concurrently inhibiting inflammation and fibrosis. Serving as a nexus between energy metabolism and innate immunity, FGF21 has evolved into a therapeutic target for diabetes, nonalcoholic steatohepatitis, and cardiovascular diseases. While the relationship between FGF21 and DKD has garnered increased attention in recent studies, a comprehensive exploration of this association has yet to be systematically addressed. This paper seeks to fill this gap by summarizing the mechanisms through which FGF21 operates in DKD, encompassing facets of energy metabolism and innate immunity. Additionally, we aim to assess the diagnostic and prognostic value of FGF21 in DKD and explore its potential role as a treatment modality for the condition.
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1 Introduction

Diabetic kidney disease (DKD) stands as a prevalent complication of diabetes mellitus (DM), estimated to affect 50% patients with DM globally (1). The prevalence of DM among adults aged 20 to 79 over the world is anticipated to reach 12.2% (783.2 million) by 2045 (2). Concurrently, as the prevalence of DM continues to rise, DKD has emerged as the predominant cause of chronic kidney disease on a global scale, imposing a substantial economic burden. The natural progression of DKD encompasses glomerular hyperfiltration, progressive albuminuria, a gradual decline in the estimated glomerular filtration rate (eGFR), ultimately culminating in end-stage renal disease. It is imperative to elucidate the pathogenesis of DKD and institute preventive measures at an early stage (3). DKD is usually a clinical diagnosis made based on the presence of albuminuria and/or reduced eGFR in the absence of signs or symptoms of other primary causes of kidney damage (4). Under comprehensive and multifactorial interventions, the clinical manifestations of DKD have shown an increasingly complex heterogeneity, which can be characterized by both a clinical phenotype with no proteinuria or with the appearance of proteinuric remission, and a clinical phenotype with a rapid decline in eGFR (5). Notably, studies have revealed that even in DM patients exhibiting normal urinary protein levels, there exists a greater than 50% probability of grade IIa or more severe glomerulopathy (6). Therefore, more sensitive biomarkers are needed for early diagnosis and prediction of DKD. In recent years, the completion of several phase 3 clinical trials has ushered in a transformative era in the management of DKD, prompting the expeditious revision of clinical guidelines (7, 8). However, a residual risk of DKD progression persists, underscoring the need for novel treatments (9).

Fibroblast growth factor 21 (FGF21) emerges as a stress-inducible hormone, operating in concert with FGF receptor 1 (FGFR1) and β-klotho as a heterodimeric receptor complexz. Its regulatory prowess extends to energy balance, glucose, and lipid homeostasis, yielding significant benefits such as the reduction of fat mass and mitigation of hyperglycemia, insulin resistance, dyslipidemia, cardiovascular disease, and non-alcoholic steatohepatitis (10). Energy metabolism plays a key role in innate immune regulation. Lipid metabolism and the signaling pathways defining macrophage functions are intertwined, enabling coordinated regulation of macrophage biology (11). Immune system cells that are activated, split, and differentiated during an immune response depend on the metabolic reprogramming of both catabolic and anabolic pathways to produce metabolites that play crucial roles in regulating the response in addition to producing energy in the form of ATP (12). FGF21, beyond its role as a metabolic regulator, assumes the mantle of an innate immunity regulator, exerting anti-inflammatory effects (13).

DKD is instigated by disruptions in glucose metabolism associated with DM. These disruptions subsequently activate various metabolic, hemodynamic, inflammatory, and fibrotic processes that collectively contribute to the progression of the disease. The intertwining of energy metabolism and innate immunity plays a crucial role in the advancement of DKD (14). Serving as a focal point bridging energy metabolism and compromised innate immunity, FGF21 holds promise as a potential target for the diagnosis and treatment of DKD.As research interest burgeons around the multifaceted functions and pharmacological potential of FGF21, it has become a focal point in recent years (15). However, despite the increasing attention, a systematic exploration of the relationship between FGF21 and DKD remains lacking. To address this gap, we conducted a comprehensive review of relevant studies, elucidating the mechanisms and application value of FGF21 in the context of DKD.




2 Energy metabolism and innate immunity in DKD

Disturbed energy metabolism is one of the main pathogenic mechanisms of DKD (Figure 1A). DM is associated with the dysregulation of various metabolites, such as glucose, insulin, and lipids, contributing to the progression of DKD (16). DKD usually develops in genetically susceptible individuals due to poor metabolic (blood sugar) control. Hyperglycemia alters endothelial and podocyte metabolism, overburdening proximal tubular cells, which are a major source of cellular stress in the kidney. Lipid metabolites may also predict DKD progression (17). DM inflicts direct injury upon renal tubules, resulting in mitochondrial dysfunction. This dysfunction encompasses reduced bioenergetics, an accumulation of mitochondrial reactive oxygen species (mtROSs), impaired mitophagy, and dynamic abnormalities. These dysfunctions, in turn, initiate a cascade of abnormalities related to metabolism (18).




Figure 1 | Energy metabolism and Innate immunity in DKD. (A) Disturbed energy metabolism is one of the main pathogenic mechanisms of DKD. (B) Innate immunity plays a key role in the progression of DKD. (C) Metabolic disorders can affect innate immune cell metabolism, signaling and the release of various cytokines. TGF-1, Insulin-like growth factor-1; mTOR, mechanistic target of rapamycin; TNF-α, tumor necrosis factor-alpha; IL-1, interleukin-1; IL-6, interleukin-6; IL-17, interleukin-17; IFN-Y, interferon-gamma.



Concurrently, innate immunity plays a pivotal role in the progression of DKD. (Figure 1B) Multiple innate immune cells, molecules, and signaling pathways are involved in the pathogenesis of DKD (19). Innate immune malfunction in DKD patients leads to inflammation. Inflammation is triggered in reaction to damaging circumstances to preserve tissue integrity and homeostasis. Nevertheless, persistent stimulation of the inflammatory response results in unintended harmful consequences (20). Toll-like receptors (TLRs) emerge as a dynamic receptor family adept at recognizing both pathogen-associated molecular patterns and damage-associated molecular patterns in the context of DM. This recognition process facilitates the activation of leukocytes and intrinsic renal cells in DKD, thereby initiating the proinflammatory cascade during DKD (21). A variety of proinflammatory molecules, chemotactic factors, and adhesion molecules, through multiple inflammatory pathways involving mitogen-activated protein kinases (MAPK), signal transducer and activator of transcription (STAT), and protein kinase C (PKC), induce interactions among intrinsic renal cells and various innate immune cells (macrophages, dendritic cells). These interactions contribute to the progression of DKD (22). Additionally, the complement system, as a crucial component of the innate immune system, swiftly generates a substantial quantity of protein fragments upon activation. These fragments serve as effective mediators for inflammation, vascular activity, and metabolic responses. They also contribute to the progression of DKD (23). Insights from preclinical studies suggest that targeting these innate immune pathways holds promise for developing novel therapies for DKD (24).

Energy metabolism plays a key role in the regulation of innate immunity (Figure 1C) Changes in cell metabolism affect the activity of immune cells, and the function of immune cells in turn determines the metabolic state of cells. Immune cells require a lot of energy to activate. Different methods are used by immune cells to produce this energy. Energy is produced by boosting glycolysis in pro-inflammatory cells like M1 macrophages, and by enhancing mitochondrial activity and beta-oxidation in regulatory cells such as M2 macrophages (25). Overnutrition is linked to low-grade, chronic inflammation that raises the risk of metabolic and cardiovascular disease, promotes autoreactivity, and compromises protective immunity, while undernutrition is linked to immunosuppression, which increases susceptibility to infection and protection against various types of autoimmune disease (26). DM is a chronic metabolic disorder, and insufficient insulin secretion and insufficient insulin action are the two main reasons for the development of DM (27). Metabolic disorders induce the expression of nutritionally and metabolically related growth factors, such as leptin, insulin, and insulin-like growth factor 1 (IGF-1), which activate mechanistic target of rapamycin (mTOR) signaling in immune cells, thereby affecting systemic and intracellular immune metabolism, and consequently inflammation. Further promotes the production of inflammatory cytokines such as interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-17 (IL-17), and interferon-gamma (28). Proinflammatory cytokine production and low-grade inflammation both locally and systemically are linked to the onset and advancement of DKD (29).




3 FGF21 is a bridge between energy metabolism and innate immunity



3.1 FGF21 regulates energy metabolism in DM patients

FGF21, a peptide hormone synthesized by various organs, plays a crucial role in regulating energy homeostasis. It functions as an autocrine, paracrine, and endocrine factor, exerting diverse metabolic effects on several target organs (30). The molecular mechanism of FGF21 signaling is complex and involves several FGF receptors (FGFRs), FGF21 binds to FGFR with very low affinity, and effective binding and signaling requires interaction with the co-receptor β-klotho (31). FGF21 production is influenced by factors such as diet, exercise, and environmental temperature (32) (Figure 2A). In a study employing a whole-room indirect calorimeter, researchers assessed alterations in plasma FGF21 concentrations in 64 healthy individuals with well-regulated glucose levels after a 24-hour period of exposure to seven food treatments with varying macronutrient contents. Notably, it was only after the consumption of two low-protein (3%) overfeeding diets—one rich in carbohydrates (75%) and the other in fat (46%)—that plasma FGF21 concentrations consistently surged by threefold. Larger increments in FGF21 were positively correlated with greater enhancements in 24-hour energy expenditure. These findings underscore that diets characterized by high carbohydrate content but low protein content substantially elevate circulating FGF21 levels (33). The impact of exercise on FGF21 is contingent upon the type of exercise performed. Short-term strenuous muscular exercise has been associated with an elevation in serum FGF21 levels, primarily attributed to the stimulation of skeletal muscle production. In contrast, long-term aerobic exercise has been shown to significantly decrease serum FGF21 concentrations (34). A separate clinical investigation has revealed that exposure to mild cold results in elevated levels of circulating FGF21, thereby anticipating heightened lipolysis and cold-induced thermogenesis. Subtle reductions in ambient temperature have proven effective in regulating FGF21 circadian rhythms in humans, potentially acting as a mediator for cold-induced metabolic alterations analogous to those observed in animals (35). Elevated levels of circulating FGF21 are observed in various metabolic disorders, including DM, obesity, and cardiovascular disease. This seemingly paradoxical occurrence is commonly characterized as a state of “FGF21 resistance” or viewed as a compensatory protective response to metabolic stress (36, 37). A clinical investigation assessed circulating FGF21 levels in 2066 hospitalized patients with DM, revealing that individuals in the low urinary glucose excretion group exhibited higher body mass index (BMI) and serum FGF21 levels. Additionally, lower urinary glucose excretion was found to be associated with increased insulin resistance in patients with type 2 DM (T2DM) (38).




Figure 2 | FGF21 is a bridge between energy metabolism and innate immunity. (A) FGF21 is induced by diet, exercise, cold, and metabolic disorders, significantly up-regulated in DM environments. (B) FGF21 binds to FGFR1 and β-klotho to form a complex that activates AMPK signaling in target tissues and promotes adiponectin expression. (C) FGF21 regulates metabolism by altering brain nutrient preferences, promoting glucose uptake in adipose tissue, increasing urinary glucose excretion, and promoting insulin secretion and insulin sensitivity. (D) FGF21 can also directly regulate innate immune signals and pathways, or indirectly regulate innate immunity through OS, autophagy and ferroptosis. DM, diabites mellitus; AMPK, AMP-activated protein kinase; OS, oxidative stress. (+), Upregulation; (-), Downregulation.



FGF21 exerts its influence through various downstream factors (Figure 2B). Mouse experiments have illustrated that FGF21 treatment enhances both the expression and secretion of adiponectin in adipocytes, consequently elevating serum adiponectin levels in mice. Notably, the therapeutic benefits of FGF21 are compromised in Adiponectin Knockout (KO) mice, highlighting the integral role of adiponectin in mediating the multiple therapeutic effects of FGF21. Consequently, FGF21 actions within local adipocytes are intricately linked to the liver and skeletal muscle through adiponectin, thereby facilitating the systemic effects of FGF21 on insulin sensitivity and energy metabolism (39). However, in obese animals and human subjects, there is a paradoxical scenario where circulating FGF21 levels are elevated, while plasma adiponectin concentrations are diminished, potentially attributed to FGF21 resistance (40). Additionally, the AMP-activated protein kinase (AMPK), a crucial player in preserving tissue integrity and energy balance, is implicated in this process. Endocrine FGF21 signaling has been demonstrated to stimulate the AMPK system, either directly through FGFR1/β-klotho signaling or indirectly by promoting the release of corticosteroids and adiponectin. These released factors, in turn, activate AMPK signaling in the target tissues, contributing to the intricate regulatory network of FGF21 in energy metabolism (41).

In the DM, the up-regulation of FGF21 orchestrates the regulation of blood glucose and metabolism through a comprehensive fourfold action (Figure 2C). Firstly, FGF21 exerts its influence on the brain to homeostatically modify macronutrient preference. Notably, exogenous FGF21 therapy induces a reduction in the consumption of alcohol and sweets, concomitant with an augmentation in protein intake (42). Secondly, FGF21 is locally released from adipose tissue following activation of the β-adrenergic receptor, subsequently enhancing glucose uptake in adipocytes (43). The application of a half-life extended form of FGF21 (FGF21-PEG) has been demonstrated to normalize plasma glucose levels in streptozotocin-treated mice, a model of type 1 diabetes mellitus (T1DM), without reinstating pancreatic β-cell function. This study underscores that insulin-independent glucose uptake in adipocytes persists even in the presence of insulin receptor antagonists (44). Thirdly, administration of FGF21 to mice with both T2DM and T1DM led to a dose-dependent decrease in the kidney’s glucose transport maximum, accompanied by an increase in urine glucose excretion. Experimental findings in mice indicate that FGF21 mitigates hyperglycemia, in part, by reducing renal glucose reabsorption through the peroxisome proliferator-activated receptor-δ (PPARδ)-mediated sodium-glucose cotransporter 2 (SGLT2) pathway (45). Fourthly, the absence of FGF21 (FGF21 KO) exacerbated palmitate-induced islet β-cell failure and suppression of glucose-stimulated insulin secretion (GSIS). In db/db mice, overexpression of pancreatic FGF21 markedly improved islet morphology, elevated GSIS, decreased β-cell apoptosis, and increased insulin expression. Pancreatic FGF21 in T2DM mice induced phosphatidylinositol 3-kinase (PI3K)/Akt signaling-dependent insulin expression and secretion (46). FGF21 demonstrates protective effects against lipotoxicity-induced β-cell dysfunction and apoptosis by down-regulating islet cell lipid accumulation and reducing cell death under lipotoxic conditions, likely through the activation of AMPK-acetyl-CoA carboxylase (ACC) and PPARδ/γ signaling (47). Moreover, experiments have indicated that FGF21 represses mammalian target of rapamycin complex 1 (mTORC1), thereby improving insulin sensitivity and glycogen storage in a hepatocyte-autonomous manner (48). Therapeutic administration of FGF-21 to both ob/ob and db/db mice brought their plasma glucose and triglyceride levels close to normal, with effects persisting for a minimum of twenty-four hours after cessation of FGF-21 treatment. Notably, FGF-21 did not induce hypoglycemia or weight gain (49). The FGF21-mediated regulation of blood glucose and metabolism has been demonstrated to contribute to the delay in the progression of DKD (50).




3.2 FGF21 regulates innate immunity in DM patients

An expanding body of research substantiates the involvement of FGF21 in the regulation of innate immunity(Figure 2D). Endothelial dysfunction, a precursor to proteinuria, glomerular sclerosis, and interstitial fibrosis, contributes to the progression of DKD (51). FGF21 plays a pivotal role in enhancing endothelial cell function through the modulation of innate immunity and the inhibition of inflammatory pathways. In a cellular experiment utilizing varying concentrations of recombinant FGF21 to treat human umbilical vascular endothelial cells (HUVECs), a notable improvement in glycolysis, increased nitric oxide release, and cellular protection against oxidative damage induced by H2O2 were observed at an optimal FGF21 concentration of 400 pg/mL. Subsequent to FGF21 treatment, the majority of upregulated genes were enriched in metabolic pathways, while downregulated genes were associated with signaling pathways linked to apoptosis and inflammation (52). Another cellular experiment suggested that FGF21 may mitigate uric acid (UA)-induced endoplasmic reticulum (ER) stress, inflammation, and vascular endothelial cell dysfunction by activating sirtuin 1 (Sirt1) (53). By targeting PPARγ, miR-27b was found to trigger the nuclear factor-κB (NF-κB) signaling pathway and the expression of inflammatory factors, including IL-1β, IL-6, and TNF-α. FGF21 alleviated hypoxia-induced dysfunction and inflammation in human pulmonary arterial endothelial cells by inhibiting miR-27b expression and consequently promoting PPARγ expression (54). Moreover, studies indicated that the deletion of FGF21 in mice exacerbated deoxycorticosterone acetate (DOCA)-salt-induced nephropathy. Supplementation with recombinant human FGF21 (RhFGF21) restored renal damage caused by DOCA and salt. Mechanistically, RhFGF21 activated AMPK, which suppressed NF-κB-regulated inflammation and nuclear factor erythroid 2-related factor 2 (NRF2)-mediated oxidative stress (OS) (55). FGF21 combined with insulin promotes the conversion of M1 macrophages to M2 macrophages to reduce inflammation in DN mice (56). Transcriptome analysis consequently demonstrated that, in FGF21 KO mice but not in WT mice, inflammation-related pathways were markedly enriched and elevated (57). In a mouse model of lipotoxicity and diabetes, FGF21 partially prevented renal injury induced by free fatty acids and diabetes by reducing renal lipid accumulation and inhibiting inflammation, oxidative stress (OS), and fibrosis (58).

Beyond its direct role in regulating innate immunity to suppress inflammation, FGF21 also indirectly influences innate immunity through oxidative stress (OS), autophagy, and ferroptosis, thereby contributing to the delayed progression of DKD. Prolonged OS has the potential to activate innate immunity through multiple transcription factors (59). FGF21, with its associations with genes such as NRF2, thioredoxin binding protein-2 (TBP-2), uncoupling protein 3 (UCP3), superoxide dismutase-2 (SOD2), extracellular signal-regulated kinase (ERK), and p38, and the identification of a crucial response element for activating transcription factor 4 (ATF4) involved in OS regulation, assumes a critical role as a regulator of the cellular response to OS (60). A cross-sectional study including 382 CKD patients showed an independent positive correlation between serum FGF21 and OS levels (61). FGF21 has demonstrated its capacity to inhibit vascular calcification, partially by restoring the antioxidant superoxide dismutase (SOD) levels and reducing vascular OS (62). The peroxisome proliferator-activated receptor alpha (PPARα) agonist, fenofibrate (FF), known for its efficacy in DKD, has been shown to prevent DKD development by mediating NRF2 pathway activation through FGF21 (63). Autophagy, a protective mechanism against various forms of renal inflammatory injury, is also under the regulation of FGF21. Through receptor for activated C kinase 1 (RACK1)-mediated AMPK activation and interaction with autophagy-related 5 (Atg5), FGF21 induces autophagy to enhance cholesterol efflux and minimize cholesterol accumulation in foam cells (64, 65). Epigenetically upregulating global autophagy-network genes, including transcription factor EB, Atg7, Atgl, and FGF21, Jumonji-D3 (JMJD3) demethylates histone H3K27-me3 in response to FGF21 stimulation, leading to autophagy-mediated lipid breakdown (66). FF has been shown to prevent type 1 diabetes-induced pathological and functional abnormalities of the heart by increasing FGF21, which may up-regulate Sirt1-mediated autophagy (67). Ferroptosis is a form of regulated necrosis, wherein excessive or deficient ferroptotic cell death is associated with a dysregulated immune response (68). FGF21 serves as a novel suppressor of ferroptosis. Both the administration of recombinant FGF21 and the overexpression of FGF21 have demonstrated significant protection against iron overload-induced damage to hepatocyte mitochondria, liver injury, and fibrosis by inhibiting ferroptosis. Conversely, the absence of FGF21 has been shown to exacerbate iron overload-induced ferroptosis (69).





4 FGF21 is a potential marker for the diagnosis and prognosis of DKD

FGF21 undergoes upregulation in the diabetic environment, exerting both metabolic regulation and immunomodulatory effects. Consequently, it holds potential as a valuable marker for the early diagnosis and prognosis of DKD (Figure 3A). A cohort study in China, encompassing 312 patients with T2DM who had their baseline FGF21 levels measured and were subsequently followed for 6 months, defined renal endpoint events as a 30% decrease in eGFR or worsening categories of albuminuria. The findings revealed a correlation between FGF-21 levels and the risks of renal events in a broad-spectrum of Chinese T2DM subjects (70). In a prospective observational study examining the association of soluble tumor necrosis factor receptor type 1 (sTNFR1), FGF-21, endocan, N-terminal pro-brain natriuretic peptide (NT-pro-BNP), and renal outcomes in patients with or without clinical signs of DKD, both sTNFR1 and FGF-21 levels in patients with T2DM were linked to renal outcomes. The combination of these markers demonstrated improved predictability (71). A meta-analysis involving 28 studies with 19,348 participants indicated that a high serum FGF21 level may predict the incidence of chronic kidney disease (CKD) and renal outcomes in patients with T2DM (72). A study involving 1136 Chinese T2DM patients revealed that serum FGF21 levels increased progressively with eGFR category. In a subset comprising 559 individuals with normoalbuminuria and baseline eGFR ≥ 60 mL/min/1.73 m^2, serum FGF21 continued to be a reliable indicator of eGFR decline. Elevated serum FGF21 levels were proposed as a useful biomarker for predicting the progression of renal disease, particularly in the early stages of DKD (73). Another cross-sectional study with 130 individuals demonstrated that serum FGF21 was independently associated with microalbuminuria in patients with T2DM (74). An intriguing prospective cohort study in Singapore, involving 1700 Asian people with T2DM and a mean follow-up of 6.3 years, found that in women with T2DM, plasma FGF21 levels independently predicted the risk of progression to end-stage renal disease. Further research is needed to comprehend the pathophysiological connections between FGF21, sex, and renal progression (75).




Figure 3 | Clinical Use of FGF21 in DKD. (A) FGF21 is associated with DKD proteinuria and eGFR and is a marker for DKD diagnosis and prognosis. (B) Multiple current DKD treatments and medications including diet and exercise are associated with FGF21. A variety of new FGF21-based drugs show favorable metabolic modulation effects. eGFR, estimated glomerular filtration rate; SGLT2i, sodium-glucose cotransporter 2 inhibitor; GLP-IRA, glucagon-like peptide 1 receptor agonist; PEG-rhFGF21, PEGylated recombinant human FGF21.






5 FGF21 is a potential target for DKD therapy

FGF21 plays a crucial role in regulating both energy metabolism and innate immunity, making it a potential target for therapeutic interventions in DKD (Figure 3B). Based on the kidney disease: improving global outcomes (KDIGO) 2022 clinical practice guideline for diabetes management in chronic kidney disease, the treatment of DKD involves both life management and medication (76). Diet and exercise management, and multiple guideline-recommended hypoglycemic agents are associated with FGF21.An experimental study revealed that fasting-induced FGF21 signaling activates hepatic autophagy and lipid degradation through the JMJD3 histone demethylase (66). In humans, circulating FGF21 levels experienced a significant surge after 28 days on a low-protein (LP) diet, establishing FGF21 as an endocrine signal for protein restriction, coordinating metabolism and growth during reduced protein intake (77). Fasting, protein restriction, and specific reductions in essential amino acid levels impact FGF21 activity, promoting healthy longevity (78). Muscle exercise stimulates FGF21 production in muscles, subsequently secreted into circulation to induce lipophagy in the liver through an AMPK-dependent pathway (79). Through PPARγ-mediated transcriptional activation, exercise induces adipose expression of FGFR1 and β-klotho, sensitizing FGF21 actions in adipose tissues to send humoral signals for multi-organ crosstalk, thereby maintaining metabolic homeostasis (80). A systematic review, involving 376 participants from 10 studies, demonstrated a significant increase in FGF-21 levels after exercise compared to no exercise (81). Long-term aerobic exercise has been observed to lower human FGF21 levels and is associated with an improvement in FGF21 resistance (34).

SGLT2 inhibitors (SGLT2i) have emerged as the primary choice  for DKD with cardiorenal protective effects. Studies indicate that the SGLT2 inhibitor canagliflozin induces transcriptional reprogramming, activating catabolic pathways, increasing fatty acid oxidation, reducing hepatic steatosis and diacylglycerol content, and elevating hepatic and plasma FGF21 levels (82). Furthermore, empagliflozin shifts energy metabolism towards fat utilization, increases phosphorylation levels of AMP-activated protein kinase and acetyl-CoA carboxylase in skeletal muscle, and enhances liver and plasma FGF21 levels (83). The mechanism behind SGLT2 inhibitors preserving renal function in T2DM while promoting ketogenesis may be attributed to the activation of SIRT1/PGC-1α/FGF21 (84). A sub-study of the DAPA-VO2 investigation revealed that, within the cohort of patients experiencing stable heart failure with reduced ejection fraction (HFrEF), dapagliflozin initiated a temporary elevation in klotho levels. The author speculates that the observed increase in klotho may potentially signify an improvement in proximal tubular function mediated through the reduction of oxidative stress and inflammation within the renal tubules. This improvement might lead to a decreased resistance to FGF-23 (85). Another class of hypoglycemic agents with weight-loss effects, glucagon-like peptide 1 (GLP-1) receptor agonist, is also strongly associated with FGF21. Experimental studies have demonstrated that hepatic FGF21 is essential for liraglutide to effectively reduce body weight and enhance hepatic lipid homeostasis (86). In a clinical study, it was shown that exenatide could aid patients in improving glycemic levels, inflammatory biomarkers, and urine albumin concentration. The effects of exenatide may be partially mediated by FGF21 (87). The traditional glucose-lowering drug, metformin, remains the first-line agent for treating DKD. A clinical study suggests that metformin suppresses circulating fibroblast activation protein activity, upregulates the expression of FGFR1c and β-klotho, thereby increasing FGF21 signaling in adipose tissue and improving peripheral FGF21 sensitivity (88). Additionally, insulin also stimulates FGF21 expression; insulin-induced expression of muscle FGF21 is strongly correlated with an increase in serum FGF21, and this response appears to be intact in T2DM (89). The action of the peroxisome proliferator-activated receptor gamma (PPARγ) agonist rosiglitazone is also reliant on FGF21. FGF21-KO mice do not respond to both the beneficial insulin-sensitizing effects and the adverse side effects of weight gain and edema associated with rosiglitazone (90).

In addition to existing medications, several novel FGF21-based drugs and therapies have demonstrated therapeutic potential for diabetic kidney disease (DKD). The natural form of FGF21 poses challenges for biopharmaceutical applications due to its short half-life, tendency to aggregate in soluble preparations, and susceptibility to protein hydrolysis. As a result, biopharmaceutical technology has undergone significant advancements to extend the duration of action of FGF21 (91). Preclinical studies showed that PEGylated recombinant human FGF21(PEG-rhFGF21) significantly lowered lipid levels in the kidney, decreased urine albumin/creatinine ratio (ACR) and improved mesangial expansion in db/db and DIO mice (92). A randomized, placebo-controlled, double-blind proof-of-concept trial conducted in patients with obesity and T2DM revealed that LY2405319 (LY), an investigational FGF21 variant deemed suitable for early-phase clinical development, demonstrated significant improvements in dyslipidemia. Positive outcomes were observed in terms of increased adiponectin levels, reduced fasting insulin, and decreased body weight. However, it should be noted that only a trend toward glucose lowering was observed (93). LLF580 represents a novel genetically engineered variant of human FGF21, distinguished by its stabilization through the introduction of a disulfide bond and fusion at its N-terminus to the human IgG (subclass IgG1) Fc domain. Generally considered safe, LLF580 exhibits favorable effects on biomarkers associated with lipids, liver fat, and liver injury. In comparison to a placebo, insulin levels, C-peptide levels, and insulin resistance measured by the homeostatic model were all lower, while adiponectin levels were higher during LLF580 treatment. However, it is noteworthy that fasting glucose and glycated hemoglobin remained unchanged (94). The results of a phase II clinical trial indicate that Pegbelfermin (BMS-986036), a PEGylated FGF21 analog, did not exert an impact on HbA1c concentrations. However, weekly (QW) and higher daily doses demonstrated an association with improved metabolic parameters and fibrosis biomarkers in patients with obesity and T2DM who were predisposed to fatty liver (95).

Although the aforementioned FGF21-based new drugs have shown a trend towards improving metabolism, they did not impact HbA1c concentrations in clinical studies. Considering the elevated serum FGF21 levels in metabolic disorders such as T2DM and obesity, and the potential association with FGF21 resistance, artificially increasing the levels of FGF21 (or FGF21 analogs) may not necessarily enhance their actual biological effects in such states of metabolic disruption. The formulation of FGF21 may offer enhanced benefits when combined with other drugs targeting glycemic control and weight loss. In db/db mice, the combined administration of subtherapeutic doses of FGF21 and insulin maintains blood glucose levels for at least 24 hours, inhibits weight gain, and significantly improves lipid parameters. These results indicate that insulin renders FGF21 more sensitive in regulating glucose and lipid metabolism (96). The combined treatment of FGF21 with insulin further improves various parameters, including blood glucose, HbA1c, oral glucose tolerance tests (OGTT), renal function, liver function, blood lipid levels, histopathological alterations, oxidative stress (OS), and advanced glycation end-products (AGEs) in mice with diabetic kidney disease (DKD), compared to insulin or FGF21 administered alone (56). A novel biological agent, which fuses GLP-1 to FGF21 using an elastin-like polypeptide linker acting as a sustained release module with zero-order drug release, has been developed. Administering this dual agonist once a week to diabetic mice results in significant weight loss and improved glycemic control, effects not observed when either agonist is used alone. Moreover, the dual-agonist formulation surpasses the efficacy of a GLP-1/FGF21 combination, underscoring the value of integrating two structurally different peptides into a single, multipurpose molecule (97). Additionally, a novel GLP-1/FGF21 dual agonist has demonstrated superior weight loss effects compared to GLP-1 or FGF21 administered individually (98).




6 Summary and prospect

DKD is highly prevalent and poses significant harm, with ongoing opportunities for advancements in its diagnosis and treatment. The progression of DKD is associated with a variety of metabolic dysregulations, and glucose and lipid metabolites in the DM setting can directly damage the kidneys while further exacerbating metabolic disturbances. Innate immunity plays an important role in DKD and microinflammation can persistently exacerbate kidney damage. At the same time, metabolic disorders can affect innate immune cell metabolism, signaling and the release of various cytokines. Crosstalk between energy metabolism and innate immunity is one of the main targets of DKD. FGF21, induced by factors such as diet, exercise, cold exposure, and metabolic disorders, is significantly upregulated in diabetic environments. FGF21 forms a complex with FGFR1 and β-klotho, activating AMPK signaling in target tissues and promoting adiponectin expression. The multifaceted roles of FGF21 include the regulation of metabolism by altering brain nutrient preferences, enhancing glucose uptake in adipose tissue, increasing urinary glucose excretion, and promoting insulin secretion and sensitivity. Moreover, FGF21 directly regulates innate immune signals and pathways, while also indirectly influencing innate immunity through mechanisms such as OS, autophagy, and ferroptosis. This dual action enables FGF21 to safeguard renal endothelial cells and impede the progression of DKD. Functioning as a bridge between energy metabolism and innate immunity, FGF21 emerges as a potential marker for both the diagnosis and prognosis of DKD, presenting itself as a promising therapeutic target. Several clinical studies have demonstrated associations between FGF21, DKD proteinuria, and eGFR. Additionally, various current treatments for DKD, including dietary interventions and exercise, exhibit connections with FGF21. The promising metabolic modulation effects of numerous novel FGF21-based drugs further underscore the potential of FGF21 as a pivotal player in DKD management and therapy.

Despite the significant potential of FGF21 in DKD, several challenges persist that warrant attention. Firstly, there is an insufficient body of basic research on the interactions between FGF21 and DKD. While FGF21 is known for its clear metabolic regulation and innate immunomodulatory effects, the specific mechanisms underlying its actions in the context of DKD remain unclear and warrant further investigation. Secondly, many clinical studies examining FGF21 and DKD are characterized by single-center designs and small sample sizes. Consequently, the value of FGF21 in the diagnosis and prognosis of DKD needs to be validated through larger, multi-center studies with diverse patient populations. Robust and comprehensive clinical evidence is essential to establish FGF21 as a reliable biomarker for DKD. Finally, several new drugs developed based on FGF21 have demonstrated metabolic benefits, but their impact on glycemic improvement and innate immunity modulation remains unclear. These drugs have not been extensively studied in clinical trials specifically focused on DKD. The potential of combining novel hypoglycemic agents with FGF21 for enhanced therapeutic effects is promising, but further research is essential to understand the comprehensive impact of these interventions in the context of DKD. Addressing these research gaps will contribute to a more thorough understanding of FGF21’s role in DKD and may pave the way for more effective therapeutic strategies.
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Acute kidney injury (AKI) is characterized by a rapid decline in renal function and is associated with a high morbidity and mortality rate. At present, the underlying mechanisms of AKI remain incompletely understood. Immune disorder is a prominent feature of AKI, and dendritic cells (DCs) play a pivotal role in orchestrating both innate and adaptive immune responses, including the induction of protective proinflammatory and tolerogenic immune reactions. Emerging evidence suggests that DCs play a critical role in the initiation and development of AKI. This paper aimed to conduct a comprehensive review and analysis of the role of DCs in the progression of AKI and elucidate the underlying molecular mechanism. The ultimate objective was to offer valuable insights and guidance for the treatment of AKI.
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1 Introduction

Acute kidney injury (AKI) is defined as a sudden decrease in the glomerular filtration rate, as evidenced by a 50% increase in serum creatinine (SCr) within 7 days, a 0.3 mg/dL increase in SCr within 2 days, or oliguria (1). In recent years, the incidence of AKI due to chronic kidney disease has been increasing due to the ageing of the population and the increasing prevalence of underlying conditions such as diabetes mellitus and hypertension (2). Furthermore, in conjunction with the continued emergence of novel pharmaceuticals and the use of interventional therapies, drug-induced AKI is increasingly contributing to the aetiology of this condition (3). A global meta-analysis of AKI prevalence showed that the incidence of AKI was 21.6% among adults and 33.7% among children, and AKI-related mortality rates were 23.9% among adults and 13.8% among children (4). Due to the increased rates of morbidity and the high rate of mortality, AKI has become a significant public health concern in contemporary society, and it represents a challenging and prominent area of current research.

The aetiology of AKI is multifactorial and includes renal ischaemia, nephrotoxin exposure, and sepsis, each with distinct pathophysiological mechanisms (5). During the progression of AKI, the inflammatory response plays a crucial role, and the innate and adaptive immune systems participate in the inflammatory process. Throughout the progression of AKI, various factors contribute to the activation and recruitment of immune cells to the injured kidney, including damage-associated molecular patterns (DAMPs), hypoxia-inducible factors (HIFs), renal vascular endothelial dysfunction, adhesion molecules, chemokines, cytokines, and Toll-like receptors (6). Dendritic cells (DCs), neutrophils, macrophages, and lymphocytes are immune cells that are implicated in the pathophysiology of AKI, and some of their subsets are involved in healing processes (7).

In terms of innate and adaptive immune responses, DCs are specialized antigen-presenting cells (APCs). DCs constantly sense pathogen- or inflammation-associated signals and keep peripheral T cells in a resting state in the absence of DAMPs or inflammation (8). Once DAMPs or inflammation-related signals are recognized by pattern recognition receptors (PRRs) on DCs, DCs become activated or mature and migrate toward the injured tissue (9). Mature DCs can efficiently ingest antigens, process them into proteolytic peptides, and load these peptides onto major histocompatibility complex (MHC) class I and class II molecules to form MHC-peptide complexes (10). DCs then migrate from the site of antigen uptake to secondary lymphoid organs and can present antigens to CD8+ T cells and CD4+ T cells, inducing effector T cell differentiation and regulatory T (Treg) cell tolerance, thereby initiating an antigen-specific immune response or immune tolerance (11, 12). DCs also secrete cytokines and growth factors enhance or regulate the immune response. Because immune cells are recruited to the site of injury after the onset of AKI and DCs are efficient APCs, in this paper, we examined the role of DCs during the onset of AKI and the recent research advances in this area of study.




2 Subsets and ontogeny of DCs

DCs can be categorized into different subsets, and different subsets have significant phenotypic heterogeneity and functional plasticity. The terminology used to describe these different subsets has changed in recent years. More recently, consistency in assigning subsets has been adopted by many groups based on origin, associated regulatory transcription factors, surface markers, and biological function (13, 14). We briefly summarize the basic characteristics of different subsets of DCs, including conventional DCs (cDCs), plasmacytoid DCs (pDCs), monocyte-derived DCs (mo-DCs), and newly discovered DC3s as shown in Table 1; Figure 1. The mechanism of DC-induced helper T cell polarization for different subsets of DCs is shown in Figure 2.


Table 1 | Key transcription factors, markers and cytokines ofDC subsets.






Figure 1 | DC subpopulations and related lineages in mice. Hematopoietic stem cells differentiate into pluripotent progenitors (LMPP), which further differentiate into common myeloid progenitors (CPM) and common lymphoid progenitor (CLP). CLP then differentiate into pDC precursors and ultimately pDC. CPM differentiate into macrophage dendritic progenitors (MDP), which in turn differentiate into common DC progenitors (CDP), Ly6C+MDP, and monocytes. cDP give rise to cDC precursors, which are induced by FLT3 and ultimately give rise to cDC or pDC (39, 40). Monocytes produce moDC from granulocyte-macrophage colony-stimulating factor (GM-CSF)- and interleukin-4 (IL-4)-stimulated myeloid stem cells (41, 42). Ly6C+MDP produce pro-DC3s and eventually DC3s (23).






Figure 2 | Subsets, polarizing cytokines, and effector cytokines of DCs-regulated CD4+ cell polarization.





2.1 cDCs

cDCs are distributed in almost all lymphoid and nonlymphoid tissues and are divided into two subgroups, cDC1s and cDC2s. cDCs serve as the principal APCs in the immune system and can detect tissue damage and effectively capture and process environmentally associated and cell-associated antigens. Subsequently, cDCs transport these antigens to the draining lymph nodes for presentation to T cells (43).

cDC1s specialize in the antigenic cross-presentation to CD8+ T cells, the activation of T helper type 1 (Th1) CD4+ T cells, and the generation of type III interferons (IFN-III) (44). Murine cDC1s are typically characterized as CLEC9A+, XCR1+, CD103+, CD26+, and CD8+ (15). Human cDC1s are characterized as CD141+, CD14-, CLEC9A+, XCR1+, FLT3+, and CD103+ (19). Almost all human and mouse cDC1s express XCR1+, Clec9A+, and CD103+. Developmentally, cDC1s depend on transcription factors Batf3, Irf8, Id2, and Nfil3 (16–18).

cDC2s primarily facilitate the differentiation of T helper type 2 and type 17 (Th2 and Th17) CD4+ T cells and the secretion of interleukin-6 (IL-6) and interleukin-23 (IL-23) (45, 46). The development of cDC2s is largely dependent on Relb, Rbpj, Irf4 (19, 20). Murine cDC2s are typically characterized as CD26+, CX3CR1+, CD11b+, F4/80-, and in human as CD1c+, CD5+, CD14−, CD163− (45). In addition, the expression of SiglecH and Ly6C distinguishes precursor cells that will become cDC1s (SiglecH-; Ly6C-), cDC2s (SiglecH-; Ly6C+) and pDCs (SiglecH+; Ly6C-) (47). Notably, Irf8 deficiency induces the transcriptional, functional, and epigenetic reprogramming of cDC1s to cDC2s (48).




2.2 pDCs

pDCs are a unique sentinel cell type with a plasma cell-like capacity for rapid and high production of interferon type I (IFN-I) in response to viruses, as well as the ability to differentiate into cDCs (49). Upon activation of human plasma cell-like predendritic cells (pDCs) by a single microbial or cytokine stimulus, the cells differentiated into three stable subpopulations (P1-P3), and notably the pDCs differentiated into subpopulations after SARS-CoV-2 infection and rapidly produced IFN-I and IFN-III upon viral exposure (50, 51). Murine cDC1s are typically characterized as CD11c-, MHC II-, CD11b−, B220+, and CD123+ (52). Human cDC1s are characterized as BDCA2+, BDCA4+, CD11c−, CD4+, and CD123+ (53). pDCs develop primarily through an Flt3-driven pathway shared with cDCs, and the transcription factor PU.1 controls Flt3, while subsequent specialization of pDCs requires the helix-loop-helix transcription factor (E protein) E2-2/Tcf4 (25, 26). E2-2/Tcf2-deficient pDCs are converted to cDCs in vitro. E2-2 deficiency is associated with aberrant expression profiles and impaired IFN responses in pDCs, and E2-2 directly activates transcription factors (SpiB, Irf8) and functional factors (Irf7) involved in pDC development (54). Furthermore, Stat3 is required for DC progenitor cell expansion, whereas Stat5 inhibits the transcriptional network of pDCs in Irf8 and lineage-negative, Flt3+ progenitor cells to control pDC production (27).




2.3 moDCs

moDCs is a subset of DCs formed by monocytes during inflammation.Monocyte-derived cells exhibit high plasticity to the environment and show high susceptibility to inflammatory stimuli in an inflammatory microenvironment, including increased levels of CCL2 and IL-8, which promote monocyte recruitment (55). Monocytes are stimulated by GM-CSF and IL-4 to form immature moDCs, which differentiate into mature moDCs when stimulated by inflammatory cytokines or PAMPs (56). Fully differentiated moDCs acquire DC morphology and localize to T-cell regions via L-selectin and CCR7 (57). Increased production of inflammatory factors and chemokines, such as TNF-α, IL-1, IL-12, IL-23 and CXCL10, was observed in LPS-stimulated GM-CSF-induced bone marrow-derived moDCs (28, 29). In contrast to the increased antigen-presentation and migratory capacity of cDCs, moDCs mainly coordinate the secretion of inflammatory factors and chemokines for local immune responses. The transcriptional factors PU.1, IRF4, NR4A3, NCOR2, Etv3 and Etv6 control the differentiation of human monocytes into moDCs, and the production of moDCs can be inhibited by targeted modulation of these transcription factors, which provides a new perspective on inflammatory diseases (30–33).




2.4 DC3s

DC3s are becoming better known as a new subset of DCs, and a developmental atlas of DC3s has been established (21). Human DC3s were identified as CD5-CD163+CD14+ cells (22). Murine DC3s were identified as CD172a+Lyz2+CD16/32+ cells derived from Ly6C+ monocyte-dendritic cell precursors (23). Irf8 is a key transcription factor that regulates the development and maintenance of DC3s, and patients with low Irf8 expression show reduced cDC and pDC, while DC3 is maintained or amplified (24). In addition, the transcription factor Klf4 is also involved in regulating DC3s development, and Klf4 deficiency affects the transition of Ly6C+ MDPs to pro-DC3s (23). Functionally, DC3s have the ability to induce the transformation of T cells into IL-17A-producing T helper-17 (Th17) cells, which makes DC3s important players in inflammatory diseases and immune regulation (22).





3 Kidney DCs (kDCs) in homeostasis

In a state of renal health, kDCs act as sentinels, using their dendrites to continuously monitor the kidney milieu (58–60). kDCs sample autoantigens from the tubules and glomeruli and subsequently migrate to the renal lymph nodes (61, 62). Within these lymph nodes, kDCs maintain immune self-tolerance, immune system functionality, and tissue equilibrium by inducing the activation of Treg cells, restraining T-cell activation, proliferation, and effector capacities, and accommodating autoreactive T cells in the presence of T helper cells (13, 63). Furthermore, kDCs play a crucial role in fostering immune tolerance toward harmless antigens present in the circulation. Specifically, low molecular weight antigens are concentrated and sieved within the kidney, subsequently reaching the kidney lymph nodes through lymphatic drainage. Within these lymph nodes, kDCs can capture these antigens and induce apoptosis in cytotoxic T cells by means of PD-L1 expression (62, 64). In a state of homeostasis, the movement of DCs into lymph nodes to execute these functions is regulated by the expression of CCR7 (65). The passage of low molecular weight antigens through this tolerance mechanism plays a significant role in the prevention of undesired immune responses, and kDCs play a role in maintaining peripheral immune tolerance to these harmless antigens. Notably, this tolerance mechanism is disrupted in diseases characterized by proteinuria. In these diseases, the glomerular filters become permeable, leading to increased recognition and acceptance of filtered proteins by kDCs, including high molecular weight proteins. Consequently, this stimulates potentially harmful T cells, providing an additional mechanism through which proteinuria can cause damage (60). The characteristics and functions of monocyte-derived tolerant DCs and mature DCs are shown in Table 2.


Table 2 | The induction factors, secretion factors, phenotypes and functions of tolerogenic DCs and mature DCs.






4 kDC maturation and migration in AKI

As specialized APCs, DCs migrate to the kidney, which is critical for initiating protective proinflammatory and tolerogenic immune responses in AKI. The transport of different DC subpopulations in the kidney and renal lymph nodes is essential for DC-dependent activation and modulation of inflammation and immunity. DC chemotaxis and migration are triggered by interactions between chemokines and their receptors (68). After the onset of AKI, renal DCs are activated, increase in number and activity and have an enhanced ability to present antigens to T cells in renal draining lymph nodes (69). Previous studies have shown that CCR and CC chemokine expression is closely associated with FLT3 ligand-induced migration of renal DCs, including CCR1, CCR2, CCR5, CX3CR1, CCR7, CCL19, and CCL21 (59, 61). cDCs, which are the major DC type, mature in response to stimulation with DAMPs or inflammatory signals and express high levels of CCR7, which interacts with its ligands CCL19 and CCL21 to direct mature cDCs transport to the lymph nodes via afferent lymphatic vessels to regulate T-cell immunity (70–72). After ischaemic kidney injury, dilated renal lymphatic vessels express high levels of CCL21, which stimulates the recruitment of more CCR7+ DCs to renal draining lymph nodes, worsening renal inflammation and fibrosis, and inhibiting CCR7 expression (blocking the binding of VEGF-C/D to VEGFR3) or renal lymphangiogenesis reduces the migration of CCR7+ DCs (73). Furthermore, CCR7 and its ligand SLC/CCL21 are constitutively expressed in glomeruli in adjacent cell types in the human kidney and play a role in glomerular homeostasis and regenerative processes (74, 75).

Under normal physiological conditions, pDCs are mainly located in the peripheral blood and T-cell-rich lymphoid tissues. Under pathological conditions, pDCs migrate from the peripheral blood into inflamed tissues and lymph nodes to initiate an immune response (76). Multiple chemokine receptors are highly expressed on the surface of pDCs, and the chemotaxis of pDCs is promoted by the binding of corresponding ligands; for example, when CCR2, CCR9, and CXCR3 receptors are expressed on the surface of pDCs, the transfer of pDCs from the peripheral blood to inflammatory tissues is promoted, and when CCR2, CCR7, and CXCR3 receptors are expressed on the surface of pDCs, the direct transfer of pDCs from the peripheral blood to the lymph nodes is promoted (68). While the chemokines responsible for regulating the recruitment and migration of pDCs in various tissues, such as the small intestine (77), have been confirmed, the precise factors governing pDC recruitment in AKI remain unclear. The regulatory mechanisms by which DCs are activated and mature and their migration to the site of renal injury and renal lymphatics are shown in Figure 3.




Figure 3 | Maturation and migration of kDCs in AKI. The ability of DCs in the peripheral blood to migrate to the kidneys plays an important role in maintaining health and mediating disease. In the healthy state, DCs that enter the kidney are in an immature state and maintain renal immune tolerance to innocuous antigens. In AKI, immature cDCs are activated and undergo maturation, resulting in the upregulation of MHC and costimulatory molecules, the uptake and processing of antigens, and an increase in CCR7 expression. Mature cDCs can then migrate toward the lumen of lymphatic vessels containing CCL19 and CCL21, where they bind to T cells and present antigens to T cells. In the inflammatory state, pDCs express CCR2, CCR9, and CXCR3, are recruited from the peripheral blood to the site of injury and can directly enter the lymphatic lumen by expressing CCR2, CCR7, and CXCR3.






5 Mechanisms of the kDC-mediated immune response in AKI



5.1 Renal ischaemia–reperfusion injury (RIRI)

RIRI is defined as a pathophysiological phenomenon in which there is a temporary loss of renal blood flow and tissue perfusion, followed by regaining of blood supply and increased tissue damage. RIRI is the leading cause of acute renal failure and transplant renal insufficiency. Early after ischemic injury, inflammatory mediators, including tumor necrosis factor-α (TNF-α), are produced, and previous studies have shown that TNF secretion is usually attributed to infiltrating monocytes, resident or infiltrating macrophages, and DCs (78). Subsequent studies have revealed that renal resident F4/80+ CD11c+ DCs have been shown to be the primary producers of TNF-α, and despite significant phenotypic overlap with resident macrophages, these cells migrate from the injured kidney to the draining lymph nodes within 24 to 48 hours of acute injury-a typical feature of DC function (79). After RIRI, DCs are activated and recruited to the kidneys, which mediates efficient induction and activation of adaptive immunity, antigen presentation to T cells and activation of T cells (mainly naïve antigen-specific CD8+ cells) (69). Hypoxia is an important marker of RIRI and regulates the innate immune response during this process (6). Previous studies have shown that DC activation in RIRI is accompanied by an increase in HIF-1α protein levels, and knockdown of HIF-1α significantly inhibits DC maturation and impairs the stimulation of allogeneic T cells (80, 81). In contrast, a recent study showed that HIF-2α deficiency in DCs upregulated CD36 expression in DCs, leading to cellular lipid accumulation, causing the overactivation of natural killer T (NKT) cells the production of IFN-γ and IL4, and ultimately exacerbating RIRI in mice (82). This finding suggests that hypoxia plays a crucial role in DC activation, and targeting and regulating HIF-1α or HIF-2α expression could be a potential therapeutic strategy for RIRI. The expression of miR-21 in hypoxia/reoxygenation-treated BMDCs significantly increased the proportion of mature DCs (CD11c+/MHC-II+/CD80+), and miR-21 overexpression could reduce the expression of HIF1α in RIRI and inhibit the maturation of DCs to protect epithelial cells from ischaemia reperfusion injury (83). Another study showed that miR-21 could target and regulate the CCR7 receptor on the surface of mature BMDCs and reduce the maturation of DCs and that RIRI-induced proinflammatory cytokine production could be attenuated by transferring miR-21-overexpressing BMDCs (84). During the transition from normal renal repair to maladaptive fibrosis in RIRI, persistent GM-CSF expression in renal tubular cells significantly increases monocyte chemoattractant protein-1 (MCP-1) expression in macrophages, which activates DCs and induces the secretion of the proinflammatory factors TNF-α and IL-1β by T cells. By inhibiting the expression of CCR2, which is a receptor for CCL2, the accumulation and persistence of macrophages, DCs, and T cells in the kidneys can be reduced, and therapeutic inhibition of CCL2/CCR2 signaling attenuates fibrosis and inflammation after RIRI (85). The regulatory mechanism by which kDCs affects RIRI is shown in Figure 4A.




Figure 4 | Mechanisms by which DCs mediate protective proinflammatory and tolerogenic immune responses in AKI. (A) Renal ischaemia−reperfusion injury. (B) Cis-platinum induced tubular injury. (C) Sepsis-induced AKI.






5.2 Cis-platinum induced tubular injury

Renal tubular epithelial cells are particularly susceptible to pharmacotoxic injury and undergo necrotic apoptosis. In a prior investigation, it was demonstrated that in a cisplatin-induced acute tubular injury model, mice with DC depletion through the use of diphtheria toxin experienced increased renal dysfunction, tubular injury, neutrophil infiltration, and mortality compared to mice without DC depletion. Additionally, the authors provided evidence that the increase in renal injury could be attributed to the depletion of haematopoietic cells expressing CD11c (86). These studies show that renal DCs play a role in reducing cisplatin-induced kidney damage and the resulting inflammation. This protective mechanism is believed to be linked to the secretion of IL-10 by renal DCs immediately following cisplatin treatment (87, 88). However, it remains unknown whether activated DCs stimulate IL-10 secretion by Treg cells to protect against cisplatin-induced kidney injury. In contrast, pDCs express low levels of CD11c and are not targeted in these mouse models (89). Another study showed that renal tubular epithelial cells produce chemokines in response to IFN-α stimulation, and these chemokines initiate the recruitment and activation of pDCs, increasing the local production of IFN-α and leading to the development of renal interstitial inflammation and apoptosis in renal tubular epithelial cells (90). The regulatory mechanism by which kDCs affect cis-platinum-induced tubular injury is shown in Figure 4B.




5.3 Sepsis-associated AKI (SA-AKI)

AKI is a common form of tissue damage and organ dysfunction that occurs during sepsis (91). SA-AKI occurs mainly due to the release of PAMPs (e.g., LPS) and DAMPs from damaged cells and tissues, which dysregulate the immune system and lead to systemic and renal inflammation, complement activation, mitochondrial dysfunction, and metabolic reprogramming (92). In the presence of systemic inflammation or renal inflammation, kDCs receive inflammatory stimuli and increase their transfer and antigen-presenting capacity in the renal lymph nodes. In LPS-induced AKI, DCs in the renal interstitium were shown to migrate into the renal lymph nodes and stimulate local activation of CD4+ T cells and the production of IL-18, IFN-γ and TNF-α (93, 94). These studies confirm that under septic conditions, kDCs are subjected to inflammatory stimuli, become activated and migrate, thereby mediating immune responses and exacerbating renal injury (Figure 4C). Deficiency of kDCs inhibits LPS-induced tubular and interstitial injury in the acute phase of AKI but delays tissue repair in the recovery phase, suggesting that kDCs influence SA-AKI progression and renal repair (94). kDCs are involved in the development of SA-AKI, and it is crucial to clarify the exact mechanisms of renal injury and repair mediated by kDCs, including the signaling pathways involved, the effects on T-cell activation, and the secretion of relevant cytokines.

Numerous molecules and signaling pathways play important roles in DCs and are involved in the development and progression of SA-AKI. The induction of proinflammatory factors in DCs requires the involvement of TLR2 and TLR4, and specific intercellular adhesion molecule-3-grabbing non-integrin (SIGN) on DCs captures nonintegrin 1, which interacts with TLR4 to regulate the inflammatory response of renal tubular epithelial cells and is involved in the pathogenesis of AKI (95, 96). The IL-18 receptor signaling pathway plays an important role in DC- and CD4+ T-cell-mediated inflammatory responses, and inhibiting IL-18Rα in LPS-induced AKI reduces the mRNA expression of IL-18, IFN-γ, TNF, and IL-6 in the kidney (97). The spleen tyrosine kinase (Syk) signaling pathway has an important role in DCs and neutrophils in SA-AKI, and the inflammatory cascade during SA-AKI can be limited by inhibiting the Syk signaling pathway (98). Furthermore, Bruton’s tyrosine kinase (BTK) was activated in DCs, neutrophils, and B cells during the onset of SA-AKI, and renal function after AKI could be ameliorated by inhibiting the BTK signaling pathway (99).




5.4 COVID-19-associated AKI

AKI is a common complication of COVID-19, reported in more than a quarter of COVID-19 patients, and the mortality rate of COVID-19-associated AKI is higher in hospitalized patients than in those without renal involvement (100). The lack of renal recovery in COVID-19-associated AKI survivors compared to patients with other forms of AKI is of particular concern (101, 102). Both innate and adaptive immune responses play critical roles in the recognition and elimination of foreign pathogens. However, an excessive immune response during SARS-CoV-2 infection can lead to disease severity and associated complications in COVID-19 (103). Patients with poor COVID-19 progression develop dysregulation of cytokines and chemokines such as IL-2, IL-6, GM-CSF, CXCL10, CCL2, CCL7, CCL3 and TNF (104, 105). Decreased absolute numbers, activation, and function of CD4+ and CD8+ T cells were observed in patients with severe COVID-19, as evidenced by significantly lower levels of TCR expression, T-cell migration stimulator (DDP4), TCR signaling kinase, and MHC II molecules (106). Notably, depletion of pDCs (the main source of IFN-α) was observed in patients with COVID-19, which may have led to the inability of a subset of patients to effectively clear the virus from renal cells (107). Despite the insights into immune infiltration and activation of the innate and adaptive immune system in COVID-19-associated AKI, further studies are needed on the exact molecular mechanisms mediated by DCs in which they are involved, which may represent promising future specific therapeutic approaches for COVID-19-associated AKI.





6 DCs–targeted therapies in AKI: a promising therapeutic strategy



6.1 Induction of tolerogenic DCs (tolDCs)

tolDCs are a class of DCs with immature phenotypes and tolerance-inducing properties that do not induce antigen-specific immune responses but rather mediate immune tolerance (34). tolDCs express low levels of MHC and costimulatory molecules and can disrupt effector T-cell responses and induce regulatory T-cell proliferation and the production of immunosuppressive factors (e.g., IL-10), thereby inducing immune tolerance (108, 109). The plasticity of DCs allows for phenotypic modulation through tolerogenic transcriptional program modulation or proinflammatory transcription factor inhibition, and these modified DCs can induce therapeutic immunosuppression in vivo through direct interactions with T cells (110). The induction of tolDCs for the treatment of AKI has become a promising therapeutic strategy and is being actively promoted.

In Table 3, we summarize the available strategies and mechanisms for treating AKI by inducing tolDCs. DCs and NKT cells play a key role in the initiation of the immune response to RIRI in mice, and blocking DC-mediated NKT cell activation could be a novel therapeutic strategy for the prevention of AKI. Li et al. protected the kidney from RIRI by using the A2AR activator ATL313 to induce the production of tolDCs, which targeted and blocked DC-NKT interactions, inhibited NKT cell activation and reduced IFN-γ production (111). This study provides proof-of-principle for the use of pharmacologic approaches to induce the production of tolDCs to treat AKI. Sphingosine 1-phosphate (S1P), an important intracellular and extracellular signaling molecule, is a natural ligand of five G-protein-coupled receptors (S1P1, S1P2, S1P3, S1P4, and S1P5) that regulate cellular functions and modulate the immune system. S1P1 receptor agonist (FTY720) attenuated RIRI in mice, and in vitro studies showed that FTY720-treated DCs were rich in mitochondria, and further transplantation of FTY720-DCs observed that transfer of mitochondria-rich DCs protected the kidneys from RIRI because the transferred DCs donated their mitochondria to recipient splenocytes (i.e., macrophages), increased the activation of CD4FoxP3+ Tregs, and inhibited TNF-α production (112). In addition, in S1P3-deficient RIRI DCs exhibited reduced expression of costimulatory molecules, MHC II, and proinflammatory cytokines and chemokines and promoted Th2/IL-4 responses (113). This finding suggests that antagonizing S1P3 expression may result in the formation of tolDCs and could be used as a treatment for RIRI, but there are currently no studies of the use of S1P3 inhibitors to induce tolDCs. An mTOR inhibitor (rapamycin) reduced the immunogenicity and immunostimulatory phenotype of DCs after LPS stimulation, induced resistance to phenotypic maturation induced by proinflammatory stimuli, and modulated mitochondrial dynamics in DCs by increasing mitochondrial numbers, decreasing TNF-α and IL-6 secretion, and increasing IL-10 secretion, synergistically protecting the kidney from ischaemic injury (114, 115). Notably, in a recent study of vitamin D3/IL-10-conditioned tolDCs, treated cells exhibited high PD-L1 and CD86 expression, elevated IL-10 levels, decreased IL-12 p70 secretion, and suppressed transcriptome inflammatory profiles, which successfully abrogated renal injury without altering the infiltrating inflammatory cell population during systemic infusion (116). Current evidence from transplant-tolerant phase I/II clinical trials suggests that tolDCs are safe, and multiple regimens have been used to induce tolDC production, providing the basis for the clinical use of tolDC therapy in AKI. Further exploration of the role of tolDCs in AKI and postinjury repair is necessary in the future.


Table 3 | Induction strategy and characterization of tolDCs for the treatment of AKI.






6.2 Targeting cytokine production and co−stimulation

After maturation, DCs secrete cytokines to stimulate and activate T cells or act directly on damaged tissues, including pro-inflammatory factors such as IL-1, IL-6, IL-12, TNF, and IFN-α. miR-21 is a key inhibitory factor in the maturation of DCs, which can inhibit the maturation of DCs and decrease the secretion of IL-12, IL-6, and TNF-α, and attenuate the local inflammation (83). At the onset of AKI, pDCs rapidly infiltrated the kidneys and promoted renal injury through the production of IFN-α, whereas pDCs knockdown reduced the release of IFN-α, decreasing further renal injury (90). Upon binding of DCs surface antigenic peptide MHC complexes to T-cell surface TCRs, co-stimulatory substance molecules can provide positive signals that increase T-cell stimulation. DCs surface co-stimulatory molecules include CD80(B7-1), CD86(B7-2) and CD40 (117). The deletion of Rictor in DCs was observed in the AKI model to cause an increase in CD80 and CD86 on the surface of DCs, causing enhanced migration to the damaged kidney and greater tissue damage (118). Targeted modulation of Rictor expression in DCs in can attenuate further damage in AKI, but there are no studies of Rictor agonists in AKI. By targeting and regulating DCs maturation, secretory factor release and co-stimulatory molecules provides a new direction for the treatment of AKI.





7 Conclusions and perspectives

Immunoinflammatory mechanisms mediate the development of AKI, and the protective and injurious effects of DCs and their regulatory factors on AKI are receiving increasing attention. This paper provides a comprehensive review of the various subpopulations of DCs and their respective functions, as well as the molecular mechanisms involved in maintaining homeostasis and facilitating injury and repair in AKI. Additionally, the research progress on the use of tolDCs as a potential therapeutic strategy for AKI was discussed. The migration of immature DCs plays a crucial role in maintaining homeostasis and inducing peripheral tolerance. Conversely, the migration of activated and mature DCs to renal lymphoid organs in AKI is a significant characteristic of DC-mediated immunity. Therefore, targeting DC chemokines to modulate their migratory capacity has the potential to treat AKI. Additionally, therapeutic strategies to induce tolDCs by inhibiting proinflammatory cytokine release and costimulatory molecules are currently being developed. Promisingly, findings derived from animal studies indicate the efficacy of tolDCs in the treatment of AKI, and evidence from phase I/II clinical trials suggests a positive safety profile for tolDCs (119). Consequently, it is imperative to pursue additional research elucidating the intricate molecular mechanisms involved in the interaction between DCs, tolDCs, and other renal cells. These investigations can enhance our understanding of the underlying mechanisms driving immune inflammation-induced AKI and pave the way for novel therapeutic interventions.
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Background

As a damage-associated molecular pattern protein, high mobility group box 1 (HMGB1) is associated with kidney and systemic inflammation. The predictive and therapeutic value of HMGB1 as a biomarker has been confirmed in various diseases. However, its value in diabetic kidney disease (DKD) remains unclear. Therefore, this study aimed to investigate the correlation between serum and urine HMGB1 levels and DKD progression.





Methods

We recruited 196 patients with type 2 diabetes mellitus (T2DM), including 109 with DKD and 87 T2DM patients without DKD. Additionally, 60 healthy participants without T2DM were also recruited as controls. Serum and urine samples were collected for HMGB1 analysis. Simultaneously, tumor necrosis factor receptor superfamily member 1A (TNFR-1) in serum and kidney injury molecule (KIM-1) in urine samples were evaluated for comparison.





Results

Serum and urine HMGB1 levels were significantly higher in patients with DKD than in patients with T2DM and healthy controls. Additionally, serum HMGB1 levels significantly and positively correlated with serum TNFR-1 (R2 = 0.567, p<0.001) and urine KIM-1 levels (R2 = 0.440, p<0.001), and urine HMGB1 has a similar correlation. In the population with T2DM, the risk of DKD progression increased with an increase in serum HMGB1 levels. Multivariate logistic regression analysis showed that elevated serum HMGB1 level was an independent risk factor for renal function progression in patients with DKD, and regression analysis did not change in the model corrected for multiple variables. The restricted cubic spline depicted a nonlinear relationship between serum HMGB1 and renal function progression in patients with DKD (p-nonlinear=0.007, p<0.001), and this positive effect remained consistent across subgroups.





Conclusion

Serum HMGB1 was significantly correlated with DKD and disease severity. When the HMGB1 level was ≥27 ng/ml, the risk of renal progression increased sharply, indicating that serum HMGB1 can be used as a potential biomarker for the diagnosis of DKD progression.
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1 Introduction

Diabetes mellitus is a major cause of chronic kidney disease (CKD) worldwide and is a strong risk factor for the progression of CKD to end-stage renal disease (ESRD) (1, 2). Diabetic kidney disease (DKD) affects up to 40% of patients with diabetes and is associated with a substantial incidence and mortality of ESRD and cardiovascular events (3, 4). The mortality risk associated with early-stage DKD is much higher than that associated with CKD or diabetes without DKD (5). The estimated glomerular filtration rate (eGFR) and albuminuria are established markers for assessing renal function progression (6, 7). However, there is a significant difference between albuminuria and renal impairment in diabetic neuropathy, and DKD can occur without increased albuminuria and subsequent progression to ESKD (8, 9). On the other hand, owing to the regulation of complex environmental and genetic factors, there is heterogeneity in the progression rate of CKD in patients with diabetes, which is manifested by the rapid decrease in the eGFR in some populations with DKD. Conversely, others experience a more indolent course (10, 11). Therefore, it is necessary to identify new biomarkers that can reliably predict the development and progression of DKD.

Over the past decade, many new biomarkers have been evaluated and provided insight into the pathophysiology of kidney disease progression in the context of diabetes. Inflammation is of particular importance (12, 13). Inflammation plays a crucial role in the development and progression of DKD. Persistent inflammation leads to glomerulosclerosis and renal fibrosis, which in turn lead to proteinuria and decreased glomerular filtration rate (14). Numerous inflammation-related molecules, as biomarkers, have been found to be strongly correlated with the progression and prognosis of DKD (13). For example, kidney risk inflammatory signature, composed of 17 proteins including the tumor necrosis factor, is associated with a 10-year risk of ESRD by promoting the inflammatory process of diabetes (15). A study of 2553 participants with normoalbuminuria at a median follow-up of 6.1 years found that TNFR-1 (hazard ratio [HR]=4.2) and TNFR-2 (HR=2.3) were associated with renal outcomes in patients with type 2 diabetes and normoalbuminuria, whereas KIM-1 did not find an association with renal outcomes (16). Similarly, another study reported that TNFR-1 is associated with the risk of kidney failure with replacement therapy in adults with diabetes (HR=1.91) (12). High mobility group box 1 (HMGB1), as an important pro-inflammatory factor, has been found to be elevated in many metabolic and immune diseases, including sepsis (17), rheumatoid arthritis (18), and Alzheimer’s disease (19), and significantly correlated with their progression and prognosis. We recently noticed that HMGB1 activation in kidney disease promotes multiple key events in CKD progression by activating downstream signals, including kidney inflammation, development of persistent fibrosis, kidney aging, acute kidney injury to CKD transition, and important cardiovascular complications (20). Several clinical studies have also shown that elevation of the HMGB1 level is significantly correlated with kidney disease progression (21–23). Furthermore, on the basis of the Nephroseq database, we found an increase of HMGB1 expression in CKD and a significant correlation with eGFR and proteinuria (Figure 1). However, the potential role of HMGB1 as a biomarker for the occurrence and progression of DKD has not yet been investigated.




Figure 1 | Expression of HMGB1 in different kidney diseases and its correlation with eGFR and proteinuria based on Nephroseq database. (A) expression of HMGB1 in nephrosclerosis, (B) expression of HMGB1 in CKD, (C) correlation between average HMGB1 expression and eGFR, (D) correlation between average HMGB1 expression and proteinuria. **P < 0.01, n.s. = no significance.



Therefore, in this study, we attempted to investigate the relationship between serum and urine HMGB1 levels and the occurrence and progression of DKD. To verify this, serum tumor necrosis factor receptor superfamily member 1A (TNFR-1) and urine kidney injury molecule (KIM-1), previously reported biomarkers significantly associated with the prognosis of DKD, were also evaluated for comparison.




2 Methods



2.1 Study design and population

In this cross-sectional study, we recruited 256 participants as the study set from Guang’anmen Hospital of the Chinese Academy of Traditional Chinese Medicine and China-Japan Friendship Hospital from May 2016 to December 2022, including 87 type 2 diabetes mellitus (T2DM) patients without CKD, 109 with DKD, and 60 healthy control participants, and another 42 participants from Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine (including 15 T2DM patients without CKD, 22 with DKD, and 5 healthy control participants) were included in this study as the validation set. We performed power analysis based on G*Power (Version 3.1.9.7) software to ensure the sample size of each subgroup is sufficient. The inclusion and exclusion criteria of the validation set were the same as those of the study set. The diagnosis of T2DM is based on the guidelines of the American Diabetes Association (ADA) (glycosylated hemoglobin level of 6.5%, fasting blood glucose level of 126 mg/dl, and/or random blood glucose level of 200 mg/dl) (24). The diagnostic criteria of DKD were based on the guidelines of the National Kidney Foundation’s Quality Initiative for Renal Disease Outcomes (NKF-KDOQI) (25), i.e., urinary albumin excretion rate of ≥30 mg/24 hours or abnormal eGFR of <60 mL/min/1.73 m2. Individuals with type 1 diabetes, autoimmunity, infection, liver dysfunction, cancer, kidney replacement therapy, or cardiovascular diseases with serious complications were excluded. We also excluded patients with non-DKD, according to previously described (26). Including: 1) diabetes duration less than 5 years; 2) rapid decline of eGFR; 3) rapid increase of urinary albumin or nephrotic syndrome; 4) active urinary sediment (red blood cell, white blood cell or cell tube type); 5) intractable hypertension; 6) combined with other systemic diseases. This study was approved by the Ethics Committee of Guang’anmen Hospital of the Chinese Academy of Traditional Chinese Medicine, Dongzhimen Hospital Affiliated to Beijing University of Chinese Medicine and China-Japan Friendship Hospital respectively, and all participants gave informed consent.




2.2 Data collection

All participants were instructed to complete a questionnaire that included their demographic characteristics (age, sex, height, and weight), living habits (smoking and drinking), medical history (duration of type 2 diabetes, hypertension, cardiovascular disease, hyperlipidemia, and fatty liver disease), and standard laboratory functional test results (values of hemoglobin, urinary microalbumin, and 24-hour urine protein quantification). eGFR was evaluated according to the 2009 Chronic Kidney Disease Epidemiology Collaboration formula (27). Blood and urine samples were obtained from all participants. Blood samples were centrifuged at 3000 rpm for 10 minutes, and the supernatant was kept at -80 °C. Urine samples were centrifuged at 1500 rpm for 10 minutes, and the supernatant was kept at -80 °C.




2.3 Laboratory tests of HMGB1

Both serum and urine HMGB1 levels were detected using the human high-mobility group protein B1 (HMGB1) enzyme-linked immunosorbent assay (ELISA) kit (E-EL-H1554c, Elabscience), and ELISA was performed according to the manufacturer’s instructions. The coefficient of inter-assay and intra-assay variation was <10%. All measurements were repeated thrice horizontally, and the average of these values was used to prevent measurement bias. Additionally, urine HMGB1 levels were corrected for urinary creatinine levels.




2.4 Measurement of TNFR-1 and KIM-1 levels

According to the manufacturer’s instructions, the human tumor necrosis factor receptor superfamily member 1A (TNFRSF1A) ELISA kit (E-EL-H0217c, Elabscience) and the human kidney injury molecule 1 (KIM-1) ELISA kit (E-EL-H6029, Elabscience) were used to quantify the contents of TNFR-1 in the serum samples and KIM-1 in the urine samples, respectively. The coefficient of inter-assay and intra-assay variation was <10%. All samples were measured thrice horizontally, and the average of these values was used to prevent measurement bias. Moreover, urinary KIM-1 levels were corrected for urinary creatinine levels.




2.5 Statistical analysis

Descriptive statistics were used to determine the baseline characteristics of the study population. The results are reported using descriptive statistical methods, where the continuous variables are continuously presented as variables with normal or non-normal distribution through means and standard deviations (SD) or medians and interquartile ranges (IQRs), and categorical variables are presented as quantities and percentages. We used t-tests, one-way analysis of variance, and Kruskal–Wallis tests to analyze the relationship between continuous variables for comparison between different groups; the chi-square test was used to analyze the relationship between categorical variables. Correlations between different indicators were tested using the Spearman correlation test. The relationship between serum HMGB1 and CKD stage was tested using ordinal logistic regression. While, some potential confounders were corrected in the multivariate regression models. Receiver-operator characteristic (ROC) curves were drawn, and the performance of serum and urine HMGB1 were evaluated by the area under the curve (AUC). Considering the possible non-monotonic effects between serum HMGB1 and renal function progression in DKD, we also used restricted cubic spline (RCS) fitting univariate and multivariate regression models to flexibly model and visualize the nonlinear relationship between serum HMGB1 levels and the risk of DKD progression (28). To get the best fitting effect, we fitted the model with the number of knots between 3-7 separately, and selected the knots corresponding to the lowest value for the akaike information criterion (AIC) as the number of knots. We set the median of the first quartile of serum HMGB1 as the reference. To test for potential nonlinearity, a likelihood ratio test was used to compare the RCS model with a model containing only linear terms. A two-tailed p-value of <0.05 was considered significant. All statistical analyses were performed using SPSS statistics 25.0 (SPSS, Inc., Chicago, IL, USA) and R software, version 4.2.2, along with MSTATA software (www.mstata.com).





3 Results



3.1 Basic characteristics of the study population

The demographic characteristics of the participants are presented in Table 1. Among the 256 participants, 109 had DKD, 87 had T2DM, and 60 were healthy control, and there were 130 males (50.78%) with an average age of 57.71 ± 9.69 years and a body mass index (BMI) of 24.70 ± 3.36 kg/m2. Less than a quarter of the participants reported smoking (20.31%) or drinking (21.48%).


Table 1 | Baseline demographic and clinical characteristics of the study population.



Compared with T2DM patients without CKD and healthy controls, patients with DKD were older and there was significant predominance in male sex, duration of diabetes, hypertension, cardiovascular disease, smoking, and alcohol consumption. Among the population with DKD, while there was no statistically significant difference in LDL-C and hs-CRP between T2DM patients without CKD and healthy controls.




3.2 Elevation of the HMGB1 level in the population with DKD

The serum HMGB1 levels in the population with DKD was significantly higher than that in the population with long-term diabetes but without CKD or in healthy control people without diabetes (52.03 ± 28.45 v.s. 19.87 ± 12.82 and 19.81 ± 10.01) (Figure 2A). Urine HMGB1 levels corrected by urinary creatinine levels showed results similar to serum HMGB1 levels (Figure 2B). Notably, we found a significant positive correlation between serum and urine HMGB1 levels in this population (R2 = 0.477, p<0.001) (Figure 2C).




Figure 2 | Serum and urine HMGB1 were significantly elevated in DKD population and correlated with TNFR-1 and KIM-1. (A) serum HMGB1 levels in the study population, (B) urine HMGB1 levels in the study population, (C) correlation between serum and urine HMGB1, (D) urine KIM-1/Cr levels in the study population, (E) correlation between serum HMGB1 and urine KIM-1/Cr, (F) correlation between urine HMGB1 and KIM-1/Cr, (G) serum TNFR-1 levels in the study population, (H) correlation between serum HMGB1 and TNFR-1, (I) correlation between urine HMGB1 and serumTNFR-1, (J) correlation between serum HMGB1, urine KIM-1 and serum TNFR-1 and proteinuria and renal function progression, (K) the performance of serum HMGB1, urine KIM-1 and serum TNFR-1 to identify DKD based on the ROC curve. n.s. = no significance.



Urine KIM-1 is a known and confirmed marker of renal tubular injury. Consistent with previous reports (29), we found that KIM-1 levels corrected for urinary creatinine levels were significantly elevated in the population with DKD (Figure 2D), and there was a significant correlation between serum HMGB1 and urine KIM-1 levels (R2 = 0.440, p<0.001) (Figure 2E). Similarly, creatinine-corrected urinary HMGB1 levels were significantly correlated with KIM-1 levels (R2 = 0.604, p<0.001) (Figure 2F).

More importantly, recent study reported that TNFR-1 expression is strongly correlated with the prognosis of DKD. Every unit of TNFR-1 increased the risk of DKD renal function decline by 117% (30). We also found that serum TNFR-1 levels were significantly elevated in the population with DKD (2.84 ± 0.95 v.s. 2.21 ± 0.34 and 2.10 ± 0.41) (Figure 2G), and there was a significant correlation between serum HMGB1 and serum TNFR-1 levels (R2 = 0.567, p<0.001) (Figure 2H). Moreover, there was a significant correlation between creatinine-corrected urine HMGB1 levels and serum TNFR-1 levels (Figure 2I). (R2 = 0.289, p<0.001). More importantly, we found that serum HMGB1 showed a higher correlation with proteinuria and renal function progression compared to urine KIM-1 and serum TNFR-1(Figure 2J), and its efficacy in predicting DKD occurrence was better (Figure 2K).




3.3 Association of the HMGB1 levels with DKD‐related traits

Next, we found that the levels of HMGB1 in serum and urine are related to age, duration of diabetes, the proportion of hypertension and CVD (Table 2, Figure 2A). In addition, serum HMGB1 is also related to sex and smoking status (Table 2). We further found that serum and urine HMGB1 levels were significantly correlated with clinical indicators related to DKD (Table 2, Figure 3A), and the diagnostic efficacy of serum HMGB1 for the occurrence of DKD was better than that of corrected urine HMGB1 (AUC=0.892 v.s. AUC=0.792) (Figure 3B). Therefore, serum HMGB1 levels were selected for further analyses.


Table 2 | Association of serum HMGB1 with various patient characteristics.






Figure 3 | Association of the HMGB1 levels with DKD‐related traits. (A) correlation of serum and urine HMGB1 and DKD related variables based on Spearman correlation test, (B) the performance of serum and urine HMGB1 to identify DKD based on the ROC curve.






3.4 Correlations between serum HMGB1 and other variables

To determine the relationship between serum HMGB1 levels and DKD progression-related variables, we divided the included population into four groups according to the quartiles of serum HMGB1 levels, and the baseline characteristics of the included participants are shown in Table 3. Age, male proportion, duration of diabetes, hypertension proportion, CVD proportion, smokers’ proportion, and serum TNFR-1 levels increased with increasing serum HMGB1 levels (all p values < 0.05). Additionally, HGB levels decreased in the highest quartile of serum HMGB1 levels. The differences in blood lipid levels were not statistically significant (all p values > 0.05). Importantly, we found that an increase in the quartile of serum HMGB1 levels was associated with an increased incidence of renal function decline and an increased number of patients with higher CKD stages compared with the lowest quartile (Table 3) (all p values < 0.05). This indicates that there is a dose-response relationship between serum HMGB1 levels and the renal progression of DKD.


Table 3 | Clinical and biochemical parameters for participants, according to quartile of Serum HMGB1 levels.






3.5 Dose-response relationships of serum HMGB1 with the risk of kidney function decline in DKD

Based on univariate and multivariate logistic regression, we found that higher HMGB1 levels significantly increased the risk of renal function decline compared with the first quartile (Table 4, Figure 4), and we constructed three additional multivariate logistic regression models to adjust for confounding variables. As Table 4 shows, elevated serum HMGB1 levels remained an independent risk factor for renal function decline in DKD.


Table 4 | OR and 95% CI for kidney function decline in each quartile based on univariate and multivariate logistic regression.






Figure 4 | Forest plot of quartile of serum HMGB1 levels and DKD-related variables based on logistic regression.



Next, we constructed an RCS model to flexibly visualize the relationship between serum HMGB1 levels and DKD progression on a continuous scale with or without correction for covariates. We observed an inverted J-shaped nonlinear relationship between serum HMGB1 levels and eGFR (p-nonlinear=0.007, p<0.001, knots=6, AIC=2137.97), after excluding the confounding factors of age, sex, hypertension, smokers, and duration of diabetes. When the concentration of HMGB1 was <27 ng/ml, the risk of renal function decline in DKD was stable (OR per SD=0.82, p=0.017). In contrast, when the concentration of serum HMGB1 was ≥27 ng/ml, the risk of renal function decline rapidly increases (OR per SD=0.53, p<0.001) (Table 5, Figure 5A). When adjusting for confounders, we found no nonlinear relationship between serum HMGB1 and UACR (p-nonlinear=0.071, p<0.001, knots=5, AIC=3500.54, Table 5, Figure 5B. Additionally, a similar relationship was observed between serum HMGB1 and UTP (p-nonlinear=0.011, p<0.001, knots=7, AIC=4417.18). Serum HMGB1 and UTP also showed a J-shaped relationship, after excluding the confounding factors of age, sex, hypertension, smokers, and duration of diabetes (Table 5, Figure 5C).


Table 5 | Effect of standardized serum HMGB1 level on eGFR adjusted coefficients from segmented linear regression analysis.






Figure 5 | Relationships between serum HMGB1 and renal function fitted with restricted cubic spline (RCS) models. The solid lines indicate multivariate-adjusted Betas, and dotted lines indicate the 95% CIs derived from restricted cubic spline regression. Adjusted for age, sex, hypertension, smokers, and duration of diabetes. (A) serum HMGB1 and eGFR, (B) serum HMGB1 and UACR, (C) serum HMGB1 and UTP.






3.6 Subgroup and sensitivity analyses

Subgroup analysis showed that the association between HMGB1 and the risk of DKD progression was not significantly affected in the data stratified by age, sex, and BMI. The sensitivity analysis did not reveal substantial changes in the results after excluding participants with CVD, hypertension, and smokers, respectively, indicating that our results are robust.




3.7 Validation set

To validate the role of serum HMGB1, we analyzed the data of 42 participants recruited independently in another center. As shown in Table 6, the study set and validation set had similar baseline characteristics. The median levels of baseline serum HMGB1 were similar in both sets. Similar findings were observed in the validation set: serum HMGB1 levels were also higher in patients with DKD compared with patients with long-term diabetes but without CKD nephropathy or in healthy control people without diabetes (Figure 6A). The calibration plot showed that there was a good fit between the observed and predicted probabilities, and no statistical difference from the perfect fit was found for the study (p=0.202) and the validation set (p=0.825) (Figure 6B). At the same time, according to the above threshold, we also grouped the population whether the serum HMGB1 ≥27 ng/ml. We found that the proportion of DKD was significantly increased (Figure 6C), the level of 24h-UTP and ACR were significantly increased (Figures 6D, E), and the level of GFR was significantly decreased (Figure 6F) in the population with serum HMGB1 ≥27 ng/ml.


Table 6 | Baseline characteristics of participants included in the validation set compared to the study set.






Figure 6 | Validation set from another independent center. (A) serum HMGB1 levels in different groups; (B) Calibration plot comparing the observed and predicted probabilities for kidney function decline from the logistic regression for the study and validation set; (C) Proportion of DKD population with serum HMGB1 ≥27 ng/ml or <27 ng/ml; (D) 24h-UTP levels in serum HMGB1 ≥27 ng/ml or <27 ng/ml; (E) ACR levels in serum HMGB1 ≥27 ng/ml or <27 ng/ml; (F) eGFR levels in serum HMGB1 ≥27 ng/ml or <27 ng/ml. **P < 0.01, n.s. = no significance.







4 Discussion

Liquid biopsy is increasingly used for early diagnosis and precision medicine (31), especially for cancer (32). More importantly, advances in omics techniques and computational analysis have increased the sensitivity, specificity, and accuracy of liquid biopsies (33, 34). In kidney disease, the use of this noninvasive fluid biopsy compensates for the risk of bleeding, pain, infection, and renal vein thrombosis associated with invasive kidney biopsy and the limitation of not being able to perform repeat kidney biopsies to monitor disease progression (35). However, for DKD, the number of biomarkers for identifying renal disease progression and poor prognosis remains limited. Therefore, the identification of specific and sensitive biomarkers is essential for early diagnosis and disease management. For example, a urine proteomics-based study found that urinary CKD273, composed of 273 peptides, has great potential for predicting kidney outcomes in diabetes (36, 37). Another study, based on the SOMAscan proteomics platform, screened three proteins (Delta-like 1, endothelial cell adhesion molecule, and mitogen-activated protein kinase 11) as candidate biomarkers for predicting the risk of DKD progression to renal failure (38). Several biomarkers have been reported to increase over time before the onset of albuminuria (39). Therefore, the discovery and identification of additional biomarkers to reliably predict renal function progression in patients with DKD are essential.

In this study, we demonstrated, for the first time, that serum and urine HMGB1 levels were significantly higher in patients with DKD than in T2DM patients without DKD and healthy controls. Serum and urine HMGB1 levels were significantly associated with known markers of renal progression. Serum HMGB1 levels were more effective than urine HMGB1 levels in predicting the occurrence of DKD. Interestingly, on the basis of RCS, we found a nonlinear relationship between serum HMGB1 levels and the progression of renal function in DKD. When the serum HMGB1 was <27 ng/ml, the risk of DKD progression was almost stable and weak. However, when the HMGB1 level was ≥27 ng/ml, the risk of DKD progression increased sharply.

In our study, both age and sex were associated with elevated serum HMGB1 levels. A preclinical study, which supports our findings, reported that HMGB1 expression varied between the sexes in kidney injury and increased more in male rats with kidney injury than in female rats (40). We also found that the expression of serum HMGB1 was associated with smoking. A recent study confirmed our finding that nicotine promoted the release and secretion of HMGB1 by enhancing cathepsin B-dependent NLRP3 inflammasome activation, which led to the disruption of endothelial permeability (41). Additionally, an interesting finding of our study was that the positive correlation between serum HMGB1 and the duration of diabetes may indicate that serum HMGB1 plays a significant role in the underlying mechanisms of diabetes-induced renal disease. As previously discussed, HMGB1 may play a more indispensable role in chronic diseases than in acute lesions (20), although extracellular HMGB1 levels can change at the moment of injury. A preclinical study also found that in the early stage after unilateral ureteral obstruction, renal tubular HMGB1 deletion had no obvious effect on renal injury, but it can significantly reduce renal interstitial fibrosis in the late/subacute stage (42). As described in our study and the literature, serum HMGB1 plays an important role in DKD, emphasizing the importance of serum HMGB1 as a biomarker for the occurrence and progression of DKD.

HMGB1 is a member of the family of high-mobility proteins with secretory and intracellular activities (43). As a DNA chaperone, autophagy regulator, and damage-associated molecular pattern (DAMPs), HMGB1 is ubiquitously expressed in almost all cell types and plays an important role in DNA repair, telomere maintenance, autophagy homeostasis, and immune regulation (44, 45). HMGB1, as a biomarker and drug target, is related to the progression of many diseases (46, 47). In kidney disease, serum HMGB1 levels are significantly elevated and show differences in different pathologies. Elevated serum HMGB1 levels are associated with renal function progression and risks of inflammation, malnutrition, and cardiovascular disease in patients with CKD (48, 49). Similarly, serum and urine HMGB1 levels have been found to be associated with disease activity and renal involvement in patients with systemic lupus erythematosus (50, 51). Interestingly, serum HMGB1 levels have also been found to be independently associated with coronary artery disease and carotid plaque susceptibility in diabetic populations (52, 53). On the basis of this evidence, we explored the association between HMGB1 and DKD in a population with diabetes. This study found, for the first time, that the serum and urine levels of HMGB1 in patients with DKD were significantly higher than those in the non-DKD diabetic and healthy control populations (2.5–10 times), and with the aggravation of DKD, serum HMGB1 levels increased significantly and was positively correlated with the serum TNFR-1 level. In summary, serum HMGB1 may reflect the regulatory response of the inflammatory state during DKD pathogenesis, and can be used as a potential marker for the prediction of DKD, which is helpful for the diagnosis and targeted treatment of DKD.

Based on the above evidence, we hypothesized several main reasons why serum HMGB1 could be used as a biomarker of DKD progression. First, HMGB1 promotes renal inflammation by recruiting immune cells and activating the nuclear factor-kB pathway, which in turn mediates the apoptosis of glomerular cells and deposition of the mesangial matrix, thereby aggravating proteinuria and glomerulosclerosis. On the other hand, circulating HMGB1 exacerbates renal fibrosis by promoting renal epithelial cell and macrophage trans-differentiation, thereby promoting renal disease progression. Hence, we hypothesized that elevated serum HMGB1 levels may reflect a persistent chronic inflammatory state in DKD. However, the detailed origin of circulating HMGB1 in DKD cannot be determined. Studies have shown that renal tubular cells and podocytes are the main sources of HMGB1 secretion in the kidneys (54). There is evidence that receptor of advanced glycation endproducts (RAGE) is the primary receptor for HMGB1, and deletion of bone marrow-derived RAGE was shown to improve renal function in a DKD mouse model (55). On the other hand, studies have shown that splenectomy can transiently reduce circulating HMGB1 levels, which in turn improves CKD (56). The current results do not explain the origin of HMGB1 in DKD in detail. This is critical for targeted therapy of DKD, and further research should be conducted to investigate this issue.

Notably, HMGB1 can be neutralized or inhibited by polypeptides, natural products, or small molecules, and exhibits potential benefits in the treatment of various diseases (57–59). Additionally, studies have shown that serum HMGB1 levels are associated with disease treatment outcomes and that high levels of HMGB1 may indicate greater sensitivity to drugs (60). Interestingly, despite increased renal tissue expression and serum HMGB1 levels in lupus nephritis, HMGB1 expression in the serum and tissues did not decrease after immunosuppressive therapy (61). These studies’ findings suggest that HMGB1 plays a complex role in the treatment of different diseases; however, the changes in HMGB1 during DKD treatment and their correlation with treatment effects remain unknown. Here, although we observed elevated levels of HMGB1 in the serum and urine of patients with DKD, we lacked follow-up information on patients after treatment. Therefore, we could not confirm a causal relationship between HMGB1 and DKD or the exact mechanism by which HMGB1 affects DKD. Therefore, future studies should focus on changes in HMGB1 levels before and after treatment, which will help in the treatment and management of DKD.

This was a preliminary study showing a correlation between elevated serum HMGB1 levels and DKD progression. However, this study has some limitations that must be addressed. First, this was a cross-sectional study, and we did not perform continuous HMGB1 measurements and long-term follow-up of the kidneys; therefore, we could not determine the causal relationship between HMGB1 and disease and the response of HMGB1 in DKD after drug treatment. Thus, a cohort study to explore whether improving serum HMGB1 levels through pharmacological targeting will affect the prognosis of DKD would be a better option to reflect the true relationship between HMGB1 and DKD and evaluate its predictive value. Second, the study population was derived from only two centers; therefore, the results should be validated in more central studies. Finally, the study population included only adults from China; thus, this association should be confirmed in other ethnic and age groups.




5 Conclusions

In conclusion, this is the first study to report that serum and urine HMGB1 levels are significantly increased in patients with DKD and are closely related to disease progression and renal inflammation. When the serum HMGB1 was ≥27 ng/ml, the risk of DKD progression increased sharply, suggesting that serum HMGB1 could be used as a potential biomarker for the progression of DKD. Further research on the detailed role of HMGB1 in the pathogenesis of DKD is required to guide its clinical treatment and management.
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Hypertensive nephropathy (HTN) is the second leading cause of end-stage renal disease (ESRD) and a chronic inflammatory disease. Persistent hypertension leads to lesions of intrarenal arterioles and arterioles, luminal stenosis, secondary ischemic renal parenchymal damage, and glomerulosclerosis, tubular atrophy, and interstitial fibrosis. Studying the pathogenesis of hypertensive nephropathy is a prerequisite for diagnosis and treatment. The main cause of HTN is poor long-term blood pressure control, but kidney damage is often accompanied by the occurrence of immune inflammation. Some studies have found that the activation of innate immunity, inflammation and acquired immunity is closely related to the pathogenesis of HTN, which can cause damage and dysfunction of target organs. There are more articles on the mechanism of diabetic nephropathy, while there are fewer studies related to immunity in hypertensive nephropathy. This article reviews the mechanisms by which several different immune cells and inflammatory cytokines regulate blood pressure and renal damage in HTN. It mainly focuses on immune cells, cytokines, and chemokines and inhibitors. However, further comprehensive and large-scale studies are needed to determine the role of these markers and provide effective protocols for clinical intervention and treatment.




Keywords: hypertensive nephropathy, hypertension, immunity, inflammation, cytokines




1 Introduction

Hypertension is a major public health concern (1), affecting approximately 30% of adults. It is a major contributor to cardiovascular disease morbidity and mortality (2) and is strongly associated with chronic kidney disease(CKD) (3–7). The global prevalence of hypertension-induced chronic CKD exceeds 23.6 million,is characterized by a high degree of hypertension, and severely affects the patient’s quality of life (8, 9). As hypertension progresses, it eventually leads to hypertensive nephropathy(HTN) with irreversible glomerular injury, glomerulosclerosis, tubular atrophy, and interstitial fibrosis (10, 11), which is the second leading cause of end-stage renal disease (12). According to previous studies, the treatment of HTN is relatively limited to controlling blood pressure and regulating lifestyle habits (13, 14). Once the patient develops end-stage renal disease(ESRD), blood pressure control program should be implemented. Notably, dialysis and kidney transplantation are the only available approaches (15), and the treatment of HTN and ESRD is limited. In addition, the incidence of HTN and ESRD is expected to increase in the coming decades (16), placing a heavy burden on healthcare resources.

HTN is first diagnosed based on hypertension and CKD; however, secondary hypertension must be excluded. Hypertension affects the renal vasculature, glomeruli, and tubular interstitium. In general, renal immune cell aggregation promotes an immune-inflammatory response, which in turn disrupts renal blood pressure regulation. Although a large number of studies have been published on HTN in the past, the pathogenesis of hypertension and HTN remains unclear, despite the prevalence of hypertension and associated CKD. Hypertension is closely associated with a continuously activated immune system, which can cause target organ damage and dysfunction, eventually leading to the development of complications such as HTN (17) (Figure 1). The first step in innate immune activation that causes hypertension is the pathogen recognition receptor (PRR), which senses a pathogen-associated molecular pattern (PAMP) or damage-associated molecular pattern (DAMP) from stressed or injured tissues and is thus activated to initiate host defense and inflammation (18). Determining the mechanisms by which different immune cells and their subtypes regulate inflammation could help identify new strategies for treating this disease and preventing its progression.




Figure 1 | Overview of the pathogenesis of HTN. In the environment of hypertension, hypertension, high salt, angiotensin II and abnormal pregnancy activate a variety of signaling cascades, which promote the recruitment and activation of immune cells, cause the occurrence and development of inflammation, and eventually lead to a series of pathological changes of HTN. DAMPs, damage-associated molecular patterns; PRRs, pattern recognition receptors; DC, dendritic cells; NK cells, natural killer cells.






2 Relationship between hypertension and kidney disease

Renal injury is a common complication of essential hypertension and is most commonly observed 5–10 years after the onset of hypertension (19). It is also a major cause of kidney disease deterioration. Blood pressure affects the course of kidney disease. A study evaluating ambulatory blood pressure in African Americans found that occult hypertension may be associated with the development of chronic kidney disease (20). Further, insidious hypertension may be associated with the onset of CKD (20). This suggests that regulating blood pressure reduces the risk of hypertension and is also a key factor in reducing the cardiovascular burden of kidney disease (21).

The pathogenesis of CKD is complex, encompassing vascular, glomerular, and tubulointerstitial injuries, and is influenced by environmental and genetic factors, including the severity and duration of hypertension. Remodeling small input arteries is a hallmark of HTN in humans.Hypertension leads to injury and subsequent apoptosis of podocytes, which form the final filtration barrier of the glomerulus, ultimately leading to glomerulosclerosis (22–25).



2.1 Small vessel injury

The progression of hypertension leads to changes in small arteries, resulting in intraglomerular hemodynamics changes. A clinical study found that hypertension combined with renal small artery hyalinosis was closely associated with proteinuria and that the accumulation of hyalinized material in the small renal arteries was more likely to lead to hypertensive kidney damage (26). Renal sympathetic nerve activity is usually increased in pathophysiological conditions such as hypertension and chronic and ESRD. Numerous studies (27) have confirmed that elevated sympathetic nerve levels in patients with hypertension lead to deterioration of renal function and abnormal cardiovascular homeostasis due to activation of the renin–angiotensin system (RAS) and renal vascular injury (28, 29). Angiotensin II (Ang II) is most closely related to the RAS (30). Once hypertension occurs, the RAS becomes hyperactivated in vivo, potentially leading to glomerulosclerosis and interstitial fibrosis (31). Overproduction of Ang II in the kidney directly constricts vascular endothelial cells (ECs), causing changes in diastolic and contractile substances that are involved in hypertension and kidney injury. In hypertensive rats, the miRNA-mediated mTOR signaling pathway may play a role in Ang II-induced renal artery endothelial cell injury by driving glycolysis and activating autophagy (32).




2.2 Glomerular injury

Glomerular injury is a prominent feature of hypertensive nephropathy (33). Any change primarily involving small blood vessels eventually translates into glomerular injury (24). In some clinical studies, patients with a history of hypertension showed a significant reduction in glomerular number (34) and an increase in glomerular volume compared with patients with normal blood pressure (35). Podocytes are epithelial cells that form a glomerular barrier to prevent protein loss (36–39). Podocyte injury is involved in RAS activation and is an essential factor in the progression of HTN and diabetic nephropathy (40). Ang II is a central active molecule of the RAS, plays a role in regulating hypertension-induced inflammation in organ damage (41, 42), and can directly contribute to podocyte injury (43, 44). Podocyte injury was positively correlated with mean arterial pressure, suggesting that higher blood pressure was more likely to cause glomerular injury (45). Hypertensive disease causes podocyte damage and apoptosis, leading to glomerulosclerosis (46). As a pro-apoptotic protein, septin4 is an important marker of organ damage. Recent studies have shown that septin4 promotes hypertensive kidney injury by activating the acetylation of K174 (K174Q). Septin4–K174R is one of the renoprotective factors that ameliorates Ang II-induced hypertensive kidney injury (47). In addition, an increase in blood pressure leads to arterial stiffness, which eventually affects the arteries and causes glomerular lesions (48).

Vascular endothelial growth factor (VEGF), produced by podocytes, is a significant regulator of vascular biology and plays a key role in glomerular development and function (49). Further, it has been reported in various types of glomerulonephritis, including diabetic nephropathy, which is usually associated with increased VEGF-A (50).




2.3 Renal tubulointerstitial injury

Sustained hypertension causes renal tubular cell damage and tubulointerstitial fibrosis (TIF). In patients with hypertension, numerous scattered inflammatory cells may trigger TIF (51). Renal interstitial injury is a dynamic and heterogeneous structure involving a variety of molecules, such as collagen, glycosaminoglycans, and glycoproteins. Notably, type I, III, V, VI, VII, and XV collagen are all expressed in the kidney under physiological conditions. The expression of type III procollagen and type V collagen is significantly increased in spontaneously hypertensive rats(SHR) kidneys, suggesting that these collagens play a role in hypertension-induced renal fibrosis (52). Further, complement C3 expression was significantly increased in the renal mesenchymal tissues of SHR, inducing the synthesis and overgrowth of mesenchymal cells (53). Similar results were confirmed in a clinical study in which enhanced interstitial complement C3 expression in patients with HTN was significantly associated with interstitial macrophage density, serum creatinine levels, interstitial fibrosis, glomerulosclerosis, and arteriopathy scores (54). The results of another clinical study revealed (55) that mast cells were mainly present in the renal tubulointerstitium and increased in number in human HTN, suggesting the involvement of renal mast cells in the progression of HTN.





3 Role of immune cells in HTN

The complex role of immune system in hypertension was proposed as early as the 1960s (56). Hypertension is a chronic inflammatory disease, and hypertensive stimuli lead to the accumulation of pro-inflammatory cells, such as macrophages and T lymphocytes, which affect the development and progression of hypertension (57). In renal diseases, inflammation, immune cell aggregation, and cell death form a vicious cycle of fibrous matrix deposition that destroys renal tissue structure and ultimately leads to renal dysfunction (58). Immune cells can maintain renal homeostasis and attenuate renal damage. In addition, immunosuppressive agents have been used to treat kidney disease (59). The cells of the innate immune system in renal immunity include dendritic cells (DCs), macrophages/monocytes, natural killer (NK) cells, T cells, B cells, and neutrophils. HTN is an inflammatory disease caused by metabolic disorders in nature (60), which can be manifested as an increase in lymphocyte count (61), thereby increasing the risk of HTN.



3.1 DCs and macrophages

Considerable overlap has been reported between DCs and macrophages regarding cell origin morphology, function, and cell surface antigen expression (62). As innate immune cells, DCs and macrophages can act as sentinels and messengers and are closely related to individual development and the triggering of inflammatory responses. Simultaneously, they complement each other in their surveillance functions (63). DCs focus on antigen presentation, whereas macrophages play a role in clearing dead cells and repairing damaged tissues. These cells induce and regulate the inflammatory response and protect the kidney from infection (64).

DCs form a dendritic network that spans the barrier surface and entire organs, including the kidney, performing important sentinel and messenger functions (65). DCs are the most potent antigen-presenting cells (APCs) in the body, located in the interstitial space of the renal tubules, with immature DCs located closer to the vasculature (66). CD103+ cells mainly activate cytotoxic T cells (67), whereas CD11b+ cells activate CD4+ T cells and produce inflammatory chemokines (68). Notably, DCs are the effectors of renal inflammation, as depletion of CD11c+ cells ameliorates antibody-induced inflammation in the glomerular basement membrane (69). Renal DCs mediate the transfer of T cells to the kidney in an antigen-dependent manner during bacterial infection, suggesting that renal DCs not only monitor systemic infections but are also crucial in localized infections and autoimmunity (70). Similar findings were observed in Ang II-induced hypertension. Renal mid-renal DCs also present antigens to T cells under appropriate instructions (71). In hypertensive mice (72), activated DCs improved sensitivity to hypertension; however, only responsive T lymphocytes can trigger activation. In another mouse experiment (73), mice lacking CD70 did not aggregate T (EM) T-cells and did not develop hypertension to the point of attenuated kidney injury under high-salt conditions or a second Ang II challenge. In addition, typical FLT3L-dependent DCs promote T-cell activation in the kidney, leading to oxidative stress, fluid retention, and elevated blood pressure (74).

Macrophages participate in the innate immune response, immune surveillance, and the maintenance of renal homeostasis (75, 76). Macrophages have various functions in different microenvironments (77), responding differently depending on the nature and duration of renal injury (78–80). Macrophage phenotypes are influenced by the microenvironment, ranging from pro-inflammatory (termed classical M1-type activation) to anti-inflammatory or pro-catabolic (termed selective M2-type activation) (81, 82). The main functions are maintenance of homeostasis and phagocytosis to remove various foreign bodies (83, 84). M1 macrophages favor the clearance of infections and promote immune responses (85). M2 macrophages have a wide range of functions that inhibit inflammation and promote tissue repair (86). In the kidneys, immune activation significantly increases the number of macrophages, leading to the infiltration of monocyte-derived macrophages involved in inflammation in the stenotic kidney and the promotion of fibrosis, especially during the chronic phase of kidney disease (87–89). As previously mentioned (54), inflammation with complement C3 activation and macrophage infiltration and their interaction may play an important role in the pathogenesis of human HTN. There are also data confirming (90) that increased macrophage infiltration is closely correlated with increased YM1/Chi3l3 expression, suggesting that YM1/Chi3l3 may be a biomarker for HTN. Recent evidence shows (91) that VEGFC inhibits inflammasome activation by promoting high salt-induced autophagy in macrophages to ameliorate hypertensive kidney injury.




3.2 Neutrophils

Neutrophils are the first line of defense in the innate immune system and help maintain blood vessel tone (92). A study found that neutrophils in the aorta increased after 7 days of Ang II-induced hypertension (93). An increase in neutrophil count can aggravate the risk of chronic renal failure. However, direct evidence to confirm the role of neutrophils in HTN remains lacking.




3.3 T-lymphocytes

T-lymphocytes are immune cells with the greatest phenotypic and functional diversity. Growing evidence suggests that T cells are involved in the development and progression of HTN. Further, the FASL/FAS (CD95L-CD95) pathway is activated in the kidneys of hypertensive rats, and cytotoxic T lymphocytes (CTLs) kill target cells through this apoptotic pathway. Activation of the FAS/FASL pathway may also be a mechanism underlying renal tubular epithelial cell loss and mesangial fibrosis, which are prominent renal characteristics of hypertensive kidneys (94). Earlier studies (95) also found lymphocytic infiltration in the renal interstitial space in patients with hypertensive renal injury. Some studies have reported (96) that lymphocytes can reduce sodium excretion during Ang II-dependent hypertension by regulating NOS3 and COX-2 expression in the kidneys. Notably, the main source of interferon (IFN)-γ and TNF are CTLs, and mice lacking any of these cytokines showed attenuated hypertension and renal injury in the presence of hypertensive stimuli (97, 98), which aligns with the pathogenic role of CTLs. CTLs play a critical role in hypertension. However, only the CD8+ T-cell population is antigenically activated in the kidneys of hypertensive mice, which may be the main site of immune activation in hypertension (99). This study also found that Cd8 mice had an approximately 50% reduction in the hypertensive response to Ang II or deoxycorticosterone acetate (DOCA) and salt treatment. CD8+ mice had fewer kidney leukocytes than wild-type mice, thinner small renal arteries, and less endothelial dysfunction (99). In a recent study, during DOCA- and salt-induced hypertension, CD8+ T cells acted directly on renal distal tubules to maintain renal retention (100). Therefore, CTLs may influence the blood pressure by enhancing renal reabsorption of sodium and water.

Activation of the immune system contributes to the pathogenesis of hypertension and the progression of chronic kidney disease. An imbalance in the helper T cell subpopulation is associated with Ang II-induced hypertensive kidney injury (101). T regulatory (Treg) cells are key regulators that mediate immunity and are involved in the activation and proliferation of auto T cells, which play an essential role in autoimmune diseases, immune homeostasis, graft tolerance, and immune regulation of tumors (102). In addition, Tregs exert an inhibitory effect on inflammation by secreting the cytotoxic factors, perforin, and granzyme.

The discovery of Tregs has led to a better understanding of CKD and HTN pathogenesis. Notably, the number of Treg cells in the serum of patients with CKD is significantly decreased, and the percentage of Th17 cells, serum IL-17 levels, and ratio of Th17/Treg cells are increased with the progression of CKD (103). Further studies found that transferring Tregs from healthy mice to mice treated for kidney injury attenuated the condition (104). Moreover, macrophages work synergistically with Tregs to attenuate kidney injury by enhancing chemokine expression (105). Tregs also reduce kidney injury by inhibiting macrophage activation and reducing pro-inflammatory cytokines (106). Clinical and basic data have shown that the Th17 pathway has specific effects on hypertensive kidney injury, ultimately leading to kidney injury (107–109). The Th17 pathway has been shown to affect hypertension (110) specifically.




3.4 NK and NKT cells

A study found that NK cells play an important role in Ang II-induced vascular dysfunction (111). A laboratory study confirmed that the long-term infusion of IL-17 into pregnant rats results in NK cell activation and proliferation (112). In another study (113), CD1d-dependent NKT cell activation was protective against Ang II-induced cardiac remodeling. However, the specific mechanisms underlying hypertension and concomitant renal disease require further investigation.




3.5 B cells and antibody-secreting cells

B cells play a role in hypertension by producing antibodies. For example, the B cell/IgG pair is closely associated with Ang II-induced hypertension and vascular remodeling in mice (114). It has been reported (4, 114) that B-cell activation and IgG production are closely associated with the pathogenesis of hypertension and end-organ damage. Targeting B cells may be able to ameliorate renal lipid peroxidative damage in patients with hyperhomocysteinemia (HHcy) and HTN (115).

Inflammation is a natural and necessary response of the body to stimuli. It is responsible for migrating immune system cells to the stimulus target after a series of steps facilitated and coordinated by cytokines, chemokines, and acute-phase proteins (58). Activation of the immune system is involved in the pathogenesis of hypertension and contributes to CKD progression (116). The accumulation of immune cells in the kidneys promotes a chronic inflammatory response that disrupts blood pressure regulation (117). Inflammation is a key factor in the pathogenesis of hypertension and cardiovascular diseases. Some studies have found that inflammation, immune cell infiltration, and alterations in chemokines and cytokines characterize hypertensive kidney damage (118, 119).





4 Cytokines and HTN



4.1 Definition and function of cytokines

Cytokines are small proteins involved in the development and activity of the immune system, have a wide range of biological activities, and help coordinate the body’s response to infection (120, 121). Hypertension is associated with the aggregation of T cells and monocytes/macrophages in the blood vessels and kidneys, which produce potent cytokines that affect vascular and renal function (122). Innate immune cells express several receptors that recognize microorganisms, induce rapid defense, and delay cellular responses. Toll-like receptors on the cell surface and endosomal membranes monitor extracellular microbes and activate multiple host defense signaling pathways (123). The NF-κB and interferon regulatory factor (IRF) pathways downstream of these receptors induce the expression of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6, among others (Table 1).


Table 1 | Cytokines involved in HTN pathogenesis.






4.2 Role of cytokines inHTN

TNF-α, a typical macrophage factor appearing earliest during the inflammatory response, is another cytokine released by immune cells (142). TNF-α activates neutrophils and lymphocytes, increases the permeability of vascular endothelial cells, regulates tissue metabolism, and promotes cytokine synthesis and release (143, 144). When inflammatory lesions occur in the kidney, mononuclear macrophages are infiltrated and can express and secrete large amounts of TNF-α, promoting the secretion of IL-6 by the tethered cells. Many experimental studies have found that TNF-α contributes to the proliferation of tethered cells and stroma and the widening of tethered zones, which promotes the onset and development of inflammation. For example, TNF deficiency in mice attenuates the Ang II-induced hypertensive response and renal injury (97, 116, 124). TNF is toxic to glomerular epithelial cells (125, 145), regulates blood pressure, and ameliorates the extent of renal injury (146–149). Inflammatory factors such as TNF-α, IL-1β and MCP-1 were significantly expressed in the kidney of SHR (150). In humans, the effect of TNF on blood pressure is more complex. For example, in patients with heart failure, TNF antagonism does not improve blood pressure or symptoms (151, 152).

In contrast, in animal models of CKD, TNF elevates renal and systemic FGF23 levels, which may be involved in CKD (153). Similarly, in an animal model of diabetic nephropathy, it was found that macrophage-produced TNF-α plays a role in diabetic kidney injury, mainly reducing albuminuria, plasma creatinine, histopathological changes, renal macrophage recruitment, and plasma inflammatory cytokine levels (154). In a mouse study (116), TNF in the kidney elevated blood pressure by reducing NO production. In other experiments, TNF-α was downregulated through Cyp2c23 and upregulated through sEH (148), activation of NF-κB-mediated pathways (147), and increased renal cortical NF-kappa B activity (149) that are involved in renal damage caused by multiple causes of hypertension. In rats (146), the direct infusion of TNF inhibitors into the renal interstitium attenuated salt-induced blood pressure elevation and renal damage. Another study confirmed (126) that during prolonged administration of Ang II and hypertension on a high-salt diet, TNF receptor 2 may mediate the inflammatory response to renal injury without activating TNF receptor 1. Therefore, TNF-α is an essential mediator of hypertension and kidney injury.

IL-1 acts as an inflammatory cytokine with two active isoforms, IL-1α and IL-1β, which are recognized by IL-1 receptor. NLRP3 is an inflammatory vesicle that promotes the maturation and secretion of IL-1β and IL-18 (127–129, 155). IL-1β can act on pericytes to accelerate renal fibrosis (156) and activate helper T cell 17 (TH17) cells in the kidneys (157). Activation of NLRP3 inflammatory vesicles causes elevated blood pressure and/or kidney injury (158–161), exacerbating cardiovascular risk (128). The guanidinylation of apolipoprotein C3 (ApoC3) activates NLRP3 inflammatory vesicles in human monocytes (162). Guanidinylated ApoC3 (gApoC3) accumulates in the kidneys and plasma of patients with CKD to promote inflammation. gApoC3 promotes renal fibrosis and impedes vascular regeneration (163). Mechanistically, NLRP3 directly promotes the epithelial-to-mesenchymal transition of renal tubular epithelial cells, independent of inflammatory vesicles, by inducing phosphorylation and activity of SMAD3 (164). In SHR, BCL6 attenuates renal inflammation by negatively regulating NLRP3 transcription (165). In a recent study (91), VEGFC was shown to inhibit the activation of NLRP3 inflammatory vesicles by promoting autophagy to ameliorate sensitized hypertension and nephritis, which may be a potential therapeutic target for HTN. We found that the infusion of exogenous IL-1 promotes urinary sodium excretion (166–168). Further, IL-1 is involved in developing pulmonary or systemic hypertension through several other mechanisms (169, 170). Several studies have also reported the use of IL-1 inhibitors (171). For example, the IL-1 receptor antagonist anakinra attenuates hypertension and renal fibrosis but does not affect inflammation and leukocyte infiltration in saline-induced hypertensive mice (1K/DOCA/salt) (172). Therefore, investigating the renal-specific mechanisms of IL-1 in hypertension is crucial.

IL-6, known for its pro-inflammatory effects, is one of the most studied cytokines in renal disease and plays a role in systemic inflammation (121, 130). IL-6 has been reported to be involved in hypertension-induced kidney injury (131, 173). IL-6 induces B-cell differentiation and antibody production as a pro-inflammatory response, causes T-cell proliferation and differentiation, and regulates the immune response. IL-6 promotes the expression of cell adhesion molecules by inducing cytokine production of acute-phase response proteins, which leads to the aggregation of inflammatory cells. The expression of IL-6 is directly proportional to the number of glomeruli in glomerular disease. In addition, it stimulates the production of platelets by tethered cells activating factors and other inflammatory mediators, exacerbating renal immune damage. Notably, the risk of cardiovascular death, myocardial infarction, and stroke is associated with decreased glomerular filtration rate (eGFR) and elevated IL-6 levels (174). IL-6 levels in CKD are involved in atherosclerosis (175, 176). Notably, the results of these studies are mutually contradictory. Other studies also reported conflicting findings, such as that IL-6 levels at baseline or changes during the observation period do not show a consistent and significant correlation with renal function in older adults (177). Recently, drug studies on IL-6 and IL-6 receptors have also gained momentum (121, 132, 178–180).

IFN is an inflammatory cytokine produced by T lymphocytes and macrophages that enhances sodium transport by activating intrarenal Ang II production to stimulate transport proteins (133) indirectly. Therefore, IFN deficiency attenuates the response to Ang II-induced chronic hypertension (98) and exacerbates glomerular injury (181). IRF is a multifunctional transcription factor, and IRF-4 deficiency improves renal function, albuminuria, and attenuates renal injury and fibrosis but does not affect blood pressure (182). IRF-4 is a multifunctional transcription factor.

Cytokines in the kidneys act indirectly by inducing other inflammatory mediators and their direct effects on tissue cells. NF-κ B is a critical transcription factor in regulating the inflammatory response and the expression of many pro-inflammatory genes (183). The complex hypertensive environment (i.e., hypertension, oxidative stress, glomerular leakage of free fatty acids, and activated RAS) can exacerbate renal inflammation and the progression of HTN by activating the NF-κB signaling system (184, 185). During glomerular disease progression, NF-κB activation triggers an inflammatory cascade that produces inflammatory factors, such as IL-10 and MCP-1.Studies have found (186) that TGF-β/SMAD and NF-κB signaling pathways play an important role in HTN, and SMAD7, as a downstream inhibitor of these two pathways, can inhibit proteinuria and serum creatinine, and improve glomerular filtration rate, thereby alleviating the condition of HTN. In a recent study (187), ubiquitin-specific protease 25 (USP25) inhibited TGF-β-induced SMAD4 ubiquitination, which reduced the expression of renal fibrosis and renal injury related genes and alleviated renal injury caused by HTN. It has also been confirmed (134) that exercise training may prevent and alleviate renal abnormalities in hypertensive patients by down-regulating TGF-β signaling. Renal fibrosis is an important pathological feature of hypertensive renal injury, which is related to the up-regulation of pro-fibrotic factor TGF-β1 (150).

IL-10 is strongly associated with inflammation in the kidney (135, 136, 188). For example, IL-10 ameliorates hypertension-induced renal and vascular injury (189), and genetic polymorphisms in IL-10 are also protective against diabetic nephropathy (139). MCP-1 promotes chemotaxis of monocytes or macrophages to reach damaged renal tissues, resulting in sustained cytokine activation and localized protease disruption of the renal basement membrane. MCP-1 increases the production of IL-8 and TGF-β1 by affecting the inflammatory response of diseased renal tissues. TGF-β, a cytokine that can regulate cellular proliferation, plays a role in the process of membranous nephropathy, diabetic nephropathy, and renal fibrosis (140, 141, 190).

Chemokine ligand 16 (CXCL16) plays a role in Ang II-induced renal injury and fibrosis by regulating macrophage and T cell infiltration and fibroblast aggregation (191). During RAS-activated hypertension, the chemokine CCL5 attenuates renal injury and fibrosis by reducing the number of infiltrating macrophages in the kidneys (137).

IL-17 is also involved in Ang II-induced hypertension and vascular function (138). In a mouse study (192), IL-17A and IL-17RA antibodies (but not IL-17F) reduced blood pressure and attenuated renal and vascular inflammation. Notably, in other experimental models of kidney injury, IL-17 deficiency exacerbated disease progression (193–195). In a recent transcriptomics study (196), genes upregulated in the renal tubules of patients with HTN were associated with IFN-γ, NF-κB, IL-12, and Wnt signaling pathways, all of which are involved in the inflammatory response, providing a broader perspective on the pathogenesis and treatment of human HTN. Although the number of immune cells is small, the released cytokines play key roles in renal changes involved in fibrosis, glomerular injury, and sodium transport (58).





5 Oxidative stress and HTN

The signaling pathways between oxidative stress and HTN are complex in the pathophysiology of HTN (197, 198). In the kidney, ROS exists in arterioles, glomerular and tubular cells and podocytes, etc. Vasoactive substances and metabolic factors stimulate the production of cellular inflammation and ROS, inducing NADPH oxidase or mitochondrial production (199). The endoplasmic reticulum (ER) is a key player in the redox pathophysiology of the cardiovascular system that maintains protein homeostasis. ER stress (ERS) is typically characterized by impaired protein and lipid synthesis and disturbed intracellular calcium levels (200–202). Excessive ERS damages glomerular mesangial cells, podocytes, and tubular epithelial cells (203–205). However, ERS activity may impair renal function and worsen renal damage during CKD development. Oxidative stress affects T-cell activation and function (206). Septin4 is a non-histone protein that promotes apoptosis, is regulated by SIRT2, and is a marker of organ damage (207–210). SIRT2 deficiency increases oxidative stress and alters mitochondrial morphology (211). Notably, SIRT2–septin4 axis prevents hypertensive kidney injury by attenuating apoptosis and oxidative stress. SIRT2 attenuated oxidative stress in podocytes through deacetylation of septin4-K174, ameliorating hypertension-induced kidney injury in mice. Therefore, septin4-K174R (mimicking deacetylation via SIRT2) may be a new target for alleviating renal injury in hypertension (47), which may help design precise therapeutic regimens and develop targeted drugs in the future. Some studies have demonstrated that SIRT3 is involved in hypertensive kidney injury by inhibiting the epithelial–mesenchymal transition (EMT) and ameliorating hypertension-induced kidney injury in mice (212, 213). Another study in rats (214) suggested that cagliflozin regulates renal EMT and oxidative stress through the SIRT3 pathway, thereby inhibiting high-salt diet-induced hypertensive renal fibrosis.




6 Interaction of immune cells and inflammatory factors in HTN

Modern medical research has found that many glomerular diseases are immune-mediated inflammatory lesions. The involvement of various inflammatory mediators, such as inflammatory cytokines and complement factors based on immune response, leads to glomerular injury and the development of corresponding clinical symptoms (215). The immune system plays an important role in developing hypertension and related endpoints, such as the associated end-organ damage. Sodium provides a strong stimulus for the development of hypertension. High concentrations of extracellular natriuretic ions have been reported to directly activate the inflammatory response in APCs, leading to hypertension, T-cell activation, and ultimately vascular and renal injury (216). APCs respond to hypertension-stimulated inflammatory processes, and DCs, macrophages, and B cells are the classical APCs of the immune system, which coordinate the immune response by activating T cells through antigen-MHT receptor complexes and expressing cytokines, among others (217). Large amounts of sodium-activated DCs produce IL-1β and promote the production of IL-17A and IFN-γ by T cells, which in turn lead to mediated hypertension and end-organ dysfunction, indicating that the mechanistic link between salt, inflammation, and hypertension includes increased oxidative stress and IsoLG production in DCs (218). Macrophages and T cells play important roles in developing HTN-induced kidney disease (219). Pro-inflammatory cytokines, tumor necrosis factor-α, IL-6, and IL-1β have been implicated in the pathogenesis of Ang II-induced target organ damage (220). For example, as mentioned previously, the deletion of CXCL16 affects the expression of pro-inflammatory cytokines in the kidney. TGF-β1, a key pro-fibrotic cytokine, causes renal damage and tubulointerstitial fibrosis. One study showed that CXCL16 deficiency caused a significant reduction in Ang II-induced TGF-β1 gene expression, which may be an alternative mechanism for developing renal fibrosis.

GPR97, a member of the G protein-coupled receptor subfamily, modulates the inflammatory response (221, 222). GPR97 exacerbates AKI by regulating Sema3A. GPR97 was expressed in tubular epithelial cells in mice with AKI (223). Recent animal experiments have also found (224) that GPR97 causes renal injury and tubulointerstitial fibrosis (TIF) in deoxycorticosterone acetate (DOCA)/salt-induced hypertensive mice by regulating TGF-β signaling. Therefore, GPR97 leads to TIF in patients with hypertension, indicating that it may be a novel therapeutic target for delaying or attenuating renal injury in hypertension.




7 Strategies for prevention and treatment of HTN

HTN, as a cross-discipline, presents difficulties and challenges in diagnosis and intervention. Patients with HTN should monitor and manage their blood pressure and set appropriate control goals in their daily lives, make assessments before treatment, choose appropriate antihypertensive medications to actively prevent complications (225–229). Moreover, lifestyle modification is important to improve the progression and prognosis of HTN. In addition to genetic and environmental interactions, appropriate lifestyle changes, such as weight loss, healthy diet, reduction of dietary sodium, increased physical activity, and cessation of smoking and excessive alcohol consumption, should be implemented according to the recommendations of the hypertension guidelines (230). However, these non-pharmacological interventions alone are insufficient for HTN treatment. For patients with HTN, salt restriction should be the priority as patients with advanced renal disease who excrete a low sodium load exhibit significant salt and water retention (227, 231). Simultaneously, attention should be paid to the intake of adequate amounts of vegetables and fruits that can protect kidneys from renal injury (232).




8 Discussion

In conclusion, inflammation mediates the end-organ damage associated with hypertension. Although reducing blood pressure is crucial, preventing the localized inflammation accompanying this disease, resulting in damage to the vital target organs, should be prioritized (122). In recent years, an increasing number of studies have been published on the pathogenesis of HTN; however, the specific mechanisms are still not fully understood. This review was conducted based on previous studies on the role of immune cells, inflammatory cytokines, and related components in HTN. We analyzed the results at the molecular level to reveal some of the relevant mechanisms to better understand the development of HTN. Future research needs to fill the existing gaps and add more evidence and therapeutic strategies for the prevention and treatment of HTN and avoiding hypertension-related complications.

Hypertension and kidney disease are strongly co-related, and this link should be used effectively to prevent hypertension or treat it at an early stage. Although hypertension is very common today, complications due to hypertension are not encouraging, and many problems remain unresolved. In future studies, antihypertensive drugs, immunosuppressive drugs, and life management must be considered to identify more effective therapeutic targets for HTN.

Although this review focused on inflammatory markers, it is insufficient because the relationship between immunity and inflammation is complex. As the next step, the mechanism of HTN must be explored to alleviate or solve renal injury caused by hypertension.
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Background

systemic inflammation disorders were observed in chronic kidney disease (CKD). Whether the systemic inflammatory indicators could be optimal predictors for the survival of CKD remains less studied.





Methods

In this study, participants were selected from the datasets of the National Health and Nutrition Examination Survey (NHANES) between 1999 to 2018 years. Four systemic inflammatory indicators were evaluated by the peripheral blood tests including systemic immune-inflammation index (SII, platelet*neutrophil/lymphocyte), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte-to-monocyte ratio (LMR). Kaplan-Meier curves, restricted cubic spline (RCS), and Cox regression analysis were used to evaluate the association between the inflammatory index with the all-cause mortality of CKD. Receiver operating characteristic (ROC) and concordance index (C-index) were used to determine the predictive accuracy of varied systemic inflammatory indicators. Sensitive analyses were conducted to validate the robustness of the main findings.





Results

A total of 6,880 participants were included in this study. The mean age was 67.03 years old. Among the study population, the mean levels of systemic inflammatory indicators were 588.35 in SII, 2.45 in NLR, 133.85 in PLR, and 3.76 in LMR, respectively. The systemic inflammatory indicators of SII, NLR, and PLR were all significantly positively associated with the all-cause mortality of CKD patients, whereas the high value of LMR played a protectable role in CKD patients. NLR and LMR were the leading predictors in the survival of CKD patients [Hazard ratio (HR) =1.21, 95% confidence interval (CI): 1.07-1.36, p = 0.003 (3rd quartile), HR = 1.52, 95%CI: 1.35-1.72, p<0.001 (4th quartile) in NLR, and HR = 0.83, 95%CI: 0.75-0.92, p<0.001 (2nd quartile), HR = 0.73, 95%CI: 0.65-0.82, p<0.001 (3rd quartile), and = 0.74, 95%CI: 0.65-0.83, p<0.001 (4th quartile) in LMR], with a C-index of 0.612 and 0.624, respectively. The RCS curves showed non-linearity between systemic inflammatory indicators and all-cause mortality risk of the CKD population.





Conclusion

Our study highlights that systemic inflammatory indicators are important for predicting the survival of the U.S. population with CKD. The systemic inflammatory indicators would add additional clinical value to the health care of the CKD population.





Keywords: chronic kidney disease, systemic inflammatory index, all-cause mortality, NHANES, prospective study





Introduction

Currently, chronic kidney disease (CKD) is an important contributor to morbidity, impaired health-related quality of life (HRQOL), and premature death from noncommunicable diseases, is defined as a reduced glomerular filtration rate (GFR), increased urinary albumin excretion, or both, and is a major public health issue (1–3). In 2017, it was estimated that the prevalence of CKD was estimated as 9.1% with approximately 700 million cases in the world’s population (1). In the United States, half of the population is projected to develop the disease throughout their lifetime, and more than 30 million people already have CKD (4). Population with CKD are at remarkably increased risk of cardiovascular disease, and mortality compared to the general population (4). Notably, CKD resulted in 1.2 million deaths and attributed to an additional 1.4 million deaths from cardiovascular disease (1). Therefore, epidemiological studies are warranted to determine new biomarkers for high-risk CKD subpopulation, which would help nephrologists to make timely clinical management decisions.

Systemic inflammatory disorders were frequently observed in CKD patients (5–7). The pro-inflammation condition contributes to the deterioration of kidney function (8–10). The epidemiological and genetic associations between serum levels of systemic inflammation with the incidence and progress of CKD have been established (7, 11–13). Historically, prognostic factors determined in cardiovascular disease (CVD) were prevalent among patients with CKD. However, it might not fully reflect the increased mortality rates among the CKD population. Notably, recent review literature suggested that even low-grade inflammation would play a decisive role in the all-cause mortality of these patients (14). For this reason, identifying the representative but simple systemic inflammatory indicators for predicting survival among CKD patients would bring considerable cost-benefits in clinical practice (4, 14, 15). Of note, several composite inflammatory indicators, including but not limited to systemic immune-inflammation index (SII), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and lymphocyte-to-monocyte ratio (LMR), have been validated to be feasible in predicting the prognosis of various cancers and inflammatory diseases (16–19). These composite indicators, comprising biomarkers easily available in clinical settings such as peripheral lymphocytes, platelets, neutrophils, and monocytes, offer a comprehensive reflection of both local immune status and systemic inflammation condition (20–23). Whether these newly developed indicators presented equivalent predictive value in CKD has not been fully investigated. To date, the available evidence regarding this issue was mainly conducted with single center experience or especially interest in the single inflammatory indicator (24, 25). Moreover, whether the conclusions could be generalized to other countries or regions remains unclear.

To fill the mentioned research gaps, we aim to conduct a prospective study to evaluate the association between varied systemic inflammatory indicators with all-cause mortality among the CKD population in the U.S., based on a large-scale, population-based cohort. Besides, we also compared the predictive value of each inflammatory index.





Materials and methods




Data source

The National Health and Nutrition Examination Survey (NHANES) is a representative, ongoing, repeated series of epidemiological surveys regarding the health and nutritional conditions of the noninstitutionalized civilian population in the U.S. The survey contains a wide range of indicators of health and well-being by utilizing a combination of self-reported records and objective physical examinations. Detailed information on NHANES can be found elsewhere (https://www.cdc.gov/nchs/nhanes/). The National Center for Health Statistics Ethics Review Board has approved the NHANES study because the data from NHANES is anonymous and publicly available. All participants provided informed consent. We reported this study following the reporting of observational studies in epidemiology (STROBE) criteria (26).





Study population

Adult participants were selected from the NHANES database within ten cycles of the surveys (1999–2000 to 2017–2018). Participants with a history of CKD were included in the present study. To evaluate the association between inflammatory indicators with the survival of participants with CKD, participants without records for blood tests were further excluded. Meanwhile, to reduce the adverse causality between systemic inflammatory indicators and CKD mortality, participants who died within two years were excluded. The specific inclusion and exclusion criteria are summarized in Figure 1.




Figure 1 | The selection process of participants in this study.







Definition of systemic inflammatory-related indicators

Blood tests were collected by using the automated hematology analysis devices in each cycle of the survey. Considering the clinical accessibility, generalizability, established validity, and comprehensive reflection of the immune as well as inflammatory status of the CKD population, four systemic inflammatory-related indicators of interest were analyzed, including the SII, NLR, PLR, and LMR. Previous studies have validated their effectiveness in predicting outcomes and informing treatment strategies, making them attractive candidates for investigation in our specific research context.

	

	

	

	





CKD definition

The participants with CKD were diagnosed based on two aspects. On the one hand, the participants had a self-reported history of CKD. On the other hand, eGFR< 60 mL/min/1.73m2 was additionally used to diagnose the CKD. The eGFR was calculated according to the Chronic Kidney Disease Epidemiology Collaboration algorithm (27).





Covariates definition

The selection of study variables was based on previous literature in evaluating the survival of CKD. A series of covariates were controlled including the socioeconomic characteristics included sex (male or female), age at interview, race (Hispanic, non-Hispanic white, non-Hispanic black, and other race), marital status (not married, married or living with partner), educational level (≤ high school, college, and > college), and family income-poverty ratio (<1.3, 1.3 – 3.5, and >3.5). Besides, the personalized habits and comorbidities include smoking status (never, now, and ever), diabetes mellitus, hypertension, hyperlipidemia, congestive heart failure, and self-reported history of dialysis during the past 12 months. In addition, physical and laboratory examinations included body mass index (BMI), estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), alanine transaminase (ALT), aspartate transaminase (AST), glycohemoglobin (HbA1c), and albumin (ALB) were controlled.





Study outcome

The primary outcome was the all-cause mortality of participants with CKD. The survival data for the population were obtained from the NHANES public-use linked mortality file as of December 31, 2019, which was correlated with the National Center for Health Statistics (NCHS) with the National Death Index (NDI) through a probability matching algorithm. Additionally, the ICD-10 (International Statistical Classification of Diseases, 10th revision) was applied to identify the underlying causes of mortality. The primary mortality outcome considered in our study was all-cause mortality. The duration of mortality follow-up was calculated from the date when the diagnosis of CKD was initially taken to either the date of the patient’s death or December 31, 2019 (28).





Statistical analysis

The continuous variables were presented as mean ± standard deviation (SD). The categorical variables were presented as numbers (percentages, %). The demographic characteristics were compared by using the Student’s t-test or One-way analysis of variance for continuous variables and the Chi-squared test was conducted for categorical variables, respectively. Univariate and multivariable Cox regression analyses were conducted to evaluate the associations between varied inflammatory indicators with all-cause mortality of the CKD population. Model 1 served as the crude model with no adjustments. Additionally, adjustments for age, sex, and race were made in Model 2. In the fully adjusted model, covariates including age, sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, congestive heart failure, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB were adjusted. Meanwhile, Kaplan-Meier (KM) curves were utilized to display the different survival probabilities among the CKD population with varied levels of systemic inflammatory indicators. To assess the potential nonlinear associations of systemic inflammatory indicators with CKD mortality and to capture the variation in risk across the entire continuum of relations, restricted cubic splines (RCS) with 4 knots were employed. Compared with the conventional simple imputation, the random forest imputation method can not only consider the relationships between variables by using a predictive model, leading to more accurate imputations but also provide estimates of variable importance, aiding in understanding the relative importance of different features in the imputation process (29, 30). Thus, to strike a balance between maximizing data completeness and minimizing potential biases introduced by imputation, variables with missing data were interpolated using the random forest interpolation method.

The area under the curve (AUC) of time-dependent receiver operating characteristic (ROC) and concordance index (C-index) were used to compare the predictive accuracy of each inflammatory indicator in predicting the survival of the CKD population.

We performed the sensitivity analyses to check the robustness of the main findings. As dialysis might significantly influence the levels of systemic inflammatory indicators as well as the survival of the CKD population, we reevaluated the association between systemic inflammatory indicators with the all-cause mortality of the CKD population by further adjusting the covariate of history of renal dialysis during the past 12 months.

All statistical analyses were conducted using the R software (version 4.3.2). A two-tailed P-value of< 0.05 was considered as statistically significant.






Results




Baseline information of the participants with CKD

There were 6,880 participants included in the current study during the ten cycles of surveys (1999 – 2018). The mean age of the study population was 67.03 years old. A slightly higher proportion of females than males was observed (3,490 cases vs. 3,390 cases). More than half of the study population was non-Hispanic White (3,571 cases, 51.99%). Less than 20% of the population has an educational level of college. Over 60% of the population had a history of hypertension and nearly half of the study population had hyperlipidemia condition. There were 13.72% and 47.9% of the participants still smoking or drinking in the year of the interview. Compared with the survivors during the follow-up, non-survivors presented characteristics of males, older age, lower BMI, lower levels of eGFR, ALB but higher BUN and HbA1c (all p<0.001). Additionally, survivors showed lower serum levels of SII (541.34 ± 368.46 vs. 666.25 ± 522.15, p<0.001), NLR (2.25 ± 1.32 vs. 2.77 ± 1.62, p<0.001), PLR (127.65 ± 54.50 vs. 144.13 ± 70.41, p<0.001), but higher LMR (3.99 ± 1.99 vs. 3.38 ± 2.08, p<0.001). The study population with clinical characteristics of older age and non-Hispanic whites tended to present higher levels of pro-inflammation conditions when compared with other groups. The specific clinical information of the study population can be found in Table 1 and the comparisons of varied levels of quartile of inflammatory indicators among the CKD population can be found in Supplementary Tables S1–S4.


Table 1 | The baseline information of the CKD population in this study.







Association between systemic inflammatory indicators with all-cause mortality of CKD

The RCS analysis suggested non-linear associations of four systemic inflammatory indicators with the all-cause mortality of participants with CKD (All p< 0.001). The inflection point of the RCS curve was identified at 588 in SII, 134 in PLR, 2.4 in NLR, and 3.8 in LMR, respectively (Figure 2).




Figure 2 | The multivariable-adjusted restricted cubic spline (RCS) curves show dose-effect relationships between different systemic inflammatory indicators with the survival of the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio. Adjusted for the effects of age, Sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, CHF, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB.



Besides, the four systemic inflammatory indicators were calculated as categorical variables. The KM curves showed significantly different survival patterns among participants with varied quartiles of systemic inflammatory indicators (All p< 0.0001) (Figure 3). Consistently, the higher the quartile of systemic inflammatory indicators (SII, PLR, and NLR) the participants were, the lower survival probabilities were observed. By contrast, the high quartile of levels of LMR predicted an increased survival rate in the CKD population.




Figure 3 | The Kaplan-Meier curves display the association between different systemic inflammatory indicators with the survival of the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio.



Furthermore, we conducted multivariate Cox regression analyses to evaluate the independent role of varied systemic inflammatory indicators in all-cause mortality among CKD participants (Supplementary Tables S5–S8). As shown in Figure 4, SII was observed as a significant predictor in all-cause mortality of CKD participants [hazard ratio (HR) = 1.13, 95% confidence interval (CI): 0.99-1.27 in 2nd quartile, p = 0.056; HR = 1.13, 95%CI: 1.00-1.28 in 3rd quartile, p = 0.039; HR =1.39, 95%CI: 1.24-1.57 in 4th quartile, p< 0.001] (Figure 4A). Similarly, high quartile levels of NLR were observed as a significant predictor in all-cause mortality of CKD participants [HR = 1.21, 95%CI: 1.07-1.36 in 3rd quartile, p = 0.003; HR = 1.52, 95%CI: 1.35 – 1.72 in 4th quartile, p< 0.001] (Figure 4B). Regarding the PLR, participants at the fourth quartile of the index showed a significantly higher risk for mortality (HR = 1.22, 95%CI: 1.10 – 1.37, p< 0.001) (Figure 4C). Additionally, higher quartile levels of LMR showed a protectable role in the survival of CKD participants HR = 0.83, 95%CI: 0.75-0.92 in 2nd quartile, p< 0.001; HR = 0.73, 95%CI: 0.65-0.82 in 3rd quartile, p< 0.001; HR = 0.74, 95%CI: 0.65-0.83 in 4th quartile, p< 0.001] (Figure 4D).




Figure 4 | The forest plots show the association between varied levels of quartiles of systemic inflammatory indicators with the risk for all-cause mortality among the CKD population. (A) SII; (B) NLR; (C) PLR; (D) LMR. CKD: chronic kidney disease; SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio. Model 1: no adjustments; Model 2: adjusted for age, sex, and race Model 3: adjusted for age, sex, race, marital status, educational level, family income-poverty ratio, smoking status, hypertension, hyperlipidemia, diabetes mellitus, congestive heart failure, BMI, eGFR, BUN, ALT, AST, HbA1c, and ALB.







Predictive accuracy of systemic inflammatory indicators with survival of CKD population

The AUCs of time-dependent ROCs showed that the LMR index maintained the highest predictive value in determining the all-cause mortality of the CKD population (AUC=0.621), followed by the NLR index (AUC=0.613), compared with the rest indicators (Figure 5 and Supplementary Table S9). Consistently, the highest C-index was observed in the LMR index (C-index = 0.624) but the lowest C-index was observed in the PLR index (C-index = 0.537) for predicting the survival of the CKD population (Supplementary Table S5). With the combination of other significant clinical factors, the C-index reached 0.789 in the LMR index, 0.785 in the NLR index, 0.779 in SII, and 0.768 in PLR, respectively (Supplementary Table S5).




Figure 5 | The time-dependent ROC curves for displaying the predictive abilities of different systemic inflammatory indicators. SII: systemic immune-inflammation index; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; LMR: lymphocyte-to-monocyte ratio; ROC: receiver operating characteristic.







Stratified and sensitive analyses

There were some interactions among the levels of ALB, family income poverty ratio in SII, NLR, and LMR, and ALT in the PLR index (Supplementary Figures S1–S4). The subgroup analyses showed that features of sex, age at the interview, comorbidity status, family income-poverty ratio, and eGFR status would affect the predictive value of systemic inflammatory indicators on the survival of the CKD population (Supplementary Figures S1–S4). In addition, the LMR index showed a more pronounced predictive value in the stage III CKD subpopulation, while SII showed a stronger association with the stage IV CKD subpopulation (Supplementary Tables S10–S11). However, the predictive values of systemic inflammatory indicators were compromised in the stage V CKD subpopulation (Supplementary Table S12). To verify the robustness of the main findings, we further controlled the clinical information on renal dialysis during the past 12 months before the survey. Consistently, the sensitive analysis supported the significant association between systemic inflammatory indicators and with survival of the CKD population (Supplementary Tables S13–S16).






Discussion

In the current study, we determined positive associations between systemic inflammatory indicators with the all-cause mortality of the CKD population. In particular, NLR and LMR showed the leading prediction value in clinical outcomes of the CKD population. To the best of our knowledge, this is one of few studies to evaluate the role of systemic inflammatory indicators in the prognosis of the CKD population based on one large-scale, population-based cohort.

To date, CKD remains one of the leading diseases for causing additional comorbidities and premature mortality. Determining new simple prognostic biomarkers would help clinicians make tailored management decisions on this population. Chronic inflammation disorders have been observed in the CKD population, especially in the late-stage group. Therefore, systemic inflammatory indicators derived from frequent blood tests were considered to be a feasible tool in predicting the survival of the CKD population. For instance, one single center-based study revealed that systemic inflammatory indicators presented optimal survival prediction value in acute coronary syndrome patients with CKD, with AUCs between 0.638 and 0.706. Notably, in another large multi−center longitudinal study settled in China, Lai et al. further validated the utility of SII in predicting the total and cause−specific mortality among patients with CKD. In our works, we also observed strong correlations between high levels of pro-inflammatory condition indicators with worse survival probabilities among the CKD population.

Interestingly, NLR and LMR but not SII showed the best predictive powers in predicting the all-cause mortality of the CKD population. The NLR, a surrogate marker for systemic inflammation, has recently gained increasing public interest. Emerging evidence suggested that NLR was associated with several comorbidities, including insulin resistance and CVD (31, 32). Consistently, high levels of NLR were also determined to be related to the occurrence, and poor nutritional status as well as worse prognosis of CKD (33–37). Of note, Yoshitomi and colleagues observed that CKD patients with high NLR showed a nearly 1.7-fold increased risk for poor renal outcome when compared with the low NLR group in Japan (35). Similar associations were also determined in end-stage CKD patients (37). Nevertheless, the single-center-based experience with a small sample size limited the generalization of findings on this topic. In the current study, we filled this gap and further validated the utility of monitoring the serum NLR in predicting the prognosis of the U.S. population with CKD. Historically, the main possible underlying mechanism regarding the relationship between NLR and the prognosis of the CKD population was thought to be an increase in chronic inflammation. Previous studies have demonstrated a strong association between NLR and inflammatory markers such as TNF-α, CRP, and albumin, suggesting that high NLR reflects chronic inflammatory conditions in CKD patients (38, 39). Novelty, we observed that the high levels of LMR showed a protectable role in the clinical outcome of the CKD population. While the studies evaluating the role of LMR in the prognosis of CKD were limited, compelling evidence has proved the consistent beneficial role of high levels of LMR in other diseases, including but not limited to stroke and cancers (40–42). Recently, peripheral lymphocyte counts have been discovered to have a cell protective effect and contribute to cellular function improvement (42, 43). However, the peripheral monocytes and neutrophils could induce increasing levels of matrix metalloproteinase-9 (MMP-9) and further cause systemic inflammation (44). Furthermore, it was reported that neutrophils could induce free oxygen radicals (45, 46), which was speculated to be associated with reduced renal function and subsequent worse clinical outcomes. different from the promising predictive roles of LMR and NLR on the progress of CKD, only the last quartile level of PLR was observed to be associated with a worse prognosis of the CKD population. Elevated serum levels of platelet indicated endothelial injury and chronic inflammatory condition (47). However, platelet abnormalities were frequently observed in the CKD population, which showed complex implications in the pathophysiology progress of CKD (47). The altered platelet function would result in either platelet hyper- or hypo-reactivity, which might contribute to thrombotic or hemorrhagic complications in CKD (47–49). A recent meta-analysis showed antiplatelet therapy would reduce myocardial infarction and increase major bleeding. However, it did not appear to reduce causes and cardiovascular death among people with CKD and those treated with dialysis (50). A deep understanding of the etiology underlying platelet dysfunction during the CKD progression may contribute to the design of targeted novel antiplatelet treatment strategies, specifically tailored to patients with CKD (47, 48, 50, 51).

There are some strengths worth highlighting. First, this is a prospective, representative, large-scale population-based study based on the U.S. population. Second, we systemic analyzed the predictive value of four systemic inflammatory indicators for all-cause mortality among CKD participants, which provides new evidence for the pivotal role of systemic inflammatory disorders among CKD participants. Third, we excluded the participants who died within 2 years after the interview to reduce the causality bias. Besides, the sensitive analysis also supported the main findings we determined.

Admittedly, some limitations need to be addressed in future works. First, while a series of covariates have been adjusted to determine the association between systemic inflammatory indicators with the survival of CKD participants, some residual confounders such as the duration and cycles of the dialysis, and the history of kidney transplantation with the immunosuppression therapy. As the majority of the CKD population in our study was at stage III, the determined associations between systemic inflammatory indicators and survival of the CKD population might not be impaired. Nevertheless, our findings should be interpreted cautiously due to the diagnosis of CKD was based on the self-reported condition and baseline levels of eGFR. Second, the data was derived from the NHANES program, which could not fully reflect the prevalence and stage of the CKD population. The predictive value of systemic inflammatory indicators in the CKD population at different stages is worth investigating in future works. Moreover, we only analyzed the data of systemic inflammatory indicators at the baseline of the surveys, whether the trajectories of these indicators showed a more pivotal role in predicting the survival of CKD participants needs further exploration. Future well-designed, longitudinal, prospective studies are warranted to validate our findings.





Conclusion

In this study, we observed the significant associations between systemic inflammatory indicators with all-cause mortality of CKD in the U.S. population. Besides, the SII showed the highest prediction value in identifying the high-risk subpopulation with CKD when compared with rest indices. Our findings would help the nephrologists to make dynamic monitoring of the long-term follow-up among the CKD population with simple serum inflammatory levels.
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Dyslipidemia is the most prevalent independent risk factor for patients with chronic kidney disease (CKD). Lipid-induced NLRP3 inflammasome activation in kidney-resident cells exacerbates renal injury by causing sterile inflammation. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that modulates the cellular redox balance; however, the exact role of Nrf2 signaling and its regulation of the NLRP3 inflammasome in hyperlipidemia-induced kidney injury are poorly understood. In this study, we demonstrated that activation of the mtROS–NLRP3 inflammasome pathway is a critical contributor to renal tubular epithelial cell (RTEC) apoptosis under hyperlipidemia. In addition, the Nrf2/ARE signaling pathway is activated in renal tubular epithelial cells under hyperlipidemia conditions both in vivo and in vitro, and Nrf2 silencing accelerated palmitic acid (PA)-induced mtROS production, mitochondrial injury, and NLRP3 inflammasome activation. However, the activation of Nrf2 with tBHQ ameliorated mtROS production, mitochondrial injury, NLRP3 inflammasome activation, and cell apoptosis in PA-induced HK-2 cells and in the kidneys of HFD-induced obese rats. Furthermore, mechanistic studies showed that the potential mechanism of Nrf2-induced NLRP3 inflammasome inhibition involved reducing mtROS generation. Taken together, our results demonstrate that the Nrf2/ARE signaling pathway attenuates hyperlipidemia-induced renal injury through its antioxidative and anti-inflammatory effects through the downregulation of mtROS-mediated NLRP3 inflammasome activation.




Keywords: Nrf2, mitochondrial ROS, NLRP3 inflammasome, hyperlipidemia, renal tubular epithelial cells




1 Introduction

Dyslipidemia is a common metabolic disorder in patients with chronic kidney disease (CKD), including diabetic kidney disease (DKD), and is an independent risk factor for the progression of CKD (1). It is now generally accepted that excess lipid accumulation in the kidney critically contributes to the pathogenesis of diabetic nephropathy (DN) and is closely associated with a progressive decline in renal function (2, 3). In proteinuric kidney disease, including DN, FFA-bound albumin is filtered through the injured glomeruli and reabsorbed by the proximal tubule, which may promote the progression of renal tubular cell damage and tubulointerstitial fibrosis (4, 5).

The NOD-like receptor protein 3 (NLRP3) inflammasome is a cytosolic multiprotein complex that contains NLRP3, apoptosis-related speck protein (ASC), and cysteine aspartate-1 precursor (pro-caspase-1). Moreover, the NLRP3 assembly activates caspase-1, thereby mediating the maturation and secretion of the proinflammatory cytokines IL-1β and IL-18. Previous studies have implicated the activated NLRP3 inflammasome in the pathogenesis of many kidney diseases, including acute kidney injury (AKI), crystal-related nephropathy, and CKD (6). In addition to the key role of the NLRP3 inflammasome in immune cells, previous studies have also demonstrated inflammasome activation in nonimmune cells in the kidney, such as podocytes (7) and renal tubular epithelial cells (8), in kidney disease. Activation of the NLRP3 inflammasome in kidney-resident cells drives sterile inflammation and promotes kidney dysfunction in the context of CKD. It has been reported that the NLRP3 inflammasome is activated in response to sterile stimuli such as hyperglycemia (8), hyperlipidemia (9), angiotensin II (10), and aldosterone (11) in renal tubular epithelial cells. However, the exact mechanism by which hyperlipidemic conditions induce NLRP3 inflammasome activation in renal tubular epithelial cells still needs to be clarified.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator that modulates the cell redox balance in response to oxidative stress. Under normal conditions, Nrf2 localizes to the cytoplasm by interacting with Kelch ECH-associated protein 1 (Keap1), a physiological inhibitor of Nrf2 that facilitates Nrf2 ubiquitination and degradation. Under oxidative stress conditions, Nrf2 is released from Keap1, translocates into the nucleus, binds to antioxidant response elements (AREs), and promotes the transcription of antioxidant genes, including NADPH quinine oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) (12). Previous studies have verified that the Nrf2/ARE pathway plays a protective role in diverse human diseases, including inflammatory diseases (13), Parkinson’s disease (14), cardiovascular diseases (15), atherosclerosis (16), AKI, and CKD (17). Liu et al. reported that knocking out Nrf2 enhanced susceptibility to ischemic AKI and caused significantly worse renal function, tissue damage, vascular permeability, and mortality in Nrf2 knockout mice following renal I/R than in wild-type mice (18). Alaofi et al. showed that activation of the Nrf2 pathway ameliorated the progression of streptozotocin (STZ)-induced DN in rats (19). However, the potential role that Nrf2/ARE signaling pathways play in the pathogenesis of CKD with dyslipidemia has still not been fully elucidated.

In this study, we aimed to explore the role of the Nrf2/ARE signaling pathway and its regulation of mitochondrial ROS production and NLRP3 inflammasome activation in hyperlipidemia-induced renal tubular epithelial cell injury.




2 Materials and methods



2.1 Cell culture and treatment

Human proximal tubular cells (HK-2 cells) were cultured in DMEM/F-12 medium supplemented with 10% fetal bovine serum (FBS) in a humidified incubator containing 5% CO2 at 37°C. Transient transfection of HK-2 cells with small interfering RNA (siRNA) was conducted with Lipofectamine 2000 (Invitrogen, CA, USA), and siRNAs (Nrf2 siRNA F: 5′-GCCCAUUGAUGUUUCUGAUTT-3′, R: 5′-AUCAGAAACGAAAUCAAUGGGCTT-3′; scrambled siRNA F: 5′-UUCUCCGAACGUGUCACGUTT-3′, R: 5′-ACGUGACACGUUCGGAGAATT-3′) were synthesized by GenePharma Company (Shanghai, China). For the overexpression of Nrf2, cells were transfected with Nrf2-pcDNA3.1-3xflag-C plasmids (Fenghbio, Hunan, China) using Lipofectamine 2000 reagent. MCC950 (10 μM), Mito Tempol (100 μM), or tBHQ (30 μM) was added to the culture medium for 2 h before exposure to palmitic acid (PA) media.




2.2 Animals

Male Sprague−Dawley rats (n = 24, aged 4 weeks) were obtained from the Animal Center of Chongqing Medical University and housed under pathogen-free conditions with free access to food and water. The rats were divided randomly into the following three groups: a control group, a high-fat diet (HFD) group, and a HFD group treated with tBHQ. The control group rats were fed a normal chow diet (#D12450B; 10 kcal% fat; Research Diet), and the HFD group was fed a Western high-fat diet (#D12451; 45 kcal% fat; Research Diet). The HFD-fed rats in the treatment group were intraperitoneally injected with tBHQ (50 mg/kg, every other day for 12 weeks; Sigma−Aldrich, USA), whereas the control group rats were injected with an equal volume of normal saline. All groups of rats were sacrificed at 20 weeks of age, and blood and kidney tissue samples were obtained for further experimental analysis. All animal experiments were performed in strict accordance with the Ethics Committee of Chongqing Medical University.




2.3 Patients and tissue samples

Kidney tissue samples were collected from the Pathology Department of the First Affiliated Hospital of Chongqing Medical University. For the control group, kidney tissues were collected from six patients who underwent nephrectomy for renal trauma with no other evidence of renal disease. Kidney tissues were collected from eight CKD patients with hyperlipidemia who underwent renal biopsy. Informed consent was obtained from all patients, and the experiments were approved by the Ethics Committee of The First Affiliated Hospital of Chongqing Medical University. Nrf2 and NLRP3 expression was measured by immunofluorescence and immunohistochemistry.




2.4 Measurement of mitochondrial reactive oxygen species production and the mitochondrial membrane potential (ΔΨm)

To measure mitochondrial ROS, HK-2 cells were seeded on slides in 12-well culture plates. After treatment, live HK-2 cells were stained with 10 μM DCFH-DA and 50 nM MitoTracker Red for 30 min at 37°C or incubated with MitoSOX™ Red fluorescent probe (5 μM, M36008, Invitrogen, USA) at 37°C for 20 min. Moreover, 4-μm-thick frozen sections were stained with 5 μM MitoSOX™ Red fluorescent probe for 20 min at 37°C in the dark. After being washed three times with phosphate-buffered saline (PBS), the stained HK-2 cells and frozen kidney sections were immediately visualized under a fluorescence microscope. The mitochondrial membrane potential was evaluated by using JC-1 dye (Beyotime, China), and live HK-2 cells or frozen kidney sections were incubated with JC-1 staining solution for 20 min at 37°C in the dark. After the cells were washed three times with PBS, images were subsequently acquired with a fluorescence microscope.




2.5 Immunohistochemical staining

Paraffin-embedded renal tissue samples were sliced into 4-mm-thick sections. After deparaffinization in xylene and rehydration in a series of graded alcohols, the target antigens of the tissues were retrieved by microwaving for 15 min in 10 mmol/L sodium citrate buffer (pH 6.0), and endogenous peroxidases were inactivated by 0.3% H2O2 for 15 min at room temperature. After being washed, the sections were blocked in normal goat serum buffer for 15 min and then incubated with the following primary antibodies at 4°C overnight: rabbit anti-Nrf2 (1:200, Abcam), rabbit anti-HO-1 (1:200, Abcam), rabbit anti-NQO-1 (1:200, Abcam), rabbit anti-NLRP3 (1:200, CST), rabbit anti-caspase1 (1:200, CST), rabbit anti-IL-18 (1:200, Abcam), and mouse anti-8-OHdG (1:200, Santa Cruz). The sections were washed with PBS, incubated with a biotinylated secondary antibody (Zhongshan Golden Bridge Inc., China) for 30 min, incubated using a 3,3′-diaminobenzidine (DAB) kit for 3–5 min, counterstained with hematoxylin, dehydrated in ethanol, and visualized using a Nikon Eclipse 80i microscope. Quantification of the stained distribution area (area) and the integrated optical density (IOD) of the target protein in each IHC image was performed using ImageJ software. The average optical density (AOD = IOD/area) was used in this study for statistical analysis.




2.6 Immunofluorescence staining

HK-2 cells were seeded on slides in 12-well culture plates. After various treatments, the cells were stained with MitoTracker Red at 37°C for 30 min in the dark, fixed with 4% paraformaldehyde for 10 min, and permeabilized in 0.1% Triton X-100 for 15 min at room temperature. After blocking with 5% BSA buffer, the cells were subsequently incubated with the indicated primary antibodies against NLRP3 (1:200), 8-OHdG (1:200), or Nrf2 (1:200) at 4°C overnight. After washing three times with PBS, the cells were incubated with the corresponding FITC-conjugated secondary antibodies and stained with DAPI. The images were captured using a fluorescence microscope.




2.7 Western blot analysis

Proteins from kidney tissues or HK-2 cells were electrophoretically separated on 8%–10% SDS−polyacrylamide gels and then transferred to PVDF membranes (Millipore, USA). The membranes were blocked with 5% nonfat milk and incubated overnight at 4°C with the following primary antibodies: rabbit anti-NLRP3 (1:1,000, CST), rabbit anti-caspase1 (1:1,000, CST), rabbit anti-IL-18 (1:1,000, Abcam), rabbit anti-Nrf2 (1:1,000, Abcam), rabbit anti-HO-1 (1:5,000, Abcam), rabbit anti-NQO-1 (1:5,000, Abcam), rabbit anti-cleaved-caspase3 (1:1,000, CST), and mouse anti-β-actin (1:5,000, Sungene Biotech). Finally, the membranes were washed three times with TBST and then incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h, after which the protein bands were visualized using an electrochemiluminescence detection system (GE Healthcare, Piscataway, NJ, USA).




2.8 Analysis of cell apoptosis

Cell apoptosis was detected using an Annexin V-FITC/PI apoptosis assay kit (Sungene Biotech, China). In brief, after double-staining with annexin V and propidine iodide (PI), the number of apoptotic cells was measured by flow cytometry analysis. To assess the extent of renal apoptosis, terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining (In Situ Cell Death Detection Kit, POD, Roche) was performed on frozen kidney sections, and the number of TUNEL-positive cells per 0.25 mm2 was calculated.




2.9 Statistical analysis

All data are expressed as means ± SEM. Qualitative data were analyzed using Student’s t-test for comparisons between two groups or one-way analysis of variance (ANOVA) followed by Tukey’s posttest for comparisons among multiple groups. A value of P <0.05 was considered to indicate statistical significance.





3 Results



3.1 Activation of the NLRP3 inflammasome mediated high-lipid-induced tubular epithelial cell apoptosis

To evaluate the activation of the NLRP3 inflammasome in PA-induced tubular epithelial cells, we determined the expression levels of NLRP3, mature caspase-1, and the proinflammatory cytokine IL-18, which are used as markers of inflammasome activation. As shown in Figures 1A–H, the protein expression of NLRP3, mature caspase-1, and IL-18 was significantly upregulated in HK-2 cells following PA stimulation in a dose- and time-dependent manner, as determined by western blot analyses. Moreover, immunofluorescence analysis revealed that PA induced an increase in NLRP3 protein expression compared to that in control cells (Figure 1I).




Figure 1 | Activation of the NLRP3 inflammasome mediated high-lipid-induced tubular epithelial cell apoptosis. (A, B) Western blot analyses of the protein expression of NLRP3, caspase-1, and IL-18 in HK-2 cells after treatment with different concentrations of palmitic acid (PA) for 24 h or treatment with 300 μmol/L PA for different durations. (C–H) Quantification of NLRP3, caspase-1, and IL-18 expression in (A, B) (n = 3; *P < 0.05 vs. 0 μmol/L or 0 h, #P < 0.05 vs. 150 μmol/L or 6 h, and ΔP < 0.05 vs. 300 μmol/L). (I) Representative images of immunofluorescence staining for NLRP3 in HK-2 cells. (J) Representative images of kidney sections subjected to H&E, PAS, and Masson staining. (K) Representative image of immunofluorescence staining for NLRP3 in kidney sections. (L) Representative images of immunohistochemical staining for NLRP3 in kidney sections. (M) Quantification analysis of the fluorescence intensities of NLRP3 (K) (n = 6, *P < 0.05 vs. control group). (N) Quantification analysis of IHC staining for NLRP3 in (L) (n = 6, *P < 0.05 vs. control group). (O) Flow cytometry analysis of cell apoptosis in HK-2 cells. (P) Quantification analysis of apoptotic cells in (O) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. MCC950 group, and ΔP < 0.05 vs. PA group).



Next, we detected the expression of NLRP3 in the kidney tissue of CKD patients with hyperlipidemia. First, H&E and PAS staining revealed marked glomerular mesangial expansion and increased mesangial matrix in the kidneys of CKD patients with hyperlipidemia (Figure 1J). Masson’s trichrome staining revealed that renal fibrosis was enhanced in the kidneys of CKD patients with hyperlipidemia (Figure 1J). Subsequently, immunofluorescence analysis and immunohistochemical staining revealed that the expression of NLRP3 was significantly upregulated in the kidneys of CKD patients with hyperlipidemia (Figures 1K–N). Finally, we investigated the role of NLRP3 inflammasome activation in PA-induced HK-2 cell apoptosis. Flow cytometry showed that MCC950 (a NLRP3 antagonist) treatment significantly ameliorated PA-induced cell apoptosis (Figures 1O, P). Taken together, these results indicated that high lipid levels induced NLRP3 inflammasome activation, which promoted tubular epithelial cell apoptosis.




3.2 Role of mtROS in PA-induced mitochondrial damage and NLRP3 inflammasome activation in HK-2 cells

Mitochondria are major sources of ROS and are also targets of ROS. To investigate the role of mtROS in mitochondrial damage, HK-2 cells were treated with the mitochondrion-targeted antioxidant Mito Tempol. Immunofluorescence analysis revealed that Mito Tempol treatment significantly attenuated the production of mtROS (Figures 2A, E) and reversed the loss of (the mitochondrial membrane potential) ΔΨm in HK-2 cells under PA stimulation (Figures 2B, F). Nuclear and mitochondrial DNA oxidative damage can be assessed by immunofluorescence staining for nuclear and nonnuclear 8-OHdG, respectively (20). As shown in Figure 2C, immunofluorescence analysis demonstrated that PA induced an increase in the colocalization of 8-OHdG and mitochondria or nuclei, suggesting that PA induced mitochondrial and nuclear DNA oxidative damage in HK-2 cells. However, Mito Tempol treatment significantly ameliorated PA-induced oxidative damage to mitochondrial and nuclear DNA in HK-2 cells.




Figure 2 | Role of mtROS in PA-induced mitochondrial damage and NLRP3 inflammasome activation in HK-2 cells. (A) Representative fluorescence images of MitoSOX and MitoTracker Green staining in different groups. (B) Representative fluorescence images of JC-1 staining in different groups. (C) Representative images of immunofluorescence double-labeled 8-OHdG and mitochondria (MitoTracker Red) in different groups. (D) Western blot analyses of the protein expression of NLRP3, caspase-1, and IL-18 in HK-2 cells. (E, F) Quantification of the fluorescence intensities of MitoSOX and JC-1 in (A) and (B) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. Mito Tempol group, and ΔP < 0.05 vs. PA group). (G) Representative images of immunofluorescence double-labeled NLRP3 and mitochondria (MitoTracker Red) in the different groups. (H–J) Quantification of NLRP3, caspase-1, and IL-18 expression in (D) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. Mito Tempol group, and ΔP < 0.05 vs. PA group).



Mitochondrial damage plays a pivotal role in NLRP3 inflammasome activation, and previous studies revealed that mtROS generated by damaged mitochondria are critically involved in NLRP3 inflammasome activation (21). Similarly, our Western blot analysis showed that Mito Tempol treatment significantly prevented the PA-induced increase in the expression of NLRP3, caspase-1, and IL-18 (Figures 2D, H–J). As mitochondria can serve as a molecular platform for the assembly of NLRP3 inflammasome components (22, 23), which subsequently mediate the maturation and secretion of proinflammatory cytokines, we explored the subcellular localization of NLRP3 inflammasome components under PA stimulation conditions and found that NLRP3 was located in the cytoplasm but not within mitochondria in control cells. However, stimulation with PA led to the recruitment of NLRP3 within mitochondria, as demonstrated by the increasing overlap of NLRP3 in the mitochondria (Figure 2G). However, Mito Tempol treatment inhibited PA-induced NLRP3 upregulation and recruitment within mitochondria (Figure 2G). These results suggested that PA-induced NLRP3 inflammasome activation was dependent on mitochondrial ROS generation.




3.3 The Nrf2/ARE signaling pathway was activated in high-lipid-induced tubular epithelial cells

To determine the effects of PA exposure on the Nrf2/ARE signaling pathway, we measured the expression of Nrf2, HO-1, and NQQ-1 in HK-2 cells and found that they were noticeably increased in a dose-dependent manner under PA stimulation (Figure 3A–D). Additionally, we observed the expression and location of Nrf2 in HK-2 cells. Immunostaining revealed that PA treatment increased the Nrf2 fluorescence intensity and increased the colocalization of Nrf2 with the nucleus, indicating that Nrf2 translocated from the cytoplasm to the nucleus (Figures 3E, F). Furthermore, we detected the expression of Nrf2 in the kidney tissue of CKD patients with hyperlipidemia. As shown in Figures 3G–J, immunohistochemical staining and immunofluorescence analysis revealed that the expression of Nrf2 was significantly upregulated in the kidneys of CKD patients with hyperlipidemia. These results demonstrated that high lipid concentrations activate the Nrf2/ARE signaling pathway in tubular epithelial cells.




Figure 3 | The Nrf2/ARE signaling pathway was activated in high-lipid-induced tubular epithelial cells. (A) Western blot analyses of the protein expression of Nrf2, HO-1, and NQO-1 in HK-2 cells. (B–D) Quantification of Nrf2, HO-1, and NQO-1 expression in (A) (n = 3; *P < 0.05 vs. 0 μmol/L, #P < 0.05 vs. 150 μmol/L, and ΔP < 0.05 vs. 300 μmol/L). (E) Representative images of immunofluorescence staining for Nrf2 in HK-2 cells. (F) Quantification analysis of the fluorescence intensities of Nrf2 in (E) (n = 3, *P < 0.05 vs. control group). (G) Representative images of immunohistochemical staining for Nrf2 in kidney sections. (H) Quantification analysis of IHC staining for Nrf2 in (G) (n = 6, *P < 0.05 vs. control group). (I) Representative images of immunofluorescence staining for Nrf2 in kidney sections. (J) Quantification analysis of the fluorescence intensities of Nrf2 in (I) (n = 6, *P < 0.05 vs. control group).






3.4 Silencing of Nrf2 enhanced mtROS production and mitochondrial damage in PA-treated HK-2 cells

To determine the role of the Nrf2/ARE signaling pathway in mtROS production and mitochondrial function in PA-treated HK-2 cells, siRNA was used to silence Nrf2. Immunoblot analysis indicated that Nrf2 siRNA successfully suppressed the protein expression of Nrf2 (Figures 4A, B), and Nrf2 silencing significantly decreased the protein expression of Nrf2, HO-1, and NQO-1 in HK-2 cells treated with or without PA (Figures 4C–F). In addition, immunofluorescence staining showed that silencing Nrf2 significantly exacerbated mtROS production (Figures 4G, H) and the loss of ΔΨm (Figures 4I, J) in HK-2 cells cultured in PA media. These data suggested that inhibiting the Nrf2/ARE signaling pathway exacerbated PA-induced mtROS production and mitochondrial damage in HK-2 cells.




Figure 4 | Silencing of Nrf2 enhanced mtROS production and mitochondrial damage in PA-treated HK-2 cells. (A) Western blot analyses of the protein expression of Nrf2 in HK-2 cells after transfection with scrambled siRNA or Nrf2 siRNA. (B) Quantification analysis of Nrf2 expression in (A) (n = 3; *P < 0.05 vs. control group and #P < 0.05 vs. scrambled siRNA group). (C) Western blot analyses of the protein expression of Nrf2, HO-1, and NQO-1 in different groups. (D–F) Quantification analysis of Nrf2, HO-1, and NQO-1 expression in (C) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. scrambled siRNA group, and ΔP < 0.05 vs. PA group). (G) Representative fluorescence images of MitoSOX and MitoTracker Green staining in different groups. (H) Quantification of the fluorescence intensities of MitoSOX in (G) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. scrambled siRNA group, and ΔP < 0.05 vs. PA group). (I) Representative fluorescence images of JC-1 staining in different groups. (J) Quantification of the fluorescence intensities of JC-1 in (I) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. scrambled siRNA group, and ΔP < 0.05 vs. PA group).






3.5 Activation of the Nrf2/ARE signaling pathway ameliorated PA-induced mtROS production and mitochondrial damage in HK-2 cells

We next investigated the effect of tBHQ, a well-characterized Nrf2 activator, on the Nrf2 signaling pathway in HK-2 cells. HK-2 cells were treated with tBHQ at different concentrations (0–50 μM), and as expected, tBHQ dose-dependently increased the protein level of Nrf2 (Figures 5A–D). Consistently, the protein levels of Nrf2 downstream targets, including HO-1 and NQQ-1, were increased in response to tBHQ (Figures 5A–D). Next, we incubated HK-2 cells with PA in the absence or presence of 30 μM tBHQ for 24 h and found that tBHQ ameliorated PA-induced mitochondrial ROS production (Figures 5F, G), mitochondrial injury (Figures 5H, I), and mitochondrial DNA oxidative damage (Figure 5J). Similarly, transfection of HK-2 cells with an Nrf2 overexpression plasmid (Figure 5E) significantly attenuated mitochondrial ROS production (Figures 5F, G) and reversed PA-induced mitochondrial membrane potential collapse (Figures 5H, I) and mitochondrial DNA oxidative damage (Figure 5J).




Figure 5 | Activation of the Nrf2/ARE signaling pathway ameliorated PA-induced mtROS production and mitochondrial damage in HK-2 cells. (A) Western blot analyses of the protein expression of Nrf2, HO-1, and NQO-1 in HK-2 cells after being treated with various concentrations of tBHQ (0, 10, 30, and 50 μM). (B–D) Quantification analysis of Nrf2, HO-1, and NQO-1 expression in (A) (n = 3; *P < 0.05 vs. 0 μmol/L, #P < 0.05 vs. 10 μmol/L A group, and ΔP < 0.05 vs. 30 μmol/L group). (E) Western blot analyses of the protein expression of Flag-Nrf2 in HK-2 cells after being transfected with or without empty plasmid or Nrf2 overexpression plasmid. (F) HK-2 cells were treated with 300 μmol/L PA for 24 h after being pretreated with tBHQ or transfected with Nrf2 overexpression plasmid and then stained with Mito SOX (red) and MitoTracker (green). (G) Quantification of the fluorescence intensities of MitoSOX in (F) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. tBHQ group, ΔP < 0.05 vs. PA group, &P< 0.05 vs. PA + tBHQ group, and ФP< 0.05 vs. empty vector group). (H) HK-2 cells were treated with 300 μmol/L PA for 24 h after being pretreated with tBHQ or transfected with Nrf2 overexpression plasmid and then stained with probe JC-1. (I) Quantification of the fluorescence intensities of JC-1 in (H) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. tBHQ group, and ΔP < 0.05 vs. PA group). (J) HK-2 cells were treated with 300 μmol/L PA for 24 h after being pretreated with tBHQ or transfected with Nrf2 overexpression plasmid and then stained with MitoTracker (red) and an antibody against 8-OHdG.






3.6 The Nrf2/ARE signaling pathway inhibited PA-induced mtROS-dependent NLRP3 inflammasome activation in HK-2 cells

To further investigate the possible role of Nrf2 in NLRP3 inflammasome activation, PA-stimulated HK-2 cells were pretreated with tBHQ, as shown in Figures 6A, F–H. tBHQ treatment markedly inhibited the activation of the NLRP3 inflammasome in PA-treated HK-2 cells, as characterized by decreased NLRP3, caspase-1. and IL-18 levels. Moreover, we found that tBHQ significantly inhibited PA-induced colocalization of NLRP3 and MitoTracker (Figure 6B) and ameliorated PA-induced cell apoptosis in HK-2 cells (Figures 6C, D), demonstrating that the Nrf2/ARE signaling pathway plays a protective role in PA-induced cell apoptosis by inhibiting NLRP3 inflammasome activation in HK-2 cells. Next, we studied the underlying mechanism of the inhibitory effects of the Nrf2/ARE signaling pathway on NLRP3 inflammasome activation. Considering the regulatory effect of the Nrf2/ARE pathway on mtROS production, HK-2 cells were pretreated with Mito Tempol or/and Nrf2 siRNA, and knockdown of Nrf2 significantly increased the PA-induced expression of NLRP3, mature caspase-1, and IL-18 (Figure 6E). However, the enhancing effect of Nrf2 siRNA on NLRP3 inflammasome activation was markedly reversed by Mito Tempol intervention (Figures 6E, I–K). Collectively, these results indicated that Nrf2-induced NLRP3 inflammasome inhibition was dependent on mtROS production.




Figure 6 | The Nrf2/ARE signaling pathway inhibited palmitic acid (PA)-induced mitochondrial ROS-dependent NLRP3 inflammasome activation in HK-2 cells. (A) Western blot analyses of the protein expression of NLRP3, caspase-1, and IL-18 in HK-2 cells after being pretreated with 30 μM tBHQ and then stimulated with 300 μmol/L PA for 24(h) (B) Representative images of immunofluorescence double-labeled NLRP3 and mitochondria (MitoTracker Red) in different groups. (C) Flow cytometry analysis of cell apoptosis in different groups. (D) Quantification analysis of apoptotic cells in (C) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. tBHQ group, and ΔP < 0.05 vs. PA group). (E) Western blot analyses of the protein expression of NLRP3, caspase-1, and IL-18 in HK-2 cells after being pretreated with Mito Tempol or Nrf2 siRNA and then stimulated with 300 μmol/L PA for 24 (h) (F–H) Quantification analysis of NLRP3, caspase-1, and IL-18 expression in (A) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. tBHQ group, and ΔP < 0.05 vs. PA group). (I–K) Quantification analysis of NLRP3, caspase-1, and IL-18 expression in (E) (n = 3; *P < 0.05 vs. control group, #P < 0.05 vs. Nrf2 siRNA group, ΔP < 0.05 vs. PA group, &P< 0.05 vs. PA + Nrf2 siRNA group, and ФP< 0.05 vs. Mito Tempol group).






3.7 Activation of the Nrf2/ARE signaling pathway improved biochemical characteristics and morphological changes and ameliorated renal injury in HFD-induced obese rats

As shown in Figures 7A–F, compared with those in LFD-fed rats, body weight, blood urea nitrogen (BUN), serum creatinine (SCr), urine protein, total cholesterol (TC), and triglyceride (TG) levels were significantly greater in HFD-fed rats; however, tBHQ intervention significantly attenuated these parameters, except for body weight, relative to those in HFD-fed rats. Oil red O staining showed that abnormal lipid accumulation was notably increased in renal proximal tubule cells of HFD-fed rats; however, tBHQ treatment markedly attenuated lipid deposition in renal proximal tubule cells in HFD-fed rats (Figure 7G). Additionally, H&E and PAS staining of the kidneys of HFD-fed rats revealed enhanced glomerular hypertrophy, mesangial proliferation, mesangial matrix deposition, and notable disruption of tubular epithelial cells compared to those of LFD-fed rats (Figures 7H, I). Masson trichrome staining revealed marked renal fibrosis in HFD-fed rats (Figure 7J); however, these changes were dramatically limited by tBHQ treatment. Moreover, mtROS generation (Figures 7K, O), ΔΨm loss (Figures 7L, P), and DNA oxidative damage (Figures 7M, Q) were enhanced in the kidneys of HFD-fed rats but markedly attenuated after tBHQ treatment. Furthermore, TUNEL staining demonstrated that the number of apoptotic cells (indicated by the arrow) was significantly reversed by tBHQ treatment (Figures 7N, R). Overall, these data demonstrated that tBHQ improved renal function in HFD-induced obese rats.




Figure 7 | Activation of Nrf2/ARE signaling pathway improved the biochemical characteristics and morphological changes and ameliorated renal injury in high-fat diet (HFD)-induced obese rats. (A–F) Effects of tBHQ on body weight, BUN, SCr, urine protein, and TC and TG levels in HFD-induced obese rats (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group). (G) Representative images of Oil red O staining in kidney sections (×400). (H–J) Representative images of kidney sections subjected to H&E, PAS, and Masson staining. (K) Representative fluorescence images of kidney sections subjected to Mito SOX staining. (L) Representative fluorescence images of kidney sections subjected to JC-1 staining. (M) Representative image of immunohistochemical staining with 8-OHdG in kidney sections. (N) Kidney sections stained with TUNEL, apoptotic cells (arrowhead) are shown. (O) Quantification of the fluorescence intensities of Mito SOX in (K) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group). (P) Quantification of the fluorescence intensities of JC-1 in (L) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group). (Q) Quantification analysis of 8-OHdG expression in (M) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group). (R) Quantification analysis of TUNEL-positive cells in (N) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group).






3.8 The Nrf2/ARE pathway inhibited NLRP3 inflammasome activation in the kidneys of HFD-induced obese rats

Finally, we investigated the role of the Nrf2/ARE pathway in the activation of the NLRP3 inflammasome in HFD-induced obese rats. Immunoblot analysis demonstrated that the expression of Nrf2, HO-1, NQO-1, NLRP3, mature-caspase-1, and IL-18 was significantly upregulated in the HFD group compared to the LFD group (Figures 8A, C). Additionally, the expression of Nrf2, HO-1, and NQQ-1 was significantly greater in HFD-fed rats after tBHQ intervention (Figures 8A, C). However, the HFD-induced increase in the expression of NLRP3, mature caspase-1, and IL-18 was significantly attenuated following treatment with tBHQ (Figures 8A,C). Subsequently, immunohistochemical staining (Figures 8B, D) also supported the above-mentioned results, indicating that the upregulation of the Nrf2/ARE pathway inhibited the activation of the NLRP3 inflammasome in the kidneys of HFD-induced obese rats.




Figure 8 | The Nrf2/ARE pathway inhibited NLRP3 inflammasome activation in the kidneys of high-fat diet (HFD)-induced obese rats. (A) Western blot analyses of the protein expression of Nrf2, HO-1, NQQ-1, NLRP3, caspase-1, and IL-18 in the kidneys of low-fat diet (LFD), HFD, and HFD rats treated with tBHQ. (B) Representative images of immunohistochemical staining for Nrf2, HO-1, NQQ-1, NLRP3, caspase-1, and IL-18 in kidney sections. (C) Quantification analysis of Nrf2, HO-1, NQQ-1, NLRP3, caspase-1, and IL-18 expression in (A) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group). (D) Quantification analysis of Nrf2, HO-1, NQQ-1, NLRP3, caspase-1, and IL-18 expression in (B) (n = 6; *P < 0.05 vs. LFD group and #P < 0.05 vs. HFD group).







4 Discussion

Yamagata et al. reported that the hazard ratio of proteinuria increased in CKD patients with hyperlipidemia of both genders, suggesting that serum lipid status abnormalities are considered independent risk factors for CKD progression (24). Previous findings have shown that ectopic lipid deposition in the kidney can cause structural and functional changes in proximal tubule cells, which contribute to the pathophysiology of kidney disease (25). Several underlying mechanisms have been linked to impaired autophagy flux, endoplasmic reticulum stress, oxidative stress, and inflammation (26, 27).

Numerous studies have demonstrated that the NLRP3 inflammasome is a key mechanism involved in the development of a wide variety of human kidney diseases, including AKI, CKD, glomerulonephritis, and obesity-related kidney disease (6, 28). Recently, research has revealed that high lipid levels activate the CD36–NLRP3 inflammasome axis and promote the release of the inflammatory cytokines IL-1β and IL-18, which induce FFA-related renal tubular injury (9). In the present study, we also found that high lipid levels activated the NLRP3 inflammasome both in vivo and in vitro, which induced tubular epithelial cell apoptosis. However, the exact mechanism of NLRP3 inflammasome activation in hyperlipidemia-induced kidney injury has not yet been defined. Previous research has revealed that the NLRP3 inflammasome can be activated by various cellular signals, including reactive oxygen species (ROS), oxidized DNA, potassium efflux, calcium influx, and lysosomal damage (29, 30). Emerging evidence indicates that mitochondrial dysfunction plays a major role in the activation of the NLRP3 inflammasome. Furthermore, the production of ROS from damaged mitochondria was proposed to promote the deubiquitylation of NLRP3 and subsequently contribute to NLRP3 inflammasome activation (31). Moreover, previous research has shown that mitochondria can function as a platform for assembling NLRP3 inflammasome components to enable the activation of caspase-1 (22, 23). In this study, we observed that the NLRP3 inflammasome was activated both in vivo and in vitro and was accompanied by increased translocation of NLRP3 to the mitochondria in HK-2 cells treated with PA. Moreover, the mitochondrion-targeted antioxidant Mito Tempol decreased the activation of the NLRP3 inflammasome and the recruitment of NLRP3 within mitochondria by reducing mitochondrial ROS generation and DNA oxidative damage. These results indicated that mitochondrial ROS and oxidized DNA are the signals for triggering the NLRP3 inflammasome in high-lipid-induced renal tubular injury. Thus, targeting the mechanism preserving the mitochondrial redox balance and thereby inhibiting NLRP3 inflammasome activation in CKD patients with hyperlipidemia may be an attractive therapeutic approach.

The Nrf2/ARE pathway is considered a pivotal antioxidant defense system that plays a key role in regulating the status of cellular oxidative stress. Numerous studies have described the association of the Nrf2/ARE pathway with kidney diseases. Wang et al. showed that activation of the Nrf2 signaling pathway ameliorates sepsis-induced AKI (32). Moreover, Jiang et al. suggested that Nrf2 plays a crucial role in ameliorating streptozotocin-induced renal damage in DKD mice and that genetic deletion of Nrf2 significantly increased ROS generation and oxidative DNA damage and accelerated renal injury in STZ-induced DKD mice (33). In the present study, we demonstrated that the Nrf2/ARE signaling pathway is activated in HK-2 cells under high lipid conditions and that the expression of Nrf2 was also notably upregulated in the kidneys of CKD patients with hyperlipidemia. In addition, Nrf2 silencing exacerbated PA-induced mtROS production and mitochondrial damage; however, Nrf2 activation with tBHQ or Nrf2 overexpression plasmids significantly alleviated cell injury by reducing mtROS production, improving mitochondrial membrane potential, and ameliorating oxidative DNA damage in HK-2 cells, and these effects were further verified in the kidneys of HFD-induced obese rats after tBHQ intervention.

The Nrf2/ARE pathway is a pivotal antioxidant defense system, and its effect on hyperlipidemia-induced renal inflammation and the potential underlying mechanism remain unclear. Recently, numerous studies have focused on Nrf2 signaling and the NLRP3 inflammasome. It has been demonstrated that activation of Nrf2 signaling negatively regulates NLRP3 inflammasome activity in diabetic retinopathy (34) and cerebral ischemia−reperfusion injury (35). In kidney research, Szeto et al. demonstrated that the stabilization of endogenous Nrf2 by minocycline attenuated NLRP3 inflammasome activation in diabetic nephropathy (36). Mahmoud et al. showed that Nrf2/ARE/HO-1 signaling suppressed the NF-κB/NLRP3 inflammasome axis and improved kidney function in methotrexate (MTX)-induced nephrotoxicity (37). Here we demonstrated that Nrf2/ARE antioxidant signaling plays a key role in the activation of the NLRP3 inflammasome in hyperlipidemia-induced renal injury. When HK-2 cells were exposed to high-lipid media, Nrf2 activation induced by tBHQ markedly mitigated PA-induced NLRP3 inflammasome activation; in contrast, Nrf2 knockdown significantly enhanced PA-induced NLRP3 inflammasome activation in HK-2 cells, suggesting that Nrf2/ARE signaling plays a potential role in negatively regulating NLRP3 inflammasome activation in high-lipid-induced HK-2 cells. Nonetheless, the underlying mechanism by which Nrf2/ARE signaling negatively regulates NLRP3 inflammasome activation remains unclear. Therefore, we further found that the enhancing effect of Nrf2 siRNA on NLRP3 inflammasome activation was markedly reversed by Mito Tempol in HK-2 cells, demonstrating that the potential mechanism of Nrf2-induced NLRP3 inflammasome inhibition was dependent on reducing mtROS production. However, the influence of the Nrf2/ARE pathway on other inflammatory signaling pathways, such as the NF-κB pathway, JAK-STAT pathway, and MAPK pathway, should be clarified in a future work.

tBHQ, a well-characterized Nrf2 activator, can maintain the stability of the Nrf2 protein through inhibition of Keap1-mediated ubiquitination. Previous studies have revealed that tBHQ plays a protective role against hypoxic–ischemic brain damage (38), cisplatin-induced nephrotoxicity (39), and hepatic ischemia/reperfusion (I/R) injury (40) by activating Nrf2-mediated antioxidative signaling pathways. In our study, we also found that tBHQ attenuated hyperlipidemia-induced renal injury, and the potential protective mechanism of tBHQ involved inhibiting mtROS–NLRP3 inflammasome activation via the upregulation of Nrf2/ARE-related antioxidant signaling. Accordingly, we proposed that the Nrf2/ARE antioxidant signaling–mitochondrial ROS–NLRP3 inflammasome pathway is involved in hyperlipidemia-induced renal injury. Furthermore, other Nrf2 agonists, such as bardoxolone methyl, are being evaluated in ongoing clinical trials for kidney disease, including DKD (41), Alport syndrome (AS), and autosomal dominant polycystic kidney disease (ADPKD) (42), providing great therapeutic potential and expectations for the future of Nrf2 agonist development for kidney diseases.

Finally, we showed that the Nrf2/ARE signaling pathway was activated under high lipid conditions both in vitro and in vivo. Therefore, why did the activation of the Nrf2 antioxidant response fail to protect against tubular cell damage under high lipid conditions? We believe that activation of the Nrf2 antioxidant response plays a key role in preventing mtROS production, preserving mitochondrial function and inhibiting NLRP3 inflammasome activation during the early stage of high-lipid-induced tubular cell damage. However, at the late stage of high-lipid-induced cell damage, the Nrf2-mediated protective mechanism is saturated by persistent and excessive ROS, resulting in NLRP3 inflammasome activation and tubular cell and renal damage.




5 Conclusion

In summary, we demonstrated that hyperlipidemia induced Nrf2/ARE signaling activation, mitochondrial ROS production, and NLRP3 inflammasome activation. Activation of the mtROS–NLRP3 inflammasome pathway is a critical contributor to renal tubular epithelial cell injury in CKD patients with hyperlipidemia. Activation of Nrf2/ARE antioxidant signaling protects against high-lipid-induced renal tubular epithelial cell damage by inhibiting mtROS-mediated NLRP3 inflammasome activation (Figure 9). Thus, our findings highlight the potential for the pharmacological activation of the Nrf2/ARE antioxidant pathway, such as through the use of tBHQ as a therapeutic approach against oxidative stress and inflammation in CKD patients with hyperlipidemia.




Figure 9 | Schematic diagram of Nrf2/ARE signaling pathway, mitochondrial ROS, and NLRP3 inflammasome in renal tubular epithelial cells under high lipid conditions. Activation of Nrf2/ARE antioxidant signaling protects against high-lipid-induced renal tubular epithelial cell damage by inhibiting mtROS-mediated NLRP3 inflammasome activation.
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Autogenous arteriovenous fistula (AVF) is the preferred dialysis access for receiving hemodialysis treatment in end-stage renal disease patients. After AVF is established, vascular remodeling occurs in order to adapt to hemodynamic changes. Uremia toxins, surgical injury, blood flow changes and other factors can induce inflammatory response, immune microenvironment changes, and play an important role in the maintenance of AVF vascular remodeling. This process involves the infiltration of pro-inflammatory and anti-inflammatory immune cells and the secretion of cytokines. Pro-inflammatory and anti-inflammatory immune cells include neutrophil (NEUT), dendritic cell (DC), T lymphocyte, macrophage (Mφ), etc. This article reviews the latest research progress and focuses on the role of immune microenvironment changes in vascular remodeling of AVF, in order to provide a new theoretical basis for the prevention and treatment of AVF failure.
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Introduction

Chronic kidney disease (CKD) is a global public health problem. The prevalence of CKD in Chinese adults was 8.2% in the analysis of the results of the Sixth Chronic Disease and Risk Factor Surveillance in China (1), while the prevalence of dialysis in China was 419 cases per million population (2). The three main types of vascular access for hemodialysis (HD) include autogenous arteriovenous fistula (AVF), graft arteriovenous fistula (AVG), and central venous catheter (CVC). AVF refers to artificial formation of a straight line between the proximal artery and the superficial vein at the subcutaneous distance during surgery. AVF has the advantages of lower medical cost, fewer complications, lower infection rate, lower mortality rate and higher patency rate compared with AVG or CVC (3). However, immaturity of newly formed AVF and dysfunction of established AVF are two common clinical challenges (4). The National Institutes of Health reported that 60% of AVF failed to mature after surgery and could not be successfully used for dialysis treatment (5). The hemodialysis arteriovenous fistula maturity (HFM) study showed that the rate of AVF dysfunction at 1 year was 24% (4). The results of our center showed that the 1-year AVF dysfunction rate was 14.4% (6).

The maturation of AVF is the process that makes AVF suitable for providing prescription dialysis. After the construction of AVF, the veins are affected by injury factors such as inflammation and oxidative stress, and exposed to high flow, high shear stress (WSS), high pressure and oxygen-rich arterial blood environment, which requires adaptive remodeling of AVF to mature, that is, the venous cavity dilation and wall thickening are the main characteristics, resulting in venous arterialization changes. Finally, adaptive vascular remodeling related to the acquisition of arteriovenous dual features was formed (7). The immaturity of AVF means that it cannot be used successfully for HD within 6 months after its creation despite surgical intervention. AVF dysfunction is a multifactorial process in which upstream and downstream events work together to lead to lumen stenosis and even secondary thrombosis due to neointimal hyperplasia (NIH). The upstream event refers to the injury of vascular endothelial cell (EC) and vascular smooth muscle cell (VSMC) caused by surgical trauma, hemodynamic shear stress, and uremic toxins. Downstream events refer to responses to vascular damage, including oxidative stress, inflammation, migration and proliferation of fibroblast, SMC, and myofibroblast (8). Activation of EC can increase the expression of growth factors, promote the migration and proliferation of VSMC from the medium to the intima and make it quickly form a new endometrium layer (9, 10). And EC injury, in turn, promotes the release of inflammatory mediators and the recruitment of inflammatory cells, thereby activating smooth muscle cells and fibroblasts and promoting the fibrosis process (11). Fibrosis is an outcome of the dysregulated tissue repair process in response to various types of tissue injury (12). And the degree of fibrosis after AVF surgery is related to the immaturity of AVF. AVF fibrosis can be attributed to excessive extracellular matrix (ECM) synthesis by activated VSMAs and myofibroblasts and/or insufficient ECM degradation by matrix metalloproteinases (MMP). Excessive fibrosis may reduce vessel wall compliance, and AVF patients with intermediate fibrosis have less increase in venous diameter during reconstruction (13). When the vessel wall loses compliance due to excessive ECM deposition, the NIH becomes obstructive (possibly less compressible under high blood flow) and stenotic.

Therefore, fibrotic remodeling and NIH, which in combination significantly increase the risk of AVF failure (14). Our previous study have shown that in the inferior vena cava of adenine-induced chronic kidney disease rats with aortocaval fistulas, in addition to the disordered EC and SMC, inflammatory cells such as macrophage (Mφ) are also present in the major cellular components of NIH (15). In conclusion, inflammation plays an important role in the vascular remodeling process of AVF.

The establishment of AVF can trigger the body’s immune response, including chronic infiltration of immune cells and secretion of inflammatory cytokines (16). The balance between pro-inflammatory and anti-inflammatory responses is necessary for vascular remodeling of AVF, and excessive or insufficient inflammation can lead to AVF failure (16). Since the infiltration of immune cells plays a key role in the vascular remodeling of AVF, it is of great significance to study the changes and roles of immune cells in the vascular remodeling of AVF. In the past, T lymphocyte and Mφ were considered to be key molecules in chronic inflammation of vascular diseases such as atherosclerosis and AVF failure (17). However, recent evidence strongly suggests that neutrophil (NEUT) and dendritic cell (DC) are also involved in the development of vascular disease, such as AVF failure (16, 18). T lymphocyte, Mφ, NEUT, DC and other immune cells participate in the vascular remodeling process of AVF, and the inflammatory response mediated by the above inflammatory cells is the core of the vascular remodeling process (19). This article reviews the role of immune microenvironment in vascular remodeling of AVF.





Immune cells are involved in vascular remodeling of AVF

Immaturity of AVF refers to the lack of outward remodeling that, despite radiologic or surgical intervention (i.e., endovascular or open procedure management), cannot be successfully used for dialysis after its creation (20). AVF dysfunction is a very general term, and because it does not specifically address the cause of dysfunction, it has been replaced by three terms: thrombotic flow-related dysfunction, non-thrombotic flow-related dysfunction, and infectious dysfunction. Thrombotic flow-related dysfunction is associated with the risk of thrombosis or specific complications that can reduce blood flow to AVF, threaten prescribed dialysis lumen flow and/or cause clinical signs and symptoms such as stenosis or thrombosis. In contrast, non-thrombotic flow-related dysfunction may or may not threaten blood flow or patency, but is associated with clinical signs and symptoms, such as aneurysms and steal syndrome. The above three terms distinguish AVF dysfunction due to stenosis or thrombosis from dysfunction due to other causes (21). Therefore, the dysfunction discussed in this paper refers to thrombotic flow-related dysfunction associated with vascular remodeling.

In the early stages after AVF establishment, the vein is exposed to a high flow, high shear stress, high pressure, and oxygen-rich arterial environment, leading to “maturation” of both the arterial inflow limb and venous outflow limb. Adaptation of the vein to the increased flow and shear stress of the arterial environment requires dilation by outward remodeling of the venous wall (Poiseuille’s law), whereas increases in pressure and tensile stress result in wall thickening (Laplace’s law) (22). WSS is significantly elevated, causing the initial venous cavity to dilate through mechanical stretching, and activating EC to produce large amounts of nitric oxide (NO), stimulating MMP-2, 9 (23), triggering ECM degradation, resulting in continuous dilation of the lumen (24). However, wall thickening is an adaptation of blood vessel walls to pressure, involving the thickening of all vascular layers through ECM deposition and cell proliferation and migration (25). Thus, AVF maturation is an adaptive vascular remodeling associated with the acquisition of dual arteriovenous characteristics. In the later period after AVF establishment, during maintenance HD therapy, repeated treatment placed the region in a state of turbulence, low flow, low wall shear stress, and increased transwall pressure. The normal physiological mechanism of AVF is not clear, but the intima thickening of AVF can maintain sufficient pressure (26).

AVF failure occurs through two different mechanisms: early failure is secondary to lack of outward remodeling and inability to support HD, i.e. AVF immaturity; Late failure is due to uncontrolled pathological process of intimal thickening, uncontrolled NIH, negative or introversion remodeling leading to previously normal intimal thickening, lumen narrowing, and reduced patency rate (17). The formation of NIH can lead to secondary thrombosis and aggravate AVF stenosis (27). The histological features of NIH is characterized by a large number of constricted SMC, myofibroblast, fibroblast, and Mφ, ultimately narrowing the venous outflow tract, and resulting in reduced blood flow (28). However, both NIH and atherosclerosis share partially similar histopathological features: the observed intimal hyperplasia is almost the same, and both are characterized by smooth muscle cell migration and proliferation and ECM deposition (29, 30). Therefore, it can be speculated that there may be chronic inflammation in the NIH of AVF.

The inflammatory response of AVF can be divided into two parts: one is surgical trauma stoma and local hypoxia, which causes local inflammatory response by activating molecular signal transduction such as hypoxia-inducible factor (HIF). Secondly, the presence of uremia in CKD patients promotes oxidative stress, leading to phagocyte activation, oxygen free radical release, lipid peroxidation, and ultimately an increase in systemic inflammatory response (28). Early and late inflammation after AVF establishment plays an important role in the regulation of vascular remodeling. Damage to vascular EC or SMC can induce local immune cell migration (28), as well as damage associated with molecular patterns (DAMP) secretion, which further activates the immune system, recruitment of immune cells, and causes inflammation (31). Thus, inflammation during vascular remodeling in AVF involves a coordinated interaction between blood vessel walls and circulating immune cells (32). In the AVF mouse model, the experimental group lacked radio-protective 105 protein (RP105), also known as CD180- a cell surface protein of various inflammatory cells that has been shown to impair Toll-like receptor (TLR)-4 signaling, thereby reducing outward venous remodeling (33). In a balloon induced rat model of carotid artery injury, NIH was increased in nude mice lacking T lymphocyte, while adoptive transfer of CD4+and CD8+ lymphocytes in mice after carotid artery injury was associated with decreased NIH (34). Studies in rodent models lacking macrophage colony-stimulating factors found that the Mφ of experimental mice were reduced, and therefore their outward remodeling was attenuated compared to wild-type mice (32). Conversely, adoptive transfer of regulatory T lymphocyte (Treg) has been shown to reduce the incidence of myocardial hypertrophy and fibrosis, as well as the infiltration and remodeling of immune cells (35). In the MISRA’s laboratory, systematic Mφ depletion of a mouse model of AVF with sodium clodronate resulted in a decrease in the number of circulating Mφ and an improvement in AVF stenosis (28, 36). This contradiction may be related to the different roles of T lymphocyte and Mφ in vascular remodeling of AVF (17, 37). Welt and Edelman discovered in 2000 that NEUT played a role in the NIH in balloon-injured arteries of the rabbit model (38). While, Takahashi and Lee discovered in 2003 that DC play a role in the NIH after rat carotid balloon injury (16, 39). Studies have shown that elevated levels of C-reactive protein (CRP), a marked of the systemic inflammatory response produced by the liver in response to pro-inflammatory cytokines, increase the risk of AVF failure, and inhibiting the inflammatory response with prednisolone can promote venous outward remodeling and increase AVF patency in a murine AVF model (40). These findings suggest that appropriate local wall inflammation is positively correlated with AVF vascular remodeling, while systemic inflammation is negatively correlated with AVF vascular remodeling (41). These results suggest that local inflammation driven by immune cells is a necessary condition for vascular remodeling in AVF, and the balance of inflammatory and anti-inflammatory responses is related to the type and number of immune cells infiltrating the AVF site (16). Therefore, immune cells such as T lymphocyte, Mφ, NEUT, and DC play different roles in AVF vascular remodeling (17).





Different types of immune cells are involved in vascular remodeling of AVF




Macrophages: play a dual role through polarization

Mφ, DC and monocyte constitute the mononuclear phagocytic system, which is the regulator of tissue homeostasis, growth, development and regeneration (42). The monocyte-to-lymphocyte ratio (MLR) is defined as the absolute number of monocytes divided by the absolute number of lymphocytes. Several studies have found a positive correlation between MLR and AVF immaturity (43). The release of macrophage migration inhibitor factor (MIF) up-regulates tumor necrosis factor (TNF) -α, interleukin (IL) -6, IL-8 and MCP-1 and other inflammatory cytokines, causing the migration and proliferation of inflammatory cells and promoting NIH (19). MCP-1 is involved in the infiltration and activation of monocyte/Mφ, and the intermediate early response gene X-1 (IEX-1) regulates MCP-1, IEX-1 knockout mice reduce MCP-1 and NIH (44), directly blocking MCP-1 inhibition of NIH in different animal models (45). Mφ produce MMP and reactive oxygen species (ROS). MMP can damage elastin fibers such as the inner elastic lamina and promote the dilation of blood vessel walls in a pig model of AVF stenosis (46). However, MMP also promotes the deposition of ECM in NIH and leads to subsequent thrombosis in NIH by breaking down proteins in the ECM (47). However, ROS can alter vascular reactivity, recruit more pro-inflammatory Mφ, and promote vascular remodeling in conjunction with MMP (48). In a mouse model of AVF, injection of sodium clodronate promote Mφ depletion and decreased the proliferation of VSMC activity during venous remodeling (39).

Mφ is a highly plastic type of cell. In a specific tissue with a specific phenotype and function, the process by which Mφ responds to the stimuli from the immune microenvironment is called polarization (49). Mφ is typically found in two distinct subsets: classically activated or M1Mφ, which is pro-inflammatory and polarized by the secretion of IFN-γ by Th1 cells; M2Mφ has anti-inflammatory and immunomodulatory effects and is polarized by IL-4 secreted by Th2 cells and IL-10 and TGF-β secreted by Treg cell (50). Studies have shown that inflammation caused by M1-like Mφ is associated with vein graft failure, participating in the formation of new blood vessels and disrupting the integrity of blood vessels. M2-like Mφ aggregation is associated with SMC proliferation and vascular wall thickening, promoting vascular stability and maturation (42, 51).




Classically activated macrophages

M1Mφ produces pro-inflammatory cytokines such as IL-6, IL-12, IL-23, interferon (IFN)-γ and TNF-α and inducible nitric oxide synthase (iNOS). Unlike circulating inflammatory cells, which contribute to systemic inflammation, M1-like Mφ acts within tissues, promoting local inflammation (42). M1-like Mφ produces iNOS, which can reduce vascular remodeling and NIH. Therefore, M1-like Mφ can inhibit AVF maturation and promote AVF function maintenance (17).





Vicariously activated macrophages

M2Mφ produces IL-10, transforming growth factor (TGF) -β, arginase (Arg)-1, and other anti-inflammatory cytokines, which have anti-inflammatory and tissue remodeling functions. The appearance of M2-like Mφ is a characteristic of the inflammation resolution period and a necessary condition for vascular graft re-endothelialization, which can promote vascular graft remodeling and facilitate wound healing and tissue reconstruction (52). Studies about the AVF in wild-type C57BL/6J and CD44 knockout mice have shown that CD44 regulates venous wall thickening during AVF maturation by promoting the accumulation of M2-like Mφ in the adaptive venous wall (53). IL-10 and TGF-β play an important role in maintaining vascular integrity: IL-10 and TGF-β produced by M2-like Mφ are more frequently present in stable plaques as major anti-inflammatory mediators (54). Studies have shown that blocking core fucosylation, downstream of TGF-β, can reduce markers of renal fibrosis. Although the mechanisms of renal fibrosis and AVF dysfunction differ, there is significant overlap. In addition, changes in glycosylation have been shown to affect cell proliferation, transformation, migration, and apoptosis (28). Arg-1 promotes VSMC proliferation and inhibits inflammation: M2-like Mφ infiltration plays a key role in regulating VSMCS proliferation and vascular wall thickening during AVF maturation, so Arg-1 may be involved in AVF maturation; However, in the rat model of common carotid artery injury, Arg-1 also promotes the formation of NIH, and therefore, Arg-1 may have an adverse effect on AVF function maintenance. However, arterial remodeling is different from AVF, Arg-1 may play a critical regulatory role in the balance between vascular wall thickening and NIH formation, and thus may be beneficial or harmful in AVF function maintenance (55).

When inflammation occurs, Mφ polarizes into M1-like Mφ, producing pro-inflammatory mediators that effectively control and clear infection and remove dead cells, but can lead to tissue damage if the M1 phase persists. Therefore, M2-like Mφ secretes a large amount of anti-inflammatory mediators, inhibits inflammatory responses, promotes tissue repair, vascular remodeling, and maintains homeostasis (37). For example, in a mouse model of CKD with AVF, iNOS, a marker of pro-inflammatory M1-like Mφ, was first increased, followed by Arg-1, a marker of anti-inflammatory M2-like Mφ (56). Thus, the balance of M1-like Mφ and M2-like Mφ polarization determines the fate of the organ in inflammation or injury. Revealing the polarization and recruitment process of M1-like Mφ and M2-like Mφ may provide a new therapeutic approach for regulating the balance of phenotype, quantity and distribution of vascular remodeling in AVF.






T lymphocyte: function by regulating Mφ

T lymphocyte plays a role in acquired immunity and are also involved in the regulation of inflammation. APC processing antigens are presented to major histocompatibility complex (MHC) molecules, which then activate CD8 + T lymphocyte with MHC- I molecules, and CD4+ T lymphocyte with MHC - II molecules (48, 57). After activation, CD8+T lymphocyte has antigen-specific cytotoxicity, also known as cytotoxic T lymphocyte (CTL) (58). Unlike CD8+T lymphocyte, CD4+T lymphocyte activates and differentiates into different subsets, distinguished by the production of specific cytokine and effector functions, including helper (Th) and regulatory T (Treg) lymphocytes (59). CD4+ lymphocyte and CD8+T lymphocyte play a major role in the initiation and continuation of the inflammatory cascade, and can also regulate other immune cells through the inflammatory response, such as secreting cytokines to regulate the inflammatory state of Mφ (34). In AVF of athymic rnu nude rats lacking mature T lymphocytes and euthymic control animals, the presence of CD4+T lymphocyte was consistent with the presence of Mφ, and the absence of mature T lymphocyte showed a tendency of decreasing Mφ infiltration (60). Therefore, T lymphocyte regulate the accumulation of Mφ in mature venous walls, thereby controlling adaptive remodeling (50).




Helper (Th)T lymphocyte

Th lymphocyte can be divided into different subgroups according to the type of cytokine they secrete: Th1 lymphocyte has a pro-inflammatory effects, and Th2 lymphocyte has an anti-inflammatory effects. Analysis of clinical specimens of atherosclerosis and graft atherosclerosis vessels shows that in the pathogenesis of T lymphocyte mediated vascular injury and remodeling, the Th1-dominant response leads to intimal thickening and lumen stenosis, while the Th2-dominant response leads to arterial dilation and lumen ectasia (61).

Th1 lymphocyte produces pro-inflammatory cytokines such as IFN-γ, IL-2 and TNF-β. However, the direction of Th lymphocyte differentiation is influenced by different cytokines and chemokines, especially IL-12. IFN-γ is the signature cytokine of Th1 lymphocyte and can be promoted by IL-12. Promote Th1 lymphocyte differentiation by increasing IL-12 production and inhibit Th2 lymphocyte differentiation by inhibiting IL-4 (62). Studies have shown that the percentage and absolute number of activated CD4+T lymphocyte in peripheral blood produce IFN-γ are higher in patients with hypertension than in patients with normal blood pressure (32). There is a positive feedback relationship between IFN-γ and IL-12 production and Th1 lymphocyte differentiation, making Th lymphocyte differentiation balance closer to Th1 lymphocyte differentiation. The cumulative effects of these cytokines promote the transformation of the immune microenvironment from anti-inflammatory to pro-inflammatory, resulting in the accumulation of inflammatory cells and their secretions and inhibiting AVF maturation. Th2 lymphocyte produces anti-inflammatory cytokines such as IL-4, IL-5, IL-10 and IL-13. IL-4 is the signature cytokine of Th2 lymphocyte, which can promote Th2 lymphocyte differentiation and up-regulate the expression of IL-5, thus inhibiting Th1 lymphocyte differentiation and IFN-γ production. This cascade promotes the resolution of inflammation, which promotes the maturation of AVF (16). In addition, Th lymphocyte can regulate the inflammatory state of Mφ. Th1 lymphocyte promotes the polarization of Mφ toward the proinflammatory phenotype and activate other inflammatory cells. Th2 lymphocyte promotes Mφ polarization to the anti-inflammatory phenotype (63, 64). In atherosclerosis, IFN-γ destabilizes plaque stability and recruits Mφ to promote polarization of the M1-like phenotype (65). Studies have shown that M2-like Mφ is required for AVF maturation. taken together, Th2 lymphocyte may promote AVF maturation by inhibiting Th1 lymphocyte differentiation and inducing M2-like Mφ polarization (53).





Regulatory T (Treg) lymphocyte

Treg lymphocyte is anti-inflammatory T lymphocyte characterized by CD25 and Foxp3 labeling, secreting anti-inflammatory cytokines such as IL-10, IL-35 and TGF -β, inhibiting innate and acquired immune responses, regulating the duration and amplitude of inflammatory responses, and thus maintaining immune tolerance and immune homeostasia (66). Treg lymphocyte secretes anti-inflammatory cytokines to inhibite inflammatory cells including not only Th1 lymphocyte, CTL and M1-like Mφ, but also inhibit anti-inflammatory Th2 lymphocyte and induce M2-like Mφ polarization of anti-inflammatory cells, promote inflammation lysis, tissue healing and vascular remodeling, thus promote AVF maturation (67). In CD4+T lymphocyte, IL-10 is thought to be produced primarily by Treg lymphocyte. Uncontrolled secretion of IFN-γ by Th1 lymphocyte may lead to severe tissue damage, and inhibition of the spatio-temporal dependent balance between IFN-γ secretion by Th1 lymphocyte and IL-10 secretion by Treg lymphocyte may enable an effective immune response with limited tissue damage (68, 69). However, due to reduced IFN-γ production, recruitment of monocytes and effector T lymphocyte in the lesion was also reduced (70). These studies suggest that depletion of Th1 lymphocyte is induced by Treg lymphocyte and promotes AVF maturation (71). TGF-β inhibited the production of MCP-1, and the secretion of proinflammatory cytokines was significantly reduced after monocytes were treated with Treg lymphocyte (16). Treg lymphocyte expressed surface marker such as co-stimulator, CD4 + CD25 + FoxP3 +, and these elevated markers maintened the mechanism of inhibiting inflammation, and promoted AVF maturation (72). IL-2 helps maintain Foxp3 expression through IL-2Rα/CD25 signaling, thereby promoting Treg lymphocyte function (73). Co-stimulator takes part in IL-10-mediated inhibition of effector T lymphocyte, lack of Co-stimulator can lead to decrease in the number and function of Foxp3 Treg lymphocyte, and accelerate the progression of atherosclerosis (65). The accumulation of inflammatory immune cells on the blood vessel wall leads to thickening of intima and inflammation, which leads to lumen narrowing and thrombosis (74). By regulating Treg lymphocyte, the balance between effector T lymphocyte and Treg lymphocyte is coordinated to promote anti-inflammatory changes in the blood vessel wall, thereby inhibiting the immune response and promoting AVF maturation (67).





Cytotoxic T Lymphocyts (CTL)

CTL lymphocytes is a type of T lymphocyte characterized by CD8+ labeling and secrete perforin, granzyme B(GzmB), IFN-g, and TNF-a. Perforin forms pores in the target cell membrane, through which granzyme can enter and induce apoptosis (75). CTL lymphocyte is more cytotoxic than CD4+T lymphocyte, can induce vascular wall apoptosis, and inhibit immune cell function under certain conditions (60, 76). Unlike CD4+ T lymphocyte, the function of CD8+ T lymphocyte does not depend on Mφ. Studies have shown that CD8+ T lymphocyte is locally activated after vein graft surgery in CD4+ or CD8+ T lymphocytopenia mice, and play an important role in protecting the patency of vein graft. When CD8+ T lymphocyte was present, the graft vein was unobstructed. However, CD8+ T lymphocyte was lacking, graft occlusion was observed, and apoptosis was increased. Therefore, CD8+T lymphocyte can reduce NIH and improve graft vein patency (77). In atherosclerosis, CD8+T lymphocyte mediated VSMC death leads to plaque instability, but CD8+T lymphocyte induced apoptosis limits NIH after arterial injury (74). However, most of the CD8+T lymphocyte on the venous wall were inactivated, suggesting that CD8+T lymphocyte may not be the primary regulatory cells of venous remodeling (51).






Dendritic cell (DC)

DC generally belongs to a class of innate lymphoid cell, defined as cell that express high levels of MHC II and the cell surface integrin CD11c (78, 79). DC is a professional antigen-presenting cell (APC) with antigen-presenting, pro-inflammatory, and anti-inflammatory functions to initiate antigen-specific immune responses, induce immune tolerance, and regulate immune homeostasis. It plays a role in both innate and adaptive immunity (16). DC acts as an APC to control the activation and phenotype of T lymphocyte (80). In the AVF formation region, chronically activated DC continues to express CD83 and CD86, and these surface molecules act as co-stimulatory molecules to activate other DC, thereby activating naive T lymphocyte to become effector T lymphocyte, promoting effector T lymphocyte proliferation and harmful T lymphocytes apoptosis (16). The appearance of DC in atherosclerosis is similar, and the stability of plaque is negatively correlated with the accumulation of DC, suggesting that DC may regulate local inflammatory response and promote plaque vulnerability (16, 81). Blocking CD11c+ activity during plaque formation may have therapeutic effects (80). Fasin+ is a surface marker of mature DC, while human leukocyte antigen (HLA-DR) and trigger receptor expressed on myeloid cells-1 (TREM-1) are surface markers of associated autoimmune diseases and indicators of progressive inflammation, respectively (69). In AVF with chronic, unresolved inflammation, these markers are found to be upregulated (16). Reducing the expression of HLA-DR, and TREM-1, CD83 and CD86, is a multifactorial anti-inflammatory therapeutic mechanism of DC during AVF maturation (16). Central chemokine receptor 7 (CCR7) is a chemokine of CD11c+. Studies have shown that high expression of CCR7 can lead to increased DC migration, subsequent thrombolysis, and promote AVF maturation (16). DC controls excessive inflammation in acquired immunity by secreting anti-inflammatory cytokines IL-10 and TGF-β (82). TGF-β inhibited the proliferation, activation and differentiation of pro-inflammatory T lymphocyte, and promoted the apoptosis of pro-inflammatory T lymphocyte. However, studies have shown that interfering with TGF-β type II receptor signaling in CD11c+ promotes the formation of atherosclerotic lesions and the expansion of activating effect T lymphocyte (80). These results suggest that DC-T lymphocyte interaction and anti-inflammatory function of DC play a role in AVF maturation and functional maintenance, and that DC can target different stages of AVF vascular remodeling, and can be used to help regulate AVF vascular remodeling in the clinic.





Neutrophil

Neutrophil (NEUT) is myeloid white blood cells that accounting for 50%-70% of all circulating white blood cells (83). It is a component of the innate immune system and can also regulate the immune microenvironment through direct intercellular contact or soluble media communication with Mφ, DC, T lymphocyte, and B lymphocyte (83, 84). Traditionally, NEUT was thought to be present only in the acute phase of inflammation and only to play a role in eliminating pathogens. However, studies have shown that the function of NEUT is not limited to infection, it also plays a role in different types of inflammation (infection and sterility) (85, 86). NEUT synthesises and releases a variety of grain proteins, including MMP, neutrophil elastase (NE), lactoferrin, and pro-inflammatory and anti-inflammatory cytokines (86). Researches have shown that when EC and SMC are co-cultured and exposed to increased shear stress in AVF, gene expression of lactoferrin increases (87). Misra et al (88) investigated the change of protein expression in venous stenosis was studied by protein spectrometry, and lactoferrin expression was significantly increased. In a study of late AVF failure in chronic HD patients, NE and lactoferrin levels were positively correlated with AVF stenosis, and elevated NE levels were also found to be an independent predictor of late AVF failure (18). The neutrophil-lymphocyte ratio (NLR), defined as the absolute number of NEUT divided by the absolute number of lymphocytes, is a strong inflammatory indicator similar to MLR and is associated with coronary atherosclerosis and restenosis (89, 90). In another study of late AVF failure in chronic HD patients, AVF stenosis was found that patients with elevated NLR levels, and the severity of stenosis was positively correlated with NLR levels. It was also found that elevated NLR levels were an independent predictor of late AVF failure (91). In studies of AVF maturation, NLR measured in the blood before surgery was found to be a potential biomarker for predicting AVF maturation. This NLR-associated AVF maturation may be due to the necessary early local pro-inflammatory response in the vascular wall (92). In addition to being a pro-inflammatory cell in cardiovascular disease, there is evidence that NEUT also contributes to tissue repair (93). In an experimental model of restenosis, blocking NEUT in diseased arteries promoted the development of NIH and inhibited damaged intima repair (94). NEUT and its granuloprotein are believed to guide immune cells, especially monocytes, into atherosclerotic lesions and directly affect the occurrence of atherogenesis (95). In a rabbit model of arterial balloon injury, the infiltration of NEUT prior to NIH was found, but no Mφ was found (38). In a mouse model of vascular inflammation, NEUT-secreted chemoattractant proteins can immobilize EC and induce firm monocyte adhesion (96). In addition, granuloprotein directly activates Mφ in human and mice, inducing the secretion of pro-inflammatory cytokines that have been shown to promote atherosclerosis (93). Studies have shown that in patients with various cardiovascular diseases, NE levels in the blood are elevated, NE is abundant in human atherosclerotic plaques, and that NE/proteinase 3 double knockout mice reduced atherosclerotic lesions (97–99). These findings suggest that NEUT plays a role in vascular remodeling in AVF.





B lymphocyte

By reviewing the relevant literature, it has not been found that B lymphocyte plays a role in vascular remodeling of AVF (Figure 1).




Figure 1 | Immune cells and secreted cytokines are involved in vascular remodeling of AVF.








Drug treatment strategies targeting immune cells to regulate inflammation

Immunotherapy can promote the maturation and functional maintenance of AVF. Immunotherapy refers to the treatment of disease by activating or suppressing the immune system, which is characterized by altering the infiltration of immune cells and the expression of related cytokines (100). Most immunomodulators belong to biological drugs, which are characterized by their large volume, low stability, poor permeability to the lesion site, and limited ability to cross cell membranes. However, AVF anastomosis is a local vascular injury that must be treated effectively with a high enough concentration of the drug at the anastomosis (36). Local delivery systems can be used for high anastomotic concentrations with minimal systemic toxicity. Administration strategies include direct administration to the endothelium, administration to the adventitia, administration to the entire vessel wall, or the use of mechanical support devices (22). The drug delivery methods of liposomes include hydrogels, living cells, particles, inorganic materials, polymeric micelles, drug crystal and carrier proteins (101).




Targeting macrophage regulates inflammation

In addition to their LDL cholesterol lowering effects, statins have anti-inflammatory effects (102), and are composed of cyclodextrin particles (MP) with reliable and sustained drug release properties. Clinical studies have shown that the use of high-dose statins reduces the risk of AVF failure and can improve AVF patency (103). Studies have shown that in the mouse (C57Bl/6J) AVF model, simvastatin (SV)-loaded cyclodextrin polymer (CDP) intervention can inhibit the accumulation of Mφ in the intima tissue of AVF outflow tract, reduce the gene expression of vascular endothelial growth factor (VEGF)-A and MMP-9, improve vascular remodeling, and reduce the formation of NIH. Thus, it can promote the maturation of AVF and maintain its patency (104, 105).

Prednisolone is a commonly used anti-inflammatory drug in clinic. Liposomes have been shown to facilitate the selective delivery of drugs to inflammatory tissues with highly permeable microvessels that are then engulfed by Mφ in the inflammatory tissue (106). Therefore, liposomes drugs can selectively target AVF after anastomosis, which is often the cause of AVF failure. The mouse AVF model showed that prednisolone was coated with lipids to form liposomal prednisolone (L-Pred), which was swallowed by Mφ after intravenous injection, reduced the infiltration of Mφ, inhibited the inflammatory response and MMP activity in Mφ, alleviated the local inflammatory response of mouse AVF, stimulated outward remodeling, and promoted the maturation of AVF (40).

Human resistance CX3CR1 VHH molecule (CX3CR1 VHH, BI, 655088), CX3CR1 is a specific receptor fractalkine, belonging to the chemokine receptor superfamily. CX3CR1, expressed in monocytes, mediates the infiltration of Mφ into blood vessels, and is increased in clinical AVF specimens with stenosis and in mouse models of CKD with AVF. In a humanized mouse AVF model carried human CX3CR1 gene, inhibition of CX3CR1 with anti-human CX3CR1 VHH molecule reduced Mφ aggregation and procytokine production, promoted vascular remodeling and decreased NIH (107), and promoted AVF maturation and function maintenance.

Sirolimus can inhibit the proliferation of Mφ and the phosphorylation of Akt1-mTORC1 signaling pathway in Mφ at the mature stage of AVF, resulting in the continuous reduction of VSMC in late AVF (39). Sirolimus can also induce the expression of Foxp3, promote the differentiation and upregulation of Treg lymphocytes, which secrete IL-10 and TGF-β, inhibit the inflammation associated with AVF failure, and help improve the AVF patency (108). Thus, sirolimus promotes AVF maturation and functional maintenance while reducing vessel wall thickening, but has no effect on vessel diameter expansion. Since sirolimus in clinically used in coronary stents to protect lumen diameter and reduce restenosis after stenting. Sirolimus should reduce the NIH potential in AVF (109).





Targeting T lymphocyte regulates inflammation

The combination of tacrolimus and sirolimus may be more effective in reducing the incidence of vascular stenosis, which may be related to the fact that tacrolimus specifically acts on T lymphocyte while sirolimus inhibits Mφ.

Cyclosporine A (CsA) can inhibit the function of T lymphocyte and reduce the accumulation of Mφ, thereby regulating venous adaptive remodeling and promoting AVF maturation. In mouse models of AVF, CsA selectively blocked the proliferation and differentiation of CD4+T lymphocyte, thereby inhibiting INF-γ and IL-2 secretion, which are necessary for other inflammatory cells, including Mφ, and ultimately leading to reduced vessel wall thickening and increased AVF outward remodeling in wild-type mice. However, these effects were eliminated in T lymphocyte deficient nude mice, indicating that the effect of CsA on Mφ aggregation and adaptive remodeling is T lymphocyte (50).

Programmed death ligand (PD-L)-1, a ligand that binds to programmed cell death (PD)-1, is specifically expressed on T lymphocyte, thereby increasing Treg lymphocyte and M2-like Mφ and decreasing Th lymphocyte and M1-like Mφ. In a mouse model of aortic - inferior vena cava AVF, administration of anti-PD-L1 antibodies inhibited PD-L1 activity, thickened AVF wall, increased thrombosis, and reduced AVF patency. The effect of anti-PD-L1 antibody on T lymphocyte deficient nude mice was weakened, but T lymphocyte transplantation could restore it, suggesting that the effect of anti-PD-L1 antibody on venous remodeling is also dependent on T lymphocyte. The above studies suggest that PD-L1 can specifically regulate T lymphocyte, and T lymphocyte can regulate Mφ in venous remodeling, thereby increasing the thickness of blood vessel wall and the patency of AVF, thereby promoting AVF vascular remodeling (51) (Table 1).


Table 1 | Drug treatment strategies targeting immune cells to regulate inflammation.








Conclusion

In summary, CD4+T lymphocyte and Mφ are important regulators during AVF maturation and function maintenance. CD8+T lymphocyte, NUET and DC are also involved. However, due to the diversity of immune cell functions, many of their roles in AVF maturation and functional maintenance are unknown. Current evidence suggests that Th2 lymphocyte contributes to increase blood flow and outward remodeling during AVF maturation, and M2-like Mφ contributes to venous wall thickening; In AVF function maintenance, Th1 lymphocyte and M1φ involved in decreasing NIH and promoting long-term patency of AVF. Th2 lymphocyte, Treg lymphocyte, and M2-like Mφ are required for AVF maturation and are associated with AVF, narrowing; Both Th1 lymphocyte and M1-like Mφ are associated with immaturity of AVF and also promote the maintenance of AVF function. Therefore, maintaining the function of targeted immune cells, especially CD4+ T lymphocyte and Mφ, is of great significance for AVF reconstitution during AVF maturation.
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Macrophages are a rich source of macrophage migration inhibitory factor (MIF). It is well established that macrophages and MIF play a pathogenic role in anti-glomerular basement membrane crescentic glomerulonephritis (anti-GBM CGN). However, whether macrophages mediate anti-GBM CGN via MIF-dependent mechanism remains unexplored, which was investigated in this study by specifically deleting MIF from macrophages in MIFf/f−lysM−cre mice. We found that compared to anti-GBM CGN induced in MIFf/f control mice, conditional ablation of MIF in macrophages significantly suppressed anti-GBM CGN by inhibiting glomerular crescent formation and reducing serum creatinine and proteinuria while improving creatine clearance. Mechanistically, selective MIF depletion in macrophages largely inhibited renal macrophage and T cell recruitment, promoted the polarization of macrophage from M1 towards M2 via the CD74/NF-κB/p38MAPK-dependent mechanism. Unexpectedly, selective depletion of macrophage MIF also significantly promoted Treg while inhibiting Th1 and Th17 immune responses. In summary, MIF produced by macrophages plays a pathogenic role in anti-GBM CGN. Targeting macrophage-derived MIF may represent a novel and promising therapeutic approach for the treatment of immune-mediated kidney diseases.
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1 Introduction

Anti-glomerular basement membrane crescentic glomerulonephritis (anti-GBM CGN) is an autoimmune glomerular disease that progresses rapidly. It is characterized by glomerular crescentic formation and the presence of autoantibodies that target specific epitopes on the a3 chain of type IV collagen (1–3). The development of anti-GBM CGN involves different cellular components, such as macrophages, lymphocytes, intrinsic renal cells, and a complex network of cytokines (4, 5). Despite extensive research, the precise mechanisms underlying this disease are still not fully understood.

Macrophages play a crucial role in the development of anti-GBM GN by infiltrating the affected kidneys and contributing to inflammation and fibrosis (6). Recent studies have shown that depletion of macrophages or inhibiting the production of cytokines by macrophages can alleviate kidney injury in anti-GBM CGN (7–9). The severity of the disease is associated with the infiltration and activation of macrophages, which can exhibit different phenotypes depending on the local environment. Pro-inflammatory M1 macrophages promote renal injury, whereas anti-inflammatory M2 macrophages offer protection against kidney diseases (6, 10–14).

Macrophage migration inhibitory factor (MIF) is a versatile proinflammatory cytokine that plays a crucial role in triggering the release of multiple downstream cytokines and facilitating the recruitment of leukocytes to inflammatory organs by binding to CD74 (15, 16). In the pathogenesis of murine autoimmune glomerulonephritis (GN), including anti-GBM CGN, MIF has been identified as a key player, influencing both the inflammatory and adaptive immune responses (17–21). Recent research demonstrated that mice lacking the MIF gene were protected from renal injury in a murine CGN model. Additionally, studies involving bone marrow reconstitution revealed that the absence of MIF from both bone marrow-derived and non-myeloid-derived sources improves experimental anti-GBM GN (22). However, further investigation is required to establish the specific contribution of macrophage-derived MIF in the context of anti-GBM CGN.

In order to investigate the potential role of macrophage-derived MIF in anti-GBM CGN and to uncover the underlying mechanisms, we utilized genetic techniques to create a conditional knockout of MIF specifically in macrophages. Through comprehensive evaluations, we determined the role of macrophage-derived MIF in the development of anti-GBM CGN. In addition, we also aimed to elucidate the underlying mechanisms of macrophage-derived MIF in the pathogenesis of anti-GBM CGN.




2 Results



2.1 Characterization of macrophage-specific MIF deficient mouse

To evaluate the pathogenic role of macrophage-derived MIF, we employed a Cre-loxP strategy to generate mice with a specific deletion of MIF within their macrophages. To confirm the efficiency of MIF deletion, bone marrow was isolated from MIFf/f-lysM-cre mice, control MIFf/f mice, and MIF KO littermates. The isolated bone marrow cells were cultured and induced to differentiate into macrophages. As shown in Figure 1A, the deficiency of macrophage-derived MIF led to a notable reduction in MIF secretion by BMDM (Figure 1A). Additionally, MIF and CD74 mRNA expression were significantly lower in macrophages of MIFf/f-lysM-cre mice compared with MIFf/f mice under basal conditions (Figures 1B, C). Furthermore, TNF-a treatment for 24 hours significantly increased MIF protein expression in macrophages derived from MIFf/f mice but not in macrophages from MIFf/f-lysM-cre mice (Figure 1D). These results demonstrated the successful deletion of MIF from macrophages in MIFf/f-lysM-cre mice.




Figure 1 | Characterization of MIFf/f-lysM-cre mice. (A) Bone marrow-derived macrophages (BMDMs) were isolated from MIFf/f, MIFf/f-lysM-cre and MIF KO mice. Enzymelinked immunosorbent assay (ELISA) show that MIFf/f-lysM-cre and MIF KO mice inhibit MIF expression by BMDMs. (B, C) RNA was isolated from cells for quantitative reverse transcription-PCR (qRT-PCR) quantitation of MIF and CD74. (D) Immunofluorescence staining for MIF(green) with nuclear DAPI (blue) counterstain in macrophages stimulated with TNF-a (10ng/ml for 24hours). Each bar represents mean±SEM. Each dot represents one mouse. **P < 0.01, ***P < 0.001 compared with MIFf/f mice; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.






2.2 Selective MIF depletion in macrophages ameliorates experimental anti-GBM GN

To examine the involvement of macrophage-derived MIF in experimental anti-GBM CGN, we conducted experiments using both MIFf/f and MIFf/f-lysM-cre mice. The mice were induced to develop anti-GBM CGN, and the renal injuries were evaluated. Notably, the MIFf/f-lysM-cre mice showed a significant inhibition in renal injuries such as segmental glomerular capillary necrosis and crescent formation compared to the anti-GBM GN MIFf/f mice (Figures 2A, B). Renal dysfunction such as the urine albumin/creatinine ratio (Figure 2C), serum creatinine levels (Figure 2D), and creatinine clearance (Figure 2E) were also significantly improved in MIFf/f-lysM-cre mice compared to the anti-GBM CGN MIFf/f mice. These findings indicate that macrophage-derived MIF plays a pathogenic role in anti-GBM CGN.




Figure 2 | Selective MIF depletion in macrophages ameliorates experimental anti-GBM GN. (A) Representative images in PAS sections (magnification X200). (B) Semi-quantitative analysis of histology. (C) Urine albumin creatinine ration (ACR) over the disease course. (D) plasma creatinine. (E) Creatinine clearance. Each bar represents mean±SEM. Each dot represents one mouse. *p <0.05, **p <0.01, ***p< 0.001, ****p< 0.0001 versus corresponding control; #p<0.05, ##p < 0.01, ###p< 0.001 versus corresponding MIFf/f.






2.3 Deletion of macrophage MIF inhibits macrophage and T cell infiltration in a mouse model of anti-GBM CGN

We next examined macrophage-derived MIF on cellular immune response during anti-GBM CGN. Immunohistochemistry detected that a massive F4/80+ macrophages infiltrating the anti-GBM CGN in MIFf/f mice, which was largely inhibited in MIFf/f-lysM-cre mice (Figures 3A-C). Moreover, the infiltration of glomerular and interstitial CD3+ T cells in MIFf/f-lysM-cre GN mice was also significantly lower than in MIFf/f GN mice (Figures 3D-F). These findings demonstrate that selective depletion of MIF in macrophages suppresses the infiltration of macrophages and T cells in the kidney during anti-GBM GN.




Figure 3 | Selective MIF depletion in macrophages reduces macrophage and T cell recruitment in experimental anti-GBM GN. (A) Immunohistochemical staining for F4/80-positive macrophages in the kidney with anti-GBM crescentic GN on Day 14 after disease induction. (B, C) Summary data for macrophages in glomerulus and tubulointerstitium. (D) Immunohistochemical staining for CD3-positive T cells in the kidney with anti-GBM crescentic GN on Day 14 after disease induction. (E, F) Summary data for T cells in glomerulus and tubulointerstitium. Original magnification 200X. Each bar represents mean±SEM. Each dot represents one mouse. **p <0.01, ***p< 0.001, ****p< 0.0001 versus corresponding control; #p<0.05, ##p < 0.01, ###p< 0.001, ####p<0.0001 versus corresponding MIFf/f.






2.4 Deletion of macrophage MIF suppresses antigen-specific antibody production in a mouse model of anti-GBM CGN

Immunofluorescence was used to assess the glomerular deposition of sheep anti-mouse GBM antibody, mouse IgG, and complement component C3 in MIFf/f and MIFf/f-lysM-cre mice (Figure 4A). Interestingly, there was no significant difference in the glomerular deposition of these markers between the two groups, indicating that macrophage-specific MIF depletion did not affect immune complex deposition in inflamed glomeruli. However, as demonstrated in Figure 4B, the serum levels of mouse anti-sheep IgG antibodies were notably reduced in MIFf/f-lysM-cre GN mice compared to MIFf/f GN mice. This was associated with significant reduction in serum MIF levels in MIFf/f-lysM-cre GN mice compared to MIFf/f GN mice (Figure 4C). These results indicate that macrophage-specific MIF depletion reduced systemic MIF levels and selectively inhibited the antigen-specific antibody production without influencing the immune complex deposition in the inflamed glomeruli.




Figure 4 | Selective MIF depletion in macrophages attenuates plasma levels of mouse anti-sheep IgG antibody and serum MIF production, which does not affect immune complex deposition in inflamed glomeruli. (A) Immunofluorescence staining for the deposition of sheep IgG, mouse IgG and mouse C3 in the kidney glomeruli with anti-GBM crescentic GN on Day 14 after disease induction. Plasma mouse anti-sheep IgG (B) and serum MIF (C) were determined using ELISA kits according to the manufacturer's protocol. Original magnification 200X. Each bar represents mean±SEM. Each dot represents one mouse. **p <0.01, ****p< 0.0001 versus corresponding control; #p<0.05, ##p < 0.01, ###p< 0.001 versus corresponding MIFf/f.






2.5 Deletion of macrophage MIF enhances macrophage polarization from M1 to M2 through in a mouse model of anti-GBM CGN

To investigate the impact of macrophage-derived MIF on macrophage polarization in the kidneys of mice with anti-GBM CGN, we utilized flow cytometry to determine the populations of M1 (F4/80+CD86+) and M2 (F4/80+CD206+) macrophages. Notably, MIFf/f-lysM-cre GN mice exhibited a significantly decreased M1 macrophages while increasing the M2 macrophages compared to MIFf/f GN mice (Figures 5A, B; Supplementary Figure S1). Furthermore, real-time PCR analysis revealed that selective MIF depletion in macrophages led to a significant inhibition of pro-inflammatory cytokines including MCP-1 and IL-1β while increasing the anti-inflammatory cytokine IL-10 in CGN mice (Figures 5C–E). These findings indicate that selective depletion of MIF in macrophages results in a shift in macrophage polarization from the pro-inflammatory M1 phenotype towards the anti-inflammatory M2 phenotype in experimental anti-GBM CGN. Moreover, this shift is associated with reduced pro-inflammatory cytokine expression and increased anti-inflammatory cytokine expression.




Figure 5 | Selective MIF depletion in macrophages promotes macrophage polarization from M1 towards M2. (A) Representative flow cytometry plots and quantification of renal singlets analyzed for M1 (F4/80+CD86+). (B) Representative flow cytometry plots and quantification of renal singlets analyzed for M2 (F4/80+CD206+). Reverse transcription-PCR (RT-PCR) was performed on whole mouse kidney total RNA with anti-GBM crescentic GN on Day 14 after disease induction. (C–E) IL-1 β, monocyte chemoattractant protein-1 (MCP-1) and IL-10mRNA expression were normalized with GAPDH mRNA. Each bar represents mean±SEM. Each dot represents one mouse. ****p< 0.0001 versus corresponding control; #p<0.05, ##p < 0.01 versus corresponding MIFf/f.






2.6 Deletion of macrophage MIF promotes Treg but inhibits Th1 and Th17 immune responses in a mouse model of anti-GBM CGN

We next examined whether disrupted macrophage MIF influences T cell immunity as it is well-established that Th1 and Th17 are pathogenic whereas Treg is protective in anti-GBM CGN (23–26). In light of this, we investigated the impact of selective MIF depletion in macrophages on the immune differentiation of CD4+ T cells, specifically focusing on Th1 (CD4+IFNγ+), Th2 (CD4+IL-4+), Th17 (CD4+IL-17a+) and Treg (CD4+CD25+FoxP3+) subpopulations. Flow cytometry analysis revealed that selective MIF depletion in macrophages led to a significant reduction in Th1 (CD4+IFNγ+) and Th17 (CD4+IL-17a+) cells in the anti-GBM CGN kidney (Figures 6A, C; Supplementary Figures S2A, C). Conversely, there was an increase in Treg population (CD4+CD25+FoxP3+), however, the Th2 (CD4+IL-4+) immune response remained unaffected (Figures 6D, B; Supplementary Figure S3, Supplementary Figure S2B). These findings indicate that selective MIF depletion in macrophages enhances the Treg immune response while inhibiting the Th1 and Th17 immune responses in experimental anti-GBM CGN. This shift in immune cell differentiation may contribute to the amelioration of renal injury observed in this context.




Figure 6 | Selective MIF depletion in macrophages downregulates renal Th1/Th17 response and upregulates renal Treg response in experimental anti-GBM GN. Flow cytometry analysis of renal infiltrated CD4+IFNy+Th1 cells (A), CD4+ IL-4+Th2 cells (B), CD4+ IL-17+Th17 cells (C) and CD4+CD25+ Foxp3+Treg (D). CD4+CD25+ Foxp3+Treg is Gated on CD4+ T cells. Each bar represents mean±SEM. Each dot represents one mouse. #p<0.05 versus corresponding MIFf/f.






2.7 Deletion of macrophage MIF inhibits Anti-GBM GN by inactivating M1 macrophages via CD74/NF-κB and p38 MAPK-dependent mechanisms in vivo and in vitro

We next examined the mechanisms through which specific deletion of macrophage MIF inhibits anti-GBM GN induced in MIF f/f and MIF f/f-lysM-cre mice. Western blot analysis revealed that there was a marked upregulation of CD74 and activation of NF-κB/p65 and p38 MAPK signaling and expression of iNOS in the diseased kidney of MIF f/f mice (Figure 7). In contrast, selective MIF depletion from macrophages significantly inhibited the expression of CD74 and phosphorylation of NF-κB/p65 and p38 MAPK, as well as expression of iNOS in MIFf/f-lysM-cre GN mice (Figure 7). All of these findings indicated that MIF may promote anti-GBM GN by activating M1 macrophages through the CD74/NF-kB/p38 MAPK signaling. This was further demonstrated in vitro in cultured BMDM from MIF WT and MIF KO mice. We found that addition of TNF-α largely promoted iNOS-producing M1 macrophages in MIF WT BMDM by activating CD74/NF-κB/p38 MAPK signaling, which was blocked in BMDM lacking MIF (Figure 8). Thus, macrophage-derived MIF may mediate anti-GBM GN by promoting M1 macrophage activation via the CD74/NK-κB/p38 MAPK-dependent mechanism.




Figure 7 | Selective MIF depletion in macrophages ameliorates experimental anti- GBM GN by inactivating NF-kB and p38/MAPK signaling and inhibiting M1 macrophages activation. (A) Western blots. (B–E) Statistics data of the protein expression (iNOS, CD74, pp65/p65 and pp38/p38). Each bar represents mean ± SEM. Each dot represents one mouse. *p <0.05, ***p<0.001 versus corresponding control; #p<0.05, ##p < 0.01, ###p< 0.001 versus corresponding MIFf/f.






Figure 8 | Bone marrow-derived macrophages (BMDM) lacking MIF show inhibition of MIF signaling and M1 macrophage activation in response to TNFa in vitro. (A) Western blots; (B–E) Statistics data of the protein expression (CD74, pp65/p65, pp38/p38, INOS). Results show that bone marrow-derived macrophages (BMDMs) isolated MIF KO mice inhibit TNF-α (10ng/ml)-induced upregulation of MIF signaling by downregulating CD74 expression and activation of NF-kB/p65 and p38/MAPK, there by inhibiting M1 macrophage activation by suppressing iNOS expression. Each bar represents mean±SEM. Each dot represents one mouse. ***P < 0.001 compared with MIF WT mice; ##P < 0.01, ###p< 0.001 compared with MIF WT mice treated with TNF-a 10ng/ml.







3 Discussion

MIF has been implicated in the pathogenesis of various diseases, including infectious diseases, inflammatory diseases, immune diseases such as rheumatoid arthritis, septic shock, and cardiovascular disease (20, 23–26). Previous studies have also demonstrated the importance of MIF in kidney-related conditions like acute kidney injury (AKI), chronic kidney disease (CKD), diabetic nephropathy, autosomal dominant polycystic kidney disease (ADPKD), and vasculitides (27–35).In glomerulonephritis, inhibition of MIF by neutralizing antibodies has shown renal protective in IgA nephritis and in rats with crescentic GN (36–38). Additionally, systemic MIF knockout (KO) can also suppress lupus nephritis and anti-GBM CGN (17, 19–22). However, it should be noted that systemic MIF KO models cannot distinguish the source of functional MIF since MIF is released by both macrophages and other intrinsic cells within the kidney. To address this, we generated mice with a macrophage-specific MIF KO and investigated the role and mechanisms of macrophage-derived MIF in a mouse model of anti-GBM GN. The results demonstrated that mice with macrophage-specific deletion of MIF were protected from the development of anti-GBM CGN. These findings highlight the crucial role of macrophage-derived MIF in the pathogenesis of anti-GBM CGN, shedding light on the specific contribution of macrophage-derived MIF in this disease context.

It is well-established that macrophages play a crucial role in the progressive renal injury associated with glomerular crescentic formation (6–8, 10, 11, 39). It is reported that MIF regulates macrophage activation via Toll-like receptor 4 (TLR4) (40). Thus, deletion of macrophage TLR4 inhibits anti-GBM cGN (39). It is also well defined that MIF is pathogenic in immunologically-mediated kidney disease as mice lacking MIF are protected against lupus mice and anti-GBM GN (17, 22). Similarly, systemic or bone marrow disruption of MIF also inhibits cardiac remodeling by suppressing myocardial leukocyte infiltration and the expression of inflammatory mediators (41). Findings from the present study added new information that macrophages may mediate anti-GBM CGN via MIF-dependent mechanism as selective depletion of macrophage MIF protected against anti-GBM CGN by inhibiting macrophage infiltration and promoting macrophage polarization from the pro-inflammatory M1 phenotype towards the anti-inflammatory M2 phenotype. These results suggest that macrophage-derived MIF may have a critical role in modulating macrophage activation and function in the pathogenesis of anti-GBM CGN.

Furthermore, an intriguing aspect of our findings is that the specific depletion of MIF in macrophages appears to confer kidney protection in crescentic GN by promoting renal Treg cells while suppressing Th1 and Th17 immune responses. The involvement of Th1 and Th17 immune responses in the pathogenesis of anti-GBM GN is well-established (42–44), whereas Treg cells are known to have a protective role (44, 45). In murine crescentic glomerulonephritis, Treg cells have been shown to regulate the Th1 immune response (45). Additionally, recent studies have highlighted the important role of cytokines and chemokines in the cross-regulation of Th1 and Th17 immune responses in experimental anti-GBM GN (46). Interestingly, MIF has been shown to enhance the acquisition of a Th17 cell-like phenotype in spondylarthritis (47). Based on these findings, it is reasonable to speculate that selective depletion of MIF in macrophages may protect against anti-GBM crescentic GN by suppressing Th1/Th17 while promoting Treg immune responses.

CD74 is identified as main receptor of MIF (48). The binding of MIF to CD74 triggers the activation of mitogen-activated protein kinase (MAPK) and NK-kB signaling (49, 50). It has been reported that M1 macrophage activation in anti-GBM GN is NF-κB-dependent (51) and M1-mediated NF-κB signaling can release cytokines including IL-1β, IL-6, TNF-α and granulocyte colony-stimulating factors (G-CSF) (52). The present study unraveled that deletion of macrophage MIF ameliorated anti-GBM GN by shifting the M1 macrophages to M2 macrophages via the CD74/NK-kB/p38 MAPK-dependent mechanism. Importantly, deletion of macrophage MIF inhibited the Th1 and Th17 immune responses, while increasing Treg. These findings also suggest that macrophage-derived MIF may play a regulatory role in T cell immunity during the development of anti-GBM GN, although the mechanisms remain largely unclear.

In summary, macrophage-derived MIF plays an important role in anti-GBM CGN. Mechanistically, as shown in Figure 9, macrophage-derived MIF may mediate anti-GBM CGN by promoting proinflammatory M1 macrophage infiltration and activation via the NK-κB and p38 MAPK pathways and promoting the Th1/Th17 immune responses while suppressing the Treg population. These findings are in line with our previous studies that T cell-mediated immunity plays a crucial role in anti-GBM disease, despite not necessarily impacting the glomerular deposition of immune complexes (44).




Figure 9 | Mechanisms of MIF mediate experimental anti-GBM GN.






4 Materials and methods



4.1 Generation of macrophage-specific MIF deletion mice

To generate mice with myeloid-specific MIF deletion (MIFf/f−lysM−cre), we utilized C57BL/6 mice carrying MIF genes with homozygous loxP-flanked regions (MIFf/f), which were previously described (53). Lysozyme M promoter-driven cre (lysM-cre) mice were obtained from the Jackson Laboratory in the USA. The MIFf/f mice were crossed with lysM-cre mice to obtain the desired genotype. The genotypes of the resulting littermates were confirmed using PCR with specific primers recommended by the Jackson Laboratory. All mice used in the study were maintained under specific pathogen-free conditions at a temperature of 25°C and a 12-hour light-dark cycle. They were housed in our animal facility and provided with standard food and water ad libitum.




4.2 Isolation and culture of bone marrow-derived macrophages

To culture bone marrow-derived macrophages (BMDMs), bone marrow cells were isolated from the tibias and femurs of MIFf/f, MIFf/f−lysM−cre, and MIF knockout (KO) mice. These cells were then cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 50 ng/ml macrophage colony-stimulating factor (M-CSF) for 7 days, following a previously established protocol (54). After the 7-day culture period, BMDMs were stimulated with TNF-α (10 ng/ml) for 24 hours and proteins were collected for western blot analysis.




4.3 Real-time PCR analysis

Total RNA was extracted from either diseased kidney tissue or cultured cells using the RNeasy Isolation Kit (Qiagen, Valencia, CA) following the manufacturer’s protocol. RT-PCR was conducted following established methods (44, 55). The mRNA expression levels of the target genes were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The primer sequences for mouse MIF, CD74, MCP-1, IL-1β, IL-10, and GAPDH were previously reported (44, 55, 56).




4.4 Induction of anti-GBM glomerulonephritis in mice

The mouse model of anti-glomerular basement membrane crescentic glomerulonephritis (anti-GBM cGN) was established using male MIFf/f and MIFf/f−lysM−cre mice (8–12 weeks old), following a well-established protocol (44). Herein, the procedure involved the following steps: Firstly, groups of MIFf/f and MIFf/f−lysM−cre mice received a flank subcutaneous immunization with normal sheep IgG mixed with Freund’s complete adjuvant (Sigma Aldrich, St. Louis, Missouri, USA) five days prior to the initiation of the experiment. Anti-GBM cGN was induced by administering sheep anti-mouse GBM IgG via tail vein injection at a dose of 60 μg/g of body weight (referred to as day 0). On day 14, the mice were sacrificed using a lethal dose of ketamine and xylazine mixture. Age-matched normal male MIFf/f and MIFf/f−lysM−cre mice (n = 5 per group) were included as normal control counterparts. All animal experiments were conducted in compliance with the guidelines approved by the Animal Experimentation Ethics Committee at the Chinese University of Hong Kong.




4.5 Measurement of proteinuria and creatinine

Analysis of proteinuria: Urinary samples were collected at various time points, including before and after the induction of anti-GBM disease on days 0, 1, 3, 7, and 14. Proteinuria analysis was performed following the manufacturer’s protocols, as described previously (44). Urinary albumin excretion was quantified as total urinary albumin/creatinine ratio (expressed as micrograms per milligram). Measurement of urinary and serum creatinine levels was conducted using an enzymatic kit (Stanbio Laboratory, Boerne, USA).




4.6 Renal pathology and immunohistochemistry

Renal pathology assessment was conducted on methyl Carnoy’s fixed, paraffin-embedded tissue sections (4μm thick). The sections were stained with periodic acid Schiff (PAS) to visualize the renal structures. Glomerular crescents and necrosis were quantified by examining 50 glomeruli per diseased kidney section and calculating the percentage of affected glomeruli. Immunohistochemistry was performed on paraffin sections stained with monoclonal an anti-F4/80 antibody (Serotec, Oxford, UK) to detect macrophages, and a rabbit anti-mouse polyclonal CD3+ antibody (SP7) (Abcam, Cambridge, UK) to identify total T cells. The number of positive cells for CD3 and F4/80 was counted in 20 glomeruli and expressed as cells per glomerular cross-section (gcs). In the tubulointerstitium, positive cells were counted under high-intensity fields (400× magnification) using a 0.0625 mm2 graticule fitted in the microscope eyepiece. The cell count was then reported as cells per square millimeter (mm2).




4.7 Immunofluorescence

To assess the presence of MIF-expressing macrophages in the kidney, immunofluorescence staining was performed. Acetone-fixed bone marrow-derived macrophages (BMDMs) were cultured with the MIF antibody (sc-20121; Santa Cruz) followed by incubation with a fluorescein isothiocyanate anti-rabbit secondary antibody, as previously described (54). To evaluate immune deposition in the glomeruli, direct immunofluorescence was conducted using FITC-conjugated polyclonal antibodies specific to sheep IgG, mouse IgG, and complement C3, following established protocols (38).




4.8 Enzyme-linked immunosorbent assay

Plasma levels of mouse anti-sheep IgG were quantified using a method previously described (56). The concentration of serum MIF was determined using ELISA kits (R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions.




4.9 Flow cytometry analysis

Kidney single cells were prepared and subjected to flow cytometry analysis following a previously described protocol (44, 56). Single-cell suspensions were treated with IC Fixation Buffer and Permeabilization Buffer (eBioscience) to allow intracellular staining. The suspended kidney cells were then incubated with specific conjugated antibody cocktails in the dark for 30 minutes on ice. Negative controls included cells treated with irrelevant antibodies (isotype). Cells were also incubated with only one specific conjugated antibody. The antibodies used in this study were as follows: F4/80-Pacific blue (BioLegend, Catalog: 123124), CD86-APC (BioLegend, Catalog: 10512), CD206-Alexa 647 (Serotec, Catalog: MCA2235), CD4-FITC (eBioscience, Catalog: 11–0042-86), IFNγ-APC (eBioscience, Catalog: 17–7311-82), IL-4-PE (eBioscience, Catalog: 12–7041-82), IL-17a-PE (eBioscience, Catalog: 12–7177-81), CD25-PE (eBioscience, Catalog: 12–0251-83), and Foxp3-APC (eBioscience, Catalog: 12–0251-83). Flow cytometry analysis was performed using a FACS Calibar instrument and analyzed using the CellQuest Pro Analysis software (BD Biosciences, Franklin Lakes, New Jersey, USA).




4.10 Western blot analysis

Western blotting was performed as described previously (55, 57–59). Proteins from BMDMs and the kidney cortex were extracted with RIPA lysis buffer. After blocking nonspecific binding with 5% BSA, membranes were incubated overnight at 4 ° C with the primary antibodies against rabbit anti-iNOS (Abcam ab-15323), rabbit anti-iNOS (Abcam ab-178945), goat anti-CD74 (Santa Cruz, sc-5438), mouse anti-CD74 (Santa Cruz, sc-6267), goat anti-CD74 (Santa Cruz, sc-5438), rabbit anti-phosphorylated NF-kB p65 (Cell Signaling, #3031), rabbit anti-phosphorylated NF-kB p65 (Cell Signaling, #3033s), mouse anti-NF-kB p65 (Cell Signaling, #6965), rabbit anti-NF-kB p65 (Cell Signaling, # 8242S), rabbit anti-pp38 (Cell signaling, #9211), rabbit anti-pp38 (Cell signaling, # 4631L), rabbit anti-p38 (Cell signaling, #9212), rabbit anti-p38 (Cell signaling, # 8690S), mouse anti-ß-actin (Santa Cruz, sc-69879), mouse anti-GAPDH(proteintech,#60004–1-Ig).Then the membranes were incubated with IRDye800-conjugated secondary antibody (Rockland Immun- chemicals). Signals were scanned using the Odyssey IR imaging system (LI-COR Biosciences). Image J software (National Institutes of Health) was used for quantitative analysis of images.




4.11 Statistical analysis

Statistical analysis was conducted using Prism 9.0 GraphPad Software (GraphPad Software, La Jolla, California, USA). Data obtained from the study were presented as the mean ± standard error of the mean (SEM). Two-group comparisons were assessed using an independent sample t-test. Multiple group comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests. A p-value less than 0.05 was considered statistically significant in this experiment.





5 Conclusions

Our study demonstrates that selective MIF depletion in macrophages ameliorates experimental anti-GBM cGN by promoting macrophage polarization from M1 towards M2, enhancing Treg while inhibiting Th1 and Th17 immune responses via CD74/NF-κB/p38 MAPK signaling. Thus, targeting macrophage-derived MIF could be a novel therapy for anti-GBM cGN.
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Introduction

Lupus nephritis (LN), a severe complication of systemic lupus erythematosus (SLE), presents significant challenges in patient management and treatment outcomes. The identification of novel LN-related biomarkers and therapeutic targets is critical to enhancing treatment outcomes and prognosis for patients.





Methods

In this study, we analyzed single-cell expression data from LN (n=21) and healthy controls (n=3). A total of 143 differentially expressed genes were identified between the LN and control groups. Then, proteomics analysis of LN patients (n=9) and control (SLE patients without LN, n=11) revealed 55 differentially expressed genes among patients with LN and control group. We further utilizes protein-protein interaction network and functional enrichment analyses to elucidate the pivotal role of COL6A3 in key signaling pathways. Its diagnostic value is evaluate through its correlation with disease progression and renal function metrics, as well as Receiver Operating Characteristic Curve (ROC) analysis. Additionally, immunohistochemistry and qPCR experiments were performed to validate the expression of COL6A3 in LN.





Results

By comparison of single-cell and proteomics data, we discovered that COL6A3 is significantly upregulated, highlighting it as a critical biomarker of LN. Our findings emphasize the substantial involvement of COL6A3 in the pathogenesis of LN, particularly noting its expression in mesangial cells. Through comprehensive protein-protein interaction network and functional enrichment analyses, we uncovered the pivotal role of COL6A3 in key signaling pathways including integrin-mediated signaling pathways, collagen-activated signaling pathways, and ECM-receptor interaction, suggesting potential therapeutic targets. The diagnostic utility is confirmed by its correlation with disease progression and renal function metrics of the glomerular filtration rate. ROC analysis further validates the diagnostic value of COL6A3, with the area under the ROC values of 0.879 in the in-house cohort, and 0.802 and 0.915 in tubular and glomerular external cohort samples, respectively. Furthermore, immunohistochemistry and qPCR experiments were consistent with those obtained from the single-cell RNA sequencing and proteomics studies. 





Discussion

These results proved that COL6A3 is a promising biomarker and therapeutic target, advancing personalized medicine strategies for LN.
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Introduction

Lupus nephritis (LN) is as a common consequence of systemic lupus erythematosus (SLE), marked by significant mortality rates (1). Approximately 50% of SLE patients are at risk of developing LN in the future (2, 3). Current LN treatment primarily involves immunosuppressive therapy, typically employing cyclophosphamide or mycophenolate mofetil combined with glucocorticoids. However, these treatments come with a host of adverse effects, making treatment adherence challenging and leading to treatment failure and refractory LN (4, 5). Over 10% of individuals with LN develop into end-stage renal disease in ten years (6). Early diagnosis and intervention are vital for reducing end-stage renal disease risk and improving patient outcomes. The identification of novel LN-related biomarkers and therapeutic targets is critical to enhancing treatment outcomes and prognosis for patients.

Renal biopsy, the gold standard for LN diagnosis, can cause invasive damage, necessitating the exploration of non-invasive approaches. Given the systemic nature of SLE, with multiple organs affected and various positive autoantibodies present, gene expression analysis of peripheral blood cells has emerged as a valuable source of LN biomarkers due to the ease of acquisition. Developing reliable LN-related candidate biomarkers from peripheral blood may offer a less invasive and accessible method for diagnosis and monitoring disease progression.

Single-cell RNA sequencing (scRNA-seq) enables us to analyze gene expression profiling at the single-cell level, offering powerful insights into cellular heterogeneity and biological mechanisms (7, 8). ScRNA-seq is also a valuable method in studying autoimmune diseases, including LN, enabling a comprehensive characterization of the cellular landscape involved in immune inflammations (9). This technology can accurately measure gene expression within individual cells, facilitating the analysis of cell heterogeneity between disease and normal states (10).

This study used scRNA-seq and plasma proteomics to discover biomarkers and therapeutic targets in LN. We identified COL6A3 as a key biomarker in LN. By integrating non-invasive protein expression analysis of peripheral blood cells and implementing precision medicine approaches, early and effective intervention strategies can be devised to reduce the burden of LN and its potential progression to end-stage renal disease.





Methods




Data processing

ScRNA-seq data of lupus nephritis (LN) patients were obtained from PMID31110316 (11). Seurat was employed for filtering and subsequent clustering (12). The study analyzed renal and skin tissue from 21 patients with LN and 3 healthy controls. The control group consisted of individuals undergoing nephrectomy for kidney transplant donation, from whom biopsy samples of healthy skin and renal tissue were obtained. Cells with RNA feature counts and read count below 100 and 10000 respectly, were excluded as poor-quality cells. The t-distributed stochastic neighbor embedding (t-SNE) algorithm was applied for visualization (13), and batch effect correction was performed using the “RunHarmony” function (14). Cell subtypes were annotated according to cell markers from the original study (11). Differential expression analysis was performed using the Wilcoxon method to identify genes with significant expression differences (DEGs) between groups, setting adjusted P-values to 0.05. 





Patient samples of LN for proteomics analysis

The blood samples of control (systemic lupus erythematosus (SLE) patients without LN) and LN patients were collected from Shenzhen Second People’s Hospital. Enrollment criteria for LN patient inclusion criteria: (1) Persistent proteinuria: >0.5g/day, or > (+++), (2) Cylindruria: May include red blood cells, hemoglobin, granular casts, or mixed casts. Patients were recruited in October 2022. A total of 11 control and 9 LN patients were included. Blood samples were collected with the clinical information including gender, age, SLEDAI, and drug information details of participants are shown in Table 1. Participants gave written informed consent and the ethics approval number is 20220824001.


Table 1 | Baseline demographic and clinical characteristics of LN patients in proteomics analysis.







Preparation of serum samples and LC-MS/MS analysis

Blood samples were obtained from both LN and control (SLE patients without LN) patients in the fasting state. Initially, cellular remnants were eliminated from the serum sample through centrifugation at 12,000 g for 10 minutes at 4°C. Subsequently, the resulting supernatant was carefully transferred to a fresh centrifuge tube. Employing the Pierce™ Top 14 Abundant Protein Depletion Spin Columns Kit, the top 14 high-abundance proteins were efficiently eliminated. Ultimately, the protein concentration was quantified using a BCA kit as per the manufacturer’s stipulations. LC-MS/MS Analysis was performed by PTM BIO company. Differential expression analysis was performed using the Wilcoxon method to identify proteins with significant expression differences (DEPs) between groups, setting P-values to 0.05 and fold change value to >1.5.





Functional enrichment analysis of COL6A3

We performed GO functional annotation and KEGG pathway enrichment analyses on the set of proteins exhibiting differential expression among two groups in proteomics analysis: control (SLE patients without LN), and LN patients.





Protein-protein interaction network analyses of COL6A3

Potential protein interactions with COL6A3 were collected and integrated using the STRING database (https://string-db.org/). PPI network analysis was conducted with the relevant genes obtained. A confidence score greater than 0.7 was used as the threshold for significance. We then imported relevant data into Cytoscape (v3.8.2) for analysis and visualization. As hub genes, the top 10 nodes, ranked using MCC of cytoHubba, were identified from Cytoscape’s cytoHubba plugins.





Validation, clinical correlation analysis, and diagnostic value analysis of COL6A3

We performed a validation of COL6A3 expression levels by an independent dataset from the Ju cohort (15). Additionally, we explored the correlation between COL6A3 expression and renal function, particularly focusing on the glomerular filtration rate, among patients with LN. To assess the diagnostic efficacy of COL6A3 in distinguishing LN patients, receiver operating characteristic curve analysis was utilized.





Immunohistochemistry

Renal samples from control individuals (patients with IgA nephropathy) and LN patients were collected from Beijing University Shenzhen Hospital and is approved by the Research Ethics Committee in Beijing University Shenzhen Hospital (approval number: [2021] No. (038-Extension 2)). Immunohistochemical staining was conducted on paraffin kidney sections using standard procedures. Briefly, kidney sections were blocked with 5% BSA in PBS and then incubated with primary antibodies (anti-Collagen VI alpha 1/2/3, 1:100, R381465, ZEN-Bio, China) for 2 hours at 37°C. After washing the sections with PBS, streptavidin-biotin complex (SA1050, SABC, BOSTER, Wuhan, China) was added and incubated for 30 minutes. Finally, the sections were washed with PBS, and color development was achieved using BCIP/NBT solution, followed by staining with nuclear fast red for 6 minutes. Images were acquired using an optical microscope (NM IL LED, Leica Microsystems, Wetzlar, Germany).





Real-time PCR analysis

Blood samples were obtained from both LN patients and healthy controls in the fasting state from Shenzhen Second People’s Hospital. Total RNA from the blood was extracted using the SteadyPure Quick RNA Extraction Kit (AG21025, AG, Hunan, China). Total RNA was reverse transcribed into cDNA using a reverse transcription kit (RR036A, Takara, Japan). Real-time PCR was conducted using the SYBR Green mixture kit (QPK-201, TOYOBO, Japan), followed by Real-Time PCR performed on the QuantStudio™ 3 (Thermo Fisher SCIENTIFIC, USA). The primer sequences used are as follows:

	GAPDH-F: 5’-AGATCCCTCCAAAATCAAGTGG-3’;

	GAPDH-R: 5’-GGCAGAGATGATGACCCTTTT-3’;

	COL6A3-F: 5’-CTGTTCCTCTTTGACGGCTCA-3’;

	COL6A3-R: 5’-CCTTGACATCATCGCTGTACTGA-3’.







Statistical analysis

All statistical analyses of single-cell and proteomics data were performed with R (Version 4.3.1). Results of the mRNA and protein expression of COL6A3 were analyzed by Prism (Version 9.4.0). P < 0.05 was regarded as statistically significant. The baseline demographic and clinical characteristics of LN patients in the proteomics analysis were analyzed using SPSS (Version 25.0). Descriptive statistics were employed for data presentation: normally distributed quantitative data were expressed as mean ± standard deviation, non-normally distributed quantitative data were presented as median (P25, P75), and binary categorical variables were represented as percentages. Group differences were assessed using various statistical tests, including t-tests, rank-sum tests, and Fisher’s exact probability test. All hypothesis tests were two-tailed, and a P-value less than 0.05 was considered statistically significant.






Results




Single-cell analysis of lupus nephritis

The workflow of this study is shown in Figure 1. We first analyzed the single-cell RNA sequencing data from 21 LN patients and 3 healthy controls, leading to the identification of differentially expressed genes (DEGs). Subsequent proteomics analysis differentiated serum protein expression between control (non-LN SLE patients, n=11) and LN patients (n=9), identifying differentially expressed proteins (DEPs). Further, gene ontology and pathway analyses of DEPs were conducted. Comparative analysis of DEGs and DEPs highlighted COL6A3 as a candidate biomarker. The relationship between COL6A3 expression and renal function was examined, along with its diagnostic potential through receiver operating characteristic (ROC) curve analysis. Lastly, protein-protein interaction (PPI), functional enrichment, and gene set enrichment analyses of COL6A3 were performed, contributing to our understanding of its role in LN.




Figure 1 | Workflow of this study. We began with single-cell RNA sequencing analysis of 21 lupus nephritis (LN) patients and 3 healthy controls to identify differentially expressed genes (DEGs). This was followed by proteomics analysis to distinguish serum protein expression between SLE patients without LN (n=11) and LN patients (n=9), identifying differentially expressed proteins (DEPs). Gene ontology and pathway analyses of DEPs were conducted. Comparative analysis of DEGs and DEPs leaded to the identification of COL6A3 as a potential biomarker. The association between COL6A3 expression and renal function was evaluated, alongside its diagnostic value using receiver operating characteristic (ROC) curve analysis. Lastly, analyses including protein-protein interaction (PPI), functional enrichment, and gene set enrichment for COL6A3 were performed to elucidate its role in LN.



Initially, we accessed a single-cell dataset comprising 21 renal biopsies from LN patients and 3 from control participants without LN, alongside 18 skin biopsies from LN patients and 3 from control participants without LN. Following quality control, normalization, and preliminary dimensionality reduction, t-distributed stochastic neighbor embedding (t-SNE) algorithms were employed to segregate cellular clusters corresponding to both the LN and control cohorts, as illustrated in Figures 2A–F. Specifically, Figures 2A–C display both renal and skin samples, Figures 2D–F focus on renal samples.




Figure 2 | Single-cell RNA sequencing (scRNA-seq) analysis of LN. T-distributed stochastic neighbor embedding (t-SNE) plots display the major cell types in kidney and skin samples from LN patients and healthy controls (A–C), and detailed cell type analysis within kidney (D–F). (A) T-SNE analysis of the scRNA-seq data showing six major cell types in the kidney and skin samples. (B) T-SNE analysis of two groups, including the kidney and skin samples of healthy control and LN patients. (C) T-SNE analysis of the kidney and skin samples from each healthy control and LN patient. (D) T-SNE analysis of the scRNA-seq data showing five major cell types in the kidney samples (LN group: n=21, healthy group: n=3). (E) T-SNE analysis of two groups, including the kidney samples of healthy control and LN patients. (F) T-SNE analysis of the kidney samples from each healthy control and LN patient.



In a consistent approach with the initial study, identical cell markers were utilized to identify six principal cell categories (Figures 2A, D). In renal samples, tubular cells emerged as the predominant cell type, whereas mesangial cells, leukocytes, endothelial cells, and fibroblasts were identified as minor cell types (Figure 2D). Visualization of both kidney and skin sample types via t-SNE is presented in Figure 2B. Figure 2E showed the kidney samples via t-SNE. Furthermore, t-SNE was also applied to visualize the scRNA-seq results for each patient (Figures 2C, F).

A total of 143 differentially expressed genes (DEGs) were identified between the LN and control groups, with 66 genes upregulated and 77 downregulated in LN (Figures 3A–D). The upregulated and downregulated genes across each cell type were illustrated in the heatmap (Figures 3C, D).




Figure 3 | Identification of differentially expressed genes of renal scRNA-seq data in LN. (A) A volcano plot showed the upregulated and downregulated DEGs between LN and healthy controls. (B) A heatmap showed the upregulated and downregulated DEGs between LN and healthy controls. (C) A heatmap showed the upregulated and (D) downregulated DEGs between LN and healthy controls in five major cell types.







Proteomics analysis, gene ontology and pathway enrichment analyses

LC-MS/MS was used to identify the proteins in the serum of the patients grouped in control (SLE patients without LN, n=11), and LN patients (n=9). In total, 4,459 peptides were identified by the spectrogram analysis, 923 proteins were identified, and 800 of which were quantifiable. Demographic and clinical characteristics of 11 control and 9 patients diagnosed with LN were shown in Table 1. We identified 55 differentially expressed genes (DEPs) among patients with LN and the control group with P < 0.05 and fold change >1.5 (Figure 4A; Supplementary Figures 1A, B), of which 36 were upregulated and 19 were downregulated (Figure 4A; Supplementary Figures 1A, B).




Figure 4 | Proteomics analysis of LN. (A) Differentially expressed proteins (DEPs) in control (SLE without LN, n=11), and LN patients (n=9). (B) Venn diagrams showing the overlap of upregulated DEPs and DEGs, indicating shared and unique molecular features. (C) Venn diagrams showing non overlap of upregulated DEPs and DEGs. (D) The expression of COL6A3 in five major cell types of renal sample by scRNA-seq analysis. (E) The expression of COL6A3 in proteomics data. (F) The relationship between COL6A3 expression and estimated glomerular filtration rate (GFR) in our internal cohort. (G) The area under the receiver operating characteristic curve (AUC) for COL6A3 in our internal cohort. (H) The mRNA expression level of COL6A3 in LN (n=3) and control (healthy volunteers, n=3) examined by Real-time PCR analysis. (I) Hematoxylin and eosin (HE), periodic acid-Schiff (PAS), Masson’s trichrome (MASSON), Picrosirius red (PSA), and periodic acid silver methenamine (PASM) staining of LN and control (IgA nephropathy) tissue. (J) Protein expression of COL6A3 in LN and control (IgA nephropathy, n=3) tissue analyzed by immunohistochemical staining.



GO enrichment analyses revealed that the main biological processes (BP) of DEPs between LN and control group were primarily related to mitotic nuclear division, sister chromatid segregation, and mitotic sister chromatid segregation, whereas the cellular components (CC) term, DEPs were mainly localized in collagen-containing extracellular matrix, platelet alpha granule, and platelet alpha granule lumen (Supplementary Figure 2). As for the molecular functions (MF) between LN and the control group, DEPs were primarily related to extracellular matrix structural constituent, microtubule binding, and chemokine activity (Supplementary Figure 2). Additionally, pathway enrichment analysis showed that DEPs between LN and the control group were primarily related to viral protein interaction with cytokine and cytokine receptor, ECM-receptor interaction, complement, and coagulation cascades (Supplementary Figure 2).





Comprehensive analysis and clinical significance of COL6A3 in LN

We conducted a comparative analysis between the 55 DEPs identified via proteomics analysis and the 143 DEGs discerned between LN and control samples through scRNA-seq analysis. Notably, COL6A3 was found to be upregulated in both the scRNA-seq and proteomics datasets, while there were no intersections found between the downregulated DEPs and DEGs (Figures 4B, C). To elucidate the distribution pattern of the central gene COL6A3, we measured its average expression levels within the scRNA-seq cohort. The analysis revealed that mesangial cells displayed the highest expression levels, underscoring their significance in LN pathology (Figure 4D). This evidence underscores the critical role of COL6A3 in mesangial cells during LN progression by scRNA-seq analysis. The proteomics dataset also demonstrated the expression profile of COL6A3 (Figure 4E). Further analysis of the relationship between the protein expression of COL6A3 and renal function in our internal cohort revealed a negative correlation with the estimated glomerular filtration rate (GFR) (Figure 4F). Moreover, the area under the receiver operating characteristic curve (AUC) for COL6A3 was calculated, yielding a value of 0.879 within our internal cohort, indicating high diagnostic accuracy of COL6A3 in predicting LN (Figure 4G). We conducted qPCR experiments to validate the mRNA expression of COL6A3 (Figure 4H). The results were consistent with those obtained from the scRNA-seq and proteomics studies. Additionally, histological staining, including HE, PAS, MASSON, and PSAM, of LN and normal renal tissue revealed significant differences between LN and control patients (IgA nephropathy patients) (Figure 4I). Furthermore, immunohistochemistry showed a significant difference in COL6A3 expression in renal tissue between the normal and LN groups (Figure 4J).

To further validate the link between COL6A3 and clinical features, we utilized an external cohort from the Ju cohort (15). Here, the mRNA expression levels of COL6A3 were significantly elevated in LN patients compared to healthy controls (Figures 5A, B), corroborating the negative correlation between COL6A3 expression and estimated GFR (Figures 5C, D). Additionally, the ROC analysis demonstrated the high diagnostic capability of COL6A3 (AUC=0.802 in tubular samples and AUC=0.915 in glomerular samples) (Figures 5E, F), aligning with our internal findings.




Figure 5 | External validation of the clinical significance of COL6A3. Expression in tubulointerstitium (A) and glomeruli (B) from the Ju cohort (15) and its relationship with GFR (C, D). (E, F) Diagnostic performance of AUC results in the Ju cohort.







The PPI, functional enrichment, and gene set enrichment of COL6A3

A PPI network was then constructed based on 50 genes closely related to COL6A3 (Supplementary Figure 3A). In terms of hub genes, COL6A3 ranked first, followed by ITGA2, ITGB3, ITGB1, ITGB4, ITGB5, ITGB6, COL6A2, COL6A1, and COL4A1 (Supplementary Figure 3B). GO and KEGG enrichment analyses were performed on these genes. As a result of these results, these hub genes primarily play a role in integrin-mediated signaling pathway, collagen-activated signaling pathways, and ECM-receptor interaction (Supplementary Figure 3C).






Discussion

In exploring the complexities of lupus nephritis (LN), our study embraced an integrative methodology combining single-cell transcriptomics and plasma proteomics. We identified COL6A3 as a prominent biomarker, with a consistent upregulation observed across both methods. This concordance underscores the potential of COL6A3 in elucidating the molecular landscape of LN. Notably, the marked upregulation of COL6A3 in mesangial cells, as revealed through scRNA-seq, underscores its pivotal involvement in the disease’s pathogenesis and opens potential avenues for targeted therapeutic interventions.

The advent of scRNA-seq technology has revolutionized our capacity to systematically examine cell heterogeneity and identify pathogenic cell populations, thereby enriching our understanding of autoimmune diseases’ underlying mechanisms (9, 16, 17). In the context of LN, recent scRNA-seq endeavors have delineated the intricate immune cell networks (18, 19), underscoring the significance of cytokine expression profiles in mediating renal immune activity (20). This study leveraged high-throughput single-cell data to unearth biomarkers predictive of LN severity and treatment response, setting the stage for personalized therapeutic strategies.

COL6A3, encoding Collagen Type VI Alpha 3, functions primarily as a cell-binding protein, playing a pivotal role in the extracellular matrix’s structural integrity and cellular interactions (21, 22). The observed inverse relationship between COL6A3 expression and estimated glomerular filtration rate (GFR) accentuates its utility in tracking disease progression. Furthermore, the diagnostic potential of COL6A3 affirmed through the area under the receiver operating characteristic curve analysis, advocates for its inclusion in non-invasive diagnostic modalities. External cohort validation, facilitated by the Ju cohort (15), not only reinforces COL6A3’s diagnostic credibility but also exemplifies the merit of cross-cohorts analyses in biomarker substantiation.

Investigation into the protein-protein interaction (PPI) network and the functional enrichment of COL6A3 revealed its engagement in key signaling pathways, implicating integrins, collagen, and extracellular matrix (ECM) receptor interactions. These findings suggest therapeutic intervention targets, offering fresh perspectives for LN treatment strategies.

It’s important to note that while COL6A3 expression was identified predominantly in mesangial cells via scRNA-seq analysis, its presence in the bloodstream, as shown in proteomics data, points towards its systemic impact, including potential roles beyond the mesangium. COL6A3’s subcellular localization in the endoplasmic reticulum and vesicles, indicating a secretory pathway, suggests its ability to be secreted into the circulation, thus impacting LN pathogenesis beyond its site of predominant expression. This secretory nature allows COL6A3 to act both locally within the kidney and systemically, which might explain its detection in blood samples and its involvement in the broader pathophysiological processes of LN.

The expression of COL6A3 and its association with immune cells, particularly M2 macrophages, has been documented in other immune-mediated diseases, indicating its broad role in immune regulation and tissue remodeling (23). Such associations have been noted in conditions like diabetic retinopathy (23) and diabetic nephropathy (24), suggesting the potential of COL6A3 as both a biomarker and therapeutic target across various diseases.

However, the profibrotic nature of COL6A3, as highlighted in its association with deteriorating kidney function in diabetic nephropathy (25), aligns with its observed role in LN, suggesting a shared pathological pathway across kidney diseases. This underscores the rationale for exploring COL6A3 as a therapeutic target in a broader spectrum of kidney conditions. Moreover, the role of COL6A3 in metabolic processes, including inflammation, obesity, and insulin resistance (26, 27), extends its relevance beyond specific organ pathology, suggesting its potential involvement in the metabolic complications experienced by SLE patients.

Our findings, along with related literature, reinforce the significance of COL6A3 as a biomarker and therapeutic target in LN, prompting further research into its roles across various kidney diseases and immune regulation processes. Understanding the function of COL6A3 in the ECM, its influence on immune cell activity, and its contribution to fibrotic processes could inform the development of treatments targeting the intricate interplay of immune and fibrotic mechanisms in LN.

Nevertheless, the limitations of this study, including the reliance on available datasets and the complex pathophysiology of LN, necessitate further investigation into the role of COL6A3 in diverse and larger patient cohorts. Overcoming these challenges and translating biomarker discoveries into clinical practice will require the development of standardized assays and a deeper understanding of the biomarker’s role in the multifactorial landscape of LN.

In conclusion, this study marks a significant contribution to LN research by pinpointing COL6A3 as a promising biomarker and therapeutic target, offering valuable insights into the molecular underpinnings of disease. Future research is imperative to validate these findings and investigate the clinical translational potential of COL6A3, with an aim towards enhancing diagnostics and therapeutic solutions for LN, ultimately improving patient care and outcomes.
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Introduction

Complement factor H (FH) is a major regulator of the complement alternative pathway, its mutations predispose to an uncontrolled activation in the kidney and on blood cells and to secondary C3 deficiency. Plasma exchange has been used to correct for FH deficiency and although the therapeutic potential of purified FH has been suggested by in vivo experiments in animal models, a clinical approved FH concentrate is not yet available. We aimed to develop a purification process of FH from a waste fraction rather than whole plasma allowing a more efficient and ethical use of blood and plasma donations.





Methods

Waste fractions from industrial plasma fractionation (pooled human plasma) were analyzed for FH content by ELISA. FH was purified from unused fraction III and its decay acceleration, cofactor, and C3 binding capacity were characterized in vitro. Biodistribution was assessed by high-resolution dynamic PET imaging. Finally, the efficacy of the purified FH preparation was tested in the mouse model of C3 glomerulopathy (Cfh−/− mice).





Results

Our purification method resulted in a high yield of highly purified (92,07%), pathogen-safe FH. FH concentrate is intact and fully functional as demonstrated by in vitro functional assays. The biodistribution revealed lower renal and liver clearance of human FH in Cfh-/- mice than in wt mice. Treatment of Cfh-/- mice documented its efficacy in limiting C3 activation and promoting the clearance of C3 glomerular deposits.





Conclusion

We developed an efficient and economical system for purifying intact and functional FH, starting from waste material of industrial plasma fractionation. The FH concentrate could therefore constitute possible treatments options of patients with C3 glomerulopathy, particularly for those with FH deficiency, but also for patients with other diseases associated with alternative pathway activation.





Keywords: concentrated complement factor H (FH), plasma purification, high-resolution dynamic PET, C3 glomerulopathy, membrano proliferative glomerulonephritis (MPGN)





Introduction

Complement factor H (FH) is a 155-kDa soluble glycoprotein produced in the liver and secreted into the circulation at concentrations of 250–600 µg / ml (1). It is a single polypeptide chain with a beads-in-a-string-like structure composed of 20 homologous domains named short consensus repeat (SCR) or complement control protein (CCP) domains (2). It regulates the alternative pathway (AP) of the complement system in the fluid phase as well as on cell surfaces preventing uncontrolled C3 activation and host tissue damage. Specifically, FH accelerates the dissociation of the C3 convertase (C3bBb) and C5 convertase (C3bBbC3b) (decay-accelerating activity), acts as a cofactor to factor I in the inactivation of C3b into iC3b (cofactor activity) and competes with FB in binding to C3b to prevent convertase formation. Through its C-terminal domains SCR19–20, FH binds cell surface glycosaminoglycans and C3b, thus exerting decay-accelerating activity and cofactor activity on host cell surfaces. A splice variant product of CFH gene, FHL-1, carries the first seven SCRs of FH and has complement regulatory activity in fluid phase and on the matrix of certain tissues, but it lacks the C-terminal recognition domains and is not capable to bind sialic acids on cell surfaces (3).

Genetic and acquired abnormalities causing FH deficiency or defective activity lead to an uncontrolled alternative pathway activation in the kidney and on blood cells and to secondary C3 deficiency (4). Such abnormalities are associated with different human pathologies which include kidney diseases like the atypical form of the hemolytic uremic syndrome (aHUS) (5), the membrano proliferative glomerulonephritis (MPGN) (6), and the C3 glomerulopathy, and the most common eye disease in adults, age-related macular degeneration (AMD) (7).

Before the introduction of complement-inhibitory drugs, plasma supplementation or plasma exchange was the only available treatment for FH defects, particularly in patients with aHUS and in a few cases with MPGN. With such a therapy, deficient complement regulators are supplemented (8). Plasma exchange therapy in addition removes mutant complement factors and/or autoantibodies directed against complement factors. However, the efficiency of plasma therapy in aHUS depends on the underlying genetic defect (9) and prospective clinical studies are lacking. Data on outcomes with plasma therapy in MPGN and C3G are scanty and limited to case reports (10). In addition, plasma therapy has several limitations. Some patients develop anaphylactic reactions to fresh frozen plasma, which may require cessation of any form of plasma therapy (11).

Plasma perfusions are repeated at regular intervals from twice a week to twice a month, each perfusion lasting 2–3 hours. This treatment is therefore long and recurrent for the patient. The amounts of transfused frozen fresh plasma are significant, which increases the standard risks of frozen fresh plasma perfusion.

The therapeutic potential of purified human FH for MPGN/C3G has been demonstrated with success by in vivo treatment in experimental mouse models of FH deficiency. Complement activity was regulated in this C3G model by different FH constructs, including the FH1–5 domains linked to either non-targeting mouse IgG or to anti-mouse properdin antibody (12) and homodimeric mini-FH constructs (13). Treatment with human complement factor H rapidly reverses renal complement deposition in factor H-deficient mice (12). Other recent studies have tested purified human FH for use in a mouse model of bacterial meningitis (13), or are exploring the production of recombinant FH for therapeutic use (14).

Therefore, for targeted treatment for diseases requiring FH, it would be desirable for a concentrate to be available; this would facilitate rapid attainment of therapeutic plasma levels with a low protein load. At present, there is no approved FH concentrate available for clinical use. Several groups developed methods to obtain a purified concentrated FH sample from human, rat, or mouse plasma mainly for research purposes (15–18). Another group used the Cohn fractionation method (19) to purify FH from a non-identified fraction of pooled plasma (20), pointing out the necessity to develop a scalable production procedure to obtain a high pure and pathogen-safe FH concentrate. This method is based on the alteration of protein solubility by modifying pH levels, temperatures, and ethanol concentrations. The process separates plasma proteins into five major fractions (Figure 1A):

	Fraction I: Contains as much fibrinogen as possible.

	Fraction II: Primarily consists of γ-globulins.

	Fraction III: Composed of lipid-globulins.

	Fraction IV: Contains α-globulins.

	Fraction V: Comprises albumins.






Figure 1 | (A) Typical Cohn fractionation with 3 waste fractionations: fraction I, fraction III and fraction IV. (B) Flow chart of a new purification of human plasma FH, (C) Two chromatographic runs: Anionic exchange A=Fractogel EMD DMAE, the most of contaminants are removed in the flowthrough while FH is eluted at 50 mM NaCl. Affinity resin B=AF-Heparin HC 650M was used to further purify FH which elutes at 160mM NaCl after removing the rest of the contaminants in a washing step with 50 mM NaCl.



The plasma involved in this procedure is typically derived from human blood donations. This blood is collected from numerous donors, and the desired plasma proteins are extracted from these plasma pools through a process known as fractionation. This method has been instrumental in isolating specific proteins for various applications, particularly during wartime, when the demand for certain plasma proteins was very high. It’s a testament to the innovative approaches in protein separation techniques. The Cohn method is still widely used in the industry for the purification of plasma derivatives. However, some fractions are not utilized and are discarded, including Fraction I, Fraction III, and Fraction IV (1–4). Human plasma is a precious resource and represents a very significant proportion of the cost of a plasma-derived product. Production of a new plasma therapy may limit the availability of plasma to afford existing products. The high cost of goods together with the small patient populations can make plasma therapies for rare diseases very expensive, and uneconomic.

This study aimed to identify and purify FH from a waste plasma fraction rather than from whole plasma, allowing more efficient and ethical use of blood and plasma donations. The integrity and function of FH were monitored during all the production steps by in vitro assay to evaluate the best purification strategy. Finally, the activity of purified FH was characterized both in vitro and in vivo in an animal model of C3G to provide the proof of concept that the new purification approach provides a fully active protein.





Materials and methods




Materials

FH antigen determination was conducted by commercial ELISA kit (HK342; Hycult Biotechnology Inc., Uden, The Netherlands). Protein concentration was determined by the Bradford Assay using a Coomassie reagent (Blue Stain Reagent, 24592; Pierce, Rockford, IL, USA). Ultradiafiltration (UDF) was performed on membranes with a 100-kDa exclusion limit (Pellicon Mini – Biomax Hydrophilic Polyethersulfone Membrane A Screen; Millipore, Billerica, MA, USA). Complement proteins, control FH, Factor I (FI), Factor B (FB), Factor D (FD) and C3b were from Merck (Merck Millipore, Billerica, MA, USA). The antibody we used for C3 staining is a polyclonal goat IgG fraction to mouse complement C3 that was obtained by immunization with the whole mouse C3. The IgG fraction is prepared from the specific goat antiserum. Thus, the antibody is expected to recognize both inactive C3 and activated C3 fragments. Chemicals were purchased from Merck and used without further purification unless stated otherwise. As far as radiolabeling of FH for subsequent in vivo biodistribution study is concerned, 18F-fluoride was obtained from a PETrace 860 cyclotron (GE Healthcare, Uppsala, Sweden) irradiating 18O-enriched water in silver body target. Radio-TLC was run on silica gel plates (S60-F254, Merck) and radioactive spots were detected using Cyclone Plus phosphor reader (Perkin Elmer). HPLC was used to assess the purity of precursors and intermediate chemicals (Waters 1100 HPLC interfaced to a diode array UV-Vis and a Raytest GINA radio detector). Microfluidic reactions were conducted using an Advion NanoTek system; the system was controlled by version 1.4 of NanoTek software and the plumbing set-up was analog as reported in previous literature (21). The optimization reactions for the fluoroalkynes were run using the software in Automatic Discovery mode.





FH identification in plasma fractionations and purification

All waste fractions (frz I; frz III and frz IV-1–4) from industrial plasma fractionation (pooled human plasma) were analyzed by ELISA to identify the highest FH content. Thirty-five grams of the waste fraction III, which contains adjuvants (celite and perlite) were dissolved in six buffer volumes (50 mM Tris, 5 mM EDTA, and 300 KIU/ml aprotinin at pH 8.5) for a contact time of at least 30 minutes at room temperature. The soluble fraction III was filtered (3 µm) to remove celite and perlite, S/D-treated by the addition of 1% (w/v) Tween80 and 0.325% (w/v) Tri-N-Butyl-Phosphate and incubated for 30 min at RT. Subsequently, was subjected to weak Ion-exchange (AIX) resin (Fractogel EMD-DMAE, Merck) equilibrated with 50 mM Tris, 5 mM EDTA, 20 mM NaCl pH 8.5 and FH was eluted by the addition of 50 mM NaCl into the equilibration buffer used for the AIX resin. This FH-containing intermediate was adapted for subsequent Heparin affinity resin (AF-Heparin HC 650M; Tosoh Bioscience) by UDF against 20 mM Na-citrate and 5 mM EDTA pH 7. The adapted intermediate was loaded onto the Heparin affinity resin, and FH was eluted with 160 mM NaCl after a washing step with 80 mM NaCl. FH concentrate was finally pre-filtered (0.22 µm), subjected to nanofiltration using filters with pore sizes of 20 nm (Planova 20N; Asahi Kasei) and finally sterile-filtered (0.22 µm).





SDS-PAGE and Western blot

SDS-PAGE was carried out under reducing and non-reducing conditions using precast 4–12% NuPAGE Bis-Tris protein gels (Thermo, Monza Italy). For each sample, an equal amount of 1 µg was run in the gel. Protein markers were applied (Precision Plus, All Blue pre-stained; Bio-Rad, Hercules, CA, US). Gels were stained with Bio-Safe protein stain (Bio-Rad, Hercules, California, Stati Uniti), and FH purity was compared to purified human FH from commercial sources (341274; Merck).

Immunoblotting was performed by subsequent protein transfer onto nitrocellulose membrane, incubation with anti-FH Goat pAb (341276; Merck) followed by HRP-conjugated goat anti-rabbit-IgG (Merck KGaA, Darmstadt, Germany) or with OX-24 monoclonal antibody (Thermo, Monza, Italy) followed by HRP-conjugated rabbit anti-mouse-IgG (DAKO), washing and monitoring upon substrate exposure with 4Opti-CN-substrate-Kit (Bio-Rad, Hercules, California, Units States) Hercules, California, Stati Uniti) using a digital imaging system Chemidoc (Bio-Rad, Hercules, California, Units States).





Evaluation of structural integrity

To evaluate the integrity of FH during the production steps, samples were analyzed by SDS-PAGE under reducing conditions, and gels were analyzed by densitometry with TotalLab Quant software (TotalLab Ltd, Newcastle upon Tyne, UK). The integrity was calculated as a percentage of from intensity of the bands corresponding to intact or truncated form over total FH.





Native-polyacrylamide gel electrophoresis

To investigate the presence of oligomers, samples were separated using native PAGE on 4–15% Mini-PROTEAN TGX Stain-Free Protein gels (Bio-Rad, Hercules, California, Unit States) in Tris/Glycine running buffer for 5 h at 100 V. After run, stain-free gels were exposed to UV light to activate the embedded tri halo compound and make proteins fluorescent, images were acquired with ChemiDoc MP Imaging System (Bio-Rad, Hercules, California, Unit states).





Quantification of accompanying plasma proteins

C3, C4, immunoglobulin A, E, G and M (IgA; IgE, IgG; IgM), transferrin and fibrinogen were quantified using rabbit polyclonal antibodies against those proteins on a BN100 nephelometer (Siemens, Munich, Germany).

Total protein concentration was assessed by Bradford assay (Pierce, Waltham, Massachusetts, USA), according to the manufacturer’s instruction, using albumin as standard.





Protein digestion for MS analysis

Samples are desalted using SPE (Solid Phase Extraction, PIERCE). One hundred and fifty µl of Ammonium bicarbonate 50 mM were added to 100 µl of a sample at pH 8.0. Twenty μg of the resulting proteins were further processed. Proteins were thus reduced with 5 mM dithiothreitol at 80°C for 20 min and alkylated for 30 min with 10 mM iodoacetamide at 37°C. Digestion was carried out by incubating overnight at 37°C in a solution containing trypsin (Roche, Germany) at 1:100 ratio with the substrate. The resulting peptide solution was loaded on a C18 cartridge in order to purify peptide solutions and filtered with 0.22 μm filter. Peptides were diluted to 100 μL by 5% ACN/0.1% FA.





HPLC- MSMS analysis

Chromatographic separation of peptides was performed using a nano-HPLC system (Thermo, Monza, Italy) in duplicates. Samples were loaded through a pre-column cartridge (PepMap-100 C18 5 μm 100 A, 0.1 × 20 mm, Thermo, Monza, Italy) and then resolved in a C18 PepMap-100 column (3 μm, 75 μm × 250 mm, Thermo, Monza, Italy) at a flow rate of 300 nL min−1. Runs were performed with eluent A H2O (0.1% HCOOH), eluent B: 80% acetonitrile (0.1% HCOOH) 20% H2O (0.1% HCOOH), starting with 5% of B and increasing to 35% in 40 min, then up to 100% in 1 min and isocratic for 8 min then back to the initial composition and equilibrating for 10 min.

The detection was done by an Orbitrap Q Exactive Plus high resolution mass spectrometer operated in positive ion mode. The operating parameters were optimized using standard proteins digested in the same condition as for the human samples and were as follows: spray voltage 1.9 kV, Max Spray Current:50.00 Probe Heater Temp.350°C, S-Lens RF Level:50.00, auxillary gas flow 5 arbs. Data were acquired in centroid mode across the 400–1500 m/z range. A false discovery rate (FDR) analysis was accomplished by using the integrated tools in Proteome Discover software with a confidence level of 95%. The identification of proteins are related parameters were obtained using MASCOT and Sequest-HT search engine. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (22) with the dataset identifier PXD050268.





Cofactor activity

The fluid-phase FH cofactor activity for cleavage of C3b by FI was assessed using purified C3b and CFI (Merck). This test was used both to monitor production steps and drive the purification procedure and on the final FH concentrate.

To test FH activity from purification intermediates containing other proteins it was necessary to further purify FH by a one-step affinity chromatography on a FH-specific antibody (5H5) with an already described method (23). Affinity-purified FH was then used to compare different purification intermediates. In this case we used as control a FH directly purified from plasma with the same method. On the contrary, when the test was performed on the final FH concentrate, this was used directly in the assay without any further purification.

Briefly, 500 ng of C3b and 125 ng of CFI were mixed with varying amounts of FH in a 20-µl reaction with PBS buffer. For affinity-purified FH from different purification intermediates, limiting amounts were used (0.5 - 1 - 2.5 ng) while for the final FH concentrate a wider range between 0.25 and 200 ng was used.

Reactions were incubated for 30 min at 37°C and stopped by the addition of reducing SDS sample buffer. Samples were analyzed by SDS-PAGE under reducing conditions followed by Coomassie staining. The cofactor activity was calculated as a decrease in the ratio between α’ chain of C3b over β chain.





C3b binding assay (ELISA)

The assay was modified from a previous study (24). Microtiter plates were coated with 250 ng of C3b (Merck) in coating buffer (0.05 M carbonate-bicarbonate, pH 9.6) overnight at 4°C. After washing, plates were blocked with 3% BSA for 1 h at room temperature. Wells were incubated with purified or commercial FH (Merck) from 800 to 12.5 ng for 1 h at 37°C. Binding was detected with chicken anti-FH pAb (in-house) (23) and HRP-conjugated anti-chicken IgY (G135A - Promega, Fitchburg, WI, USA) followed by TMB (KPL, Gaithersburg, MD, USA) development. After stopping with 2 M H2SO4 the absorbance was measured at 450 nm on a Spectra Max 190 photometer (Molecular Devices, Eugene, OR).





Decay acceleration activity

The ability of FH to dissociate Bb fragments from C3 convertase complexes (C3bBb) was assessed by ELISA. Briefly, microtiter plates were coated with 250 ng of C3b (Merck) in coating buffer (0.05 M carbonate-bicarbonate, pH 9.6) overnight at 4°C. To allow the formation of C3 convertase complexes, 400 ng of FB, 30 ng of FD (Merck) and 1.5 mM NiCl2 in 10 mM phosphate buffer pH 7.2 supplemented with 25 mM NaCl and 4% BSA were added, and the plate was incubated for 2 h at 37°C. After washing, increasing concentrations of FH (from 2 µg to 0.1 ng) were added and incubated for 45 min at 37°C to allow displacement Bb fragment. The remaining C3 convertase complexes were detected by goat polyclonal antibody to human FB (341272; Merck) followed by rabbit anti-goat IgG-HRP (401515; Merck). The signal was revealed with O-phenylenediamine (OPD), stopped with 2 M H2SO4 and the absorbance was read at 492 nm.





Radiolabeling of FH for in vivo biodistribution by PET imaging

In order to assess the kinetics of the purified FH in vivo quantitatively, a radiosynthesis procedure was devised and implemented, involving a microfluidic approach. Fluorine-18 (18F, decay half-life T1/2 = 109.7 min) was selected as the radionuclide, due to favorable radiochemistry and widespread use in Positron Emission Tomography (PET) imaging. Chemicals used were purchased from Merck (Milano (MI), Italy), unless stated otherwise.





(N3-PEG)@FH precursor synthesis

One hundred twenty-five µg of human FH concentrate was dissolved in 500 µL of PBS 50 mM at pH 6.5 and stirred at room temperature for 10 minutes. In a second vial, 2.9 mg of N3-PEG (4)-COOH (IRIS Biotech GmbH, Marktredwitz, Germany) was activated using a solution of 1.1 mg of N-Hydroxysuccinimide (NHS) and 1.5 mg of (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) (EDC, Fluka, Brescia, Italy) in 200 µL of 2-(N-morpholino) ethanesulfonic acid (MES, Thermo, Monza, Italy) at pH 4.5.

The activation reaction was left standing at room temperature for 20 minutes. After this time, the solutions from both vials were combined and the resulting mixture was basified by 25 µL of N,N-Diisopropylethylamine (DIPEA) to a final pH of 8.5. The reaction was kept at room temperature for 2 hours without agitation. The final product was separated from an excess of small molecular weight reagents on a Sephadex G-25 column using a 0.25 mM NaCl aqueous solution as eluent. The (N3-PEG)@FH was further purified by ultracentrifugation, suspended in water, lyophilized, and the resulting powder was analyzed by HPLC.





Microfluidic optimization of tosyl-alkyne radiolabeling

Two compounds, 5-tosyloxy-1-pentyne (PeTos) and 6-tosyloxy-1-hexyne (HeTos) were synthesized from the corresponding alcohols (25) and used in the optimization process. The system tests different temperatures, solvents, and ratios of precursor to labeling solution. The reaction mixtures were analyzed and pure [18F]fluoroalkynes were obtained by heating and condensing the gaseous products. The process was efficient and precise, allowing for the production of radiochemically pure compounds.





Microfluidic synthesis of [18F]fluoropentyne ([18F]FPe) for CuAAC reaction

The [18F]FPe was synthesized from the corresponding tosylate using a microfluidic system under optimal radiolabeling conditions. The starting [18F]fluoride was captured on an ion exchange column and eluted with a solution of Kryptofix 222 (K222) in acetonitrile (21). The radioactive solution and PeTos precursor solution were delivered into a microfluidic reactor, heated at 130°C, to obtain the final product in high radiochemical purity and 92 ± 3% RadioChemical Yield (RCY) (26, 27). The final product was then distilled into a second vial containing a (N3-PEG)@CFH solution, leaving unreacted fluoride and reagents in the first vial. The procedure allowed obtaining 15 ± 10MBq of [18F]FPe 45 min after the start of the synthesis.





Synthesis of [18F]FPe-(trN-PEG)@FH

[18F]FPe was collected in a vial containing a solution of (N3-PEG)@FH in water. After distillation, the mixture was stirred at 45°C for 5 min. A solution of CuI and Tris(benzyltriazolylmethyl)amine (TBTA) in THF/H2O was added to the reaction and stirred at 45°C for an additional 10 min. The solution residue was diluted with isotonic saline containing 1% ethanol and purified by gel filtration. The quality of [18F]FPe-(trN-PEG)@FH was assessed using a HPLC interfaced to a diode array UV-Vis and a GINA radio detector.





PET/CT image acquisition and analysis

The images were acquired using an IRIS CT/PET instrument designed for high-resolution imaging of small animals (27, 28). This instrument allowed for 3D and time-resolved quantification of tracer kinetics in the entire mouse body.

All imaging procedures were performed under general anesthesia in accordance with international guidelines and Italian laws for the care and use of laboratory animals, demanded by the European Directive (Directive 86/609/EEC of 1986 and Directive 2010/63/UE) and Italian laws (D.lgs. 26/2014). Each animal was anesthetized with isoflurane and oxygen, and positioned on the imaging bed once the correct degree of anesthesia is reached (29).





Imaging protocol

[18F]FPe-(trN-PEG)@FH was formulated in saline before injection, and used for in vivo PET imaging of both control and Cfh-/- mice. The tracer was intravenously administered to two distinct groups of mice: one consisting of C57BL6 mice and the other composed of Cfh-/- mice. The dynamic acquisition of the tracer was carried out from 5 min to 160 min post-injection. The image reconstruction was done using 3D ordered subset expectation-maximization (OSEM), with corrections for radioactive decay, random coincidences, and dead time. Low-dose micro-CT imaging was also performed after PET on the same integrated scanner. Both PET and CT images were exported in standard DICOM format after reconstruction for further image processing/quantification.





Quantitative image analysis

Analysis of PET/CT images was performed using AMIDE software v 1.0.4 three-dimensional regions of interest (ROIs) were traced on the left ventricle cavity, whole brain, liver, kidneys, gallbladder and bladder. Standardized Uptake Value (SUV) was calculated on each ROI and on each time frame, and the results were plotted against time for each animal. On each of the two groups (CTRL and Cfh-/-), average values, range, median and quartiles of organ uptake at each time point were calculated.





Animal models experimental protocols

These studies were done in the mouse model of C3 glomerulopathy in Cfh−/− mice. Comparing Cfh−/− with wild-type mice, Cfh−/− mice developed severe albuminuria starting at 8 months of age.




Study 1: single administration

Cfh−/− mice (n=4, 2–4 months old) received a single intraperitoneal injection (0.5 mg in 200 microliter PBS) of human plasma FH concentrate. Four Cfh−/− mice received PBS as controls. At baseline (before injection), and at 2 and 6 h after injection we evaluated serum C3 levels by ELISA. At 24 hours after injection, the animals were sacrificed. Blood was collected for the evaluation of serum C3 levels and human FH levels by ELISA. The kidneys were collected for immunofluorescence analysis of C3 and C5b-9 deposition in glomerular capillaries and tubuli. Sections of kidney, liver, eye, and heart tissues were stored for future analysis by light microscopy and ultrastructural analysis by transmission electron microscope.





Study 2: multiple administrations

Four groups of Cfh−/− mice (n=4 each, 2–4 months old) have been studied as follows:

Group 1: Cfh−/− mice received two daily intraperitoneal injections (0.5 mg in 200 microliters PBS) of human plasma FH concentrate. At 48 hours (24 hours after the second injection) the animals were sacrificed. Group 2: Cfh−/− mice received three daily intraperitoneal injections (0.5 mg in 200 microliters PBS) of human plasma FH concentrate. At 72 hours (24 hours after the third injection) the animals have been sacrificed. Group 3: Cfh−/− mice received four daily intraperitoneal injections (0.5 mg in 200 microliters PBS) of human plasma FH concentrate. At 96 hours (24 hours after the fourth injection) the animals were sacrificed. Group 4: Cfh−/− mice received five daily intraperitoneal injections (0.5 mg in 200 microliters PBS) of human plasma FH concentrate. At 120 hours (24 hours after the fifth injection) the animals were sacrificed. Serum C3 levels were evaluated in all animals at baseline. At sacrifice, blood was collected for the evaluation of serum C3 levels and human FH levels. Human FH levels were also measured at baseline in 4 Cfh−/− mice as negative controls of the assay. The kidneys were collected for immunofluorescence analysis of C3 and C5b-9 deposition in glomerular capillaries and tubuli. Three wild-type C57/BL6 mice were also studied as controls.






Immunofluorescence analysis of renal tissue

Three-μm OCT-fixed frozen sections were used for the evaluation of C3 and C5b-9 staining. For C3 deposition, sections were incubated with FITC-conjugated goat anti-mouse C3 Ab (1:200; Cappel) and with Rhodamine-labeled Lens Culinaris Agglutinin (1:400) and DAPI to label kidney structures and cell nuclei, respectively. For C9 staining, rabbit anti-mouse C9 (1:1600) and Cy3-conjugated goat anti-rabbit secondary Abs (1:300) were used. Fluorescein-labeled Lens Culinaris Agglutinin (1:400) and DAPI were used to label kidney structures and cell nuclei, respectively. Isotype-matched irrelevant Abs were used as negative controls. Glomerular C3 and C9 staining was scored from 0 to 3 (0, no staining or traces (<5%); 1, staining in <25% of the glomerular tuft; 2, staining affecting 26 to 50%; 3, staining >50%). Tubular C3 and C9 staining were scored from 0 (no staining) to 1 (granular staining), 2 (linear interrupted staining), to 3 (linear staining).





Statistical analysis

In vivo animal model data analysis were reported as mean ± SD and were analyzed by one-way ANOVA (MedCal software). Values of p < 0.05 were considered statistically significant. For PET biodistribution data, two-tailed Welch’s t-test was carried out for comparison of the organ’s SUV data at each time point, between the control and diseased (Cfh-/-) group.






Results




FH process purification and characterization

Based on Cohn fractionation, the plasma proteins were separated with different ethanol concentrations and pH levels into five major fractions (19) as much as possible fibrinogen in Fraction I, y-globulins in Fraction II, lipid-globulins in Fraction III, α-globulins in Fraction IV, and albumins in Fraction V. Proteins extracted and purified from plasma have a wide range of therapeutic uses, including treatment for immune deficiencies, neurological diseases, autoimmune disorders, and bleeding disorders, among others (30). However, the demand for specific proteins can vary, and this, along with other factors as the difficulty of further purification, can lead to certain fractions being discarded (Fraction I; III and IV (1–4)). To identify in which waste fraction FH was present we analyzed the proteome of the principal unused fractionation intermediates from an industrial plasma fractionation plant. FH was found in Cohn Fraction III and its presence was confirmed by ELISA. Cohn Fraction III contains a very high concentration of FH with a recovery of 70% compared to cryo-poor plasma (Figure 1A) addressing its use as a starting material for FH purification.

Two scalable chromatography steps were applied to purify a new FH concentrate resulting in 87.96% purity (Figure 1B).

The novel process developed for the purification of human plasma FH is schematized in Figure 1C and comprises two chromatographic separations, including pathogen elimination and inactivation by Solvent – Detergent (S /D) treatment and nanofiltration.

Each step of the purification procedure was monitored for FH contents, integrity, and functionality, to choose the purification protocol that best preserves FH integrity and activity.

In the process optimization study, aprotinin was added as a protease inhibitor only in the phase of extraction of FH from fraction III. This allowed for a reduction of the percentage of degraded protein, (Supplementary Material Table S1), resulting from the analysis in SDS-PAGE (data not shown) and subsequent densitometry of the purified product obtained from samples extracted with or without aprotinin (300 KIU/ml).

The purification intermediates were analyzed by SDS-PAGE and western blot: the electrophoresis was performed in both reducing and non-reducing conditions (Supplementary Material Figure S1). The analysis reveals the presence of FH in all the intermediates, the bands corresponding to cleaved form of FH (130 and 35 KDa) are also evident upon reduction. A faint band around 35 KDa is also present in non-reducing conditions only in the filtration intermediate, probably corresponding to the splice variant FHL-1, however this band is no longer visible in subsequent purifications.

FH obtained from different purification intermediates was analyzed by cofactor assay to monitor FH activity. Different samples were directly compared by plotting α’-chain/β chain ratio and generating a curve by linear-log regression. Figure 2 reports an example of an analysis on 4 different samples obtained during the development of the purification protocol. Two batches (#16 and #18) were produced using aprotinin in the phase of extraction of FH from fraction III and show a better activity, confirming the importance of adding this inhibitor during purification. Moreover, batch #16, which, unlike batch #18, was stored in a buffer containing glycine as a stabilizer, preserves the best activity.




Figure 2 | (A) SDS-PAGE and Coomassie staining of a Cofactor assay on 4 different purification intermediates (#15, #16, #17, #18) and a Control (CTRL). The samples were subjected to affinity purification with a FH-specific antibody to exclude contaminating protein before performing the test, the control was purified directly from human serum by the same affinity chromatography. (B) α’/β chains ratio obtained for the different samples, means and SD from three independent assays are indicated. (C), Curves generated by linear-log regression from mean results.







Characterization of the final product

Upon completion of the process, the overall yield of the FH process purification was found to be 38.60%. The purified FH demonstrated a purity level of 92%, which is represented as the ratio of FH antigen to the total protein, with an antigen concentration of 3.093 mg/ml. Our process increases the purity by 9.1 fold compared to Cohn fraction III (starting material) and 211.6-fold over FH present in plasma (Table 1).


Table 1 | Step Recovery and purities of complement Factor H (FH): The FH amounts are obtained by ELISA as described in Material and Methods.



The purified FH was concentrated about 7 times, by a 30 KDa cut-off centrifugal concentrator Vivaspin, and tested for C3, C4, Immunoglobulin (IgA, IgM, IgE, IgG), fibrinogen, albumin, and transferrin by nephelometric analysis.

Among the analyzed proteins of three different process, complement C3 protein has the highest concentration with 255.5 ± 10.6 mg/L and Immunoglobulin A and M with respectively 12.85 ± 0.49 mg/L and 13.1 ± 0.14 mg/L (Table 2).


Table 2 | Nephelometric analysis of the most important contaminants.



The results are confirmed by proteomic analysis, where different batch samples of FH (N=3, detailed results are reported in Supplementary Material Table S2) were processed and analyzed using the protocol reported in the “methods” section The mean identified proteins were 185 ± 18 (Mean ± SD) with a statistical significance of ≥ 95%. In Supplementary Material Table S3 are reported the common proteins comparing the three batches.

FH coverage was 71 ± 1,5% (Mean ± SD) by peptide analysis using Sequest HT search engine. Data are available via ProteomeXchange with identifier PXD050268.





SDS-PAGE and Western blot

The final FH concentrate was analyzed by SDS-PAGE under reducing condition (Figure 3A), the analysis revealed the presence of the cleaved form of FH and, as already observed with other methods, the presence of C3b as the major contaminant. The presence of the cleaved form of FH was also shown by Western Blot analysis under reducing condition with a polyclonal antibody against FH (Figure 3B). Finally, to exclude the presence of the FHL-1 splice variant, which could be confused with the lower band of the cleaved form, a non-reducing Western blot with the OX-24 antibody was performed (Figure 3C). This antibody recognizes an epitope in the SCR-5 of FH and detects also FHL-1. Under non-reducing condition the cleaved form of FH is held together by a disulfide bridge and migrates as the integral form, thus the only form visible around 35 KDa is FHL-1. This analysis excluded the presence of FHL-1 which is visible in a sample of human serum used as a control, but not in our concentrates.




Figure 3 | Characterization of the purified FH. (A) SDS-PAGE under reducing condition of purified FH. Lane 1 and 2 two batches of purified FH; Lane 3, commercial FH; Lane 4, commercial FH cleaved with trypsin; Lane 5, C3b; Lane 6, molecular weight standard. The analysis reveals the presence of FH integral form (apparent MW 170 kda) together with the larger (130 kda) and smaller (35 kda) fragments of the truncated form. Moreover it reveals the presence of C3b as major contaminant. (B) Western blot under reducing condition of purified FH. Lane 1 and 2 two batches of purified FH; Lane 3, commercial FH; Lane 4, commercial FH cleaved with trypsin; Lane 5, molecular weight standard. This analysis confirms the presence of FH integral form (170 kda) together with the larger (130 kda) and smaller (35 kda) fragments of the truncated form. (C) Western blot under non reducing condition of purified FH with antibody OX-24. Lane 1, molecular weight standard; Lane 2 and 3 two batches of purified FH; Lane 4, commercial FH; Lane 5, human serum (used as positive control); Lane 6, molecular weight standard. This analysis exclude the presence of FHL-1 in our preparations. (D) Native-PAGE analyses of purified FH. Lane 1, purified FH stored at 1.5 mg/ml; Lane 2, purified FH stored at 3 mg/ml; Lane 3, commercial FH stored at 1 mg/ml. The major form indicated by the arrow corresponds to the monomer, the higher molecular-weight bands denote oligomeric forms.







Native-polyacrylamide gel electrophoresis

It is hypothesized that FH oligomerizes when stored at high concentrations. To evaluate the presence of high molecular weight species, we conducted a Native PAGE analysis. We examined two batches of our purified FH, with concentrations of 1.5 mg/ml and 3 mg/ml respectively, along with a commercially available purified FH preparation of 1 mg/ml (as shown in Figure 3D). The results were consistent across all samples, displaying a prominent band corresponding to the monomer and fainter bands of higher molecular weight, which correspond to the oligomeric forms.





Functional analysis of purified FH

The activity of our purified FH preparation was tested in three different functional assays.




Cofactor assay

FH acts as a cofactor for FI-mediated cleavage of C3b to iC3b in the fluid phase. The cleavage products of C3b α’-chain, α68, and α43 iC3b chains can be visualized on a reducing SDS-PAGE. Purified FH displays cofactor activity, a minimum of 2.5 ng is sufficient to induce C3b cleavage, as shown by the reduction of α’-chain and the presence of α68 and α43 chains (Figure 4A). Results were comparable to those obtained with commercial FH.




Figure 4 | In vitro activity of the purified FH compared with a commercial FH (Merck). (A) Cofactor assay: C3b and FI were incubated with different amounts of purified FH, run on a reducing SDS-PAGE and stained with Coomassie. In the presence of FH, FI cleaves C3b and the degradation products iC3b-α68 and iC3b-α43 are visible. The bands corresponding to the heavy (FI-H) and light (FI-I) chain of FI are also evident in the gel. (B) C3b binding assay: Purified FH can bind surface-bound C3b in a dose-dependent manner, similar to commercial FH. The binding of FH to immobilized C3b was visualized in an ELISA assay by the use of an antibody to human FH. (C) Decay acceleration activity: Purified FH displays decay acceleration activity on C3 convertase complexes. The decay of C3bBb was enhanced by the presence of an increasing concentration of FH. The decrease of bound Bb to the intact complex was visualized by the use of an antibody to human FB. Results are presented as LOG of FH concentration.







C3b binding

The ability of purified FH to bind surface-bound C3b was assessed by ELISA assay. We observed a dose-dependent binding of purified FH to immobilized C3b, comparable results were obtained with the commercial FH (Figure 4B).





Decay acceleration activity

Purified FH displays a dose-dependent decay acceleration activity on C3 convertase complexes. Increasing the amount of FH enhanced the displacement of the Bb fragment causing a decrease in the intact C3 convertase (C3bBb). The effect was comparable to that obtained with purified FH from a commercial source (Figure 4C).





Radiochemistry

As conjugation partners, [18F]fluoropentyne and [18F]fluorohexyne were radiolabeled using a microfluidic flow approach from respective tosylate precursors, achieving maximum radiochemical conversion (RCC) of 96 ± 9% and 81.5 ± 5% respectively. Therefore, [18F]fluoropentyne was chosen and simple distillation was effective in recovering such prosthetic group in high purity, and reacted quantitatively with the azide-functionalized FCH.

[18F]FPe-(trN-PEG)@FH was produced via a 2-step process, comprising the radio fluorination of the 5-tosyl-pent-1-yne under microfluidic conditions (31) (92% radiochemical yield, RCY), its purification by distillation, and a quantitative click reaction conjugation with an aqueous solution of (N3-PEG)@FH and CuCl/TBTA in 10min at 45°C. The process led to the desired product in >95% radiochemical purity (RCP).






Animal experiments




In vivo PET imaging

Previous works have reported the tagging and imaging of FH analogues, using I-125 labelling (32) Tc-99m (33) or optical tags (34), however, these studies presents limitations in terms of imaging performance (i.e. planar scintigraphy or autoradiography), scope (i.e. identification of myocardial damage) and pharmacological assessment (i.e. using FH fragments or recombinant complement). We therefore decided to design an imaging tracer based on entire FH that can be used in PET imaging, thus improving on these aspects. The biodistribution of the labeled product imaging was assessed in CTRL and Cfh-/- mice by dynamic PET. Figure 5 shows the average tracer kinetics in the selected organs, for the two groups. The reported activities are expressed as Standardized Uptake Values (SUVs) and take into account the different weights of each animal. Indeed, control mice were heavier than Cfh-/- countermates (CTRL: 42.6 ± 3.0 g; Cfh-/-: 21.7 ± 1.6 g p<0.001). A different shape of activity accumulation in both the bladder and the gallbladder for the Cfh-/- mice during the first 60’ post-injection is apparent in the observed curves.




Figure 5 | (A, B): Average tracer kinetics of the 18F-labelled FH in organs, for the control group (left) and Cfh-/- group (right). Activity levels are expressed in terms of Standardized Uptake Values (SUV). (C–F): Organ-specific distribution of tracer uptake for kidneys (both sides) (C), bladder (D), liver (all ROIs) (E) and gallbladder (F). Individual data points for each subject at each time are superimposed to boxplots for better understanding of the intragroup and intergroup variability. Statistical significance (p<0.05) has been marked with asterisks at the corresponding time frames.



The renal curves, inclusive of tracer activity for both cortical (extraction) and medullary (excretion) components, resulted significantly different in the time range of 40 min post-injection (CTRL: 0.055 ± 0.011 g/ml; Cfh-/-: 0.040 ± 0.017 g/ml, p<0.05, at 33.5 min post-injection; CTRL: 0.054 ± 0.012 g/ml; Cfh-/-: 0.040 ± 0.017 g/ml, p<0.05, at 38.5 min post-injection) Also, the uptake in the liver was different in the time range of 20–55 min post-injection (CTRL: 0.065 ± 0.034 g/ml; Cfh-/-: 0.037 ± 0.021 g/ml, p<0.05, at 23.5 min post-injection; CTRL: 0.051 ± 0.022 g/ml; Cfh-/-: 0.033 ± 0.015 g/ml, p<0.05, at 53.5 min post-injection). Intra and inter-group variability of the tracer uptake as a function of time from injection is shown in Figure 5. Apart from the gallbladder, Cfh-/- mice show much intragroup variability than control mice, with lower SUV values especially in the bladder and kidney as shown in Figure 5. Both bladder and gallbladder curve also show a delayed uptake in Cfh- mice as compared with controls. Two out of 5 Cfh-/- mice did not show any tracer uptake in the gallbladder, explaining the high variability in this group (Figure 5F). Some representative PET/CT images of the [18F]FPe-(trN-PEG)@CFH are shown in Figure 6.




Figure 6 | Representative PET/CT images of the 18F-labelled FH, in mice, showing uptake in (A) kidneys, (B) bladder, (C) liver, and (D) gallbladder.







Effect of the human FH concentrate on C3 levels in Cfh−/− mice

In Cfh−/− mice treated with a single injection of human FH concentrate, plasma C3 levels progressively increased at 2, 6, and 24 h after injection, and values were significantly higher than those recorded in the same Cfh−/− mice at baseline and at the corresponding time points in PBS treated Cfh−/− mice (Figure 7A). Similarly, C3 levels at sacrifice were significantly higher than values at baseline in Cfh−/− mice treated with daily injections of human FH concentrate and sacrificed at 48 h, 96 h, and 120 h (Figure 7B). In the group sacrificed at 72h, C3 levels increased in 2 out of 4 animals while for the other 2 animals, not enough plasma could be obtained (Figure 7B). However, at all-time points, plasma C3 values in Cfh −/− mice treated with the FH concentrate remained significantly lower than C3 values in C57/BL6 wild-type mice (909.6 ± 145.68 μg/ml). These results indicate that administration of a FH concentrate partially but significantly prevented C3 activation and consumption in the circulation of Cfh −/− mice.




Figure 7 | (A) Mean+SD values (μg/ml) of plasma C3 levels measured in Cfh−/− mice at baseline and at different time points after a single injection of PBS (control) or human FH concentrate. * P<0.05 versus PBS control group. (B) Mean+SD values (μg/ml) of plasma C3 levels were measured in Cfh−/− mice at baseline and at sacrifice (48 h, 72 h, 96 h, and 120 h) after multiple injections of a human FH concentrate. *P<0.05 versus baseline; °P<0.01 versus baseline.







Evaluation of human FH levels in CFH−/− mice

Human FH levels in plasma of 4 Cfh−/− mice at baseline were undetectable, as expected. At variance, human FH was detectable at all time points after either single or multiple injections of human FH concentrate starting from 32.64 μg/ml at 24 h to 41.01 μg/ml at 96 h concentration of FH (Supplementary Material Figure S2).





Effect of the human FH concentrate on C3 staining in the kidney of Cfh−/− mice

We observed intense staining for C3 in the glomeruli of PBS-treated Cfh−/− mice, which was significantly higher than glomerular C3 staining in wild-type mice (Figure 8A). In Cfh−/− animals treated with a daily injection of human FH concentrate and sacrificed at 24 h, 48 h, 72 h, 96 h, and 120 h we found a progressive decrease of glomerular C3 staining, which was already significantly lower than in PBS-treated mice at 24 h (Figures 8A, B). Notably, the 120 h glomerular C3 staining in FH-treated Cfh−/− mice was not significantly different from staining in wild-type mice. These results indicate that the FH concentrate was effective in limiting C3 activation and also favored the clearance of C3 deposits from the glomerular tuft.




Figure 8 | (A) Representative images of glomerular C3 staining (in green) in Cfh−/− mice treated with PBS or with the human FH concentrate, and in wild-type (WT) mice. Nuclei are stained by DAPI (in blue). (B) Results of semiquantitative evaluation of glomerular C3 staining in Cfh−/− mice treated with PBS or with the human FH concentrate, and in wild-type (WT) mice. Mean ± SD, individual values are represented as black dots. *p<0.05 versus PBS control group; ° p<0.05 versus 120 h group; ^ p<0.05 versus WT group. (C) Representative images of tubular C3 staining (in green) in Cfh−/− mice treated with PBS or the human FH concentrate and in wild-type (WT) mice. Nuclei are stained with DAPI (in blue), cell membranes with Rhodamine-labeled Lens Culinaris Agglutinin (in red). (D) Results of semiquantitative evaluation of tubular C3 staining in Cfh−/− mice treated with PBS or with the human FH concentrate, and in wild-type (WT) mice. Mean ± SD, individual values are represented as black dots. *p<0.05 versus PBS control group; ° p<0.05 versus 120 h group; ^ p<0.05 versus WT group.



No tubular C3 staining was observed in PBS-treated Cfh−/− mice, while moderate peritubular C3 staining was observed in wild-type mice (p<0.05 vs. PBS-treated Cfh−/− mice, Figure 8C). The lack of tubular C3 staining in PBS-treated Cfh−/− mice likely reflected the massive C3 consumption in the circulation and the entrapment of C3 activation products within the glomerular structures. In Cfh−/− animals treated with a daily injection of human FH concentrate and sacrificed at 24 h, 48 h, 72 h, 96 h, and 120 h we found a progressive increase of tubular C3 staining, which was already significantly higher than in PBS-treated mice at 24h and paralleled the decrease of glomerular C3 staining. The appearance of C3 staining in the tubular compartment after FH administration in CFH -/- mice could be explained both by the mobilization of C3b inactivation products from the glomerulus due to the cofactor activity of injected FH and by the partial restoration of C3 levels in the circulation, so that C3 molecules were filtered by the glomeruli from the blood to tubular compartment.

Notably, the 72h and 120 h tubular C3 staining in FH-treated Cfh−/− mice was significantly higher than tubular C3 staining in wild-type mice (Figures 8C, D). Whether the higher-than-normal tubular staining in Cfh−/− mice treated with multiple injections of FH is due to tubular uptake of C3 activation products cleared from the glomeruli or reflects an immune response against the human FH concentrate remains to be established.







Discussion

Over the past few years, plasma collection has been significantly reduced due to the COVID-19 pandemic. This has underscored the importance of optimizing plasma use for therapeutic development, a concern that has been at the forefront for both society and the industry. Annually, over 50 million liters of collected plasma are utilized for the production of immunoglobulin and albumin. This process incurs a total expenditure exceeding US$20 billion, highlighting the scale and economic impact of this sector (35).

Utilizing plasma intended for the production of higher-value products to develop new plasma-derived therapies may not be economically viable, especially for rare disease indications. Therefore, the use of discarded plasma fractionation intermediates, which are industrial waste generated during the manufacturing of medically valuable products, for the purification of other plasma proteins needed for various therapies, offers significant added value. Firstly, the ethical implications of using plasma, a scarce and precious resource derived from donations, for therapeutic development cannot be overlooked. Secondly, the cost-effectiveness of using plasma for the development of therapies for ultra-rare diseases could be questionable compared to the use of waste plasma, given the high cost of goods and the limited patient population. Thirdly, enhancing the economic feasibility of developing plasma-derived orphan drugs could positively impact the cost of rare disease treatments, benefiting patients and national health systems. Lastly, reducing the industrial waste generated in the plasma fractionation process by reintroducing such waste into the production cycle could lessen the industry’s environmental footprint. To address these aspects, we conducted a proteomic analysis of the primary unused fractionation intermediates from an industrial plasma fractionation plant and discovered FH in waste Fraction III (36).

We therefore developed a chromatography purification method for FH starting from this waste fraction. The purification steps were constantly monitored to obtain a product as pure and functional as possible. As FH can be cleaved by plasma proteinases during purification procedures, generating two fragments (130 and 35 kDa) we evaluated its integrity during all purification phases. Moreover, we used a cofactor assay to monitor the activity of purification intermediates, and the results were used to drive the procedure.

The purity of our final product was analyzed by proteomic analysis and by SDS-PAGE and Western blot. The presence of the splice variant FHL-1 was excluded using a specific monoclonal antibody.

The final product was further characterized with three different functional assays to ensure that the main properties of FH are preserved. Our final product is fully active as demonstrated by cofactor and decay acceleration assays and can attach to surface-bound C3b.FH circulates in plasma predominantly in the monomeric form, however, it was reported a weak tendency for dimer formation (37) which is greatly enhanced in the presence of polyanions (38). Several studies report that FH tends to oligomerize when stored at high concentrations in solution (39). In gel filtration experiments, FH migrates with an apparent size of 330,000 Da and was therefore often erroneously reported as a dimer. However, this characteristic is due to the high flexibility of the molecule which can even fold back on itself altering its mobility in agarose gel. Sedimentation equilibrium analysis by analytical ultracentrifugation demonstrated that this form corresponds to the monomer (38).

We analyzed our FH concentrate by Native PAGE and the results showed that it is predominantly in the monomeric form, with small percentages of higher molecular weight aggregates.

Before testing our product in a clinically relevant animal model, we investigated its in vivo biodistribution using PET/CT imaging. This was achieved by labeling the purified FH with 18F, utilizing a bifunctional conjugation strategy. This strategy is based on the azide-alkyne Cu-catalyzed 1,3-dipolar cycloaddition reaction, where the azide functional group was introduced on FH and the radionuclide was incorporated in short-chain, 18F-radiolabelled alkynes. Functionalization of FH was achieved by amide coupling, exploiting the lysine residues available (~80 residues in the sequence); while not chemiospecific, the average quantity and position of functionalization was sufficient to allow successful click chemistry conjugation with the radiofluorinated synthon.

Innovative reaction conditions were applied to the radiolabeling of the 18F-alkynes, which were optimized using a microfluidic system, that allowed to explore multiple consecutive reaction conditions, thus achieving the best RCY with minimal use of precious starting materials. Finally, the synthesis of the [18F]fluoropentyne intermediate did not require time-consuming chromatographic purifications and allowed a simple one-pot bioconjugation reaction which included the online precursor purification by distillation and the functionalized FH coupling reaction, affording the final compound [18F]FPe-(trN-PEG)@FH in good purity and yield.

Kinetics of FH distribution, as measured by imaging experiments, was shown to be different between normal and diseased mice. In particular, a point-wise comparison between the time activity curves (TACs) of the two groups revealed statistically significant differences in liver uptake in the time range of 20–55 min post-injection as well as in the kidneys in the time range of 30–40 min post injection. Even though the same statistical test did not report significant differences in the bladder and gallbladder TACs, the observed different shapes (in particular, their slope and interquartile ranges), the delayed bladder and gallbladder TACs of CFH- mice as compared to the control mice, along with the above-mentioned result about liver and kidney uptake, coherently suggest a dysfunction of the renal and hepatobiliary system in the Cfh-/- group. Also, a higher degree of intergroup variability for the [18F]FPe-(trN-PEG)@FH in almost all organs was found in diseased animals, as compared to control ones. The small number of animals used for the imaging experiments (n=5 for both groups) shall be regarded as a limitation of the present study. The characterization by PET/CT imaging and, to the best of the authors’ knowledge, the labelling and imaging of such an important molecule has never been reported with a PET tracer before, thus representing one of the main novelties of this study. Another limitation is the absence of a plasma stability test of the 18F-labeled FH tracer, which will be performed in future experiments.

Since FH is the main regulator of the alternative pathway of complement (40), we then assessed whether the FH concentrate was effective in correcting the severe complement alternative pathway dysregulation in Cfh-/- mice, a model of C3G (41). In these animals, C3 convertase activation in the fluid phase is unrestricted, leading to C3 consumption. Finding that the reduction in serum C3 levels observed in Cfh-/- mice was significantly limited by treatment with the FH concentrate, documented in vivo that the product possesses the expected complement regulatory activity. Intense glomerular deposits of C3 products are observed both in Cfh-/- mice and in patients with C3G (42), and this reflects hyperactivation of the complement alternative pathway. Indeed, when we analyzed kidney tissue through immunofluorescence experiments, we found marked staining of C3 in the capillary wall in Cfh-/- mice. Treatment with the FH concentrate was able to significantly reduce glomerular C3 staining in Cfh-/- mice which was notably almost completely normalized after five daily administrations of the FH concentrate. These results indicate that the FH concentrate was effective in limiting C3 activation and also favored the clearance of C3 deposits from the glomerular tuft.





Conclusions

In summary, our findings provide important insights into the potential benefits of the use of discarded plasma fractionation intermediates for the purification of the natural complement inhibitor FH. PET/CT imaging was used to explore the in vivo biodistribution of FH, a protein that is part of a complex and highly regulated process and, to the best of authors’ knowledge, the labeling and imaging of such an important molecule has never been reported before, thus representing a relevant novelty of this study and a promising tool for future pharmacology assessment. All the results reported suggest that the obtained FH concentrate could represent a promising therapeutic approach for patients with C3G and FH deficiency (43), but also in more common C3G/MPGN patients with C3NeF-dependent C3 convertase stabilization, since FH accelerates the decay of the C3 convertase complex (44). Administration of exogenous FH could be useful also in other conditions associated with alternative pathway dysregulation ranging from the rare hematological disease paroxysmal nocturnal hemoglobinuria, to the common blinding disease age-related macular degeneration (3) Considering the human and economic cost of plasma-derived products and the shortage of blood and its derivatives, the use of plasma waste fractions for the therapy of orphan rare diseases will represent an ethical and essential approach.
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al information

Demographic
Age, years 39+ 13 34+ 10 45+13 2174 0043
Female, no. (%) 20 (100.0) 11 (100.0) 9 (100.0) NA NA
SLEDAI Score 8 (3,16) 428 15 (8,19) -2.886 0004
BMI, kg/m? 20.8 (18.2,22.4) 19.8 (17.9, 21.6) 240 (184, 28.5) -1.899 0580
Disease duration, months 12.1 (1.0, 118.6) 365 (0.7, 121.7) 122 (1.0, 139.9) 0419 0675

Clinical manifestations

Musculoskeletal, no. (%) 6 (30.0) 1(9.1) 5 (55.6) NA 0.050
Serositis, no. (%) 2 (10.0) 1(9.1) 1(11.1) NA 1.000
Skin rash, no. (%) 6 (30.0) 3(27.3) 3(33.3) NA 1.000
Raynaud’s phenomenon, no. (%) 1 (5.0) 1(9.1) 0 (0) NA 1.000

Laboratory assessment

Anti-dsDNA positive, no. (%) 11 (55.0) 5 (45.5) 6 (66.7) NA 0.406
Anti-Sm positive, no. (%) 8 (47.1) 2(222) 6 (75.0) NA 0.057
Anti-Ro positive, no. (%) 9 (50) 7 (70.0) 2 (25.0) NA 0.153
Anti-La positive, no. (%) 3 (15.8) 2 (20.0) 1(11.1) NA 1.000
Anti-UIRNP positive, no. (%) 7 (41.2) 3(333) 4 (50.0) NA 0.637
Anti-B2GPI positive, no. (%) 2(11.8) 1(11.1) 1(12.5) NA 1.000
aCL positive, no. (%) 2 (11.1) 0(0) 2(222) NA 0471
LAC positive, no. (%) 4 (40.0) 3 (50.0) 1(25.0) NA 1.000
Anti-CCP, U/mL 115 (1.6, 23.6) 11.5 (1.1, 33.4) 9.0 (22,15.0) -0.356 0.722
RF, TU/L 10.5 (2.1, 25.6) 15.0 (2.9, 41.2) 5.8 (1.4, 20.5) 08 0424
Leukocyte, 10°/L 43(27,6.1) 4.1 (35, 6.5) 46 (19,57) -0.646 0.518
Lymphocyte, 10°/L 1.1 (08, 1.6) 1.3 (0.7, 1.7) 1.1 (08, 1.3) -0.532 0.595
Platelets, 10°/L. 164.5 (123.8, 221.5) 195.0 (151.0, 249.0) 156.0 (110.5, 170.5) -1.709 0.870
ESR, mm/h 315 (13.8, 62.5) 28.0 (13.0, 48.0) 33.0 (14.0, 79.0) -0.725 0.468
CRP, mg/L 3.0 (L5, 42) 3.8 (1.9,5.1) 22(1.2,3.7) -1.244 0.214
eGFR (mL/min/1.73 m?) 126.0 (107.8, 133.8) 131.4 (125.0, 139.8) 106.4 (85.4, 129.5) 22317 0.020
Urea, mmol/L 45 (3.1, 69) 3.6 (28,49) 69 (4.5,10.7) 22776 0.006
Uric acid, pmol/L 332.5 (261.4, 420.6) 309 (270.1, 371.4) 419.8 (235.7, 459.4) -0.95 0.342
Cystatin C, mg/L 1.0 (0.8, 1.1) 0.8 (0.7, 1.0) 1.1 (1.0, 1.5) -2.86 0.004
Retinol-binding protein, mg/L 40.1 (31.9, 45.8) 32.5(22.2,40.7) 46.2 (41.4, 56.5) -2.889 0.004
Hematuria, no. (%) 8 (42.1) 1 (10.0) 7 (77.8) NA 0.005
Proteinuria, no. (%) 11 (55.0) 2(18.2) 9 (100.0) NA <0.001
Casts, no. (%) 1(5.3) 0(0) 1(11.1) NA 0.474
Pyuria, no. (%) 3(15.8) 0(0) 3(33.3) NA 0.087
Urine albumin (g/24h) 0.56 (0.06, 1.75) 0.06 (0.05, 0.1) 1.23 (0.66, 2.45) 3334 0.001 ‘
Complement C3, g/L 0.6 (0.3, 1.0) 08 (0.5, 1.1) 0.3 (0.1, 1.0) -1.749 0.080 ‘
Complement C4, g/L 0.1 (0, 0.2) 0.1 (0.1, 0.2) 0.05 (0, 0.2) -1.254 0.210 |
Medications
Prednisolone, no. (%) 19 (95.0) 11 (100.0) 8 (88.9) NA 0.450
Hydroxychloroquine, no. (%) 16 (80.0) 10 (90.9) 6 (66.7) NA 0.285
Mycophenolate mofetil, no. (%) 5(25.0) 2(182) 3(33.3) NA 0617

Descriptive statistics were employed for data presentation: normally distributed quantitative data were expressed as mean + standard deviation, non-normally distributed quantitative data were
presented as median (P25, P75), and binary categorical variables were represented as percentages. w/o, without.
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Total Survivors Non-survivors

Variable

(n = 6,880) =4,291) (n =2,589)

Age 67.03 + 13.98 6229 + 14.23 74.87 £9.22 <.001
BMI 29.65 £ 6.59 30.15 £ 6.75 28.81 +6.24 <.001
eGFR 50.62 + 25.79 5444 + 28.33 4429 +19.33 <.001
BUN 7.02 £328 6.49 +2.90 7.90 + 3.68 <.001
ALT 22.28 + 27.56 2295 +£17.28 21.17 + 39.02 0.009
AST 25.17 £ 12.83 2514 £13.22 2523 +12.15 0.776
HbAlc 6.05 £ 1.18 6.03 + 1.17 6.07 + 1.20 0.171
ALB 41.42 +3.38 41.71 £3.31 40.95 + 3.44 <.001
SIT 588.35 + 436.92 541.34 + 368.46 666.25 + 522.15 <.001
NLR 2.45 + 1.46 225+1.32 2.77 £ 1.62 <.001
PLR 133.85 + 61.49 127.65 + 54.50 144.13 £ 70.41 <.001
LMR 3.76 + 2.05 399 £1.99 3.38 +£2.08 <.001
Sex <.001
Female 3,490 (50.73) 2,263 (52.74) 1,227 (47.39)

Male 3,390 (49.27) 2,028 (47.26) 1,362 (52.61)

Race <.001
Hispanics 1,040 (15.12) 746 (17.39) 294 (11.36)

Non-Hispanics White 3,571 (51.9) 1,907 (44.44) 1,664 (64.27)

Non-Hispanics Black 1,920 (27.91) 1,357 (31.62) 563 (21.75)

Other 349 (5.07) 281 (6.55) 68 (2.63)

Education level <.001
< High school 3,862 (56.13) 2,162 (50.38) 1,700 (65.66)

College 1,766 (25.67) 1,225 (28.55) 541 (20.90)

> College 1,252 (18.2) 904 (21.07) 348 (13.44)

Marital status <.001
Not married 3,202 (46.54) 1,839 (42.86) 1,363 (52.65)

Married or living with partner 3,678 (53.46) 2,452 (57.14) 1,226 (47.35)

Family income-poverty ratio <.001
<13 1,924 (27.97) 1,139 (26.54) 785 (30.32)

1.3-35 3,291 (47.83) 1,945 (45.33) 1,346 (51.99)

>35 1,665 (24.2) 1207 (28.13) 458 (17.69)

Hypertension <.001
No 2,398 (34.85) 1,600 (37.29) 798 (30.82)

Yes 4,482 (65.15) 2,691 (62.71) 1,791 (69.18)

Hyperlipidemia 0.023
No 3,554 (51.66) 2,171 (50.59) 1,383 (53.42)

Yes 3,326 (48.34) 2,120 (49.41) 1,206 (46.58)

Diabetes mellitus <.001
No 4,957 (72.05) 3,168 (73.83) 1,789 (69.10)

Yes 1,736 (25.23) 1,004 (23.40) 732 (28.27)

Borderline 187 (2.72) 119 (2.77) 68 (2.63)

CHF <.001
No 6,187 (89.93) 4,013 (93.52) 2,174 (83.97)

Yes 693 (10.07) 278 (6.48) 415 (16.03)

Smoking status <.001
Never 3,418 (49.68) 2,283 (53.20) 1,135 (43.84)

Now 944 (13.72) 641 (14.94) 303 (11.70)

Ever 2,518 (36.6) 1,367 (31.86) 1,151 (44.46)

Alcohol Use <.001
Never 1,892 (27.64) 944 (22.18) 948 (36.62)

Now 3,279 (47.9) 2,304 (54.14) 975 (37.66)

Ever 1,674 (24.46) 1,008 (23.68) 666 (25.72)

Continuous variables are reported as the mean value with the standard deviation (SD) and categorical variables are reported as the frequency with the percentage in parentheses. * Bold value
means statistically significant.

CKD, chronic kidney disease; BMI, body mass index; eGER, estimated glomerular filtration rate; BUN, blood urea nitrogen; ALT, alanine transaminase; AST, aspartate transaminase; HbAlc,
glycosylated hemoglobin; ALB, albumin; SII, systemic immune-inflammation index; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte
ratio. CHF, congestive heart failure.
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P for trend
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(35) controlled trial | human 76 urine EGF/MCP-1 ratio is independently associated TFTA severity
glomerulopathy
%) primary prospective human 74 urine In contra.s! to EGF/MCP-1, uMCP-1 did not show a strong
glomerulopathy cohort study prognostic effect
idiopathic Long-Term Progression to ESRD in patients with idiopathic glomerulopathy
(37) proteinuria Follow- human 165 urine was not associated with urinary MCP-1 concentration
glomerulopathy Up Study at diagnosis
ok Observational urine
(38) : sz cohort nested in  human 2351 and MCP-1 is associated with future risk for AKI
kidney injury - 0
a clinical trial serum
(39) acute prospective Kt 656 — Each SD increase in the change of uMCP-1 from baseline to 12
kidney injury cohort study months was associated with 2- to 3-fold increased risk for CKD
acute rospective The associations and predictions with CKD were significantly
(40) cute - proip human 1583 urine strengthened after indexing or adjusting for UCr or UOsm for
kidney injury cohort study

urine kidney injury MCP-1 in patients with AKI
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urine
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and
serum

serum
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and
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Urinary MCP-1 and RBP are independently related to the risk of
CKD progression in patients with macroalbuminuric DN

The level of MCP-1 increased with the severity of
diabetic nephropathy

Higher baseline levels of MCP-1 (per 2-fold higher) were
independently associated with 10-40% higher risk of mortality

uMCP-1was 110 pg/mg with 92% sensitivity and 100% specificity

The panel consisting of six novel urinary biomarkers effectively
predicted incident microalbuminuria in people with type 2 diabetes

Elevated uMCP-1 concentration measured before clinical findings of
DN in women with T1D was associated with changes in kidney
interstitial volume

Urinary monocyte chemotactic protein-1-to-creatinine ratio
concentrations were strongly associated with sustained renal decline
in patients with T2DM with preserved renal function

Higher plasma levels of MCP-1 was associated with increased risk
of progression of DN

MCP-1 mRNAs expression in blood EVs could serve as diagnostic
biomarkers for early-stage DN

uMCP-1 could be used as a non-invasive marker for the judgement
of lupus flare and lupus nephritis class

The combined model of uMCP-1 and UTWEAK was superior to
any marker used alone

uMCP-1 and uTWEAK have high sensitivity and specificity in
detecting active LN

uMCP-1 and uTWEAK are biomarkers for active LN

UMCP-1 level in patients with LN is correlated with renal
injury indicators

UMCP-1 can be used as a potential predictor of proteinuria in LN

MCP-1 may be associated with different pathological types of LN

Dual blockade of CCL 2 and CXCLI2 can inhibit the progression of
proliferative LN

carriers of G allele of the MCP-1 2518 polymorphism had more
than 7 fold increased risk to develop glomerulo-nephropathy in
patients with SLE

uMCP-1 correlates well with LN disease activity and helps
differentiate between AN and ANR patients. Its levels fall with
treatment and may have a potential to predict poor response and
relapse of LN
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gene
expression analysis

Animal experiments
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Not
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Not
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213

50

urine
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gene

gene

urine
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uMCP-1 can screen ADPKD patients with
rapid disease progression

uMCP-1 is associated with deterioration of
renal function in patients with ADPKD

uMCP-1 excretion were both associated with
GFR decline in ADPKD

uMCP-1 can be a potential common biomarker

for human and murine ADPKD

MCP-1 was upregulated after Pkdl knockdown

MCP-1 altered cardiac/pulmonary function

Albumin/creatinine ratio was significantly
positively correlated with MCP-1

MCP-1 can also reflect damage caused by
oxidative stress present in SCD.
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Immunization = Mechanism of action Reference

route on podocytes
TLRs TLRs recognize and eliminate foreign | (11, 13,
pathogens or endogenous danger 14, 37)

signals. They can also induce
glomerular podocyte injury, increase
TLRY expression, activate NF-kB and
MAPK signaling pathways, and
potentially use endogenous
mitochondrial DNA as a ligand,
leading to podocyte damage

and apoptosis

NLRs Abnormal activation of the NLRP3 (38-41)
inflammasome leads to podocyte
damage. NLRs actively participate in
processes related to inflammation,
cell death, and proteinuria

cGAS-STING Upon activation, the cGAS-STING (18, 42)
pathway triggers apoptosis or
autophagy-mediated death in
podocytes, initiating proteinuria and
expediting the loss of podocytes

HMGB1 HMGBI interacts with various (24, 43, 44)
receptors, notably the Receptor for
Advanced Glycation End products
(RAGE) and TLR4, which
subsequently triggers podocyte
apoptosis and promotes epithelial-
mesenchymal transition (EMT),
compromising podocyte integrity

and function
MHC class I and MHC class I and II antigens can (27-29)
1T antigens respectively activate CD8+ and CD4+

T cells, which are involved in
activating innate immune cells, B-
lymphocytes, cytotoxic T cells, as
well as nonimmune cells by
secreting cytokines

Complement system  The complement system is (33, 36)
implicated in causing podocyte injury
via multiple pathways, including the
production of reactive oxygen species
(ROS), stimulation of cytokine
release, and induction of
endoplasmic reticulum stress. This
compromises the cytoskeletal
stability, precipitating podocyte
detachment from the GBM, and
initiates the development
of proteinuria
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Immunosuppressive  Effect References

drugs on podocytes

Glucocorticoids Inducing downregulation (142, 172-174)
of pro-inflammatory genes
by binding to specific
cytoplasmic glucocorticoid
receptors (GR); Blocking
the TRPC6 signaling
pathway and upregulating
CD80; Regulating gene
expression by binding to
glucocorticoid responsive
elements (GRE) on DNA;
Reducing cell apoptosis by
downregulating p53 and
increasing miR-30s and
Bcl-2

cyclophosphamide Causing cross-linking of (150)
DNA and RNA and
inhibiting protein
synthesis through
cytotoxic effects.

calcineurin inhibitor Inhibiting the activation of (156, 157)
T cells by targeting the
Calcineurin Enzyme while
also exerting a direct
protective effect
on podocytes.

Calmodulin inhibitors Preserving the (175-177)
phosphorylation-
dependent synaptopodin-
14-3-3 interaction;
Resulting in upregulation
of TRPC6 and ANGPTL4;
Reduces cell apoptosis

Mycophenolate mofetil Reduce uPAR mRNA and (178, 179)
protein expression levels;
Regulating ATP depletion
and stabilizing
actin cytoskeleton

Adrenocorticotropic hormone  Inhibiting cell apoptosis (180)
and stabilizing
the cytoskeleton

Rituximab Binding to CD20 on B (181)
cells stabilizes the
podocyte cytoskeleton by
preventing downregulation
of sphingomyelin
phosphodiesterase acid-
like 3b (SMLPD-3b) and
acid
sphingomyelinase
(ASMase)

Abatacept Blocking of B7-1 signal (182)
transduction and recovery
of SS1 integrin activation

Eculizumab Block C5 complement (183)
protein and prevent the
generation of C5a and C5b

Avacopan Inhibits the C5a receptor, (184)
preventing the activation
of the complement system ‘
and the subsequent
inflammation and
cell damage

Narsolimab Inhibits the MASP-2, thus (185)
preventing the activation
of the complement system






OPS/images/fimmu.2023.1335936/table3.jpg
Nature Effect on podocytes References

medicine

Curcumin Attenuates Angiotensin II-induced (207, 219)
podocyte injury and apoptosis by
inhibiting endoplasmic reticulum stress;
Reduce the expression of ROS and RIPK3

Luteolin Attenuates high glucose-induced podocyte (208)
injury via suppressing NLRP3
inflammasome pathway

Astragaloside Collaborate with SERCA2 and AMPK o (210, 211)
v Multiple signaling pathways such as Nrf2-
ARE/TFAM protect podocytes

Hyperoside Reduces albuminuria in diabetic (220)
nephropathy at the early stage through
ameliorating renal damage and
podocyte injury
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Drug Clinical trials and results

Targeting macrophage regulates inflammation

Statin The use of high-dose statins reduces the risk of AVF failure
and can improve AVF patency

Prednisolone -

anti-human -
CX3CR1 VHH
molecule

Sirolimus Sirolimus in clinically used in coronary stents to protect
lumen diameter and reduce restenosis after stenting.

Targeting T lymphocyte regulates inflammation

Tacrolimus The combination of tacrolimus and sirolimus may be more
effective in reducing the incidence of vascular stenosis

Cyclosporine A | -

Programmed -
death ligand-1
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