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Diabetic nephropathy (DN) is the leading cause of end-stage renal disease and has become a serious medical issue globally. Although it is known to be associated with glomerular injury, tubular injury has been found to participate in DN in recent years. However, mechanisms of diabetic renal tubular injury remain unclear. Here, we investigated the differentially expressed genes in the renal tubules of patients with DN by analyzing three RNA-seq datasets downloaded from the Gene Expression Omnibus database. Gene set enrichment analysis and weighted gene co-expression network analysis showed that DN is highly correlated with the immune system. The immune-related gene SERPINA3 was screened out with lasso regression and Kaplan–Meier survival analyses. Considering that SERPINA3 is an inhibitor of mast cell chymase, we examined the expression level of SERPINA3 and chymase in human renal tubular biopsies and found that SERPINA3 was upregulated in DN tubules, which is consistent with the results of the differential expression analysis. Besides, the infiltration and degranulation rates of mast cells are augmented in DN. By summarizing the biological function of SERPINA3, chymase, and mast cells in DN based on our results and those of previous studies, we speculated that SERPINA3 is a protective immune-related molecule that prevents renal tubular injury by inhibiting the proliferation and activation of mast cells and downregulating the activity of chymase.
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Introduction

Diabetic nephropathy (DN) is a serious global medical problem. Damage tends to be located in the glomerulus, renal tubules, and renal interstitium. Approximately 25–40% of patients with type 1 diabetes and 5–40% of patients with type 2 diabetes eventually develop DN (1, 2). DN is the leading cause of end-stage renal disease, causing 30–50% of cases (3). Although DN is primarily considered to result in glomerular injury, currently, an increasing number of studies on diabetic renal injury are revealing that tubular injury plays a critical role in the development of DN (4–7). However, the mechanisms of tubular injury in DN have not yet been elucidated. In addition, the levels of markers of renal tubular injury detected in urinary tubules, such as those of neutrophil gelatinase-associated lipoprotein, kidney injury molecule 1, liver-type fatty acid binding protein, N-acetyl-β-glucosidase, and retinol-binding protein, may be increased in patients with diabetes prior to the appearance of microalbuminuria. This suggests that renal tubular injury plays an important role in DN (6, 7). Therefore, it is of great significance to clarify the pathogenesis of DN to design appropriate treatment strategies.

With the development of nephropathy research, many DN pathogenic mechanisms have been proposed. One hypothesis is that renal cells can maintain cell survival and renal integrity through basal autophagy, whereas in diabetic renal cells, disordered renal autophagy and increased oxidative stress levels are caused by the deregulated Akt/mTOR signaling pathway, leading to renal injury (8). In addition, some researchers believe that extracellular vesicles, especially exosomes and microvesicles, are involved in the pathological process of DN. Under high glucose stimulation, kidney cells abnormally secrete extracellular vesicles. These extracellular vesicles, which are rich in various proteins, lipids, and mRNAs, mediate communication between cells. For example, TGF-β1 mRNA is transported through extracellular vesicles. It activates TGF-β1/Smad3, Wnt/β-catenin, TGF-β1/PI3-Akt, and other signaling pathways in renal cells, which induce epithelial interstitial transformation, podocyte apoptosis, proximal tubular cell injury, and other renal lesions, ultimately inducing DN (9). In addition, accumulating evidence indicates that a large number of proinflammatory molecules and pathways are involved in the occurrence and development of DN, such as the transcription factor NF-κB, CCL2, CX3CL1, other chemokines, IL-1, IL-6, tumor necrosis factor, and other inflammatory cytokines. The discovery of these mediators of pathogenesis will contribute to the development of new treatments for DN from the perspective of anti-inflammation (10).

To elucidate the pathogenesis of DN and search for new biomarkers of diabetic renal tubular injury, a comprehensive bioinformatics analysis of transcriptional sequencing data from renal tubule DN samples was conducted (Figure 1). First, 13 genes with the highest correlation with DN were screened by differential expression, weighted gene co-expression network, and gene set enrichment analyses. Lasso regression and Kaplan–Meier survival analyses were used to identify potentially novel molecules. Combined with immune infiltration analysis, SERPINA3 was identified as a potentially valuable biomarker. Subsequently, the relationship between the expression levels of SERPINA3 in renal tubules and glomerular filtration rate (GFR) and serum creatinine level was studied based on the clinical information of patients with DN obtained from the Nephroseq database. Finally, based on the correlation between SERPINA3 expression and the activity of chymase secreted from mast cells, a theory relating to the pathogenesis of diabetic renal tubular injury was developed. This study identified the immune-related molecule SERPINA3 as a possible new marker of diabetic renal tubular injury.




Figure 1 | Workflow of the study.  *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, no significance.





Materials and methods


Data collection and differential gene expression analyses

Microarray series from the Gene Expression Omnibus (GEO) database were searched using the following keywords: diabetic nephropathy, tubule, and Homo sapiens. Three datasets (GSE30529, GSE47184, and GSE104954) were downloaded to select the required samples. Here, 12 DN and 10 normal control tubule samples from GSE30529, 18 DN and 6 tumor nephrectomy samples from GSE47184, and 17 DN and 5 tumor nephrectomy samples from GSE104954 were selected. Tumor nephrectomy samples were taken as normal controls. Summarized information of the analyzed data is provided in Table 1. Probe IDs were converted into the corresponding official gene names to annotate the expression matrices. For genes matching several probes, the probe with the maximum expression value was chosen. The three expression matrices were then merged into one. The batch effects were removed via the R package sva to obtain a merged expression matrix including 45 DN samples and 23 control samples. Principal component analysis, clustering, and heatmaps were used to visualize the merged matrix before and after batch effect removal.


Table 1 | Summary of diabetic nephropathy studies on kidney tubules and associated microarray datasets from the Gene Expression Omnibus database.



The Package limma (11) was applied to distinguish differentially expressed genes (DEGs) between DN and control samples with the criteria of |log2FC| > 1 and P value < 0.05. The packages pheatmap and EnhancedVolcano were used to visualize the DEGs.



Enrichment analyses for DEGs

The packages clusterProfiler (12) and org.Hs.eg.db (13) were applied to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses, and the packages DOSE (14) and meshes were used to perform Disease Ontology Semantic and Enrichment (DOSE) analysis and Medical Subject Heading (MeSH) enrichment analysis of DEGs. Results with a Q value of ≤ 0.05 were considered significant. The results were visualized in the form of a bar chart and dot plot using the packages ggplot2 (15) and enrichplot. The results of KEGG pathway enrichment analyses were categorized according to information from the KEGG pathway database (https://www.kegg.jp/kegg/pathway.html).



Gene set enrichment analysis (GSEA) and weighted gene correlation network analysis (WGCNA)

Using GSEA software (version 4.1.0), enrichment analyses were conducted on the merged expression matrix using c2.cp.kegg.v7.4. symbols.gmt was used as a reference gene set. Pathways with a false discovery rate (FDR) of < 0.25 and a normalized P value of < 0.05 after 1,000 permutations were considered statistically significant. The results were visualized using the R package ggplot2. Leading edge analysis and enrichment map visualization were conducted for enrichment analysis results obtained using GSEA software.

The R package WGCNA (16) was used to construct the modules. First, the genes with the top 25% expression variance were selected for WGCNA. Second, the samples were clustered to detect outliers. Third, a soft thresholding power of 10 was selected to construct the adjacency matrix, which was then transformed into a topological overlap matrix (TOM). Genes were categorized into multiple gene modules according to TOM-based dissimilarity. Modules were clustered to detect similar modules, which were merged into one using the R function mergeCloseModules. Correlations between the modules and clinical traits were calculated and visualized. Gene significance for DN, module membership (MM) in most DN-related modules, and the Pearson correlations between them were calculated. MM values in the upper quartile of all genes in the blue module were selected as module-important genes, and their functional annotation was investigated through KEGG pathway enrichment analyses.

Based on category information from the KEGG pathway database, the results of KEGG pathway enrichment analyses for DEGs, GSEA, and module-important genes were categorized and visualized in pie charts. Next, the intersection of the three KEGG pathway enrichment results was used to observe the common enrichment pathways and their characteristics.



Immune-related DEG (IRDEG) collection and hub gene selection

A list of 2,483 immune-related genes (IRGs) was downloaded from the ImmPort database. A total of 32 IRDEGs were identified by the intersection of IRGs and DEGs. dbPKD, a database for prognostic markers of kidney diseases, can assess the effect of user-provided genes on survival. IRDEGs were submitted to dbPKD to perform Kaplan–Meier survival analysis to assess their potential as prognostic markers. The logrank P value was < 0.05 and ROC-P statistical significance was set at P < 0.05. These genes were identified as potential prognostic genes. Key genes were selected from the IRDEGs by lasso regression analysis using the R package glmnet (17). Then, the intersection of lasso key genes with potential prognostic genes was obtained to identify hub genes.

To verify the relationship between hub gene expression and the clinical characteristics of DN, clinically relevant data were obtained from Nephroseq v5 (https://v5.nephroseq.org), and hub gene expression between patients with DN and healthy controls was analyzed. The differences between the two groups were calculated using the Wilcoxon test. Statistical significance was defined as a two-tailed P value of < 0.05.



Evaluation of immune cell infiltration

Single-sample GSEA (ssGSEA) was used to assess the extent of immune infiltration in the samples. The R package GSVA was used for analysis. TISIDB is an integrated repository portal for tumor–immune system interactions, and 28 characteristic gene sets of infiltrating immune cells were downloaded from here for ssGSEA. After standardization of the gene expression matrix, GSVA() was used for analysis. The parameters were set as follows: method = ‘ssGSEA, KCDF = ‘Gaussian, abs., and Ranking = TRUE. Then, Student’s t-test was conducted on the ssGSEA score of immune cells between the DN and control groups. Finally, the ssGSEA score was normalized to optimize the visualization.



Cells and patient tissues

The immortalized human kidney proximal tubular epithelial cell line HK-2 was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were incubated in a constant-temperature incubator at 37°C and 5% CO2. HK-2 cells were divided into two groups: normal glucose (NG) and high glucose (HG). All cells in the HG group were cultured in DMEM containing 30.0 mmol/L glucose and incubated for the corresponding time, whereas cells in the NG group were cultured in DMEM with 5.3 mmol/L glucose.

Samples from four patients with DN and four healthy individuals were donated by the Department of Nephrology, Guangdong Provincial People’s Hospital. Each sample included peritubular kidney tissue. Pathological and clinical follow-up data were collected for all cases after ethical approval from the ethical review committee. In addition, serum from 12 patients with DN and 83 healthy individuals as well as urine samples from 20 patients with DN and 44 healthy individuals were collected to measure the proteinuria and creatinine levels.



SERPINA3 expression levels in cells and blood and urine samples

TRIzol reagent (Invitrogen) was used to extract total RNA from cells, followed by reverse transcription of mRNA to cDNA. Power SYBR Green PCR Master Mix (Takara Biotechnology, Dalian, China) was used to perform qPCR on the cDNA. Finally, the 2–ΔΔCt method was used to evaluate the qPCR results. The GADPH gene was used as a control. The forward 5’-AGCTCCCTGAGGCAGAGTTG-3’ and reverse 5’-TCGTCAAGTGGGCTGTTAGG-3’primers were used for qPCR.

SERPINA3 expression levels in the urine and blood samples were measured using an ELISA kit (RayBio, USA) according to the manufacturer’s instructions. Blood serum and urine samples were obtained from healthy volunteers and patients and diluted 5,000 and 100 times, respectively.



Measurement of chymase activity and the degranulation level of mast cells

Immunohistochemistry was performed according to conventional procedures. Anti-SERPINA3 antibody (ab205198, Abcam, 1:2000) was used as the primary antibody, and goat anti-rabbit IgG was used as the secondary antibody to investigate SERPINA3 expression differences between patients with DN and healthy individuals. An anti-mast cell chymase antibody (ab186417, Abcam, 1:250) was used as the primary antibody, and goat anti-rabbit IgG was used as the secondary antibody to reveal the difference in chymase activity between patients with DN and healthy controls. Fluorescence colocalization staining was used to study the localization of chymase and SERPINA3, which were detected using the anti-SERPINA3 antibody (ab205198, Abcam, 1:2000) and anti-mast cell chymase antibody (ab186417, Abcam, 1:250), respectively. Images were collected with a confocal microscope (LeicaSP5-FCS, Wetzlar, Germany), and colocalization correlation analysis was performed using ImageJ software with the plugin Coloc 2 (18).

To detect the density of mast cells and the level of degranulation in the renal tubular tissues of patients with DN, tubule tissue sections were stained with toluidine blue (Servicebio, G1032). Ten non-overlapping regions were randomly selected for each section and analyzed by two observers. The total number of positive and granulated mast cells stained with toluidine blue was calculated.



Statistical analysis

All data are expressed as mean ± SEM. Statistical analyses were performed using GraphPad Prism, version 8 (GraphPad Software, San Diego, CA, USA). Significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Results


Identification and enrichment analysis of DEGs

Three datasets, GSE30529, GSE47184, and GSE104954, were batch normalized and merged. Unnormalized and normalized data were visualized (Supplementary Figure S1). A total of 113 DEGs were screened, including 86 upregulated and 27 downregulated DEGs, as shown in the volcano plot and heatmap (Figures 2A, B). GO, KEGG, DOSE, and MeSH enrichment analyses were performed to identify the biological processes and pathways related to DEGs. GO enrichment analysis showed that several biological processes (BP) related to neutrophil function were enriched, including neutrophil activation, neutrophil-mediated immunity, and neutrophil degranulation. The products of DEGs were associated with cellular components (CC), including cytoplasmic vesicles that can be transported to the extracellular matrix. Enzyme inhibitor activity was repeatedly enriched according to the molecular function (MF) terms (Figure 2C). KEGG pathway analysis showed that the DEGs were related to immune diseases and the immune system (Figure 2D). As for DOSE enrichment, the results showed that urinary system diseases were enriched, such as urinary system cancer, kidney disease, and kidney cancer (Figure 2E). Fibrosis was particularly enriched in terms of MeSH enrichment (Figure 2F).




Figure 2 | Differential expression and enrichment analyses results. (A) Volcano plot of DEGs. (B) Heatmap of the top 30 genes with the highest expression differences. (C) Barplot of GO enrichment analysis. Results were categorized into biological process (BP), cellular component (CC), and molecular function (MF). (D) Barplot of KEGG pathway enrichment analysis. The results were classified according to category information from the KEGG pathway database. (E) Barplot of DOSE enrichment analysis. (F) Dotplot of MeSH enrichment analysis. DEG, Differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DOSE, Disease Ontology Semantic and Enrichment; MeSH, Medical Subject Headings.





KEGG analysis, GSEA, and WGCNA showed enrichment in immune-related pathways

Among the 153 genes, 95 upregulated gene sets were significantly enriched in the DN group, 30 of which met the criteria of normalized P values < 0.05 and FDR < 0.25. Overall, 58 upregulated genes were significantly enriched in the control group, 22 of which met the criteria described above. Six pathways with the highest normalized enrichment scores in the DN and control groups were visualized (Figures 3A-C). Leading edge analysis showed that several pathways related to immune diseases were closely correlated with one another, such as type I diabetes mellitus, graft versus host disease, autoimmune thyroid disease, and allograft rejection. Heatmaps and enrichment maps were visualized (Figures 3D, E).




Figure 3 | Gene set enrichment analyses. (A) The six pathways with the highest normalized enrichment scores (NES) in DN and control groups. (B, C) Visualization of the six pathways with the highest NES in the DN and control groups. (D) Heatmap and (E) enrichment of the results of leading edge analysis.



To establish a gene regulatory network, power = 9 was selected for the soft threshold so that the scale-free network evaluation coefficient could reach 0.85 (Figure 4A). Then, a total of seven gene modules were obtained from the co-expression network (unpublished data) (Figure 4B). Five identical modules were retained when the dynamic pruning method was used (Figure 4C). Coefficients and the corresponding statistical significance between module eigengenes and clinical traits were calculated and visualized (Figure 4D). The blue module was most negatively related to the logarithmic GFR (Log2GFR) and positively related to the DN trait. Besides, it is known that GFR is the main marker of DN, which is negatively related to the progression of DN. In conclusion, the blue module was highly related to DN progression, with a correlation coefficient of 0.7 and P value of 7.4e-127 (Figure 4E). KEGG pathway enrichment analysis of module-important genes showed that the blue module was related to phagosomes, Staphylococcus aureus infection, and leishmaniasis (Figure 4F).




Figure 4 | Weighted gene correlation network analysis. (A) Clustering of modules. (B) Clustering dendrogram of genes with dissimilarity based on topological overlap matrix. (C) Heatmap of the correlation between modules and clinical traits. Each row represents a module, and each column represents a trait. (D) Each cell contains the corresponding correlation and P value. Age, Log2GFR, and DN refer to age, logarithmic glomerular filtration rate, and traits of patients with DN. (E) Scatter plot of genes in the blue module. The horizonal axis represents module membership (MM). The vertical axis represents the importance of genes for DN. Pearson correlation coefficients of MM and gene significance and the P value are listed at the top of the plot. (F) KEGG pathway enrichment analysis of genes in the top 25% of MM.



The pathways obtained from the three enrichment analysis methods were categorized based on their functional relevance (Figure 5). Terms relating to immune disease and the immune system accounted for a large proportion: 40.7% in DEGs (Figure 5A), 32.7% in GSEA (Figure 5B), and 43.2% in module-important genes (Figure 5C). Furthermore, a Venn diagram for pathways enriched according to KEGG analysis, GSEA, and WGCNA was constructed to identify 13 identical pathway items (Figure 5D), which are listed in Table 2. More than half of the cases were related to the immune system.




Figure 5 | Categorization and intersection of pathway enrichment analysis. Pie charts of categorization of pathway enrichment analysis based on the results of (A) KEGG, (B) GSEA, and (C) WGCNA. (D) Venn diagram of pathways based on the three enrichment analysis methods: KEGG, GSEA, and WGCNA.




Table 2 | Summary of 13 identical KEGG pathways from the intersection of the results of DEA, GSEA, and WGCNA.





Immune-related hub gene selection and immune infiltration analyses

As mentioned above, changes in the immune system are strongly related to the occurrence and development of DN. To further elucidate the pathogenesis of DN at the molecular and cellular levels, 32 IRDEGs were identified by the intersection of 113 DEGs in DN and 2,483 IRGs downloaded from the ImmPort database. Then, 32 IRDEGs were submitted to dbPKD to perform Kaplan–Meier survival analysis from clinical data. Eight IRDEGs met the statistical requirements as potential prognostic markers (Figure 6A). Furthermore, 12 genes from the same 32 IRDEGs were selected as key variables in the process of constructing the lasso regression model (Figure 6B). Five identical IRDEGs were identified by taking the intersection. These genes not only acted as statistically significant IRDEGs but also functioned as lasso model variables (Figure 6C).




Figure 6 | Hub gene selection and landscape of immune cell infiltration in DN. (A) Statistical indexes of Kaplan–Meier analysis for eight IRDEGs screened through dbPKD. Logrank-P value < 0.05 and ROC-P value < 0.05 were considered statistically significant. (B) Lasso regression analysis. The expression levels of 32 IRDEGs were used as input values for lasso selection. The final lasso regression model retained 12 IRDEGs. (C) Results of survival analysis and lasso regression screening were intersected to obtain five immune-related differentially expressed genes. (D) Heatmap of 22 subpopulations of immune cells between DN and normal kidney tubular tissue. (E) Difference in the estimated immune cell infiltration level between patients with DN and healthy controls. (F) Comparison of the estimated mast cell infiltration level between patients with DN and healthy controls. P value < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns, not statistically significant.



ssGSEA was performed to assess the extent of immune infiltration in the samples (Figure 6D). Here, the focus was on the role of innate immune cells in DN, and 10 cell types from 28 immune cells were selected: monocytes, macrophages, mast cells, neutrophils, eosinophils, natural killer cells, natural killer T cells, activated dendritic cells, immature dendritic cells, and plasmacytoid dendritic cells. The ssGSEA scores of the 10 cell types in the DN group were compared with those in the control group, as shown in Figure 6E. Except for monocytes, macrophages, and natural killer T cells, there were significant differences in the infiltration levels of the seven other types of cells in DN. Among the five identical IRDEGs obtained from the screening above, differential expression of SERPINA3 was the most significant, which was considered a potentially valuable molecule for further analysis. More importantly, when reviewing the function of IRDEGs on the online database Uniprot, it was found that the expression product of SERPINA3, alpha-1-antichymotrypsin, inhibits mast cell chymase, while other hub genes did not relate to immune cells with altered levels of infiltration functionally. Therefore, mast cells in the DN group were selected as potential associated immune cells. The statistical significance analysis of the difference in mast cells between the DN and control groups is shown in Figure 6F.



High expression of SERPINA3 in the kidney tubules of patients with DN

Next, bioinformatic analyses results were validated with experiments. Kaplan–Meier analysis showed that high SERPINA3 expression was also significantly correlated with poor overall survival in patients with DN (Figure 7A). The GFR and serum creatinine levels are markers of DN progression. The former was negatively correlated with DN, whereas the latter was positively correlated with DN in clinical diagnosis. Pearson correlation analysis showed that SERPINA3 expression was negatively correlated with Log2GFR (Figure 7B) and positively correlated with serum creatinine levels (Figure 7C), which suggested that SERPINA3 was highly related to DN.




Figure 7 | Validation of the relationship between SERPINA3 and DN. (A) Kaplan–Meier curve of SERPINA3 provided by dbPKD and the corresponding ROC curve. (B) Correlation between the SERPINA3 expression level and Log2GFR (GFR, glomerular filtration rate). (C) Correlation between median centered log2 (SERPINA3 expression value) and serum creatinine levels. Both GFR and serum creatinine level data were obtained from the database Nephroseq. (D) Comparison of the concentration of SERPINA3 proteins in serum samples between patients with DN and healthy controls. (E) Comparison of the concentration of SERPINA3 proteins in urine samples between patients with DN and healthy controls. (F) Correlation between the SERPINA3 protein concentration and urinary protein/creatinine levels. (G) The relative mRNA expression level of SERPINA3 in the HK-2 cells treated/untreated with high glucose levels was measured using qPCR. (H) SERPINA3 immunohistochemical staining in kidney tubular sections from patients with DN and healthy controls. Scale bars = 25 µm. (I) Semi-quantitative analyses of the immunohistochemically stained SERPINA3-positive tubule area. **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, no significance.



To examine SERPINA3 protein levels in the blood and urine, clinical samples from patients with DN were collected and tested. The expression levels of SERPINA3 in the blood of the patients with DN were not significantly different from those in the blood of healthy controls (Figure 7D). However, SERPINA3 expression levels in urine samples from patients with DN were significantly higher than those in urine samples from healthy controls (Figure 7E), and the expression level of SERPINA3 in urine was positively correlated with urinary protein/creatinine levels (Figure 7F).

The expression of SERPINA3 in human kidney tubular cell lines and kidney tubular tissues was examined using RT-PCR and immunohistochemical staining. RT-PCR results showed that the relative SERPINA3 mRNA expression levels in proximal tubular epithelial cells (HK-2 cells) stimulated with high glucose to mimic diabetes in vitro were significantly higher than those in the normal control group (Figure 7G). SERPINA3 expression was further investigated in pathological tissues using immunohistochemical staining. The results indicated that the expression of SERPINA3 in kidney tubular tissues was substantially higher in patients with DN than in healthy controls (Figure 7H), and the difference was statistically significant based on semi-quantitative analysis of the SERPINA3 positive tubule area (Figure 7I). These results verified that SERPINA3 was significantly differentially expressed in the renal tubules of patients at the cellular, tissue, and clinical levels. The correlation between SERPINA3 and DN progression showed that SERPINA3 has the potential to serve as a biomarker of DN. DN progression can be determined by the expression level of SERPINA3 in urine.



Validation of the correlation of mast cells and chymase with DN

Immunohistochemistry analyses were used to investigate the distribution and differences in chymase levels in the DN and normal groups. The level and area of activated chymase were significantly higher in the DN group than in the control group (Figures 8A, B). Toluidine blue staining was performed to analyze the distribution, number, and level of mast cell degranulation in the kidney tubular tissues. In patients with DN, mast cells were diffusely distributed in the renal interstitium, especially around the renal tubules and glomeruli (Figure 8C). The number and density of mast cells were increased in patients with DN compared to healthy controls, with a density of 5.0 (1.9~7.2) mast cells/mm2 in healthy controls and 8.2 (5.1~11.8) mast cells/mm2 in patients with DN (Figure 8D). Mast cell degranulation was clearly observed in toluidine blue-stained sections, with 16.99% of mast cells in healthy controls showing degranulation, whereas the level of mast cell degranulation was significantly increased in patients with DN, reaching 58.58% (Figure 8E). Immunofluorescence analysis confirmed that chymase-positive cells were mostly concentrated in the renal peritubular region and showed high fluorescence intensity in DN samples. In contrast, SERPINA3 was localized in the extracellular zone in the renal tubular region as a secreted protein and diffused around the tubular tissue. The obtained images suggested that the SERPINA3-positive region covered the chymase-positive region. These results indicated that SERPINA3 may play a role in blocking mast cell chymase activity (Figure 8F).




Figure 8 | Correlation between SERPINA3 expression levels and chymase activity in mast cells. (A) Images of immunohistochemical staining for chymase activity in kidney tubular tissue samples from patients with DN and healthy controls. Scale bars = 100 µm. (B) Semi-quantitative analyses of the chymase activity area. (C) Observation of mast cell degranulation in the renal tubular tissue of patients with DN and healthy controls by toluidine blue staining. Red circles indicate cells in a degranulated state, while blue circles indicate cells in a resting state. Scale bars = 250 µm (images above) and scale bars = 50 µm (images below). Microscopes were used at magnifications of 100× and 500×, respectively. (D) Histogram of the number of activated and resting mast cells in the DN and control groups. (E) Proportion of mast cell degranulation observed in patients with DN and healthy controls determined by toluidine blue staining. Data shown are the mean ± SEM (n = 4). (F) Colocalization of SERPINA3 (green) and chymase (red) in tubule tissue. *P < 0.05 and ****P < 0.0001.






Discussion

DN is a serious disease in clinical practice, but its pathogenesis has not yet been fully elucidated. Previously, we discovered that PPBP is a novel DN biomarker of podocyte injury (19). Moreover, we found that tubular injury plays an important role in DN. Therefore, in the present study, we aimed to identify early markers of tubular injury in DN by performing comprehensive bioinformatics analysis. First, three methods, differential expression analysis, GSEA, and WGCNA, were used to describe the characteristics of DN. The results were surprisingly consistent, indicating that DN is highly related to the immune system, which prompted us to screen for IRDEGs and perform immune infiltration analysis. SERPINA3 was identified as a potential target gene by screening IRDEGs and combining clinical data and machine learning methods. To date, the physiological function of SERPINA3 is unclear, and only a few reports have shown that it can inhibit the chymase activity of mast cells, which convert angiotensin-1 to active angiotensin-2. In contrast, immune infiltration analysis showed that the proportions of different states of mast cells were significantly related to the state of patients with DN. Therefore, we inferred a correlation between SERPINA3 and chymase secreted from mast cells, which jointly regulate the progression of diabetic renal tubular injury.

As a member of the serine protease inhibitor (SERPIN) family, SERPINA3 plays an important role in regulating cellular processes, such as angiogenesis, apoptosis, fibrosis, oxidative stress, and inflammatory response (20). Our RT-PCR results showed that SERPINA3 is highly expressed in HK-2 cells treated with high levels of glucose in vitro. However, the physiological and pathological roles of SERPINA3 in the kidneys are not yet understood. SERPINA1 and SERPINA3 have been reported to co-localize with lysozyme in proximal renal tubular cells, especially in patients with immunonephropathy (21). In addition, SERPINA3 has been found in renal tumor cells, such as nephroblastoma, renal carcinoma, and congenital mesodermal nephroma cells (22). During the transition from acute kidney injury to chronic kidney disease, proteinuria and renal fibrosis progressively increased in rats. SERPINA3 was shown to be transferred from the cytoplasm to the tubular apical membrane, causing abnormal levels of SERPINA3 in urine, suggesting that SERPINA3 may serve as a potential biomarker of early detection of AKI to CKD transition (23). Within the serine protease inhibitor family, SERPINB2, SERPINA1, and SERPINA4 have also received widespread attention. The SERPINB2 gene encoding the protein plasminogen activator inhibitor 2 is associated with the delayed development of DN and chronic kidney disease. It can enhance the expression of the chemokine CCL2 in renal tubular cells and plays a role in kidney aging, injury, and repair by activating macrophage phagocytosis and inhibiting macrophage migration (24, 25). The SERPINA1 gene, which encodes the protein α1-antitrypsin, can improve renal function, reduce renal tubular necrosis and macrophage infiltration in the abdominal cavity after bilateral renal ischemia/reperfusion in mice, and plays a protective role in the kidneys (26). SERPINA4 in the db/db DN mouse model can mediate the inflammatory response and oxidative stress, and reduce angiogenesis in the kidneys and the degree of tubule injury and fibrosis (27).

Chymase secreted by mast cells is involved in vasoactive peptide generation, extracellular matrix degradation, and glandular secretion regulation (28, 29). Chymase is associated with diabetic renal tubular injury. Chymase was found to activate TGF-β in cultured fibroblasts, thereby inducing renal fibrosis and leading to DN. In db/db mice, chymase upregulated renal angiotensin II (AngII) generation, and this is known as the chymase-dependent AngII-generating system. The upregulated chymase-dependent AngII-generating system in human diabetic kidneys increases the urinary albumin excretion rate, which is an important indicator of DN development, suggesting that chymase may be related to DN development (30). Further studies have shown that the chymase-dependent AngII-generating system upregulates NOX4-dependent oxidative stress to induce podocyte damage. Podocyte damage is relieved in db/db mice when podocytes are treated with a chymase inhibitor. These results suggest that podocyte injury in the glomerulus is caused by a chymase-dependent AngII-generating system (28). Regarding the regulation of chymase activity, SERPINA3 can inhibit several serine proteases secreted from neutrophils and mast cells, including chymase (31). Through enzymatic reactions, chymase can activate stem cell factors. Activated stem cell factors can stimulate mast cell development and proliferation, resulting in an increased number of mast cells (28).

Mast cells are granulocytes rich in secretory granules that contain a variety of inflammatory mediators, including inflammatory cytokines, endothelin, growth factors, and proteolytic enzymes (32). Mast cells in the human body can be classified into two subtypes, MCT and MCTC, depending on whether they produce tryptase only, or both tryptase and chymase (33). Monoclonal antibodies against tryptase can be used to identify mast cells in tissues. Antibodies against chymase are often used to recognize mast cells by immunohistochemistry (34). In the pathological examination of DN, mast cells are widely distributed in the interstitial tissue, especially in the area around the renal tubules, blood vessels, and glomerulus, and partially infiltrate the atrophic tubular walls. With the progression of DN, the density and degranulation level of mast cells increase significantly, indicating that these increases are significantly correlated with renal tubular interstitial injury (33). In a rat model of type I DN, mast cells were observed in the kidneys of DN rats, and both the number and degranulation levels of the mast cells were significantly higher than those in the normal group. When the anti-fibrosis compound Trinistra was used to inhibit mesenteric vascular fibrosis, the number of mast cells of the MCTC subtype decreased, while the number of mast cells of the MCT subtype did not change (32). This suggests that mast cells, especially the MCTC subtype, are closely associated with DN development.

In summary, we hypothesized that SERPINA3, a protective molecule that prevents renal tubular injury in patients with DN, could inhibit mast cell proliferation and activation by downregulating chymase activity (Figure 9). To examine our hypothesis, several experiments involving SERPINA3, chymase, and mast cells were performed. High expression of chymase was found in the DN group via immunohistochemical analyses. In addition, the number and degranulation level of mast cells were significantly increased in the DN group, which validated the results of the immune infiltration analyses. As for the expression of SERPINA3, RT-PCR and immunohistochemistry analyses revealed that a high level of SERPINA3 was accompanied by diabetic renal tubular injury in vitro. The increasing number and degranulation level of mast cells partially account for the kidney injury. Overexpressed chymase, which marks activated mast cells, can attack kidney cells and deteriorate diabetic renal tubular injury. In summary, we inferred that in order to protect themselves from chymase, kidney cells upregulate the expression of SERPINA3, which weakens the harmful effect of chymase on kidney cells by inhibiting chymase activity (Figure 9).




Figure 9 | Protective mechanism of SERPINA3 in kidney tubules in response to damage by chymase.
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Insufficient bone matrix formation caused by diabetic chronic inflammation can result in bone nonunion, which is perceived as a worldwide epidemic, with a substantial socioeconomic and public health burden. Macrophages in microenvironment orchestrate the inflammation and launch the process of bone remodeling and repair, but aberrant activation of macrophages can drive drastic inflammatory responses during diabetic bone regeneration. In diabetes mellitus, the proliferation of resident macrophages in bone microenvironment is limited, while enhanced myeloid differentiation of hematopoietic stem cells (HSCs) leads to increased and constant monocyte recruitment and thus macrophages shift toward the classic pro-inflammatory phenotype, which leads to the deficiency of bone regeneration. In this review, we systematically summarized the anomalous origin of macrophages under diabetic conditions. Moreover, we evaluated the deficit of pro-regeneration macrophages in the diabetic inflammatory microenvironment. Finally, we further discussed the latest developments on strategies based on targeting macrophages to promote diabetic bone regeneration. Briefly, this review aimed to provide a basis for modulating the biological functions of macrophages to accelerate bone regeneration and rescue diabetic fracture healing in the future.
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1 Introduction

According to the World Health Organization (WHO), more than 422 million people are currently suffering from diabetes mellitus (DM), of whom 90% to 95% have type 2 DM (T2DM) (1–3). Among sits complications, the disruption of normal skeletal system is documented as the most common complication of  T2DM (1–3). The healing times of fractures in DM patients have extended by 87% more commonly, and the risk of fracture-related complications have magnified 2.2-6.4 fold higher (3–5). Recently, bone regeneration in DM patients has attracted more attention as aging population is growing with increasing cases of metabolic diseases. The impairment of glucose and insulin metabolism results in an imbalance between osteoclastogenesis and osteogenesis fracture-related complications have magnified 2.2-6.4 fold higher (6). The accumulation of advanced glycation end products (AGEs) and the amplification cascade of reactive oxygen species (ROS) signaling promote collagen cross-linking and the generation of activated osteoclasts (7). Furthermore, the alterations caused by DM in skeletal muscle and vasculature can also affect bone regeneration. These direct or indirect effects could hinder bone metabolism and remodeling under DM conditions, leading to bone regeneration deficiency and non-healing of bone wounds (8–12). Unfortunately, the existing bone repair strategies are mostly focused on the healthy individuals, which may not be applicable to DM patients. Undoubtedly, there is an urgent need to explore novel strategies to improve bone regeneration and rescue diabetic fracture healing.

Macrophages can be found in a wide range of tissues, such as bone tissues, where they assist in maintaining homeostasis from embryonic development till adults (13, 14). Activated macrophages are generally divided into two major differentiation phenotypes, classically activated macrophages (M1-like macrophages) and alternatively activated macrophages (M2-like macrophages). M1-like macrophages play a role in pro-inflammatory response, while M2-like macrophages are mainly involved in anti-inflammatory response and tissue regeneration. Macrophages present different phenotypes and functions through their polarization in response to the changes in the microenvironment (15). Macrophages in the defect microenvironment of damage sites can precisely control immune response and osteogenesis at all stages of bone regeneration, whether the early inflammatory stage or the later repair stage (16, 17). The osteoblast function is susceptible to bone resident macrophages, as evidenced by targeted macrophage depletion which results in a reduction of osteoblastic bone formation (13, 18). The alteration of bone marrow (BM) niche in the diabetic microenvironment disrupts macrophage metabolism and functional plasticity, which prevents the macrophages switching to the pro-repair M2 like macrophages (19–22). Therefore, it is believed that strategies targeting the macrophages may help promote diabetic bone regeneration.

In this review, we elaborated the origin and function of macrophages, and the mechanism of how niche macrophages affect osteogenesis under DM conditions. Focusing on the loss of pro-regeneration of macrophages in diabetic inflammatory microenvironment, we summarized the latest developments in the strategies targeting macrophages to promote diabetic bone regeneration. This review aims to provide a basis for modulating macrophage function and behavior to improve bone regeneration and rescue diabetic fracture healing in the future.



2 The origin of macrophages is dependent on the environmental niches

Differences in the environmental niches within or between tissues endow macrophage subsets with the ability to coexist with unique homeostasis in different tissues (23). The heterogeneity in different tissues determines different origins of macrophages in the ecological niche.

Macrophages in brain and epidermis have the ability to renew themselves throughout life, independent of monocytes (24). Macrophages in liver, dermis, and intestine, show particular origin patterns during different developmental stages (25). For example, macrophages seeded in the intestinal mucosa from embryonic precursors show extensive proliferation in situ during the neonatal period, but it is almost entirely dependent on the continued replenishment of circulating monocytes in adult mice (26). In embryonic and postnatal arteries, macrophages are generated from CX3CR1+ precursors and BM-derived monocytes, respectively. In adulthood, the functional homeostasis of macrophages in artery is maintained by cell proliferation via the CX3CL1/CX3CR1 axis, rather than the recruitment of monocytes (27). Together, these findings provide a clue for the niche of macrophages in bone. The specificity of bone environmental niche and the accessibility of local niches during bone regeneration (steady-state/unsteady-state) may serve as a pivotal driver for the source of bone macrophages.


2.1 The origins and types of macrophages in physiological bone tissues

During the stage of embryonic hematopoiesis, HSCs move into bone to form bone tissue-resident macrophages (TRMs). TRMs in bone can proliferate modestly and the balance between osteoblast and osteoclast. The population of bone TRMs is mainly maintained by cell proliferation during adulthood, instead of recruiting monocytes (28, 29). Importantly, bone TRMs can promote angiogenesis and matrix mineralization, which is driven by bone-specific niches under the regulation of autocrine/paracrine factors, to maintain bone homeostasis (30).

Based on their own specific functions, TRMs in bone and BM can be divided into HSCs-niche macrophages, erythroblastic island macrophages, osteal macrophages (31). Especially, HSCs-niche macrophages can sense the niche signals and adjust their states accordingly, including quiescence, differentiation, self-renewal and movement (32). CXCL12 signal in the niche binds to CXCR4 on the cell membrane of HSCs-niche macrophages (33) and then maintain the quiescence of HSCs under steady state (34). Rather, granulocyte colony stimulating factor (G-CSF) signaling can promote HSCs mobilization and reduce HSCs-niche retention (35). Granulocyte-colony stimulating factor receptor (G-CSFR) bound with G-CSF in HSCs-niche macrophages and induce macrophage polarization to the M2-like subtype (36).

Osteoclasts is a classic representative of bone TRMs, which exists at all stages of bone healing (37). As a subpopulation of bone-BM tissue macrophages, embryonic erythroid progenitor (EMPs)-derived osteoclast precursors are generated separately from the HSCs lineage, and osteoclasts from EMP and HSC lineages may have the potential for cell-cell fusion (38). Osteoclasts derived from EMPs play important roles in skeletal development and tooth eruption, whereas HSCs-derived osteoclasts primarily maintain postnatal bone mass (39). Osteal macrophages derived from the hematopoietic niche, are mainly distributed in the periosteal cambium and endosteum (18). Osteal macrophages play significant roles in initiating bone healing cascades in vivo (37). Osteal macrophages do not express tartrate-resistant acid phosphatase, and there is a clear difference in CD169 expression that can be used to distinguish them from osteoclasts (40). In the absence of osteal macrophages, the osteoblastic niche was disrupted and HSCs were mobilized into the blood (41).



2.2 The origins of macrophages in the inflammatory microenvironment

The HSCs can be activated under inflammatory conditions. Expanded HSCs have the capacity to rapidly modulate responses to inflammatory stimuli via the paracrine pathway (34), in which myeloid differentiation is enhanced and more monocytes are recruited (42). In the inflammatory response along with TRMs depletion, recruited monocytes can develop as macrophages and fill the empty niche left by depleted macrophages (43). Conversely, infiltrating monocytes cannot be obviously observed in inflammation without depleting TRMs, such as lipopolysaccharide (LPS)-induced peritonitis (44).

In the inflammatory microenvironment, TRMs can usually be repenished by the new macrophages differentiated from monocytes or proliferated by remaining TRMs, and then repopulate the macrophage niches (45). In traumatic inflammatory bone regeneration microenvironment, this replenishment mechanism acts as the first response of bone TRMs. After being activated, some TRMs may undergo apoptosis, leaving the empty niches available for pro-inflammatory macrophages derived from monocytes (46). Monocyte-derived macrophages secrete pro-inflammatory chemokines at the fracture sites, which contribute to microbial clearance and the amplification of local inflammatory responses, synergizing with self-proliferation of remaining TRMs to maintain bone homeostasis to promote osteogenesis and bone healing (47). In summary, the availability of niches is important for macrophages participating in bone remodeling and maintaining bone homeostasis during inflammation.



2.3 The origins of bone TRMs tends to be from monocytes in the diabetic microenvironment

Diabetic microenvironment (niche) is an imbalanced inflammatory microenvironment, which can interfere the physiological processes of hematopoietic stem and progenitor cells (HSPCs) and their progeny. Multiple cellular types and several inflammatory factors can show different degrees of change in diabetic BM (48).

In the diabetic niche, the number of osteoblasts is significantly reduced (49). Nestin-positive perivascular cells have also been impaired. In addition, endothelial cells (ECs) show increased oxidative stress and permeability, and reduced migratory in the diabetic niche. Together, these changes result in the deficiency of HSPCs mobilization. Beyond the changes of cellular components in the diabetic BM, intra-marrow sympathetic nerve fibers may be sparser (50). Diabetic BM displays much more pro-inflammatory cytokines, such as tumor necrosis factors-α (TNF-α), IL-1β, G-CSF and IL-3. Besides, it is reported that insulin-like growth factor 1 (IGF-1), insulin-like growth factor-binding protein 5 (IGF-5), osteoprotegerin (OPG), and vascular endothelial growth factor (VEGF), are downregulated in the diabetic BM, which impair the repopulation of HSPCs and the proliferation of ECs in BM (51). Hyperglycemia has influence on the expression of microRNAs, such as the downregulation of miR-155, regulating the homeostasis, expansion, and differentiation of stem cells (52).

Diabetes mellitus leads to the dysregulation of the entire myeloid cell lineage from progenitors to terminally differentiated cells, exhibiting the myeloid bias (53). This myeloid bias or epigenetic modification could promote more monocytes to differentiate into macrophages (54, 55). Indeed, HSPCs can also be preprogrammed to myeloid lineage by hyperglycemia in vitro. Myeloid progenitors from diabetic mice are more likely to differentiate into monocytes than those from the non-diabetic wild type mice (56).

With continued exposure to the diabetic microenvironment, bone TRMs is prematurely activated (57, 58). In DM patients, dysfunctional HSPCs could induce the monocytes to mature into macrophages and acquire a prolonged pro- inflammatory phenotype, occupying the limited niche (59). The proportion of infiltrating monocyte-derived macrophages is increased, while the regenerative capacity of bone tissue resident macrophages is limited, resulting in an imbalance of niche macrophages during bone regeneration (60). Ly6Chi monocytes in the blood of transplanted donors were labeled with EdU and found that blood glucose did not affect the migration of monocyte-derived macrophages from the lesions, and the reduction of EdU+ cells in the normal and diabetic groups was similar (51). The increased numbers of Ly6Chi monocytes and circulating neutrophils are associated with common myeloid progenitors (CMPs) and granulocyte-macrophage progenitors (GMPs). Neutrophils are the predominant source of S100A8 and S100A9, and they are damage-associated molecular pattern proteins. The expression of both S100A8 and S100A9 is obviously increased in diabetic BM. Binding of S100A8/A9 to receptor for advanced glycation end products (RAGE), which is highly expressed on CMP, induces the secretion of inflammatory cytokines and the proliferation and expansion of GMP, resulting in enhanced myelopoiesis (54, 56). Together, we speculate that the source changes of macrophages in the diabetic microenvironment may be the vital cause of the persistent inflammation and damaged non-union in the process of bone regeneration (Figure 1).




Figure 1 | The niche of macrophages in bone tissues. HSC-derived macrophages form the tissue-resident macrophages and remain quiescent. The macrophages in the physiological bone niche are mostly inactive TRMs, maintaining homeostasis through moderate self-proliferation. HSCs could be activated by the stimulation of inflammation and the myeloid differentiation will enhance, allowing monocytes to circulate into bone tissue. The niche of resident macrophages can also be selectively activated according to the degree of inflammation, while monocyte-derived pro-inflammatory macrophages occupy available niches to maintain homeostasis. In diabetes, more available niche are occupied by pro-inflammatory macrophages, making the bone regeneration micro environment maintaining in a long-term pro-inflammatory state.






3 The main roles of macrophages in bone regeneration

Affected by specific extracellular signals in the local bone regeneration microenvironment, the gene expression programs in niche macrophages are regulated by lineage-specific differentiation or specific gene expression programs, and surface marker expressions appears different, which reflect great the plasticity of macrophages (61, 62). The chromatin landscape of tissue resident macrophages in heterogeneous, leading to higher tolerance to acute inflammation, which could assist the bone homeostasis and promote the repairment (60, 63, 64). Whereas macrophages from infiltrating monocytes are more inflammatory, which mainly respond to pathological signals and participate in the innate and adaptive immune responses (65).


3.1 Phenotypic and functional changes of macrophages during bone healing

Macrophages work as critical cells both in physiological and pathological processes, and if they are depleted, intramembranous and endochondral osteogenesis could be significantly affected (66, 67). Macrophages with sufficient plasticity integrate multiple signals from the regenerative environment of bone tissue, and generate corresponding phenotypes and functions too adapt to niche changes (22, 68–71). In bone tissue under physiological condition, the expressions levels of CD86, CD206, macrophage colony stimulating factor (MCSF), stromal-derived factor-1(SDF-1) and CD166 in resident macrophages-osteomacs are substantially higher than those in bone marrow-derived macrophages (BMDMs). There are also significant differences in functions such as proliferation, osteoclastogenesis and phagocytosis (72). CSF-1 and IL-34 could provide essential trophic factors for survival of niche macrophages (73).

Following the repair process of bone regeneration, macrophages are polarized according to the level of extracellular factors (74). This polarization is reversible, and the change of the ecological niche makes macrophages highly dynamic, which show a diversity of responses in different stages. The accessibility and availability of niches undoubtedly determine the functional transformation of macrophages. In the early stage of bone regeneration, macrophages act as “scavengers” to remove microorganisms such as infectious substances and bacteria. At the same time, inflammatory factors such as TNF-α, IL-1β and IL-6 in the microenvironment can activate the infiltrating monocytes to differentiate into pro-inflammatory macrophages. Time and duration of inflammation significantly affect the composition of the niche and the outcome of the subsequent bone regeneration (75). In the primary callus stage, bone resident macrophages indirectly regulate the matrix microenvironment through paracrine cytokines to complete the recruitment of stem cells and their transformation to osteogenic lineage cells. The macrophages derived from monocytes gradually differentiate and mature according to the local microenvironment. Macrophages can switch between M1-like macrophages and M2-like macrophages. During bone remodeling, the secretion of pro-inflammatory factors decreases, and IL-4, IL-10, etc. can inhibit the formation of osteoclasts by inhibiting nuclear factor of activated T cells c1(NFATC1) (76, 77). The balance of the M1/M2-like macrophage niche contributes to the pro-osteogenic effect in the later stage of the repair process, which ultimately determines the quality and structure of bone.



3.2 Diabetes severely affects macrophage function during bone regeneration

The metabolic disturbance in diabetes coincides with changes in the number and phenotype of tissue macrophages. The metabolism of macrophages involved in bone healing is affected, both in type 1 DM (T1DM) and T2DM (78, 79). Enhanced glucose uptake and conversion to glycolysis are key features of M1-like macrophages, whereas M2-like macrophages are mainly using fatty acid oxidation and oxidative phosphorylation. Not only involved in classical inflammatory macrophage activation, glucose metabolism is also needed for alternative activation. Inhibition of glycolysis, such as 2-deoxyglucose (2-DG) can attenuate early M2 marker responses to IL-4 by decreasing oxidative phosphorylation (OxPhos) (80, 81).


3.2.1 Delayed, prolonged inflammatory response

Loss of mobilization of HSPCs in diabetic BM may contribute to the insufficient and persistence inflammatory reactions (82). The deficiency of HSPCs in diabetic BM is referred to as “diabetic stem cell mobilopathy” (83). As the classical signals affecting the function and mobilization of HSPCs, excessive CXCL12 in the diabetic niche can enhance the adhesion of HSPCs to the matrix (84)and remain in their niche, unable to mobilize from the BM into peripheral blood(PB) (85). Clinical studies of BM transplantation further suggest that diabetes impairs the mobilization of HSPCs induced by G-CSF under the imbalanced state of CXCL12 in blood (84). Moreover, the altered intra-marrow sympathetic nerve fibers caused by diabetes mellitus, may reduce the flow of HSPCs and deactivate the mobilization of HSPCs induced by G-CSF (86). Compared with non-T2D patients, the level of CD34+ HSPCs in PB of T2DM is significantly reduced by 30-40% (87). CD45.2 BM cells from diabetic mice also exhibited a significantly lower engraftment and repopulation capacity as compared to the cells from the healthy mice (51).

Cytokine dysregulation in diabetic BM has significant effect on the induction of a protracted or delayed inflammatory response. Dysfunctional HSPCs in the diabetic BM can recruit much more monocytes and differentiate into M1-like macrophages, which release varying and numerous of pro-inflammatory factors (88). Morey, et al. reported that accumulated M1-like macrophages can express at least two-fold pro-inflammatory factors and chemokines in the in vitro high-glucose environment, including TNF-α, IL-1α, IL-1ß, IL-6, IL-24, colony stimulating factor 2(CSF-2), leukemia inhibitory factor (LIF), CXCL1-5, CCL4 and CCL19, etc. (89). The increased levels of Toll-like receptor 2/4 (TLR2/4) in blood from T2DM patients can also activate TLRs-MyD88-NF-κB signaling. The activation of NF-κB can upregulate the expression of various cytokines, including CCL2, CCL5, CXCL10 and TNF-α (90). However, short-term exposure to high-glucose in vitro has been verified to cause monocytes to secrete more IL-10, which inhibits TLRs signaling and the expression of CCL2 (91). Otherwise, Bmi1 deficiency in the diabetic BM may lead to significant defect in the engraftment and repopulation of myeloid progenitor cells (51). Bmi1‐knockdown BMDMs can increase the expression level of IL-10, which promotes the formation of M2-like macrophages (92).

Enhanced myeloid differentiation of Ly6Chi monocytes in BM (53)is a hallmark of the macrophage polarization, and the predominance of pro-inflammatory M1-like macrophages represents a major component in diabetic environments. Prolonged exposure to high glucose could lead a progressive increase in cytoplasmic glucose levels, which can cause increased mitochondrial damage and a shift in monocytes/macrophages to a pro-inflammatory macrophage (91). In the diabetic BM, there is obviously increased proportion of myeloid progenitors (MyP) and circulating inflammatory monocytes (Mo) (53), accompanying with excessive inflammatory factors secretion (89). M1-like macrophages in the diabetic BM can also raise the production of Oncostatin M (OSM), which induces the expression of CXCL12 in niche stromal cells and attenuates HSPCs mobilization, forming chronic inflammatory response (93). Hyperglycemia always change the phenotype of the autophagy-lysosomal system, causing mitochondrial ROS-induced lysosomal dysfunction, which induces more M1-like macrophage polarization in diabetes state (94). Excessive ROS acts as a signaling messenger, which links the altered metabolism and phenotypic changes with the production of proinflammatory mediators, activating some important mediators of proinflammatory signaling pathway and inducing the expression of proinflammatory genes in macrophages by inducing MAPK, STAT1, STAT6 and NF-κB signaling pathways (95). The non-enzymatic glycosylation of excessive glucose in the circulation could accumulate massive AGEs, which can activate the MAPK signaling cascade and NF-κB by binding to RAGE and further contribute to increased pro-inflammatory effects (96).



3.2.2 Impaired healing

Diabetes altered the macrophage plasticity during wound repair, making macrophages show hyperresponsiveness to inflammatory stimuli. The ability to switch from pro-inflammatory to pro-reparative phenotypes was impaired and the inflammatory phenotype was prolonged (97, 98). Under hyperglycemic conditions, the secondary influx of Ly6Chi monocytes/macrophages delays the conversion to Ly6Clo monocytes/macrophages, leading to wound healing impairment. The expression of proinflammatory and profibrotic gene is quite different between two cell types (99). At the same time, in peripheral blood, the increase of IL-1β and the drop of IFN-β in CD14+ monocytes could decrease JAK-STAT1 signaling, impeding macrophages’ transition to repair mode (100) (Figure 2).




Figure 2 | Macrophages in different bone regeneration microenvironments. (A) Macrophages will make adaptations in the local microenvironment. From the inflammatory stage, callus formation stage to the reconstruction stage, the predominance of pro-inflammatory M1 macrophages will gradually shift to the pro-repair M2 macrophages. Meanwhile, macrophages have coordinated cross-talk with other osteoblast-related cells, jointly regulating bone regeneration. (B) The origin of macrophages could change and the function could be impaired under the stimulation of high glucose, inflammation, AGEs, ROS and other metabolites in diabetes. The increase of monocyte-derived macrophages in the inflammatory phas and the failure of macrophage polarization during callus formation and bone remodeling stage could ultimately lead to insufficient osteogenesis.







4 The strategies based on macrophages for diabetic bone regeneration deficiency

Now, more and more bone regeneration schemes have turned to regulate macrophages. However, since the entire microenvironment is more complicated in diabetic patients (101), and the accessibility and availability of niches shift markedly, intervention methods used under normal physiological conditions are not yet well suited to solving the bone regeneration problems in diabetes. Therefore, proposing a more effective therapeutic strategy still faces many difficulties. Drugs, biomaterials, and a combination of both, are now frequently applied as an optimal strategy to promote bone regeneration and reconstruction by reversing the pathological state under hyperglycemia condition through modulating macrophage behavior.


4.1 Decrease of excessive monocyte recruitment

In diabetic conditions, the macrophage niche alters with the increase of chemokine levels. Accordingly, chemokine-chemokine receptor signaling can activate more monocytes to infiltrate to the area of bone damage. CCL2, for example, can interact with the receptor CCR2, which exists on the surface of monocyte, to promote the recruitment of monocytes (102, 103). It has been suggested that finding drugs to reduce chemokine levels and reduce excessive pro-inflammatory monocyte infiltration could therefore be one of the methods to reduce bone loss and promote bone repair. Shen et al. found that CCL2 levels were up-regulated in the periodontium of diabetic db/db mice with periodontitis, leading to increased monocyte recruitment and a positive feedback loop that enhanced and prolonged the inflammation. Oral administration of Bindarit, a CCL inhibitor that can reduce serum CCL2 levels, suppressed the excessive proinflammatory monocyte infiltration in periodontal tissue, which decreased inflammatory cytokines secretion. As a result, the alveolar bone loss was rescued and the periodontal inflammation was alleviated in Diabetes-associated periodontitis (DP) mice (104).



4.2 Promotion of macrophage polarization


4.2.1 Activation of phenotype transition with drug treatment

Since macrophages played an important role in diabetic microenvironment, finding a drug targeting the biological behaviors and phenotypes of macrophages, could be a pretty good option. There is an imbalance between M1 and M2-like macrophages in high glucose environment. It’s reasonable to utilize the switch of macrophage to reverse the diabetes, making more M2-like macrophages occupy the limited niches and achieving reprogramming and repolarization of macrophage (105–107). Xiang et al. reported that, using Bindarit, a dipeptidyl peptidase-4 inhibitor can repolarize macrophages from M1-like macrophages to M2-like macrophages in diabetic mice, promoting angiogenesis and bone regeneration at the bone-implant interface and suggesting a potential medication for better osseointegration on the surface of titanium (Ti) implants for diabetic patients (108).

Drugs can also promote macrophage polarization by altering the metabolic microenvironment. Glucose at high concentration destroys the balance between ROS formation and antioxidant defense. The antioxidant defense system is in the inhibitory state along with the overproduction of ROS. It has been found that ROS could produce a marked effect in the induction of M1-like macrophage polarization (109), so ROS inhibitors could attempt to be used for adjusting ROS production and decrease M1-like polarization. Studies have shown that N-acetyl cysteine (NAC) could act as a ROS scavenge to reduce ROS level, partially reversing the effect of hyperglycemia on macrophage polarization and ameliorating alveolar bone loss in periodontitis in diabetic rats (110). Chen et al. indicated that the administration of PPARβ/δ agonist GW501516 can restore abnormal macrophage polarization and rectify high glucose-mediated dysfunction via the upregulation of Angptl4. The in vivo experiment indicated that PPARβ/δ agonist could decrease bone loss in diabetic mice, suggesting that PPAR agonist treatment may potentially become a novel therapeutic target for clinical therapy (111).

The increased production of AGEs under hyperglycemic conditions can modulate multiple signals and affect M1-like macrophage polarization (96, 112). Studies have demonstrated that, Adrenomedullin 2(ADM2) could reverse AGE-induced macrophage inflammation and M1-like macrophage polarization via the PPARγ/IκBα/NF-κB signaling pathway, resulting in transformation into M2 phenotype. Applying ADM2 to a diabetic rat of Distraction osteogenesis (DO) model accelerated bone regeneration in distraction area, suggesting a new treatment for diabetic patients undergoing DO (113) (Figure 3).




Figure 3 | Application of drugs to modulate macrophages in the diabetic microenvironment. Drugs could promote bone regeneration in diabetes through the following ways: (1) Decreasing the excessive recruitment of monocytes; (2) Inhibiting the overproduction of ROS; (3) Inhibiting the level of AGEs.





4.2.2 Stimulation of macrophages via drug delivery system

To develop new drug vector with good operability, adding materials and drugs together to ensure the continuous release of drug molecules, may be an efficient solution to bone regeneration. Microsphere delivery system has been investigated in a lot of studies (114, 115). Hu et al. developed an injectable microsphere, which is composed of heparin-modified gelatin nanofibers. Furthermore, interleukin 4 (IL-4) was incorporated into the microsphere (NHG-MS). As IL-4 can bind heparin, the loading efficiency of IL-4 in NHG-MS improved obviously, leading to better and more precise release of IL-4. The results suggested that the NHG-MS with encapsulation of IL-4 could restore M2/M1-like macrophages ratio to normal under DM conditions and ultimately enhanced bone regeneration (116).

Moreover, some materials can assist in achieving local release of the drug or cytokine, allowing the drug to reach an effective concentration as quickly as possible to exert more beneficial effects. Geng et al. devised an injectable silk gel scaffold loaded with sitagliptin for enhancing bone regeneration at bone-implant interface in diabetic patients. The results suggested that utilizing the scaffolds not only keep the primary action of sitagliptin in macrophage phenotypic transformation, but also enables the sustained release of selegiline in situ at the Ti‐bone interface, creating a local healing-promoting microenvironment and providing a new solution to implant placement failure due to diabetes (117). In another study, Chen et al. dispersed hydroxyapatite (HA) nanocrystals and magnesium oxide (MgO) nanocrystals homogeneously into the polyglutamic acid (PGA-Cys) to build a HA/MgO nanocrystal hybrid hydrogel (HA/MgO-H) scaffold. It has been reported that magnesium could decrease inflammation by switching macrophages from M1 phenotype M1-like macrophages to M2-like macrophages. The dense structure of the material maintained sufficient mechanical strength to provide mechanical support, making it hard to be washed away from the defect site, thus achieving the controlled-release of Mg2+ at the defect site in diabetic rats (118). Similar applications were widely utilized. For example, constructing a gelatin/β-TCP scaffold to deliver IL-4 can help promote the healing of tooth extraction socket (TES) in T2DM patients, as the IL-4 delivery system could be helpful to ameliorate the abnormal polarization (119). A recent study used gelatin, 4-arm poly (ethylene glycol) acrylate (PEG) and gelatin methacryloyl (GelMA) to prepare 3D bioprinted scaffolds, which carried RAW264.7 macrophages, bone marrow mesenchymal stem cells (BMSCs) and BMP-4-loaded mesoporous silica nanoparticles (MSNs). Owing to the better mechanical properties of the scaffolds and the application of MSNs, sustained release of BMP-4 coule be ensured. The results showed that BMP-4 promoted the polarization of M2-like macrophage. Using this new material, the repair of the calvarial critical-size defect in diabetic rat got accelerated significantly (120). Li et al. incorporated polydopamine-mediated graphene oxide (PGO) with hydroxyapatite nanoparticle (PHA) into the alginate/gelatin (AG) scaffold (121). Due to the catechol groups on the PHA and PGO, the material demonstrated advantages in antioxidation and helped prevent excessive amount of ROS. The scaffold could inhibit M1-like macrophage polarization and significantly increase M2-like macrophage polarization via activating the RhoA/ROCK signaling pathway, showing positive effect on periodontal bone regeneration in diabetes rat model.



4.2.3 Guiding of macrophage switching by material modification

Conventional biomaterials put more emphasis on immune escape, as they were generally thought as a trigger of the immune response that has a negative impact on bone regeneration (122). Therefore, a series of inert biomaterials have been manufactured, aiming to minimize adverse immune reactions (123, 124). However, recognizing the importance of macrophage repolarization (37), studies on biomaterials have been driven to a new direction, focusing more on how to promote repolarization of macrophages. Modifying the properties of the material surface is one of the leading methods.

The properties of biomaterial surface, like morphology and wettability, can trigger different cellular response (125). It is possible to create an anti-inflammatory microenvironment through innovating material features (123, 126). Several clinical trial studies reported that implants with a hydrophilic surface showed a good survival and successful rate in patients with diabetes mellitus. Hotchkiss et al. cultured macrophages on seven different surfaces, and the results showed that micro-rough Ti lead to anti-inflammatory macrophage (M2-like) activation. Moreover, compared to hydrophobic material, the improvement of surface wettability could help produce a better microenvironment. Therefore, it can be considered as a cooperative strategy based on roughening the surface and increasing the hydrophilicity (125). The study of Lee et al. showed that the modSLA surface could promote the differentiation to M2-like macrophage while attenuating the pro-inflammatory response. It helped restore the homeostasis of the immune microenvironment, thus accelerate the osseous repair in Type 2 diabetic rats (127). Furthermore, the modSLA surface played similar role in streptozotocin-induced type I diabetic rats, which could regulate the inflammatory response in early stages and promote M2-like polarization (128).



4.2.4 Modulation of macrophages through electrical microenvironment construction

Electrical signals can regulate the functions of macrophages (129), and hence can be considered to promote macrophage phenotypic transition by using materials with good electrical properties. Dai et al. modeled electrical microenvironment inside natural bone by polarizing BaTiO3/poly (vinylidene fluoridetrifluoroethylene)(BTO/P(VDF-TrFE)) nanocomposite membrane. The polarized membrane affected the cell morphology and inflammatory cytokine secretion, which abated M1-like macrophage polarization in the hyperglycaemia states and increased the regeneration of bone in rats with type 2 diabetes mellitus. Mechanistic research indicated that the expression of AKT2 and IRF5 in the PI3K-AKT pathway was inhibited when applying the membrane, causing the hindrance of AKT2-IRF5/HIF-1α signaling (130). Considering that electrical microenvironment has a great impact on osteoimmunomodulatory and osteanagenesis, electrical characteristics become a growing interest in studies on biomaterials for guiding bone regeneration (Figure 4).




Figure 4 | Application of materials targeting to macrophages. Strategies on material application to promote diabetic bone regeneration mainly include these aspects: (1) Guiding of macrophage switching by material modification, such as changing the surface roughness and wettability; (2) Stimulation of macrophages via drug delivery system, achieving better anchoring of drugs at the site of injury; (3) Modulation of macrophages through electrical microenvironment construction, creating a local pro-polarizing microenvironment to promote the transmission from M1 to M2 macrophages.







5 Summary and prospect

In recent years, there is a growing realization that alterations on the origin and phenotype of macrophages could be responsible for the persistent inflammation and impaired non-healing during diabetic bone regeneration. The niche of immune microenvironment is out of balance in the diabetic microenvironment. Indeed, some strategies targeting macrophages, applying drugs and materials, have led to some improvement in bone regeneration in diabetic conditions. However, as existing studies failed to clearly explain the molecular mechanisms in the switch of macrophages, and the interactions between macrophages of different functional phenotypes and related cells such as BMSCs and ECs were not elucidated, therapeutic options remained somewhat limited and non-specific, and the actions of relevant drugs were relatively homogeneous, making them more difficult to target macrophage during bone regeneration. It is difficult to precisely modulate bone regeneration at different stages in which macrophages are actively involved. Thus, the search for better and more effective treatment options for diabetic bone regeneration targeting macrophages is still challenging.

We believe that diabetic bone regeneration strategies targeting macrophages should gradually evolve towards multi-direction, individualization and precision. For example, new drugs should be developed so that they can not only control patients’ blood glucose levels, but also alter the abnormal microenvironment to promote bone regeneration. In addition, the physical and chemical characteristics of biomaterials need further exploration and fully utilization to establish a more precise drug release control system. The precise release of drugs for bone damage can be accomplished according to the fluctuation of specific indicators in different patients and different types of diabetes (131). Therefore, to develop an ideal treatment, there is an urgent need in basic research on the molecular mechanism of macrophage regulation and the interaction between different cells to achieve the precise regulation of macrophages in the diabetic microenvironment and reverse the imbalance of niche, which may provide more ideas and new directions for improved bone repair and regeneration in diabetic patients.
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The pathogeny of type 1 diabetes (T1D) is mainly provoked by the β-cell loss due to the autoimmune attack. Critically, autoreactive T cells firsthand attack β-cell in islet, that results in the deficiency of insulin in bloodstream and ultimately leads to hyperglycemia. Hence, modulating immunity to conserve residual β-cell is a desirable way to treat new-onset T1D. However, systemic immunosuppression makes patients at risk of organ damage, infection, even cancers. Biomaterials can be leveraged to achieve targeted immunomodulation, which can reduce the toxic side effects of immunosuppressants. In this review, we discuss the recent advances in harness of biomaterials to immunomodulate immunity for T1D. We investigate nanotechnology in targeting delivery of immunosuppressant, biological macromolecule for β-cell specific autoreactive T cell regulation. We also explore the biomaterials for developing vaccines and facilitate immunosuppressive cells to restore immune tolerance in pancreas.
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1 Introduction

Type 1 diabetes (T1D) is a metabolic syndrome caused by the loss of autoimmune tolerance to insulin-producing islet β-cells (1). Pancreatic infiltrated islet-autoreactive T cells destroy the β-cells, resulting in insufficient insulin secretion, that elicits hyperglycemia (2). T1D is commonly occurred in children and adolescents with age from 1 to 15 years old, and around 1.2 million cases worldwide are diagnosed with T1D by 2021 (3). Moreover, the incidence of T1D is rising ever year. There are annually almost 30,000 new cases in United States and 13,000 new cases in China (3).

There have been many applications of immunotherapy for T1D. Currently, insulin replacement therapy is the main form of treatment for T1D since the discovery of insulin in 1921 by Frederick Banting and his colleague. Hereafter, pharmaceutical companies have developed a variety of insulin analogues such as fast-acting insulin and long-acting insulin analogues for the treatment of T1D (4). However, exogenous insulin injection cannot accurately mimic the physiological insulin secretion by the β-cells through sensing the high level of blood glucose (5). Thus, the careless of management of blood glucose could cause hyperglycemia, and long-term hyperglycemia may lead to many diabetic complications such as diabetic heart disease, diabetic neuropathy, diabetic nephropathy, etc. (4). On the other hand, excess insulin administration may also cause hypoglycemia followed by coma and even the risk of death (6). Therefore, glucose-sensing and responsive insulin delivery system represents an ideal treatment of T1D. Numerous strategies were proposed, such as glucose oxidase-based systems, glucose-binding molecule (particle)-based systems and phenylboronic acid-based systems, which were reviewed in detail before (7).

Islet transplantation is another alternatively treatment for T1D. Shapiro and colleagues successfully performed islet transplant on a patient firstly in 2000, and this standard procedure was known as “Edmon protocol” (8). Although islet transplantation can be technically achieved, it still faces many problems such as the lack of donors, cumbersome isolation of islets, immune rejection of transplantation, long-term need for immunosuppressants, and islet death caused by immune rejection and hypoxia (3). To conquer these issues, utilizing biomaterial to encapsulate islets, β-cells or induced pluripotent stem cells enhances our insight into better transplantation in remission of autoimmune responses, amelioration of hypoxia and protection against fibrosis. Various strategies, including modification of grafts, encapsulation of functional materials (e.g., can produce oxygen), co-transplantation with other cells or molecules, offer an attractive modality.

T1D is considered as a T cell-mediated autoimmune disease, and involves in both of innate immune and acquired immune cells (9). Critically, the abnormality of peripheral immune tolerance system such as the loss of regulatory T cells (Tregs) and decrease of programmed cell death-ligand 1 (PD-L1) also leads to T1D (10). Thus, inhibiting the immune activity and restoring self-tolerance to pancreatic β-cells are novel treatment strategies for T1D. Immunosuppressive agent cyclosporine A were firstly used in the study of treatment for T1D (11). Although cyclosporine A could protect β-cells, its nephrotoxicity led to the termination of the studies (11). Next, anti-CD3 monoclonal antibody was utilized to deplete T cells to avoid autoimmune attack the residual β-cells, that could permanently reverse the diabetes in the NOD mice (12). Regardless of anti-CD3 monoclonal antibody may also cause the risk of infection, it is still under the study of phase III clinical trial, and may become an potent antibody drug for T1D treatment (13). T cell immune checkpoints are a class of receptors present on the surface of T cells, or intracellular metabolic enzymes that regulate T cell activity, such as programmed death-1 (PD-1), T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3), and lymphocyte activation gene-3 (LAG-3) (14). Many types of cancer cells abnormally express immune checkpoint inhibitory ligands such as PD-L1, enabling cancer cells to escape from immune elimination (14). Therefore, monoclonal antibodies of anti-PD-1/PD-L1 have been developed to treat cancer and have achieved significant efficacy in the clinic therapy (15). However, some patients developed autoimmune diabetes after receiving antibody therapy (16). Thus, immunosuppressive checkpoint ligands on β-cells may play an important role in maintaining immune tolerance and protecting cells from the development of T1D (17). However, these immunosuppressive checkpoint ligands such as PD-L1 have been demonstrated as novel and potent therapeutic candidates to treat T1D. Additionally, Tregs can directly inhibit the activity of effector T cells. Therefore, Tregs play a critical role in peripheral immune tolerance and the prevention of autoimmune diseases (10). To restore the immune tolerance of the pancreatic microenvironment, it is essential to induce the expansion of Tregs (10). Autoantigen-based vaccines such as insulin and GAD 65 peptides could induce autoantigen-specific Tregs to treat T1D (18).

Although the systemic immunosuppression could protect residual β-cells from autoimmune attack and reverse the diabetes, it still makes patients under the risk of organ damage. We discuss the recent advances in biomaterial used to immunomodulate immunity for T1D, including the controlled release of chemical immunosuppressive agent, targeted delivery of biological macromolecule for autoreactive T cell regulation by nanotechnology, exploring the biomaterials to develop diabetic vaccine and facilitating immunosuppressive cells to restore immune tolerance in pancreas (Figure 1).




Figure 1 | Diagram of interaction between immune cells and β-cells. At present, immunotherapy is commonly explored to treat T1D. (I) In the perspective of DCs, nanoparticles, or liposomes encapsulated with GAD56 peptides, siRNA molecules in pancreatic associated APCs Sema3E, Protein gene as T1D vaccines are often used. (II) For Tregs, the recovery of immune tolerance and immune homeostasis can be achieved by the use of CD3 monoclonal antibody and the combination with chemical inhibitors (prednisone azathioprine cyclosporin rapamycin et al.) to treat T1D. In order to enhance the therapeutic effect and reduce the toxic and side effects, it is considered to encapsulate the drug within nanoparticles or vesicles. (III) In addition, immunosuppressive factors such as transforming growth factor-β (TGF-β) and Interleukin-2 (IL-2) also have been employed for treating T1D. (IV) Immunosuppressive cells including Tregs, MDSC and M2 macrophage were cultured or engineered to modulate immunity of T cells for T1D therapy, which also could secrete exosomes with overexpression of TGF-β and IL-2. These immunosuppressive cells are often stimulated in vivo or re-infused into the body after the selective amplification or virus genetic modification in vitro to enhance their function of inhibiting T cells. (V) In addition, the insulin gene is modified and edited to produce insulin peptide vaccine, which can continuously secrete insulin in the body with only one injection. In cases where the β-cells have been damaged finally cause hyperglycemia, hence, foreign insulin is often utilized to maintain blood sugar levels. In addition to direct insulin injection, insulin and GM-CSF wrapped in cell membrane vesicles are currently considered to be injected into the body to achieve the purpose of sustained release. (VI) Moreover, β-cells are susceptible to bacterial infection and cause to damage. Therefore, it is common to detoxify pathogenic bacteria and make vaccines to achieve the purpose of prevention or treatment of T1D. Q fever vaccines, BCG vaccines and Coxsackie virus B1 vaccines are common bacteria that are used as T1D vaccines. (VII) On the other hand, T1D is caused by the direct β-cells attack by T cells. Thus, blocking T cells can be used to protect β-cells. For example, platelets expressing PD-L1 can accurately identify pathological T cells, and bind to PD-1 on T cell to abate its attack. Beside PD-1/PD-L1 immune checkpoint, CTLA4/CD86, TIM3/Gal3, ICOS/B7RP1, etc., also could be considered as T1D therapy targets.





2 Immune suppressive agents

As previously described, T1D is the result of deficiency of endogenous insulin due to the cell-mediated autoimmune destruction of pancreatic β-cells. Thus, how to preserve β-cells for sufficient production and release of insulin would provide a platform. To date, there have been several methods to enable the strategy of immune intervention: by either blocking autoimmune response against β-cells or achieving the replication of preexisting β-cells.


2.1 Prednisone

Prednisone is a synthetic glucocorticoid (GC) prodrug that is converted by the liver into prednisolone (a β-hydroxy group instead of the oxo group at position 11), which is a active steroid. In current study, prednisone is a synthetic corticosteroid, was administered to patients with T1D to roughly mimic the natural hormonal response to acute stress and to induce insulin resistance. Genomic effects are mediated by glucocorticoids, which bind to specific receptor proteins in target tissues and direct their production or inhibition. Therefore, most of the effects of glucocorticoids may not be seen for several hours.

Insulin requirements to maintain normoglycemia during glucocorticoid therapy and stress are often difficult to estimate. To simulate insulin resistance during stress, adults with T1D were given a three-day course of prednisone. Studies by Wendy C. Bevier et al. suggest that in adults with T1D, insulin requirements during prednisone-induced insulin resistance may need to increase by 70% or more to normalize blood sugar levels (19). Moreover, A. Secchi. et al. observed the curative effect of prednisone on the remission of newly diagnosed T1D patients and found that prednisone can also induce the remission of insulin dependent diabetes mellitus (IDDM). Remission may occur early in the onset of adult T1D (20). Prednisone broadly inhibits inflammatory cytokines caused by RTK bypass signaling and inhibition of EGFR or other RTK targets and thus may be a useful drug in combination with RTK pathway inhibition. Ke Gong et al. found similar results with dexamethasone, suggesting this could be GC. In particular, prednisone induces bypass RTK signaling, shutting down and repressing key resistance signals (21).While prednisone has a number of side effects and can induce significant problems with sustained use, it continues to be widely used in multiple inflammatory and rheumatologic conditions because it is highly effective.



2.2 Azathioprine

Azathioprine (AZA) and thiopurine are widely used for induction and maintenance of remission in steroid dependent patients with inflammatory bowel disease (IBD) (22). As the antilymphocyte adaptive agent, azathioprine and prednisone could induce immunosuppression and reduce insulin requirements at the onset of diabetes. However, the remission of autoimmunity was limited by the duration of the treatment, demonstrating that the tolerance to pancreatic β-cell autoantigens was not re-established (23).

Geliebter et al. delivered azathioprine after thymectomy for the treatment of T1D, which exhibited a good therapeutic effect on T1D. And Sun-275 azathioprine for slow release for the tertiary prevention of diabetes in newly diagnosed T1D patients, showing more effective results (24). Insulin dosage in patients with T1D can be effectively reduced by the delivery of Prednisone (19).



2.3 Cyclosporin A

Cyclosporine A (CsA) is an immunosuppressant agent that is widely used in clinical practice, predominantly for the prevention of rejection in various types of post-allogenic organ transplantation. In particular, cyclic peptides combine several properties such as high affinity, target selectivity and stability (enzymatic and chemical), which are important properties for therapeutics and make them ideal as orally delivered candidate drugs. The current interim analysis of the prospective and randomized reverse study showed that switching from tacrolimus to cyclosporine improved glucose metabolism and reversed new-onset diabetes after transplantation (NODAT) in majority of patients. The change of drug used was safe and did not result in an increased incidence of acute rejection episodes. Stiller C.R. et al. showed that the utilization of cyclosporine reduced insulin requirement and improved glycemic control in patients with recent T1D (25). However, cyclosporine could not fully establish immune tolerance and had other toxic side effects (25, 26). Furthermore, CsA induced nephrotoxicity, and azathioprine was ineffective as a single agent (23). Although some patients could achieve short-term control of diabetes, more researches are required to determine whether cyclosporine can be used safely to maintain glycemic control and prevent long-term consequences of the disease.

Short-term control of diabetes can be achieved by delivering Cyclosporin. Persistent remission appears to be dependent on continued administration of cyclosporine. Drug delivery decreases not only the leucocyte migration inhibition as previously observed (25), but also the lymphocyte-mediated cytotoxicity, which represents the late stage of cellular immune reactions against pancreatic tissue. Hence, it is promising to target the pancreas to control release of CsA in vivo through nanoparticles, such as cell membrane vesicles, polymer material PEG wrapping could achieve targeting therapy and reduce the toxicity of CsA for T1D.



2.4 Rapamycin

Rapamycin (RAPA) is a macrolide anti-immune antibiotic produced by Streptococcus. RAPA cannot directly block the transcription, translation and the secretion of gene products (IL-2, IL-3, IL-4, CM-CSF, TNF-α and IFN-γ, etc.) RAPA is different from nucleotide biosynthesis, it inhibits immune activation pathways that are insensitive to CsA and FK506. through blocking Ca2+-independent T cell activation and inhibiting IL-2-dependent entry of activated T cells into S phase.

Further, RAPA has been used in clinical transplantation for many years (27), including islet transplantation in T1D patients safely (28). In mice, RAPA monotherapy prevented from developing T1D but failed to induce disease reversal (29). Studies have shown that RAPA, as a targeted inhibitor of the mTOR pathway, exerts anti-inflammatory and anti-tumor effects in a variety of diseases by inhibiting the activation of the mToR pathway (30, 31). Interestingly, RAPA/GABA combination therapy effectively suppressed autoimmune responses to islet cells and improved islet function in patients with new-onset diabetes. In particular, after a hyperglycemic episode, patients treated with the RAPA/GABA combine significantly achieved diabetes improvement compared with patients treated with RAPA or GABA alone. This protective effect of RAPA/GABA combination treatment in NOD mice works through two distinct mechanisms (32). RAPA induces Tregs and thus suppresses targeted autoimmune responses to islet cells, which may be related to the reduction in insulitis observed in RAPA-treated NOD mice simultaneously. Manirarora and Wei treated NOD mice with a combination of IL-2/anti-IL-2 Ab complex, islet Ag peptide, and RAPA. Following combination treatment, CD4+CD25+Foxp3+ Tregs significantly expanded in vivo, expressed canonical Tregs markers, enhanced suppressive function in vitro, and spontaneously inhibited T1D in NOD mice. This novel approach to peripheral immune regulation will facilitate the progress of new immunotherapeutic strategies to prevent the development of T1D or promote resistance to islet transplantation without the long-term use of immunosuppressive drugs (33).

Lee Jung Seok et al. show that polymerized ursodeoxycholic acid, selected from a panel of bile acid polymers and formulated into nanoparticles for oral administration of RAPA, delayed diabetes in mice with chemically induced pancreatic inflammation attack (34). Nanoparticles acted as protective insulin carriers and high-affinity bile acid receptor agonists, increased intestinal absorption of insulin, polarized intestinal macrophages to an M2 phenotype, and preferentially accumulated in mouse pancreas, where they interacted with pancreatic islets associated with cellular bile. These nanoparticles could bind to acidic membrane receptor TGR5 with high affinity and activate glucagon-like peptide and endogenous insulin secretion. In mice, the nanoparticles also reversed inflammation, restored metabolic function and prolonged the animals’ survival. The metabolic and immunomodulatory functions of ingestible bile acid polymer nanocarriers may provide translational opportunities for the prevention and treatment of T1D. Moreover, RAPA can be modified. For example, drug delivery in cell membranes or cell vesicles, or in combination with other biological materials.



2.5 Anti-CD3 antibody

CD3 has five peptide chains, namely γ chain, δ chain, ϵ chain, ζ chain and η chain, all of which are transmembrane proteins. The transmembrane region of the CD3 molecule is connected to the transmembrane region of the two TCR peptide chains through a salt bridge to form a TCR-CD3 complex, which together participate in the recognition of antigens by T cells. The activation signal generated by TCR recognition of antigen is transduced into T cells by CD3. Preclinical studies suggested that mAbs against CD3 could reverse hyperglycemia at presentation and induce tolerance to recurrent disease. Based on previous study, the anti-CD3 monoclonal antibody could induce immune-suppressive Tregs and restoration of self-tolerance (35). Moreover, anti-CD3 specific antibody was used with a human proinsulin II to achieve remission even reversion of diabetes by synergistic effect (36). Interestingly, transgenic Lactococcus lactis combined with oral insulin and IL-10 combined with low-dose anti-CD3 in T1D mice can restore autoimmune tolerance and block the killing of β-cells by T cells (37). In addition, Stewart et al. combined a subcutaneously administered dual-size biodegradable microparticle (MP) platform with anti-CD3 to treated NOD mice. According to MP platform, DCs recruitment can be increased and Tregs expression can be induced to achieve immune tolerance. In theory, the combination of MP platform and anti-CD3 in the treatment of T1D mice seems to be a good direction. Sadly, there was no therapeutic benefit when considering the combination of biomaterials with CD3 antibodies (38). In this way, biomaterial combination therapy for T1D can be better utilized.




3 Immune suppressive factor

Immunosuppressive cytokines mainly include immune checkpoint molecules such as TGF-β, IL-2 and CD3. TGF-β is an important factor in inducing macrophages towards M2-type polarization and can promote IL-10 expression (39).IL-10 reduces the expression of MHC class II molecules and co-stimulatory molecules CD80 and CD86 on the surface of antigen presenting cells (APCs) such as dendritic cells (DCs) and macrophages, and mediates the phosphorylation of STAT3, and interferes with IFN-γ-induced monocyte activation and expression, leading to the function inhibition of APCs.


3.1 TGF-β

TGF-β inhibits effector cells directly or indirectly by disrupting DCs differentiation, migration, and antigen presentation. That is, TGF-β has two effects, both directly inhibiting T cells and inducing Tregs to establish a tolerance mechanism (40).

TGF-β is an immunoregulatory cytokine that enhances the development of an immune tolerance microenvironment by inhibiting antigen-specific inflammatory processes such as those found in autoimmune diseases and cancer. Li et al. used in vitro CD4+ T cell flow cytometry to verify forkhead transcription factor positive (Foxp3+) expression and TGF-β release (Figure 2) (41). In a TGF-β-rich environment, DCs, which uptake antigens, become tolerogenic and mediate the differentiation of antigen-specific CD4+ T cells into anti-inflammatory Tregs (42), which inhibits both the formation of antigen-specific effector CD4+ T cells and the activation and proliferation of cytotoxic CD8+ T cells (43). In order to avoid unavoidable inflammatory response induced by biomaterial implantation itself, TGF-β was designed to release from layered PLG scaffolds and showed great potential to enhance the function of encapsulated cells by decreasing the production of inflammatory cytokine (44). Considering immunomodulatory effect of MSC, in this study, researchers engineered MSCs with TGF-β gene to increase MSC potency for T1D therapy in mouse model. Engineered TGF-β/MSCs could restore several T1D functions, including modulating harmful immune responses, and could be a powerful tool for cell therapy of T1D compared to MSCs alone (45). To achieve sustained stimulation of regulatory immune cells, Ivan Koprivica et al. orally introduced microparticles (MPs) loaded with all-trans retinoic acid (ATRA) and transforming growth factor-β (TGF-β) to C57BL/6 mice treated with multiple low doses of streptozotocin (MLDS) for T1D induction. Mice treated with ATRA/TGF-β MP had significantly reduced disease incidence and immune cell infiltration into islets. In conclusion, oral administration of ATRA/TGF-β MPs ameliorated T1D by enhancing tolerogenic dendritic cells (tolDCs) and Tregs, suppressing Th1 responses, and preventing immune cells from entering islets (46). Current clinical practice relies on long-term systemic immunosuppression, leading to serious adverse events. To circumvent these adverse effects, polylactic-co-glycolic acid (PLGA) microparticles (MPs) were designed for localized and controlled release of immunomodulatory TGF-β1. In vitro co-incubation of TGF-β-releasing PLGA MPs with naive CD4+ T cells efficiently generated polyclonal and antigen-specific inducible regulatory T cells (iTregs) with potent immunosuppressive capabilities. Co-implantation of TGF-β1-releasing PLGA MPs with Balb/c mouse pancreatic islets into the extrahepatic epididymal fat pad (EFP) of diabetic C57BL/6J mice resulted in rapid allograft engraftment and local compatibility with PLGA MPs. TGF-β1 release is supported. However, the presence of TGF-β1-PLGA MPs did not confer significant graft protection compared to untreated controls, although insulin expression did not change and intra-islet CD3+ T cell infiltration was reduced and peripheral CD4+ T cells were measured elevated in - long-term graft site functional grafts. Examination of the broader effects of TGF-β1/PLGA MPs on the host immune system suggests a local nature of the immunomodulation, with no systemic effects observed. In conclusion, this approach established the feasibility of local and modular microparticle delivery systems for immunomodulation at liver explant sites. This approach can be readily adapted to deliver larger doses or other agents in the local graft microenvironment, similar to multi-drug approaches to prevent graft rejection (41).




Figure 2 | Schematic of polyclonal induced Treg (iTreg) conversion assay. Poly (lactic-co-glycolic acid) (PLGA) microparticles (MPs) were designed for the local and controlled release of immunomodulatory TGF-β1. PLGA MPs release TGF-β1, which can efficiently promote the conversion of naïve CD4+ T cells isolated from spleen to iTreg (41).



Recent studies have demonstrated the unique potency of cell surface-bound TGF-β1 on Tregs to promote infection tolerance, i.e., confer suppressive capacity from one cell to another. To mimic this property, TGF-β1 was selectively chemically bound to an inert and viable polymer grafting platform using staudinger ligation. Inert beads tethered with TGF-β 1 were capable of efficiently converting naïve CD4+ CD62Lhi T cells to functional Treg. These results illustrated the unique function of the tethered TGF-β1 biomaterial platform to function as “infectious” Tregs and provide a compelling approach to generating a tolerant microenvironment for allogeneic transplantation.



3.2 IL-2

As IL-2/IL-2R might be the activation pathway relative to T1D (47), the safe and effective dose range of IL-2 for T1D therapy was investigated, showing that appropriate dosage of IL-2 facilitated β-cells persistence (47–49).What’s more, a recent clinical trial verified previous conclusion that IL-2 is a major role both in the development of T1D and the function of Tregs (50).

However, it is necessary to optimize the specificity of IL-2 since it can both activate Tregs cells and pathogenic T cells. Two major strategies have showed to be feasible in this area. One is antibody-cytokine conjugates. It was mentioned that different IL-2 and IL-2 monoclonal antibodies (mAbs) complexes could be used to achieve opposite effects. For example, IL-2 could enhance the proliferation of CD8+ T cells by binding to JES6-1 mAbs, as well as stimulating CD4+ Tregs with the combination of S4B6 mAbs, according to its selectivity resulting from conformational change (51, 52). And the other is chemical modifications of IL-2. A human IL-2, whose conformation was modified, could specifically expand Tregs in vivo to avoid off-target undesired effects (53). UFKA-20, an anti-human IL-2 antibody, was also identified and demonstrated the preference of stimulating CD4+ Tregs cells through binding to IL-2 (54). H9-RETR was designed as an engineered IL-2 variants and specific for IL-2Rb, holding the promise of a novel approach for treating T1D (55).

In addition, IL-2 conjugates with polymers, such as PEGylated IL-2, exert promising progress and are under further study. PEGylated IL-2 molecules that preferentially bind to different IL-2R conformations are being explored in oncology to controllably activate the IL-2 system and shift the balance in the tumor microenvironment in favor of effector T cells (Teffs). Overwijk et al. induced tumor regression by increasing intratumorally proliferation, activation and effector function of CD8+ T and NK cells (56). Cristina Izquierdo et al. demonstrated that combined treatment of Ag7/2.5 mi tetramer and IL-2: mAb complex is effective in preventing T1D. The treatment led to a large expansion of Ag-specific Foxp3+ Treg that acquire markers of activation, suppression and homing, and is accompanied by the proliferation of an antigen-specific Foxp3− population that produced anti-inflammatory IL-10 (57). Jonathan T. Sockolosky et al. engineered IL-2 cytokine-receptor orthogonal (ortho) pairs that interact with one another, transmitting native IL-2 signals, but do not interact with their natural cytokine and receptor counterparts. Introduction of ortho IL-2Rb into T cells enabled the selective cellular targeting of orthoIL-2 to engineered CD4+ and CD8+ T cells in vitro and in vivo, with limited off-target effects and negligible toxicity. OrthoIL-2 pairs were efficacious in a preclinical mouse cancer model of adoptive cell therapy and may therefore represent a synthetic approach to achieving selective potentiation of engineered cells. OrthoIL-2 may be a synthetic approach to achieve selective enhancement in engineered cells (58). By modifying IL-2, the half-life of the drug can be prolonged, the cell specificity can be improved, and it can act more specifically on effector T cells or regulatory T cells for the treatment of tumors or autoimmune diseases. The sustained-release inhibitors used in the treatment of tumors can be used in the treatment of diabetes to improve the targeting of drugs.




4 Immune checkpoint

Immune checkpoints are immune homeostasis negative regulatory mechanisms that maintains autoimmune tolerance (59). Currently known immune checkpoints include programmed death-1/PD-L1(PD-1/PD-L1), cytotoxic T lymphocyte antigen 4 (CTLA4), Galactose lectin 3 (Gal3), indoleamine 2,3 dioxygenase (IDO) and so on. Of these, PD-1 and CTLA4 are the most well-known (60), although their modes of action and signaling pathways are distinct, they both contribute to maintain autoimmune tolerance. PD-1 is absent in immature T cells and memory T cells at rest, but it is expressed when the TCR is activated. Meanwhile, transcriptional activation is required for PD-1 expression on activated T cells. A classical immunoreceptor tyrosine inhibitory motif (ITIM) and an immunoreceptor tyrosine switch motif (ITSM) are also found in PD-1. On the other hand, CTLA4 is involved in down-regulating the magnitude of T cell response, mainly by competing with CD28 to share ligands CD80 (B 7.1) and CD86 (B 7.2) (59, 61). Nivolumab (PD-1 antibody), lambrolizumab (PD-1 antibody), and ipilimumab (CTLA4 antibody) are the most common immune checkpoint mAbs on the market today. These medications, rather than targeting tumor cells. As a result, immune checkpoint inhibition is frequently employed during tumor treatment to break tumor immunological tolerance. T1D, on the other hand, can move in the reverse direction of treating tumors, reverting over immunity to immunological homeostasis.


4.1 PD-1/PD-L1 targeting therapy

The immune checkpoint signaling axis PD-1/PD-L1 can effectively control T cell activity and prevent autoimmune attacks. To generate a self-amplifying signal loop, IFN-γ and IL-2 may increase PD-L1 expression, reconstruct the PD-1/PD-L1 inhibitory axis, suppressing CD4+ T cell activation and restoring immunological tolerance to over-activated T cells and over-produced pro-inflammatory cytokines (60, 61). It has been consistently proven that PD-1/PD-L1 interaction plays a central role in the induction and regulation of autoimmune diabetes progression in NOD mice (62). In addition, to gain more about how CD4+ T cells affect diabetes, Pauken transferred a small number of naive CD4+ T cells from BDC2.5 mice into prediabetic NOD mice, allowing the cells to be activated by endogenous autoantigens. The transferred BDC2.5 Tcells were activated and differentiated into T-BET + IFN-γ producing cells, which infiltrated the pancreas. The absence of PD-1 on CD4+ T cells leads to an increase in the number of cells in the spleen, pancreatic draining lymph nodes, and pancreas. At the same time, PD-1 deletion also increased the expression of chemokine receptor CXCR3. That is, PD-1 regulates islet responsive CD4+ T cells in a cellular manner by inhibiting proliferation, restraining pancreatic invasion and limiting diabetes mellitus (63). However, tumor patients developed insulin-dependent diabetes after taking the anti-PD-1 antibody (nivolumab) (64). Thus, the safety of systemic administration of anti-PD-1 antibody remains challenging.

In NOD mouse model, β-cells and hematopoietic stem and progenitor cell (HSPC) lack PD-L1, making them vulnerable to CD4+ T cell attack. Ben Naser et al. established a PD-L1 deficient HSPC mouse model to explore PD-L1 immunotherapy. They engineered mouse Lineage−c-kit+ (KL) cells in vitro to produce PD-L1 and transplanted the modified KL cells into a mouse pancreas. PD-L1 expression defects identified in T1D patients can be regulated by drugs encapsulated in human HSPC that could also inhibit in vitro autoimmune responses (65). Xudong Zhang et al. used genetically engineered megakaryocytes to overexpress PD-L1 and produced platelets with immunosuppressive function. In neo-hyperglycemic NOD mice, platelets overexpressing PD-L1 accumulated in the inflammatory pancreas, inhibited the activity of autoreactive T cells, protected insulin-producing β-cells from destruction, and maintained immune tolerance in the pancreas (Figure 3) (66). Yoshihara et al. generated human islet-like organs (HILOs) from induced pluripotent stem cells, which were driven by atypical WNT4 signaling for metabolic maturation. The cells were cultured into 3D multicellular spheres (MCSs) through gel, and the MCSs was coated with sodium alginate. It was transplanted into the renal sac of NOD/SCID mice with streptozotocin (STZ) induced diabetes. For allografts, they protected HILO xenografts with overexpression of PD-L1. The blood glucose of STZ mice returned to normal 50 days after allograft (67). Au et al. uses pretargeting and glycochemistry ways. The β-cells were first being delivered with nanoparticles encapsulated with targeted Ac4ManNAz, enabling β-cells to have high levels of surface-active azide groups. The PD-L1 immunoglobulin fusion protein (PD-L1-IG) was then given dibenzylcycloctane (DBCO) function. PD-L1 can easily bind to the surface of natural β-cells. In NOD mice, it was demonstrated that bioorthogonal staining promoted azide-alkyne cycloaddition effectively and selectively conjugated PD-L1 to β-cells. Moreover, in vivo functionalized β-cells present both islet specific antigen and PD-L1 to participating T cells, reversing early-onset T1D by reducing IFN-γ-expressing cytotoxic T cells and inducing antigen-specific tolerance (68).




Figure 3 | Schematic diagram of NOD mice treated by genetically engineering megakaryocytes to secrete platelets expressing PD-L1. Megakaryocytes were genetically engineered to express PD-L1. As PD-L1-megakaryocytes grow mature, the fragmentation of the proplatelets released platelets.  Via tail-vein injection, PD-L1 platelets tend to accumulate in the inflamed pancreas, where PD-L1 can bind to PD-1 on the surface of CD4+/CD8+ T cells to protect β-cells, thereby protecting the pancreas and realizing the treatment of NOD mice (66).



However, immune checkpoint inhibitors also have adverse reactions in the treatment of insulin-dependent diabetes. Through 6 years of cases in two academic institutions, Stamatouli et al. found that a minority number of patients who received anti-PD-1 or anti-PD-L1 checkpoint inhibited developed ketoacidosis, pancreatitis and other autoimmune diseases (69). As a result, a new requirement for the development of PD-L1 for the treatment of diabetes is how to prevent the development of autoimmune diseases in a minority percentage of individuals.



4.2 Engineering CTLA4 for targeting therapy

CTLA4 is a T cell negative regulator that regulates T cell activation by competing with the costimulatory protein CD28 and binding to the shared ligands CD80 (B7.1) and CD86 (B7.2) (70). Meanwhile, the long-term survival of islet allografts produced by the soluble fusion protein CTLA4-immunoglobulin (CTLA4-Ig) is dependent on the host’s effective tryptophan catabolism. CTLA4 function in vivo by regulating tryptophan catabolism, but it also acts as a ligand of B7 receptor molecules, transducing intracellular signals (71). In order to treat diabetes mellitus, El Khatib et al. overexpressed synthetic PD-L1-CTLA4-Ig polyprotein using a cell-targeted AAV8 vector. Sadly, in NOD mice injected with proteins during early hyperglycemia, PD-L1-CTLA4-Ig alone was unable to normalize the state. However, the PD-L1-CTLA4-Ig expression vector prevented the islets from rejection for at least 4 months when drug-induced diabetic mice received MHC-matched transplanted islets. While transplanting PD-L1-CTLA4-Ig-expressing MHC-matched islets into T1D animals with established disease prevented immediate excretion of the transplanted islets, it eventually failed to sustain long-term immunological tolerance. Therefore, it is useful to design PD-L1 and CTLA4 gene-based strategies for the treatment of diabetes (72). Intriopirocrine green (ICG) is a photothermal agent to encapsulate imiquimod (Toll-like receptor 7 agonist) with polylactic acid coglycololic acid (PLGA). The formed PLGA-ICG-R837 nanoparticles, which trigger photothermal ablation by a near-infrared laser, can produce tumor-associated antigens in vivo, while combined with CTLA4 antibody therapy, which can prevent recurrence after tumor elimination. Can similar biomaterials be used for the treatment of T1D? In addition to the current treatment for diabetes with CTLA4-Ig, utilizing CTLA4 to prevent the onslaught of autoimmune cells to the islets is a suitable place to start (73). In reality, a “CAR-T” that expresses CTLA4-Ig was created in a method akin to CAR-T to continuous production of CTLA4-Ig in vivo, which can lessen the long-term immunosuppressive effectiveness and autoimmune rejection brought by islet transplantation.



4.3 Galactose lectin

Galactose lectin family plays an important role in cell proliferation and activation, but its function is easily reversed by the influence of the microenvironment. Galactose lectin has been continuously explored since 1975 when abnormal expression of galactose lectin was found in cancer. At present, Gal1 and Gal3 have been identified as the main molecules that mainly promote the growth of tumor cells and evade immune surveillance. At the same time, studies have suggested that the overexpression of Gal1 is related to the poor prognosis of patients with tumors, and the cure of hepatocellular carcinoma is often based on the expression of Gal1 (74, 75). Overexpression of Gal1 enables DCs to acquire interleukin-27 (IL-27) dependent regulation, promoting IL-10-mediated T cell tolerance and inhibiting autoimmune inflammation (76). It has also been found that Gal1 is related to the activation of MAPK signaling pathway and phosphatidylinositol-3 kinase (PI3K) signaling pathway. Gal9 in the galactose lectin family has shown great potential in the treatment of various cancers, and it was discovered that TIM-3 is a set of signaling pathways with Gal9 (77). The TIM-3/Gal9 pathway does not play a direct immunosuppressive role. Instead, TIM-3+ T cells were used to interact with CD4+CD25+ Tregs expressing Gal9 to activate T help 1 response and achieve immunosuppression (78).

In addition, Gal3 can also control the release of inflammatory cytokines into the body and the uptake of glucose by adipose tissue. Among some of the lectins, Gal3 is mostly secreted by macrophages. When fed a typical diet, without any accompanying inflammatory disease, galactose agglutinin-3 deficient (LGALS3 -/-) mice had smaller bodies and less epididymal white adipose tissue (eWAT). Further, metformin therapy could decrease these galactoagglutinin-3 levels (79). Mice receiving Gal3 injections developed insulin resistance and glucose intolerance, but obese mice receiving Gal3 treatment had enhanced insulin sensitivity due to pharmacological or gene loss. Gal3 was demonstrated to impair the insulin-mediated regulation of glucose output in primary mouse hepatocytes, lower the insulin-stimulated glucose uptake in muscle cells and 3T3-L1 adipocytes, and directly increase the chemotaxis of macrophages in in vitro tests. Gal3 can bind directly to the insulin receptor (IR) and suppress the following signals. So Gal3 inhibition is a novel target for the treatment of insulin sensitivity (80). Can pancreatitis be decreased or perhaps reversed by reducing or removing Gal3 since it is recognized to be the primary cause of pancreatitis? Iacobini et al. fed both wild-type (LGALS3+/+) and galactin-3 defective (LGALS3-/-) mice an atherogenic diet more than a longer length of time before the levels of fibrosis, inflammation, and steatosis in wild-type mice were much lower than those in wild-type mice. Gal3 was also discovered to be the receptor for advanced lipid oxidation end products in the liver. Gal3 ablation protected against diet-induced nonalcoholic steatohepatitis and reduced inflammation, hepatocyte damage, and fibrosis in terms of reducing the formation of lipoxidation end products in the liver (81). The application of the galactose lectin family is very promising, which can be considered as combined with other immunosuppressive agents, immunosuppressive factors, etc., to detreat T1D.



4.4 IDO

Initially, it was thought that the indoleamine 2,3 dioxygenase (IDO) enzyme directly affected how the immune system responded to illnesses and infectious agents. But as the years progressed, our knowledge of IDO has grown more and more comprehensive. In addition to limiting microbial growth and increasing immune response as an antibacterial, IDO may also have a role in modulating immune response activation and the development of immunological tolerance (82). The upregulation of plasma nephropathy (Kyn) by indoxyamide2,3-dioxygenase 1 (IDO1) in adipocytes has also been discovered. Mice were protected from obesity by IDO1 consumption in fat cells, which diminished Kyn buildup. For diabetic, obese mice, this offers a fresh perspective (83). Additional research on the location and expression of IDO in pancreatic tissues showed that diabetes patients with new-onset or other autoimmune diseases had significantly lower levels of IDO expression in insulin-secreting islets (84).

In C57BL/6 mice deficient in the Toll-like receptors9 (TLR9) gene, the lack of IDO induction in the pancreatic lymph nodes was likewise associated with the lack of STZ induction. It caused STZ mice to display some symptoms of a more serious illness. In order to prevent and treat T1D, attention should be paid to the TLR9-IDO axis (85). Due to decreased expression and catalytic activity of IDO1 in plasmacytoid dendritic cells (pDCs), TGF-β is unable to activate the IDO1 signaling pathway in NOD mice. Pallotta et al. pretransfected NOD pDCs with IDO1 to activate the IDO1 promoter, boost atypical NF-κB and TGF-β, and inhibit the production of pro-inflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), in such autoimmune diabetic animals. The presentation of pancreatic cell self-antigens in vivo could be inhibited by pDCs after TGF-β was applied to NOD pDCs with IDO1 overexpression (86). Moreover, the proteasome inhibitor bortezomib (BTZ) was utilized to restore IDO1 protein expression in vitro in pDCs. In autoimmune diabetic mice with prediabetes, treatment with BTZ can reverse the disease. But in hyperglycemic mice, there was no therapeutic efficacy (87). Dermal fibroblasts may also be used in addition to pDCs. dermal fibroblasts expressing IDO were given to newly unwell NOD mice by Zhang et al. in different doses. Only a small percentage of mice receiving low dosage therapy had their blood sugar levels reversed, but most animals receiving high dose treatment with dermal fibroblasts had their blood sugar levels returned to normal. It is amusing to note that high doses of IDO produced by fibroblasts reduced immune cell infiltration significantly while restoring islet cell function in NOD mice. Additionally, it lowered CD8+ T cells and T helper cell 17 in interactive NOD mice and increased Tregs in a number of organs (88).

There are different methods to accomplish IDO expression besides cell regulation. In inflammatory bodies, Dolpady et al. noticed that probiotics VSL#3, which were rich in lactobacilli, raised the release of IDO and IL-33 while actually lowering the expression of IL-1. By promoting CD103+ DCs differentiation tolerance and lessening Th1 and Th17 cells differentiation/expansion in intestinal mucosa and autoimmune disease, oral administration of lactobacteria-rich probiotics VSL#3 to NOD mice, either alone or in combination with retinoic acid, can modify their own intestinal microflora (89). Therefore, it makes sense to control IDO expression in a variety of methods in purpose of treating T1D.




5 Immunosuppressive cell therapy

As an autoimmune disease, T1D is induced by immune dysregulation, subsequently leading to the attack of pathogenic T cells to autologous β-cells. In view of this, several immunomodulatory therapies, such as delivering immunosuppressive agents and immune inhibitory biomacromolecule, have been proposed as described above. Most of them are focus on Treg, an immunosuppressive cell contributing to suppress overly pathogenic T cells and restoring autoimmune tolerance. However, more effective treatments are desired for complete remission of T1D due to the limited immune tolerance of the above therapies. Herein, adoptive suppressive immune cell therapy would be introduced to provide a broad overview of overcoming the above challenges.


5.1 Treg

In a research based on mice, CD4+CD25+ Treg was found to play an important role in relieving immune response and preventing the process of various autoimmune diseases (90). The Foxp3 was then identified as a special marker of CD4+CD25+ Treg, regulating their development and function (91). How Treg exerts immunosuppressive effects was discussed (92), and the further mechanism is still under study. Herein we demonstrate Treg as a kind of cell-based biomaterial applied in T1D therapy (Figure 4).




Figure 4 | Diagram of adoptive immunosuppressive cell therapy. Treg, MDSC and M2 macrophage could be isolated and expand in vitro through different culture conditions, followed by the refusion into the host to relieve excessive autoimmune response. Moreover, Treg have been further modified with TCR or CAR to recognize T1D-related autoantigens, which is beneficial to enhance the immunosuppressive effects.




5.1.1 Expansion of Treg in vitro

Since natural CD4+CD25+ T cells generally keeps a small amount in vivo, the expansion ex vivo is considerable. In a research of Tang et al., decreased CD25 expression of Treg was observed in the islets of T1D mice. Moreover, low-dose IL-2 was found to be conducive to the survival of Treg and remission of T1D (48). Later, TGF-β/TGF-β receptor signals were demonstrated to have key roles in CD4+CD25+ Treg regulation (42). Therefore, IL-2 and TGF-β were used to co-cultured with naïve T cells, which would be stimulated to differentiate into CD4+CD25+ T cells (93, 94). Other in vitro factors, such as anti-CD3 and anti-CD28, acted as a way of indirect antigen presentation, were combined with fluorescence-activated cell sorting technology for better therapy (95). As for direct antigen presentation, DCs, function as APCs, were employed to expand Treg for stronger alloantigen-specific capacity, benefiting to ease autoimmune disease in vivo (96–98). With the low-dose antigen, DCs could stimulate CD4+ T cells to generate a group of antigen-specific Treg, and without additional purification, it could ameliorate T1D.

However, the marker of CD4, CD25, and Foxp3 could not define the whole Treg subset, since some of CD4+CD25-CD127- T cells also express Foxp3. Further research demonstrated that CD127 could be an excellent Treg marker, especially for those suppressor cells without antigen presentation (99). CD4+CD25+highCD127- Treg have been initially confirmed the prolonged survival of β-cells, insulin dependence and safety within one year of single or double Treg infusion (100)CD4+CD25+CD127lo/- polyclonal Treg was isolated from patients, expanded in vitro, showing its enhanced suppressive activity in vivo after being re-infused in a phase 1 trial (101). Ex vivo expanded autologous CD3+CD4+CD25highCD127− Treg was infused and contributed to the remission of T1D in children (102).

In some researches, stem cell-derived autoantigen-specific Treg was also applied in T1D treatment, showing autoantigen-specific and inhibition autoantigen-specific accumulation (103). A novel idea was validated to make Treg as a protective coating of transplanted pancreatic islets. Specifically, Treg was bound to target cells through streptavidin-biotin system or biotin-polyethylene glycol-succinimidyl valeric acid ester molecule, maintaining the activity and function of islets and preventing them from being immune attack (104, 105). However, in vivo experiments were required to further demonstrate the coating strategy.

Despite extensive research effort, it seemed that there were some of antigen-specific Treg playing a significant role to reverse T1D in the large number of in vitro expanded Treg, though the former represents only a very small fraction of the latter. In a T-cell exhausted mice T1D model, autoantigen-specific Treg showed superior capacity in T1D remission than polyclonal Tregs (106). Therefore, compared to selectively isolate and expand antigen-specific Treg, it may be a more effective pathway to engineer T cells to be antigen-specific Treg.



5.1.2 Engineered Treg

As for the uncertainty of in vitro amplification, direct gene-edited Treg contributed an attractive route. T cell receptor (TCR), which recognizes T1D-related autoantigens, was constructed on Treg via lentiviral gene transfer and enabled its feasibility on Treg. Specifically, Treg was endowed with ectopic expression of TCRs, which was identified and isolated from T cells of human origin, leading to antigen dependent inhibitory capacity and protecting islets from β-cell destruction (107, 108).

Compared to TCR-Treg, Chimeric antigen receptors (CARs)-Treg owns a unique advantage of being non major histocompatibility complex (MHC)-restricted, which means CAR transfer would be applicable to most patients, instead of varying from individuals.

HLA-A2 specific CAR Treg maybe the first concept of proof for therapy. Herein, extracellular single-chain Fragment Variable (scFv) was fused to extracellular signaling domain, enhancing our insight into creating Treg of various antigen specificity via using different CARs (109). A modular system based on CAR-Treg was developed. Usually, CAR was designed to interact with specific target antigen. Herein, the CAR was engineered to bind to Fluorescein Isothiocyanate (FITC), a fluorophore frequently conjugated to antibodies, which endowed it with enormous scalability to act with desired antigen in prolonging allograft survival and maintaining immune tolerance (110). To increase Treg yield and further ensure its security, Foxp3 was transduced to CD4+ T cell to generate converted Treg (cTreg), exhibiting the similar phenotype and function as natural Treg. Moreover, insulin-specific CAR construction of cTreg could make it activated and proliferative. It fulfilled a concept-on-proof of redirecting T effector cells to Treg through transduce Foxp3 (111).

Despite promising results, a number of issues remain to be solved, especially in the long-term safety and validity, no matter the large-scale expansion technology, or gene-editing method like TCR Treg and CAR Treg, the lineage stability of Treg in manual operation remains unknown. Recent data indicated that no Foxp3 loss in expression during over a year follow-up period (101). However, to prove the inevitability between lineage stability and Foxp3+ of Treg, more robust evidence is needed. As for gene-editing, it is particularly worrying about Good Manufacturing Practice, including the construction and optimization of TCR/CAR, purification of TCR/CAR Treg. Considering the widely existing neurotoxicity CAR-T used in oncology research, CAR Treg may also face the similar challenging hurdles.




5.2 MDSC

A population cell of myeloid origin with immunoregulatory activity named myeloid-derived suppressor cells (MDSC) is of interest, allowing for great potency in the fields of transplantation and autoimmune diseases (112). In T1D, MDSC exhibited immunosuppressive ability to some extent, its characteristic and mechanism had been discussed in the pre-existing review (113). Here, we focus on the studies related to MDSC adoptive therapy.

Alessia Zoso et al. proposed a novel human MDSC subset named fibrocytic MDSC to induce Treg expansion and normoglycemia in a xenogeneic mouse model of T1D (114). However, there was another research pointed that the adoptive transfer of MDSC could not always effectively prevent T1D autoimmunity in a stringent model (115). Combined therapy with adjunct immunosuppressive agents or addition factors would be needed (115, 116). Whitfield-Larry F et al. utilized hemagglutinin (HA) peptides to assist MDSC, making it capable of downregulating autoimmune responses and preventing diabetes onset (116).

In addition to direct action in assisting the establishment of immune tolerance, MDSC also protected transplanted islets from being disrupted. It reported single dose of MDSC was given to the treated mice and prolonged the survival of transplanted islets, indicating MDSC owned the capacity of immunosuppression. Moreover, the expression of C-C chemokine receptor type 2 (CCR2) contributed to MDSC migration, which means much more supervision would be required (117).

However, one obvious drawback limits the development of MDSC, that is the small number of them within the whole body. It usually means that it would be difficult to precisely isolate the “appropriate” MDSC, especially in autologous patients. Generic MDSC from healthy donors may suffer from mismatch genetic background and further Graft Versus Host Disease (GvHD). Exploring extra in vitro inducers for better MDSC production and in vivo combinations for effective function has still the long way to go.



5.3 M2 macrophages

It has been reported that early macrophage infiltration plays an important role in the process of T1D (118). There were two major activation states of macrophage, including proinflammatory (M1) and anti-inflammatory (M2, also named alternatively activated macrophages). A strategy of alternatively activated macrophages was proposed and generated keen interest. Similar to adoptive transfer therapy with other cells, M2 macrophages was isolated from macrophages, monocytes, or bone marrow–derived myeloid precursors, followed by in vitro induction using cytokine such as IL-4 and colony-stimulating factor-1 (CSF-1) (119, 120). The mechanism of M2 macrophage protection has been illustrated in other review (121). Here we focus on the application of M2 macrophage therapy.

In STZ induced diabetic mice, adoptive transfer of M2 macrophage expanding in vitro showed mitigated injury of islets and kidneys, mainly due to the protection of M2 macrophage from the destruction of β-cells (120, 122). Roham Parsa et al. developed an optimized in vitro culture protocol, that was IL-4/IL-10/TGF-β. Most of NOD mice exhibited good therapeutic effects of T1D for more than three months after being injected the induced M2 macrophage. Surprisingly, it was observed that the transferred M2 macrophage was specifically accumulated in inflamed pancreas and promoted β-cell survival (123). A study revealed that M2 phenotypical cell line could be stabilized by neutrophil gelatinase‐associated lipocalin transduction, which overexpressed IL-10 and low secreted TGF‐β, relieving diabetic kidney disease much better than non-modified bone marrow‐derived M2 (124). A small-scale clinical trial indicated that monocyte of newly diagnosed T1D patients could differentiate M2 macrophages in vitro while that of long-standing T1D patients could not. The differentiated M2 macrophages could use for adoptive therapy (125). In our opinion, M2 plasticity make it a potent candidate for cell therapy through genome editing and reprogramming. However, the limited proliferation halted the progress, indicating more advanced co-cultured and modified methods are still needed to developed.




6 Vaccine

There is a lot of data to prove the point that viruses can induce T1D in animals. The mouse encephalitis myocarditis (EMC-D) virus D variant is the most prevalent. Due mostly to the rapid death of β-cells by virus replication in cells, high titer EMC-D virus infection progresses to diabetes within 3 days. Macrophages are drawn to the islets by low titer EMC-D virus infection. An important element in the elimination of remaining β-cells is the production of soluble mediators by activated macrophages (126–128). In addition to the above mentioned, autoimmune responses can be modified from immune checkpoints. It can also be done by antigen-specific pathways. In addition to the above mentioned, autoimmune responses can be modified from immune checkpoints. It can also be done by antigen-specific pathways. Vaccines have been suggested as a means of treating and preventing T1D at beginning with its development. By controlling the autoantigen immune response and halting further degeneration of pancreatic β-cells, vaccines have been demonstrated clear advantages in immunotherapy. It can not only significantly lessen the pain brought on by diabetes complications but even help reverse diabetes (18). Inflammation is a major contributor to T1D, hence, strategies for reducing or eliminating inflammation are frequently used in the vaccine selection and formulation process.


6.1 Bacteria

From the first pertussis vaccine found to stimulate the production of immunoglobulin by lymphocytes in rats to the later treatment of gas-sensitive inflammation in mice (129–131). In 1984, to reduce inflammation, a study explored the protective effect of pertussigen on insulin-dependent diabetic mice. The pertussis vaccine was divided into two parts, one was boiled and the other was left intact, and injected into STZ mice. T1D was not observed in mice treated with either regimen (132). It has been suggested to use Tregs to inhibit or remove pathogenic T cells in order to prevent or safeguard the function of β-cells. Trials have started in children with new-onset diabetes and adults with autoimmune diabetes (LADA) based on this notion (133). Traditionally Q fever vaccines have traditionally been used to treat acute febrile illness after human contact with livestock. After professor Kevin Lafferty first demonstrated that Q fever vaccine protects NOD mice against diabetes, Bonn et al. explored whether Q fever vaccine could prevent diabetes in humans. They vaccinated more than 40 newly diagnosed T1D patients with Q fever, patients did not develop a second autoimmune disease from vaccination to 6 months later. These results, making vaccine against hepatitis virus colonies be a new way to protect insulin-producing β-cells (134). On the other hand, the soluble chimeric protein CTLA4-Ig can treat psoriasis when injected into the body. No T cell proliferation was observed in the patient’s lesions, but there were abnormal antibody responses to T cell-dependent neoantigens (135). Bacille Calmette-Guerin (BCG), a derivative of Mycobacterium bovis, induces upregulation of the c-Mcy genes that controls glucose homeostasis and is most commonly used to trigger long-term adjustment of blood sugar levels to near-normal levels in patients with T1D (136, 137). In addition, patients with long-term T1D received two doses of BCG for 8 years of follow-up. The BCG vaccine returned blood sugar levels to normal for three years after administration and remained stable for the next five years (138). Therefore, it is promising to employ BCG to treat T1D. From the perspective of adjuvant, peptide nanofibers have been used to assist BCG vaccine expansion of CD4+ T cells (137). It may be possible to extract microvesicles of Mycobacterium bovis and load them with immunosuppressive drugs as a strategy to treat T1D. Rotavirus mainly infects intestinal cells and causes dehydrated gastroenteritis (139). Hence, children must be given rotavirus at an early age. Notably, between 2006 and 2017, the incidence of diabetes in children from aged 0 to 4 declined by 3.4% per year after infants were vaccinated against rotavirus in the United States (140). Rotavirus spike protein is considered as a novel vehicle protein, which can greatly improve antigen immunogenicity when combined with vaccine (36, 141). Thus, whether combination of rotavirus spike protein or MEC-D to make a preventive vaccine could prevent T1D caused by MEC-D.

Moreover, Miller et al. synthesized an oral live attenuated salmonella vaccine that delivers its own antigens and TGF-β expression vectors to immune cells in the intestinal mucosa. DCs are present throughout the secondary lymphoid tissue after animal vaccination, and CD103+ DCs induce tolerance effects and intestinal homing. TGF-β significantly increased the expression of programmed death ligand-1 (PD-L-1 or CD274) in dendritic cells in MLN and PP of treated mice. TGF-β also increased the level of CTLA-4 in CD4+ T cells in MLN and PP (142). Based on this, Harrison et al. made a T1D vaccines using live attenuated Salmonella MvP728 (DhtrA/DpurD), cytokines (IL10 and TGF-β) and proinsulin (PPI) antigen combined with a subtherapeutic dose of anti-CD3 monoclonal antibody. The vaccine was able to reduce insulitis and prevent and reverse diabetes in NOD mice. It also reduced the risk of inflammatory response and sepsis by detoxifying lipopolysaccharide (LPS) with lipid A against live salmonella strains (143). Considering that the vaccine itself may trigger autoimmunity and the selection of the enterovirus serotype that the vaccine targets, Larsson et al. used formalin inactivated Coxsackie virus B1 (CVB1) as a novel non-adjuvant vaccine to explore its efficacy and autoimmune safety in the treatment of diabetes. Prediabetic NOD mice were inoculated with CVB1 vaccine and then infected with CVB1. The vaccinated mice produced high titers of CVB1 neutralizing antibodies, but showed no sign of vaccine-related side effects and no increase in insulin autoantibodies. At the same time, the onset of diabetes was accelerated in NOD pre-diabetic mice infected with CVB1 (144). Bacterial vaccines have great potential for the treatment of diabetes, either by using bacterial proteins as adjuvants to enhance antigen immunogenicity or by combining nanoparticles with bacteria.



6.2 Genetic engineering

Genetic engineering has been a hot topic in recent decades. It is possible to use gene editing and other methods to give organisms functions that they do not have (Figure 5). For patients with T1D, it is of great significance to re-enshrine the function of producing and secreting insulin.




Figure 5 | Schematic diagram of the T1D vaccine. Insulin gene was isolated from mice and  utilized to made PPINS vaccine. Liposomes and other nanomaterials are used to coat insulin and GM-CSF to provide exogenous insulin, which are mainly used to make sustained release insulin vaccines. On the other hand, siRNA vaccines derived from siRNA molecules of APC associated with the pancreas and cell vaccines genetically engineered to express GAD65 antigen could protect the pancreas from T cell killing.




6.2.1 Proinsulin

For patients with T1D, insulin injections are commonly used. However, considering long-term insulin injection, it will cause body edema, hypoglycemia and other adverse reactions. There are many ways to get insulin into the body. Apart from the common intraperitoneal injection, there are nasal inhalation, oral and so on. Under continuous stimulation of high glucose, insulin nasal mucosal injection can maintain the stability of blood glucose and autoimmune tolerance (143). Meanwhile, blood glucose levels can be reduced with oral insulin, however the first-pass effect can lower the quantity of insulin that is actually useful. Therefore, there are new difficulties in increasing the amount of insulin that is effective (145).

For daily insulin injections, a way to produce a continuous supply of insulin in the body with a single injection is urgently needed. Sifter et al. analyzed the structural characteristics of the variation in the proinsulin proteins (PPINS) and designed PPINS as antigenic subcellular targeted vaccines. The potential of PPINS variants to inhibit the development of spontaneous diabetes was then tested in female NOD mice expressing h-2G7 haplotype susceptible to diabetes with CD8+ T cell-reactive antigens. They found that PPINS antigens excluded from endoplasmic reticulum (ER) expression did not induce CD8+ T cells or autoimmune diabetes in RIP-B7.1 TG mice, but effectively inhibited the development of spontaneous diabetes in NOD mice and CD8+ T cell-mediated autoimmune diabetes mice (146). Glinka et al. co-inoculated PPINS with mutated B7-1 molecule (B7-1WA) to protect NOD mice prone to autoimmune diabetes. The mutated B7-1 molecule binds to the negative T cell regulator CTLA4, but not CD28. Co-delivery of the plasmid encoding the PPINS-GAD65 fusion structure and B7-1WA has a protective effect on insulitis and diabetes. In adoptive transfer experiments, DNA vaccination produced protective CD4+ Treg with a CD25+ or CD25 phenotype. In addition, the number of T cells with TR-related markers, such as CTLA4, Foxp3, and membrane-bound TGF-β, increased in the vaccinated mice. At the same time, CD4+ regulatory T cells (Tr) can inhibit the response of T cells to islet antigen (147). Yoshida et al. constructed DNA plasmid vectors that encode membrane binding to self-antigen proinsulin (MB-PPI) and PPI/GAD65w (GAD65 total protein) respectively. He injected mB-PPI and PPI/GAD65wDNA plasmid vectors together with MB7.1-IGG1/CD40L into female NOD mice. Five injections of DNA were given every three weeks. A significant delay and reduction in the incidence of autoimmune diabetes was observed. In vitro experiments showed that the spleen cells of protected mice did not produce increased IFN-γ when stimulated by insulin and GAD65 peptide (148). Monoclonal antibodies using CTLA4 usually have a masking effect, replacing a single amino acid in B7-1 (W88>A; B7-1wa) does not bind to CD28 or CTLA4. A plasmid encoding B7-1 or B7-1wa was constructed as a cell surface or Ig fusion protein. In the binding state, B7-1-IG enhanced CD3-mediated T cell activation, but B7-1wa-Ig had an inhibitory effect consistent with CTLA4 ligand. The B7-1wa (membrane-bound form) plasmid was combined with the PPINS plasmid, and the gene transfer was amplified by electroporation, and co-injected into non-obese autoimmune diabetic mice. Co-delivery of B7-1wa and PPINS cDNA eliminates insulin responsiveness and improves diabetes. Injection of either plasmid alone could not suppress the immune cell response to itself (149). In addition, Chang et al. designed a DNA vaccine combined with membrane-bound preproinsulin (mbPPI) and mB7.1/CD40L. The vaccine is able to promote the effective transmission of the autoantigen PPI, and its mutation B7.1 binds to CTLA4 but not CD28, well preventing cell recognition and killing by T cells (150). Patients with chronic T1D and the HLA-DRB1-0401 genotype received subcutaneous injections of proinsulin peptide epitopes (C19-A3) limited by the human leukocyte antigen DR4 (HLA-DR4). At various doses, IL-10-secreting peptide-specific T cells were seen, but proinsulin-specific pro-inflammatory T cells and systemic hypersensitivity were not observed (151).



6.2.2 Polypeptide

In obese diabetic mice, Sema3E induces plexinD1-positive inflammatory macrophages into visceral white adipose tissue to regulate their biological defects. Yoshida et al. selected two antigenic peptides to produce neutralizing antibodies against amino acids 385-394(KVNGGKYGTT) or 359-368(HKEGPEYHWS) of Sema3E. The Ten terminus or lysine of each candidate peptide was conjugated by glutaraldehyde to the keyhole limpet hemocyanin (KLH) and given to obese wild-type male mice with Freund’s adjuvant. Vaccination with KLH-conjugated HKEGPEYHWS (Sema3E vaccine) significantly increased Sema3E antibody titer by screening. Sema3E vaccine inhibited plexind1-positive cell swelling, improved chronic inflammation in visceral white adipose tissue, and improved systemic glucose tolerance in obese mice (148). Consider that small interfering RNA (siRNA) was hindered by low transfection efficiency in vivo, Leconet et al. found that lipids or polyethyleneimine delivery agents can effectively treat siRNA molecules in pancreatic associated APCs. In terms of treatment, he found that short-term treatment with the lipid/ALOX15-specific siRNA complex promoted long-term protection against T1D in young wild-type (WT) NOD mice. In pancreatic associated CD11b+ cells, the PD-L1 pathway is upregulated and Treg are increased (152). β2 macroglobulin (β2m) was a universal signal component of MHC-I molecules when fused with cd3-Z chain. Therefore, the design of connecting the H-2KD binding insulin B chain peptide insulin B chain, amino acid 15-23 (IbsB15-23) to the N-terminal of β2m/CD3-ζ, made the mRNA encoding chimeric MHC-I receptor could target effector CD8 to diabetic CD8+ T cells, which reduced pancreatitis in NOD mice (153). Meanwhile, M2-polarized bone marrow derived macrophages (BMDMs) can also be used to secrete exosomes (Exos) containing miRNA to inhibit inflammation and maintain immune tolerance. After injection of M2 BMDM Exos in obese mice, miRNA consumption in exosomes blocked the ability of M2 BMDM Exos to enhance insulin sensitivity. Further analysis of miRNA showed that miR-690 was highly expressed in exosomes, and both in vivo and in vitro experiments proved that miR-690 targets NAD kinase (Nadk) and plays an important role in regulating macrophage inflammation and insulin signaling. Therefore, miR-690, as an insulin-sensitized miRNA, can be further explored (154). HSP60 peptide DiaPep277 is recognized to prevent adult humans and NOD mice from developing diabetes-related cell function decline. However, when the insulin dose and the level of glycosylated hemoglobin were treated in children with early-onset T1DM, there was no distinction between the patients in the control group and those in the blank control group. DiaPep277 thus does not maintain cell function (155, 156). Therefore, designing vaccinations to shield β-cells from damage now presents a new challenge.



6.2.3 GAD65

Young NOD mice exhibited spontaneous Th1 response to glutamic acid decarboxylase (GAD65), which resulted in T cell autoimmunity. In order to prevent the autoimmunity before it happens naturally, Tian et al. introduced the notion of inducing active tolerance through the involvement of a Th2 immune response on GAD65 and testing if the T1D caused by series of Thl reactions can be prevented. As a result, young NOD mice were given a single intranasal injection of the GAD65 polypeptide, allowing for the detection of the high level of GAD65 IgGl antibody expression in the mice. GAD65 peptide administered intravenously reduced IFN-γ elevated IL-5 response, and promoted Th1 response with Th2 phenotypic transfer, decreased the prevalence of long-term T1D and insulitis (157). Agardh et al. evaluated the safety of alum formula for human recombinant GAD65 after suggesting an enhancement to its GAD65 polypeptide. Subcutaneous injections of various dosages of the modified vaccination did not significantly alter c-peptide levels or HbA1c in persons with underlying autoimmune diabetes mellitus (LADA), whether fasting or hyperglycemic stimulation. It has been established that adding alum is a good way to enhance the GAD65 polypeptide vaccination (158). Moreover, GAD65 could also be packaged into vesicles to regulate hBA1c levels through nerve stimulation (159). Fengchun Li et al. modified the syngeneic splenocytes, and used retrovirus particles to transfer the gene encoding GAD65 into the spleen cells of NOD mice to make a lymphoid vaccine. A few weeks after the vaccine was injected into four-week-old NOD mice, high doses of the vaccine were found to reduce both insulitis and blood sugar levels (149). In addition, anti-CD3/GAD65 combination to treat T1D. The results showed that the amplification of GAD65-specific Treg was related to the mouse genotype. This provides further insights into the use of immunotherapy in the treatment of T1D. To improve the therapeutic effect, targeted individual immune monitoring is needed (160).




6.3 Cytokines

Liposomes, nanoparticles and other inorganic materials show certain advantages and are widely used in the treatment of tumor diseases (161). Treatment of tumors requires breaking immune tolerance, while for T1D, it is to restore immune homeostasis and protect β-cells. Therefore, inorganic materials can also be used as adjuvants to enhance the therapeutic effect of vaccines.

Yoon et al. has developed a vaccine-based approach using two synthetic controlled-release biomaterials, poly (lactate-co-polycerids; PLGA) microparticles (MPs) encapsulate denature-resistant insulin and PuraMatrix™ peptide hydrogel containing granulocyte macrophage colony stimulating factor (GM-CSF) and CpGODN1826 (CpG). Interestingly, three subcutaneous injections of this hydrogel (GM-CSF/CpG)/insulin-MP vaccine protected most NOD mice against T1D infection. At the same time, the stimulating effect of CpG increased IL-10 production. Multiple injections of insulin-containing agents under the skin can form granulomas, creating a kind of microenvironment that recruits immune cells. Accordingly, this injectable hydrogel/MP based vaccine system make it possible to prevent T1D with (162). Based on inhibition of autoreactive T cells by Foxp3+ Treg, impaired tolerance promotes the destruction of insulin-producing β-cells in autoimmune T1D. So Hyoty and Knip treated human hematopoietic stem cell transplanted NG-HLA-DQ8 transgenic mice with upon subimmunogenic vaccine. It was observed that the hypoimmunogenicity boosted the levels of insulin-specific Foxp3+ Treg in the human immune system. Moreover, the expression of Foxp3, CTLA4, IL-2RA and TIGIT increased, which effectively inhibited effector T cells. Therefore, inducing the expression of highly efficient human insulin-specific Foxp3+ Treg in vivo can be the direction of new human insulin mimics (163). Interleukin-1β (IL-1β) is a key cytokine involved in inflammatory diseases, which can be treated from the perspective of decreased IL-1β activity. Cavellti-Weder et al. synthesized a novel vaccine against IL-1β. The vaccine hIL1bQb consists of full-length, recombinant IL-1β coupled virus-like particles. IL-1β-specific antibodies were induced immediately after vaccination in preclinical apes, while neutralizing antibodies were delayed. In a clinical study of 48 patients with type 2 diabetes, neutralizing IL-1β specific antibody responses were detected after multiple injections of anti-IL-1β vaccine. The patient’s blood glucose and body weight were improved without obvious adverse reactions (164). In addition, Spohn et al. chemically cross-conjugated IL-1β with virus-like particles of phage Qβ to form a detoxifying version of the IL-1β vaccine. The vaccine was well tolerated in mice and neutralized the biological activity of IL-1β. Nor did infecting mice with Listeria monocytogenes or Mycobacterium tuberculosis induce an immune response. And the IL-1β vaccine also improved glucose tolerance in diet-induced type 2 diabetes (165). In addition, DCs expressing interleukin 4 (IL-4) were induced by lentiviral transduction. To avoid the dual risk of carcinogenicity or immune-heredity of cell modification with viral vectors, DCs were used electrocuted to “translation-enhanced” of IL-4mRNA (eDC/IL-4) in NOD mice, and demonstrated that electroporation did not affect the therapeutic effect. After a single injection of eDC/IL-4 shortly after the onset of hyperglycemia in NOD mice, some mice could maintain blood glucose stability for several months. The eDC/IL-4 treatment enhanced the function of Treg and modulated T-assisted responses to reduce pathogenicity (166). Microcarriers are known to direct DCs to the site of administration and, once phagocytic, the contents can form a DC phenotype. Therefore, promaxtm microspheres were proposed to form antisense oligonucleotides and enable autologous dendritic cells to inhibit diabetes. When subcutaneously injected into NOD mice, the vaccine enhanced the expression of CD25+Foxp3+ Treg. In vitro experiments also demonstrated that the vaccine could inhibit NOD-derived pancreatic cell antigen activity (167). Au et al. synthesized β-cells with high expression of PD-L1, CD86 and GAL-9 and subcutaneously injected β-cells with high express co-inhibitory immune checkpoint ligands. It can induce islet antigen specific immune tolerance to autoreactive T cells and reverse early onset hyperglycemia (168).

The vaccination has demonstrated some benefits in the management of diabetes, starting with bacteria, insulin, β-cells, and GAD65, though diabetes patients could not be fully treated for a variety of reasons. Therefore, in order to maintain autoimmune tolerance, it is important to decide whether to combine a vaccine with immunological checkpoint or anti-inflammatory agents, as well as to manufacture insulin to maintain normal blood glucose levels.




7 Conclusion and perspective

In summary, as we have review above, there are three aspects for the treatment of new-onset diabetes by immune modulation. Firstly, for immunosuppressive factors, the mostly employed ones are TGF-β, IL-2, etc. Currently, organic synthetic materials, such as PLGA and PEGylated, have been used to encapsulate immunosuppressive factors to achieve sustained drug release to control blood glucose. Alternatively, nanoparticles or device reduce the toxic side effects and enhance efficacy of the immunosuppressive drugs. In addition to the current approaches, it can use cell membrane vesicles to encapsulate the epidemic suppressor. Secondly, the most common and promising treatment for T1D is the vaccine. To prevent T1D, the vaccines based on virus or bacteria that elicit T1D can be injected into the body in advance. There are many therapeutic vaccines available even the patients have with T1D. It is common to use proinsulin as a vaccine, or the insulin peptide also could be wrapped in liposomes or other biological materials as nanoparticles vaccines, that facilitate the capture by DC. However, for patients whose islets are not completely damaged, how to restore immune tolerance should be considered. GAD56 is another common vaccine candidates, which can robustly induce Treg cells to play the immunosuppressive role. Mixing a variety of immunosuppressive factors together with vaccines is a promising therapeutic strategy for T1D therapy. For T1D vaccine, enhance of the immunogenicity of the antigen is a promising way. As for adjuvants, adjuvant vaccines are extremely important. Bacterial membrane derived vesicles had been intensively exploring as cancer vaccine adjuvant that can also are be considered for enhancing immunogenicity of the T1D antigens. For example, proinsulin peptide vaccines can be coated with bacterial membranes to promote the robust immune response. Thirdly, engineered cell-based therapy such as Tregs, MDSC, M2 macrophages that could be employed to restore the immune tolerance. Cells could be isolated from patients and proliferated in vitro based on specific amplification or engineering approaches to maintain immune tolerance, then transfuse to individual to treat T1D. We envision that the future applications of immunosuppressive cells could be in combination with immunosuppressive agents’ target delivery or immune checkpoint blockade of islet-autoreactive T cell to prevent its pathological killing of β-cells. Alternatively, inflammatory suppressive cytokines could be overexpressed in immunosuppressive cells, whose exosomes could be extracted to treat T1D together with insulin.

Together, combining biomaterials to form drug delivery nanoparticles or device holds great potential for treating T1D, and further research and exploration in the delicate design of biomaterials and unknown mechanistic signaling pathways would make a huge contribution.



8 Future and challenges

The particularity of biomaterials can achieve some purposes of T1D treatment. Treating T1D from an immunological perspective has many merits. Firstly, immune checkpoint modulation is one of the most promising ways in protecting β-cells from T cell attack. At present, PD-1/PD-L1, CTLA4, GAL3, IDO and other checkpoints have been paid more and more attention in cancer immunotherapy. Except these above, the ICOS/ICOSL signaling deserves attention. It has shown potent antitumor activity in combination with CTLA4 blockers in tumor immunotherapy (69). These immune suppressive legends such as PD-L1, Gal-9 and CTLA4 could be engineered to treat T1D through reactively inhibit the T cell activity. In addition, these negative immune checkpoint proteins also be wrapped exosome, platelets, hydrogels and other nanoparticles to inhibit T cells to protecting β-cells. However, how to target delivery these native immune checkpoint proteins to pancreas and reduce their off-target immune suppression is still a challenge.

Secondly, for vaccines, the preventive and therapeutic functions cannot be ignored, though the induced immune response rate is relatively low by current antigen candidates. The components of a vaccine are mainly divided into two parts, antigen and adjuvant. To improve the effect, it can not only improve the immunogenicity of autoantigen, but also adjust the adjuvant to cause autoimmunity. Since EMC-D can rapidly destroy β-cells by replicating in cells, it is considerable to modify the structure of EMC-D to remove pathogenic toxicity and act as an antigen to cause immune response at the same time, so as to prevent T1D. In addition, whether bacterial membrane vesicle can be engineered to contain multiple surface proteins to inhibit inflammation is worth considering. For example, how about inhibiting the expression of IL-1β, IL-6, IL-10 simultaneously?

Thirdly, referred to immunosuppressive cells, in vitro expansion has achieved impressive success and numerous clinical trials were ongoing, especially in Treg. During this process, more efficient cell types were detected, such as antigen-specific Treg, which encourages researchers to explore new ways to achieve it. So far, major challenges are summarized as follows: 1) Optimized separation and amplification process of specific cells; 2) limited expandability based on the patient’s condition; 3) Further confirmation of efficacy and mechanism of engineered immunosuppressive cells.

Hence, challenges to biomaterials applied in T1D still persist today. However, we envisage that employing biomaterials to facilitate the treatment of T1D based on immunotherapy is promising.



Author contributions

ZJ, YL, YM contributed equally to this work. XiZ, ZJ, YL, YM wrote the manuscript. XuZ, ZJ, XiZ helped to revised the manuscript. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (31971268, 32201084), grants from Science, Technology & Innovation Commission of Shenzhen Municipality (JCYJ20200109142610136, JCYJ20180507181654186), Guangdong Basic and Applied Basic Research Foundation (2019A1515010855), Guangdong Basic and Applied Basic Research Foundation (2020A1515110166), the Natural Science Foundation of Guangdong Province (No .2020A1515010802, No. 2022A1515012289), Shenzhen Science and Technology Program (Grant No. RCYX20200714114643121), University of Chinese Academy of Sciences-Shenzhen Hospital Research Funding (HRF-2020004), the Health system scientific research project of Shenzhen Guangming District Science and innovation Bureau (2020R01073, 2020R01061), Special fund for economic development of ShenZhen Guangming District (2021R01128), Doctoral personnel scientific research start-up Fund project of Guangdong Medical University (GDMUB2022037), Fundamental Research Funds for the Central Universities (19lgzd45), and the Health system scientific research project of Shenzhen Guangming District Science and innovation Bureau (2020R01073, 2020R01061).



Acknowledgments

Xudong Zhang, Pingping Li, Wen-I Yeh, Alessia Zoso, Roham Parsa, Kin Man Au, Katja Stifter, Wilhem Leconet at al. for improvement.



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. Roep, BO, Thomaidou, S, Van Tienhoven, R, and Zaldumbide, A. Type 1 diabetes mellitus as a disease of the beta-cell (do not blame the immune system?). Nat Rev Endocrinol (2021) 17:150–61. doi: 10.1038/s41574-020-00443-4

2. Lehuen, A, Diana, J, Zaccone, P, and Cooke, A. Immune cell crosstalk in type 1 diabetes. Nat Rev Immunol (2010) 10:501–13. doi: 10.1038/nri2787

3. Ghasemi, A, Akbari, E, and Imani, R. An overview of engineered hydrogel-based biomaterials for improved beta-cell survival and insulin secretion. Front bioeng Biotechnol (2021) 9:662084. doi: 10.3389/fbioe.2021.662084

4. Waldron-Lynch, F, and Herold, KC. Continuous glucose monitoring: Long live the revolution! Nat Clin Pract Endocrinol Metab (2009) 5:82–3. doi: 10.1038/ncpendmet1044

5. Espona-Noguera, A, Ciriza, J, Canibano-Hernandez, A, Orive, G, Hernandez, RMM, Saenz Del Burgo, L, et al. Review of advanced hydrogel-based cell encapsulation systems for insulin delivery in type 1 diabetes mellitus. Pharmaceutics (2019) 11(11):594. doi: 10.3390/pharmaceutics11110597

6. Battelino, T, and Bode, BW. Continuous glucose monitoring in 2015. Diabetes Technol Ther (2016) 18 suppl 1:s10–21. doi: 10.1089/dia.2016.2502

7. Wang, J, Wang, Z, Yu, J, Kahkoska, AR, Buse, JB, and Gu, Z. Glucose-responsive insulin and delivery systems: Innovation and translation. Adv mat (2020) 32:e1902004. doi: 10.1002/adma.201902004

8. Shapiro, AM, Lakey, JR, Ryan, EA, Korbutt, GS, Toth, E, Warnock, GL, et al. Islet transplantation in seven patients with type 1 diabetes mellitus using a glucocorticoid-free immunosuppressive regimen. N Engl J Med (2000) 343:230–8. doi: 10.1056/NEJM200007273430401

9. Boldison, J, and Wong, FS. Immune and pancreatic beta cell interactions in type 1 diabetes. Trends Endocrinol Metab (2016) 27:856–67. doi: 10.1016/j.tem.2016.08.007

10. Raffin, C, Vo, LT, and Bluestone, JA. Treg cell-based therapies: challenges and perspectives. Nat Rev Immunol (2020) 20:158–72. doi: 10.1038/s41577-019-0232-6

11. Bougneres, PF, Carel, JC, Castano, L, Boitard, C, Gardin, JP, Landais, P, et al. Factors associated with early remission of type i diabetes in children treated with cyclosporine. N Engl J Med (1988) 318:663–70. doi: 10.1056/NEJM198803173181103

12. Keymeulen, B, Vandemeulebroucke, E, Ziegler, AG, Mathieu, C, Kaufman, L, Hale, G, et al. Insulin needs after cd3-antibody therapy in new-onset type 1 diabetes. N Engl J Med (2005) 352:2598–608. doi: 10.1056/NEJMoa043980

13. Gaglia, J, and Kissler, S. Anti-cd3 antibody for the prevention of type 1 diabetes: a story of perseverance. Biochemistry (2019) 58:4107–11. doi: 10.1021/acs.biochem.9b00707

14. Sharma, P, and Allison, JP. Immune checkpoint targeting in cancer therapy: Toward combination strategies with curative potential. Cell (2015) 161:205–14. doi: 10.1016/j.cell.2015.03.030

15. Sharma, P, and Allison, JP. The future of immune checkpoint therapy. Science (2015) 348:56–61. doi: 10.1126/science.aaa8172

16. Farina, KA, and Kane, MP. Programmed cell death-1 monoclonal antibody therapy and type 1 diabetes mellitus: A review of the literature. J Pharm Pract (2021) 34:133–40. doi: 10.1177/0897190019850929

17. Colli, ML, Hill, JLE, Marroqui, L, Chaffey, J, Dos Santos, RS, Leete, P, et al. Pdl1 is expressed in the islets of people with type 1 diabetes and is up-regulated by interferons-alpha and-gamma via irf1 induction. Ebiomedicine (2018) 36:367–75. doi: 10.1016/j.ebiom.2018.09.040

18. Desai, S, Buchade, S, Chitlange, S, Sharma, H, Bhombe, D, Shewale, S, et al. Vaccines for type 1 diabetes: Prevention or reversal? Curr Diabetes Rev (2021) 17:30–6. doi: 10.2174/1573399816666200330145501

19. Secchi, A, Pontiroli, AE, Falqui, L, Pastore, RM, Scorza, R, Meroni, PL, et al. Efficacy of prednisone to induce remission in recent onset type i (insulin dependent) diabetic patients. Klin wochenschr (1987) 65:244. doi: 10.1007/BF01715857

20. Bevier, WC, Zisser, HC, Jovanovic, L, Finan, DA, Palerm, CC, Seborg, DE, et al. Use of continuous glucose monitoring to estimate insulin requirements in patients with type 1 diabetes mellitus during a short course of prednisone. J Diabetes Sci Technol (2008) 2:578–83. doi: 10.1177/193229680800200408

21. Gong, K, Guo, G, Beckley, NA, Yang, X, Zhang, Y, Gerber, DE, et al. Comprehensive targeting of resistance to inhibition of rtk signaling pathways by using glucocorticoids. Nat Commun (2021) 12(1):7014. doi: 10.1038/s41467-021-27276-7

22. Cassieri, C, Mastromatteo, AM, Pica, R, Zippi, M, Corazziari, ES, Paoluzi, P, et al. Azathioprine in the maintainance remission in inflammatory bowel disease patients: 7-year follow up. Eur J Public Health (2020) 30. doi: 10.1093/eurpub/ckaa166.591

23. Silverstein, J, Maclaren, N, Riley, W, Spillar, R, Radjenovic, D, and Johnson, S. Immunosuppression with azathioprine and prednisone in recent-onset insulin-dependent diabetes mellitus. N Engl J Med (1988) 319:599–604. doi: 10.1056/NEJM198809083191002

24. Geliebter, R, Chia, D, and Derrick, K. Sun-275 azathioprine for tertiary prevention of diabetes in patients with newly diagnosed type 1 diabetes. J Endocrine Soc (2019) 3:SUN–275. doi: 10.1210/js.2019-SUN-275

25. Stiller, CR, Dupre, J, Gent, M, Heinrichs, D, Jenner, MR, Keown, PA, et al. Effects of cyclosporine in recent-onset juvenile type 1 diabetes: impact of age and duration of disease. J Pediatr (1987) 111:1069–72. doi: 10.1016/S0022-3476(87)80058-6

26. Wilkin, TJ. Insulin resistance and progression to type 1 diabetes in the european nicotinamide diabetes intervention trial (endit): Response to bingley et al. Diabetes Care (2008) 31:e29. doi: 10.2337/dc07-2202

27. Abraham, RT, and Wiederrecht, GJ. Immunopharmacology of rapamycin. Annu Rev Immunol (1996) 14:483–510. doi: 10.1146/annurev.immunol.14.1.483

28. Piemonti, L, Maffi, P, Monti, L, Lampasona, V, Perseghin, G, Magistretti, P, et al. Beta cell function during rapamycin monotherapy in long-term type 1 diabetes. Diabetologia (2011) 54:433–9. doi: 10.1007/s00125-010-1959-6

29. Valle, A, Jofra, T, Stabilini, A, Atkinson, M, Roncarolo, MG, and Battaglia, M. Rapamycin prevents and breaks the anti-cd3-induced tolerance in nod mice. Diabetes (2009) 58:875–81. doi: 10.2337/db08-1432

30. Kon, N, Ou, Y, Wang, SJ, Li, H, Rustgi, AK, and Gu, W. Mtor inhibition acts as an unexpected checkpoint in p53-mediated tumor suppression. Genes Dev (2021) 35:59–64. doi: 10.1101/gad.340919.120

31. Zhao, X-F, Liao, Y, Alam, MM, Mathur, R, Feustel, P, Mazurkiewicz, JE, et al. Microglial mtor is neuronal protective and antiepileptogenic in the pilocarpine model of temporal lobe epilepsy. J Neurosc (2020) 40:7593–608. doi: 10.1523/JNEUROSCI.2754-19.2020

32. He, S, Zhang, Y, Wang, D, Tao, K, Zhang, S, Wei, L, et al. Rapamycin/gaba combination treatment ameliorates diabetes in nod mice. Mol Immunol (2016) 73:130–7. doi: 10.1016/j.molimm.2016.01.008

33. Manirarora, JN, and Wei, CH. Combination therapy using il-2/il-2 monoclonal antibody complexes, rapamycin, and islet autoantigen peptides increases regulatory t cell frequency and protects against spontaneous and induced type 1 diabetes in nonobese diabetic mice. J Immunol (2015) 195:5203–14. doi: 10.4049/jimmunol.1402540

34. Lee, JS, Han, P, Chaudhury, R, Khan, S, Bickerton, S, Mchugh, MD, et al. Metabolic and immunomodulatory control of type 1 diabetes via orally delivered bile-acid-polymer nanocarriers of insulin or rapamycin. Nat BioMed Eng (2021) 5:983–97. doi: 10.1038/s41551-021-00791-0

35. Herold, KC, Hagopian, W, Auger, JA, Poumian-Ruiz, E, Taylor, L, Donaldson, D, et al. Anti-cd3 monoclonal antibody in new-onset type 1 diabetes mellitus. N Engl J Med (2002) 346:1692–8. doi: 10.1056/NEJMoa012864

36. Bresson, D, Togher, L, Rodrigo, E, Chen, Y, Bluestone, JA, Herold, KC, et al. Anti-cd3 and nasal proinsulin combination therapy enhances remission from recent-onset autoimmune diabetes by inducing tregs. J Clin Invest (2006) 116:1371–81. doi: 10.1172/JCI27191

37. Cook, DP, Cunha, J, Martens, PJ, Sassi, G, Mancarella, F, Ventriglia, G, et al. Intestinal delivery of proinsulin and il-10 via lactococcus lactis combined with low-dose anti-cd3 restores tolerance outside the window of acute type 1 diabetes diagnosis. Front Immunol (2020) 11 1103. doi: 10.3389/fimmu.2020.01103

38. Stewart, JM, Posgai, AL, Leon, JJ, Haller, MJ, and Keselowsky, BG. Combination treatment with antigen-specific dual-sized microparticle system plus anti-cd3 immunotherapy fails to synergize to improve late-stage type 1 diabetes prevention in nonobese diabetic mice. ACS Biomat Sci Eng (2020) 6:5941–58. doi: 10.1021/acsbiomaterials.0c01075

39. Liu, VC, Wong, LY, Jang, T, Shah, AH, Park, I, Yang, X, et al. Tumor evasion of the immune system by converting cd4+cd25- t cells into cd4+cd25+ t regulatory cells: role of tumor-derived tgf-beta. J Immunol (2007) 178:2883–92. doi: 10.4049/jimmunol.178.5.2883

40. Waldron-Lynch, F, and Herold, KC. Immunomodulatory therapy to preserve pancreatic beta-cell function in type 1 diabetes. Nat Rev Drug Discovery (2011) 10:439–52. doi: 10.1038/nrd3402

41. Li, Y, Frei, AW, Labrada, IM, Rong, Y, Liang, JP, Samojlik, MM, et al. Immunosuppressive plga tgf-beta1 microparticles induce polyclonal and antigen-specific regulatory t cells for local immunomodulation of allogeneic islet transplants. Front Immunol (2021) 12:653088. doi: 10.3389/fimmu.2021.653088

42. Green, EA, Gorelik, L, Mcgregor, CM, Tran, EH, and Flavell, RA. Cd4+cd25+ t regulatory cells control anti-islet cd8+ t cells through tgf-beta-tgf-beta receptor interactions in type 1 diabetes. Proc Natl Acad Sci u s (2003) 100:10878–83. doi: 10.1073/pnas.1834400100

43. Perol, L, Lindner, JM, Caudana, P, Nunez, NG, Baeyens, A, Valle, A, et al. Loss of immune tolerance to il-2 in type 1 diabetes. Nat Commun (2016) 7:13027. doi: 10.1038/ncomms13027

44. Liu, JMH, Zhang, J, Zhang, X, Hlavaty, KA, Ricci, CF, Leonard, JN, et al. Transforming growth factor-beta 1 delivery from microporous scaffolds decreases inflammation post-implant and enhances function of transplanted islets. Biomaterials (2016) 80:11–9. doi: 10.1016/j.biomaterials.2015.11.065

45. Daneshmandi, S, Karimi, MH, and Pourfathollah, AA. Tgf-beta engineered mesenchymal stem cells (tgf-beta/mscs) for treatment of type 1 diabetes (t1d) mice model. Int immunopharmacol (2017) 44:191–6. doi: 10.1016/j.intimp.2017.01.019

46. Koprivica, I, Gajic, D, Saksida, T, Cavalli, E, Auci, D, Despotovic, S, et al. Orally delivered all-trans-retinoic acid- and transforming growth factor-beta-loaded microparticles ameliorate type 1 diabetes in mice. Eur J Pharmacol (2019) 864:172721. doi: 10.1016/j.ejphar.2019.172721

47. Hartemann, A, Bensimon, G, Payan, CA, Jacqueminet, S, Bourron, O, Nicolas, N, et al. Low-dose interleukin 2 in patients with type 1 diabetes: A phase 1/2 randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol (2013) 1:295–305. doi: 10.1016/S2213-8587(13)70113-X

48. Tang, Q, Adams, JY, Penaranda, C, Melli, K, Piaggio, E, Sgouroudis, E, et al. Central role of defective interleukin-2 production in the triggering of islet autoimmune destruction. Immunity (2008) 28:687–97. doi: 10.1016/j.immuni.2008.03.016

49. Rosenzwajg, M, Churlaud, G, Mallone, R, Six, A, Derian, N, Chaara, W, et al. Low-dose interleukin-2 fosters a dose-dependent regulatory t cell tuned milieu in t1d patients. J autoimmun (2015) 58:48–58. doi: 10.1016/j.jaut.2015.01.001

50. TODD, JA, EVANGELOU, M, CUTLER, AJ, PEKALSKI, ML, WALKER, NM, STEVENS, HE, et al. Regulatory t cell responses in participants with type 1 diabetes after a single dose of interleukin-2: A non-randomised, open label, adaptive dose-finding trial. PLoS Med (2016) 13:e1002139. doi: 10.1371/journal.pmed.1002139

51. Boyman, O, Kovar, M, Rubinstein, MP, Surh, CD, and Sprent, J. Selective stimulation of t cell subsets with antibody-cytokine immune complexes. Science (2006) 311:1924–7. doi: 10.1126/science.1122927

52. Spangler, JB, Tomala, J, Luca, VC, Jude, KM, Dong, S, Ring, AM, et al. Antibodies to interleukin-2 elicit selective t cell subset potentiation through distinct conformational mechanisms. Immunity (2015) 42:815–25. doi: 10.1016/j.immuni.2015.04.015

53. Trotta, E, Bessette, PH, Silveria, SL, Ely, LK, Jude, KM, Le, DT, et al. A human anti-il-2 antibody that potentiates regulatory t cells by a structure-based mechanism. Nat Med (2018) 24:1005–14. doi: 10.1038/s41591-018-0070-2

54. Karakus, U, Sahin, D, Mittl, PRE, Mooij, P, Koopman, G, and Boyman, O. Receptor-gated il-2 delivery by an anti-human il-2 antibody activates regulatory t cells in three different species. Sci Transl Med (2020) 12(574):eabb9283. doi: 10.1126/scitranslmed.abb9283

55. Mitra, S, Ring, AM, Amarnath, S, Spangler, JB, Li, P, Ju, W, et al. Interleukin-2 activity can be fine tuned with engineered receptor signaling clamps. Immunity (2015) 42:826–38. doi: 10.1016/j.immuni.2015.04.018

56. Overwijk, WW, Tagliaferri, MA, and Zalevsky, J. Engineering il-2 to give new life to t cell immunotherapy. Annu Rev Med (2021) 72:281–311. doi: 10.1146/annurev-med-073118-011031

57. Izquierdo, C, Ortiz, AZ, Presa, M, Malo, S, Montoya, A, Garabatos, N, et al. Treatment of t1d via optimized expansion of antigen-specific tregs induced by il-2/anti-il-2 monoclonal antibody complexes and peptide/mhc tetramers. Sci Rep (2018) 8(1):8106. doi: 10.1038/s41598-018-26161-6

58. Sockolosky, JT, Trotta, E, Parisi, G, Picton, L, Su, LL, Le, AC, et al. Selective targeting of engineered t cells using orthogonal il-2 cytokine-receptor complexes. Science (2018) 359:1037–42. doi: 10.1126/science.aar3246

59. Dong, H, Strome, SE, Salomao, DR, Tamura, H, Hirano, F, Flies, DB, et al. Tumor-associated b7-h1 promotes t-cell apoptosis: A potential mechanism of immune evasion. Nat Med (2002) 8:793–800. doi: 10.1038/nm730

60. De La Rosa, M, Rutz, S, Dorninger, H, and Scheffold, A. Interleukin-2 is essential for cd4+cd25+ regulatory t cell function. Eur J Immunol (2004) 34:2480–8. doi: 10.1002/eji.200425274

61. Gauci, ML, Laly, P, Vidal-Trecan, T, Baroudjian, B, Gottlieb, J, Madjlessi-Ezra, N, et al. Autoimmune diabetes induced by pd-1 inhibitor-retrospective analysis and pathogenesis: A case report and literature review. Cancer Immunol Immunother (2017) 66:1399–410. doi: 10.1007/s00262-017-2033-8

62. Ansari, MJ, Salama, AD, Chitnis, T, Smith, RN, Yagita, H, Akiba, H, et al. The programmed death-1 (pd-1) pathway regulates autoimmune diabetes in nonobese diabetic (nod) mice. J Exp Med (2003) 198:63–9. doi: 10.1084/jem.20022125

63. Pauken, KE, Jenkins, MK, Azuma, M, and Fife, BT. Pd-1, but not pd-l1, expressed by islet-reactive cd4+ t cells suppresses infiltration of the pancreas during type 1 diabetes. Diabetes (2013) 62:2859–69. doi: 10.2337/db12-1475

64. Hughes, J, Vudattu, N, Sznol, M, Gettinger, S, Kluger, H, Lupsa, B, et al. Precipitation of autoimmune diabetes with anti-pd-1 immunotherapy. Diabetes Care (2015) 38:e55–7. doi: 10.2337/dc14-2349

65. Ben Nasr, M, Tezza, S, D'Addio, F, Mameli, C, Usuelli, V, Maestroni, A, et al. PD-L1 genetic overexpression or pharmacological restoration in hematopoietic stem and progenitor cells reverses autoimmune diabetes. Sci Transl Med (2017) 9(416):caam75. doi: 10.1126/scitranslmed.aam7543

66. Zhang, X, Kang, Y, Wang, J, Yan, J, Chen, Q, Cheng, H, et al. Engineered pd-l1-expressing platelets reverse new-onset type 1 diabetes. Adv mat (2020) 32:e1907692. doi: 10.1002/adma.201907692

67. Yoshihara, E, O'connor, C, Gasser, E, Wei, Z, Oh, TG, Tseng, TW, et al. Immune-evasive human islet-like organoids ameliorate diabetes. Nature (2020) 586:606–11. doi: 10.1038/s41586-020-2631-z

68. Au, KM, Tisch, R, and Wang, AZ. In vivo bioengineering of beta cells with immune checkpoint ligand as a treatment for early-onset type 1 diabetes mellitus. ACS nano (2021) 15:19990–20002. doi: 10.1021/acsnano.1c07538

69. Stamatouli, AM, Quandt, Z, Perdigoto, AL, Clark, PL, Kluger, H, Weiss, SA, et al. Collateral damage: Insulin-dependent diabetes induced with checkpoint inhibitors. Diabetes (2018) 67:1471–80. doi: 10.2337/dbi18-0002

70. Zappasodi, R, Merghoub, T, and Wolchok, JD. Emerging concepts for immune checkpoint blockade-based combination therapies. Cancer Cell (2018) 34:690. doi: 10.1016/j.ccell.2018.09.008

71. Grohmann, U, Orabona, C, Fallarino, F, Vacca, C, Calcinaro, F, Falorni, A, et al. Ctla-4-ig regulates tryptophan catabolism in vivo. Nat Immunol (2002) 3:1097–101. doi: 10.1038/ni846

72. El Khatib, MM, Sakuma, T, Tonne, JM, Mohamed, MS, Holditch, SJ, Lu, B, et al. Beta-cell-targeted blockage of pd1 and ctla4 pathways prevents development of autoimmune diabetes and acute allogeneic islets rejection. Gene Ther (2015) 22:430–8. doi: 10.1038/gt.2015.18

73. Chen, Q, Xu, L, Liang, C, Wang, C, Peng, R, and Liu, Z. Photothermal therapy with immune-adjuvant nanoparticles together with checkpoint blockade for effective cancer immunotherapy. Nat Commun (2016) 7:13193. doi: 10.1038/ncomms13193

74. Carabias, P, Espelt, MV, Bacigalupo, ML, Rojas, P, Sarrias, L, Rubin, A, et al. Galectin-1 confers resistance to doxorubicin in hepatocellular carcinoma cells through modulation of p-glycoprotein expression. Cell Death Dis (2022) 13:79. doi: 10.1038/s41419-022-04520-6

75. Bacigalupo, ML, Carabias, P, and Troncoso, MF. Contribution of galectin-1, a glycan-binding protein, to gastrointestinal tumor progression. World J Gastroenterol (2017) 23:5266–81. doi: 10.3748/wjg.v23.i29.5266

76. Sundblad, V, Morosi, LG, Geffner, JR, and Rabinovich, GA. Galectin-1: A jack-of-all-trades in the resolution of acute and chronic inflammation. J Immunol (2017) 199:3721–30. doi: 10.4049/jimmunol.1701172

77. Kandel, S, Adhikary, P, Li, G, and Cheng, K. The tim3/gal9 signaling pathway: An emerging target for cancer immunotherapy. Cancer Lett (2021) 510:67–78. doi: 10.1016/j.canlet.2021.04.011

78. Li, X, Chen, Y, Liu, X, Zhang, J, He, X, Teng, G, et al. Tim3/gal9 interactions between t cells and monocytes result in an immunosuppressive feedback loop that inhibits th1 responses in osteosarcoma patients. Int immunopharmacol (2017) 44:153–9. doi: 10.1016/j.intimp.2017.01.006

79. Baek, JH, Kim, SJ, Kang, HG, Lee, HW, Kim, JH, Hwang, KA, et al. Galectin-3 activates ppargamma and supports white adipose tissue formation and high-fat diet-induced obesity. Endocrinology (2015) 156:147–56. doi: 10.1210/en.2014-1374

80. Li, P, Liu, S, Lu, M, Bandyopadhyay, G, Oh, D, Imamura, T, et al. Hematopoietic-derived galectin-3 causes cellular and systemic insulin resistance. Cell (2016) 167 973–84.e12. doi: 10.1016/j.cell.2016.10.025

81. Iacobini, C, Menini, S, Ricci, C, Blasetti Fantauzzi, C, Scipioni, A, Salvi, L, et al. Galectin-3 ablation protects mice from diet-induced nash: a major scavenging role for galectin-3 in liver. J Hepatol (2011) 54:975–83. doi: 10.1016/j.jhep.2010.09.020

82. Baban, B, Penberthy, WT, and Mozaffari, MS. The potential role of indoleamine 2,3 dioxygenase (ido) as a predictive and therapeutic target for diabetes treatment: A mythical truth. Epma J (2010) 1:46–55. doi: 10.1007/s13167-010-0009-2

83. Huang, T, Song, J, Gao, J, Cheng, J, Xie, H, Zhang, L, et al. Adipocyte-derived kynurenine promotes obesity and insulin resistance by activating the ahr/stat3/il-6 signaling. Nat Commun (2022) 13(1):3489. doi: 10.1038/s41467-022-31126-5

84. Anquetil, F, Mondanelli, G, Gonzalez, N, Rodriguez Calvo, T, Zapardiel Gonzalo, J, Krogvold, L, et al. Loss of ido1 expression from human pancreatic beta-cells precedes their destruction during the development of type 1 diabetes. Diabetes (2018) 67:1858–66. doi: 10.2337/db17-1281

85. Fallarino, F, Volpi, C, Zelante, T, Vacca, C, Calvitti, M, Fioretti, MC, et al. Ido mediates tlr9-driven protection from experimental autoimmune diabetes. J Immunol (2009) 183:6303–12. doi: 10.4049/jimmunol.0901577

86. Pallotta, MT, Orabona, C, Bianchi, R, Vacca, C, Fallarino, F, Belladonna, ML, et al. Forced ido1 expression in dendritic cells restores immunoregulatory signalling in autoimmune diabetes. J Cell Mol Med (2014) 18:2082–91. doi: 10.1111/jcmm.12360

87. Mondanelli, G, Albini, E, Pallotta, MT, Volpi, C, Chatenoud, L, Kuhn, C, et al. The proteasome inhibitor bortezomib controls indoleamine 2,3-dioxygenase 1 breakdown and restores immune regulation in autoimmune diabetes. Front Immunol (2017) 8:428. doi: 10.3389/fimmu.2017.00428

88. Zhang, Y, Jalili, RB, Kilani, RT, Elizei, SS, Farrokhi, A, Khosravi-Maharlooei, M, et al. Ido-expressing fibroblasts protect islet beta cells from immunological attack and reverse hyperglycemia in non-obese diabetic mice. J Cell Physiol (2016) 231:1964–73. doi: 10.1002/jcp.25301

89. Dolpady, J, Sorini, C, Di Pietro, C, Cosorich, I, Ferrarese, R, Saita, D, et al. Oral probiotic VSL#3 prevents autoimmune diabetes by modulating microbiota and promoting indoleamine 2,3-dioxygenase-enriched tolerogenic intestinal environment. J Diabetes Res (2016) 2016:7569431. doi: 10.1155/2016/7569431

90. Sakaguchi, S, Sakaguchi, N, Asano, M, Itoh, M, and Toda, M. Immunologic self-tolerance maintained by activated t cells expressing il-2 receptor alpha-chains (cd25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J Immunol (1995) 155:1151–64.

91. Fontenot, JD, Gavin, MA, and Rudensky, AY. Foxp3 programs the development and function of cd4+cd25+ regulatory t cells. Nat Immunol (2003) 4:330–6. doi: 10.1038/ni904

92. Waldmann, H, Hilbrands, R, Howie, D, and Cobbold, S. Harnessing foxp3+ regulatory t cells for transplantation tolerance. J Clin Invest (2014) 124:1439–45. doi: 10.1172/JCI67226

93. Horwitz, DA, Zheng, SG, Gray, JD, Wang, JH, Ohtsuka, K, and Yamagiwa, S. Regulatory t cells generated ex vivo as an approach for the therapy of autoimmune disease. Semin Immunol (2004) 16:135–43. doi: 10.1016/j.smim.2003.12.009

94. Nishimura, E, Sakihama, T, Setoguchi, R, Tanaka, K, and Sakaguchi, S. Induction of antigen-specific immunologic tolerance by in vivo and in vitro antigen-specific expansion of naturally arising foxp3+cd25+cd4+ regulatory t cells. Int Immunol (2004) 16:1189–201. doi: 10.1093/intimm/dxh122

95. Putnam, AL, Brusko, TM, Lee, MR, Liu, W, Szot, GL, Ghosh, T, et al. Expansion of human regulatory t-cells from patients with type 1 diabetes. Diabetes (2009) 58:652–62. doi: 10.2337/db08-1168

96. Yamazaki, S, Inaba, K, Tarbell, KV, and Steinman, RM. Dendritic cells expand antigen-specific foxp3+ cd25+ cd4+ regulatory t cells including suppressors of alloreactivity. Immunol Rev (2006) 212:314–29. doi: 10.1111/j.0105-2896.2006.00422.x

97. Tarbell, KV, Yamazaki, S, Olson, K, Toy, P, and Steinman, RM. Cd25+ cd4+ t cells, expanded with dendritic cells presenting a single autoantigenic peptide, suppress autoimmune diabetes. J Exp Med (2004) 199:1467–77. doi: 10.1084/jem.20040180

98. Tarbell, KV, Petit, L, Zuo, X, Toy, P, Luo, X, Mqadmi, A, et al. Dendritic cell-expanded, islet-specific cd4+ cd25+ cd62l+ regulatory t cells restore normoglycemia in diabetic nod mice. J Exp Med (2007) 204:191–201. doi: 10.1084/jem.20061631

99. Liu, W, Putnam, AL, Xu-Yu, Z, Szot, GL, Lee, MR, Zhu, S, et al. Cd127 expression inversely correlates with foxp3 and suppressive function of human cd4+ t reg cells. J Exp Med (2006) 203:1701–11. doi: 10.1084/jem.20060772

100. Marek-Trzonkowska, N, Mysliwiec, M, Dobyszuk, A, Grabowska, M, Derkowska, I, Juscinska, J, et al. Therapy of type 1 diabetes with cd4(+)cd25(high)cd127-regulatory t cells prolongs survival of pancreatic islets - results of one year follow-up. Clin Immunol (2014) 153:23–30. doi: 10.1016/j.clim.2014.03.016

101. Bluestone, JA, Buckner, JH, Fitch, M, Gitelman, SE, Gupta, S, Hellerstein, MK, et al. Type 1 diabetes immunotherapy using polyclonal regulatory t cells. Sci Transl Med (2015) 7:315ra189. doi: 10.1126/scitranslmed.aad4134

102. Marek-Trzonkowska, N, Mysliwiec, M, Dobyszuk, A, Grabowska, M, Techmanska, I, Juscinska, J, et al. Administration of cd4+cd25highcd127- regulatory t cells preserves beta-cell function in type 1 diabetes in children. Diabetes Care (2012) 35:1817–20. doi: 10.2337/dc12-0038

103. Haque, M, Lei, F, Xiong, X, Das, JK, Ren, X, Fang, D, et al. Stem cell-derived tissue-associated regulatory t cells suppress the activity of pathogenic cells in autoimmune diabetes. JCI Insight (2019) 4(7):e126471. doi: 10.1172/jci.insight.126471

104. Marek, N, Krzystyniak, A, Ergenc, I, Cochet, O, Misawa, R, Wang, LJ, et al. Coating human pancreatic islets with cd4(+)cd25(high)cd127(-) regulatory t cells as a novel approach for the local immunoprotection. Ann Surg (2011) 254:512–8; discussion 518-9. doi: 10.1097/SLA.0b013e31822c9ca7

105. Golab, K, Kizilel, S, Bal, T, Hara, M, Zielinski, M, Grose, R, et al. Improved coating of pancreatic islets with regulatory t cells to create local immunosuppression by using the biotin-polyethylene glycol-succinimidyl valeric acid ester molecule. Transplant Proc (2014) 46:1967–71. doi: 10.1016/j.transproceed.2014.05.075

106. Cabello-Kindelan, C, Mackey, S, Sands, A, Rodriguez, J, Vazquez, C, Pugliese, A, et al. Immunomodulation followed by antigen-specific treg infusion controls islet autoimmunity. Diabetes (2020) 69:215–27. doi: 10.2337/db19-0061

107. Yeh, WI, Seay, HR, Newby, B, Posgai, AL, Moniz, FB, Michels, A, et al. Avidity and bystander suppressive capacity of human regulatory t cells expressing de novo autoreactive t-cell receptors in type 1 diabetes. Front Immunol (2017) 8 1313. doi: 10.3389/fimmu.2017.01313

108. Hull, CM, Nickolay, LE, Estorninho, M, Richardson, MW, Riley, JL, Peakman, M, et al. Generation of human islet-specific regulatory t cells by tcr gene transfer. J autoimmun (2017) 79:63–73. doi: 10.1016/j.jaut.2017.01.001

109. Macdonald, KG, Hoeppli, RE, Huang, Q, Gillies, J, Luciani, DS, Orban, PC, et al. Alloantigen-specific regulatory t cells generated with a chimeric antigen receptor. J Clin Invest (2016) 126:1413–24. doi: 10.1172/JCI82771

110. Pierini, A, Iliopoulou, BP, Peiris, H, Perez-Cruz, M, Baker, J, Hsu, K, et al. T Cells expressing chimeric antigen receptor promote immune tolerance. JCI Insight (2017) 2(20):e92865. doi: 10.1172/jci.insight.92865

111. Tenspolde, M, Zimmermann, K, Weber, LC, Hapke, M, Lieber, M, Dywicki, J, et al. Regulatory t cells engineered with a novel insulin-specific chimeric antigen receptor as a candidate immunotherapy for type 1 diabetes. J autoimmun (2019) 103:102289. doi: 10.1016/j.jaut.2019.05.017

112. Jordan, KR, Kapoor, P, Spongberg, E, Tobin, RP, Gao, D, Borges, VF, et al. Immunosuppressive myeloid-derived suppressor cells are increased in splenocytes from cancer patients. Cancer Immunol Immunother (2017) 66:503–13. doi: 10.1007/s00262-016-1953-z

113. Wang, S, Tan, Q, Hou, Y, and Dou, H. Emerging roles of myeloid-derived suppressor cells in diabetes. Front Pharmacol (2021) 12:798320. doi: 10.3389/fphar.2021.798320

114. Zoso, A, Mazza, EM, Bicciato, S, Mandruzzato, S, Bronte, V, Serafini, P, et al. Human fibrocytic myeloid-derived suppressor cells express ido and promote tolerance via treg-cell expansion. Eur J Immunol (2014) 44:3307–19. doi: 10.1002/eji.201444522

115. Drujont, L, Carretero-Iglesia, L, Bouchet-Delbos, L, Beriou, G, Merieau, E, Hill, M, et al. Evaluation of the therapeutic potential of bone marrow-derived myeloid suppressor cell (mdsc) adoptive transfer in mouse models of autoimmunity and allograft rejection. PLoS One (2014) 9:e100013. doi: 10.1371/journal.pone.0100013

116. Whitfield-Larry, F, Felton, J, Buse, J, and Su, MA. Myeloid-derived suppressor cells are increased in frequency but not maximally suppressive in peripheral blood of type 1 diabetes mellitus patients. Clin Immunol (2014) 153:156–64. doi: 10.1016/j.clim.2014.04.006

117. Qin, J, Arakawa, Y, Morita, M, Fung, JJ, Qian, S, and Lu, L. C-c chemokine receptor type 2-dependent migration of myeloid-derived suppressor cells in protection of islet transplants. Transplantation (2017) 101:1793–800. doi: 10.1097/TP.0000000000001529

118. Dahlen, E, Dawe, K, Ohlsson, L, and Hedlund, G. Dendritic cells and macrophages are the first and major producers of tnf-alpha in pancreatic islets in the nonobese diabetic mouse. J Immunol (1998) 160:3585–93. doi: 10.1097/TP.0000000000001529

119. Sica, A, and Mantovani, A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest (2012) 122:787–95. doi: 10.1172/JCI59643

120. Ricardo, SD, Goor, V, and Eddy, AA. Macrophage diversity in renal injury and repair. J Clin Invest (2008) 118:3522–30. doi: 10.1172/JCI36150

121. Jensen, DM, Hendricks, KV, Mason, AT, and Tessem, JS. Good cop, bad cop: The opposing effects of macrophage activation state on maintaining or damaging functional beta-cell mass. Metabolites (2020) 10(12):485. doi: 10.3390/metabo10120485

122. Zheng, D, Wang, Y, Cao, Q, Lee, VW, Zheng, G, Sun, Y, et al. Transfused macrophages ameliorate pancreatic and renal injury in murine diabetes mellitus. Nephron Exp Nephrol (2011) 118:e87–99. doi: 10.1159/000321034

123. Parsa, R, Andresen, P, Gillett, A, Mia, S, Zhang, XM, Mayans, S, et al. Adoptive transfer of immunomodulatory m2 macrophages prevents type 1 diabetes in nod mice. Diabetes (2012) 61:2881–92. doi: 10.2337/db11-1635

124. Guiteras, R, Sola, A, Flaquer, M, Manonelles, A, Hotter, G, and Cruzado, JM. Exploring macrophage cell therapy on diabetic kidney disease. J Cell Mol Med (2019) 23:841–51. doi: 10.1111/jcmm.13983

125. Juhas, U, Ryba-Stanislawowska, M, Brandt-Varma, A, Mysliwiec, M, and Mysliwska, J. Monocytes of newly diagnosed juvenile dm1 patients are prone to differentiate into regulatory il-10(+) m2 macrophages. Immunol Res (2019) 67:58–69. doi: 10.1007/s12026-019-09072-0

126. Yoon, JW, and Jun, HS. Viruses cause type 1 diabetes in animals. Ann n y Acad Sci (2006) 1079:138–46. doi: 10.1196/annals.1375.021

127. Hober, D, and Alidjinou, EK. Enteroviral pathogenesis of type 1 diabetes: queries and answers. Curr Opin Infect Dis (2013) 26:263–9. doi: 10.1097/QCO.0b013e3283608300

128. Racaniello, VR. One hundred years of poliovirus pathogenesis. Virology (2006) 344:9–16. doi: 10.1016/j.virol.2005.09.015

129. Schvartzman, JM, Thompson, CB, and Finley, LWS. Metabolic regulation of chromatin modifications and gene expression. J Cell Biol (2018) 217:2247–59. doi: 10.1083/jcb.201803061

130. Kroes, MM, Miranda-Bedate, A, Jacobi, RHJ, Van Woudenbergh, E, Den Hartog, G, Van Putten, JPM, et al. Bordetella pertussis-infected innate immune cells drive the anti-pertussis response of human airway epithelium. Sci Rep (2022) 12(1):3622. doi: 10.1038/s41598-022-07603-8

131. Huang, SW, Taylor, G, and Basid, A. The effect of pertussis vaccine on the insulin-dependent diabetes induced by streptozotocin in mice. Pediatr Res (1984) 18:221–6. doi: 10.1203/00006450-198402000-00021

132. Shpilsky, GF, Takahashi, H, Aristarkhova, A, Weil, M, Ng, N, Nelson, KJ, et al. Bacillus calmette-guerin 's beneficial impact on glucose metabolism: Evidence for broad based applications. Iscience (2021) 24:103150. doi: 10.1016/j.isci.2021.103150

133. Tian, J, and Kaufman, DL. Antigen-based therapy for the treatment of type 1 diabetes. Diabetes (2009) 58:1939–46. doi: 10.2337/db09-0451

134. Bonn, D. Q fever vaccine on trial for type i diabetes. Mol Med Today (1999) 5:143. doi: 10.1016/S1357-4310(99)01450-1

135. Abrams, JR, Lebwohl, MG, Guzzo, CA, Jegasothy, BV, Goldfarb, MT, Goffe, BS, et al. Ctla4ig-mediated blockade of t-cell costimulation in patients with psoriasis vulgaris. J Clin Invest (1999) 103:1243–52. doi: 10.1172/JCI5857

136. Kuhtreiber, WM, Takahashi, H, Keefe, RC, Song, Y, Tran, L, Luck, TG, et al. Bcg vaccinations upregulate myc, a central switch for improved glucose metabolism in diabetes. Iscience (2020) 23:101085. doi: 10.1016/j.isci.2020.101085

137. Files, MA, Naqvi, KF, Saito, TB, Clover, TM, Rudra, JS, and Endsley, JJ. Self-adjuvanting nanovaccines boost lung-resident cd4(+) t cell immune responses in bcg-primed mice. NPJ Vaccines (2022) 7:48. doi: 10.1038/s41541-022-00466-0

138. Kuhtreiber, WM, Tran, L, Kim, T, Dybala, M, Nguyen, B, Plager, S, et al. Long-term reduction in hyperglycemia in advanced type 1 diabetes: The value of induced aerobic glycolysis with bcg vaccinations. NPJ Vaccines (2018) 3:23. doi: 10.1038/s41541-018-0062-8

139. Park, WJ, Yoon, YK, Park, JS, Pansuriya, R, Seok, YJ, and Ganapathy, R. Rotavirus spike protein deltavp8* as a novel carrier protein for conjugate vaccine platform with demonstrated antigenic potential for use as bivalent vaccine. Sci Rep (2021) 11:22037. doi: 10.1038/s41598-021-01549-z

140. Rogers, MAM, Basu, T, and Kim, C. Lower incidence rate of type 1 diabetes after receipt of the rotavirus vaccine in the united states 2001-2017. Sci Rep (2019) 9(1):7727. doi: 10.1038/s41598-019-44193-4

141. Bresson, D, Fradkin, M, Manenkova, Y, Rottembourg, D, and Von Herrath, M. Genetic-induced variations in the gad65 t-cell repertoire governs efficacy of anti-cd3/gad65 combination therapy in new-onset type 1 diabetes. Mol Ther (2010) 18:307–16. doi: 10.1038/mt.2009.197

142. Miller, TW, Shirley, TL, Wolfgang, WJ, Kang, X, and Messer, A. Dna vaccination against mutant huntingtin ameliorates the hdr6/2 diabetic phenotype. Mol Ther (2003) 7:572–9. doi: 10.1016/S1525-0016(03)00063-7

143. Harrison, LC, Honeyman, MC, Steele, CE, Stone, NL, Sarugeri, E, Bonifacio, E, et al. Pancreatic beta-cell function and immune responses to insulin after administration of intranasal insulin to humans at risk for type 1 diabetes. Diabetes Care (2004) 27:2348–55. doi: 10.2337/diacare.27.10.2348

144. Larsson, PG, Lakshmikanth, T, Laitinen, OH, Utorova, R, Jacobson, S, Oikarinen, M, et al. A preclinical study on the efficacy and safety of a new vaccine against coxsackievirus b1 reveals no risk for accelerated diabetes development in mouse models. Diabetologia (2015) 58:346–54. doi: 10.1007/s00125-014-3436-0

145. Bergerot, I, Fabien, N, Mayer, A, and Thivolet, C. Active suppression of diabetes after oral administration of insulin is determined by antigen dosage. Ann n y Acad Sci (1996) 778:362–7. doi: 10.1111/j.1749-6632.1996.tb21144.x

146. Stifter, K, Schuster, C, Krieger, J, Spyrantis, A, Boehm, BO, and Schirmbeck, R. Preproinsulin designer antigens excluded from endoplasmic reticulum suppressed diabetes development in nod mice by dna vaccination. Mol Ther Methods Clin Dev (2019) 12:123–33. doi: 10.1016/j.omtm.2018.12.002

147. Glinka, Y, Chang, Y, and Prud'homme, GJ. Protective regulatory t cell generation in autoimmune diabetes by dna covaccination with islet antigens and a selective ctla-4 ligand. Mol Ther (2006) 14:578–87. doi: 10.1016/j.ymthe.2006.03.021

148. Yoshida, Y, Shimizu, I, Hayashi, Y, Ikegami, R, Suda, M, Katsuumi, G, et al. Peptide vaccine for semaphorin3e ameliorates systemic glucose intolerance in mice with dietary obesity. Sci Rep (2019) 9(1):3858. doi: 10.1038/s41598-019-40325-y

149. Prud'homme, GJ, Chang, Y, and Li, X. Immunoinhibitory dna vaccine protects against autoimmune diabetes through cdna encoding a selective ctla-4 (cd152) ligand. Hum Gene Ther (2002) 13:395–406. doi: 10.1089/10430340252792521

150. Chang, Y, Yap, S, Ge, X, Piganelli, J, Bertera, S, Giannokakis, N, et al. Dna vaccination with an insulin construct and a chimeric protein binding to both ctla4 and cd40 ameliorates type 1 diabetes in nod mice. Gene Ther (2005) 12:1679–85. doi: 10.1038/sj.gt.3302578

151. Thrower, SL, James, L, Hall, W, Green, KM, Arif, S, Allen, JS, et al. Proinsulin peptide immunotherapy in type 1 diabetes: Report of a first-in-man phase i safety study. Clin Exp Immunol (2009) 155:156–65. doi: 10.1111/j.1365-2249.2008.03814.x

152. Leconet, W, Petit, P, Peraldi-Roux, S, and Bresson, D. Nonviral delivery of small interfering rna into pancreas-associated immune cells prevents autoimmune diabetes. Mol Ther (2012) 20:2315–25. doi: 10.1038/mt.2012.190

153. Fishman, S, Lewis, MD, Siew, LK, De Leenheer, E, Kakabadse, D, Davies, J, et al. Adoptive transfer of mrna-transfected t cells redirected against diabetogenic cd8 t cells can prevent diabetes. Mol Ther (2017) 25:456–64. doi: 10.1016/j.ymthe.2016.12.007

154. Ying, W, Gao, H, Dos Reis, FCG, Bandyopadhyay, G, Ofrecio, JM, Luo, Z, et al. Mir-690, an exosomal-derived mirna from m2-polarized macrophages, improves insulin sensitivity in obese mice. Cell Metab (2021) 33781–90.e5. doi: 10.1016/j.cmet.2020.12.019

155. Lazar, L, Ofan, R, Weintrob, N, Avron, A, Tamir, M, Elias, D, et al. Heat-shock protein peptide diapep277 treatment in children with newly diagnosed type 1 diabetes: a randomised, double-blind phase ii study. Diabetes Metab Res Rev (2007) 23:286–91. doi: 10.1002/dmrr.711

156. Raz, I, Avron, A, Tamir, M, Metzger, M, Symer, L, Eldor, R, et al. Treatment of new-onset type 1 diabetes with peptide diapep277 is safe and associated with preserved beta-cell function: extension of a randomized, double-blind, phase ii trial. Diabetes Metab Res Rev (2007) 23:292–8. doi: 10.1002/dmrr.712

157. Tian, J, Atkinson, MA, Clare-Salzler, M, Herschenfeld, A, Forsthuber, T, Lehmann, PV, et al. Nasal administration of glutamate decarboxylase (gad65) peptides induces th2 responses and prevents murine insulin-dependent diabetes. J Exp Med (1996) 183:1561–7. doi: 10.1084/jem.183.4.1561

158. Agardh, CD, Cilio, CM, Lethagen, A, Lynch, K, Leslie, RD, Palmer, M, et al. Clinical evidence for the safety of gad65 immunomodulation in adult-onset autoimmune diabetes. J Diabetes Complicat (2005) 19:238–46. doi: 10.1016/j.jdiacomp.2004.12.003

159. Buddhala, C, Hsu, CC, and Wu, JY. A novel mechanism for gaba synthesis and packaging into synaptic vesicles. Neurochem Int (2009) 55:9–12. doi: 10.1016/j.neuint.2009.01.020

160. Stabler, CL, Li, Y, Stewart, JM, and Keselowsky, BG. Engineering immunomodulatory biomaterials for type 1 diabetes. Nat Rev mat (2019) 4:429–50. doi: 10.1038/s41578-019-0112-5

161. Soldevilla, MM, Villanueva, H, Meraviglia-Crivelli, D, Menon, AP, Ruiz, M, Cebollero, J, et al. Icos costimulation at the tumor site in combination with ctla-4 blockade therapy elicits strong tumor immunity. Mol Ther (2019) 27:1878–91. doi: 10.1016/j.ymthe.2019.07.013

162. Yoon, YM, Lewis, JS, Carstens, MR, Campbell-Thompson, M, Wasserfall, CH, Atkinson, MA, et al. A combination hydrogel microparticle-based vaccine prevents type 1 diabetes in non-obese diabetic mice. Sci Rep (2015) 5:13155. doi: 10.1038/srep13155

163. Hyoty, H, and Knip, M. Developing a vaccine for type 1 diabetes through targeting enteroviral infections. Expert Rev Vaccines (2014) 13:989–99. doi: 10.1586/14760584.2014.933078

164. Cavelti-Weder, C, Timper, K, Seelig, E, Keller, C, Osranek, M, Lassing, U, et al. Development of an interleukin-1beta vaccine in patients with type 2 diabetes. Mol Ther (2016) 24:1003–12. doi: 10.1038/mt.2015.227

165. Spohn, G, Schori, C, Keller, I, Sladko, K, Sina, C, Guler, R, et al. Preclinical efficacy and safety of an anti-il-1beta vaccine for the treatment of type 2 diabetes. Mol Ther Methods Clin Dev (2014) 1:14048. doi: 10.1038/mtm.2014.48

166. Creusot, RJ, Chang, P, Healey, DG, Tcherepanova, IY, Nicolette, CA, and Fathman, CG. A short pulse of il-4 delivered by dcs electroporated with modified mrna can both prevent and treat autoimmune diabetes in nod mice. Mol Ther (2010) 18:2112–20. doi: 10.1038/mt.2010.146

167. Santoni De Sio, FR, Cascio, P, Gritti, A, Ncri, M, Sampaolesi, M, Colleoni, S, et al. 1106. High proteasome activity is a common feature among stem cells of different lineages and restricts lentiviral gene transfer. Mol Ther (2007) 15:s422–s42. doi: 10.1016/s1525-0016(16)45312-8

168. Au, KM, Medik, Y, Ke, Q, Tisch, R, and Wang, AZ. Immune checkpoint-bioengineered beta cell vaccine reverses early-onset type 1 diabetes. Adv mat (2021) 33:e2101253. doi: 10.1002/adma.202101253



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 © 2022 Jing, Li, Ma, Zhang, Liang and Zhang. 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: 07 November 2022

doi: 10.3389/fimmu.2022.1005307

[image: image2]


Exosomal ncRNAs: The pivotal players in diabetic wound healing


Jiuheng Shen, Xian Zhao, Youxiu Zhong, Peng Yang, Peifen Gao, Xue Wu, Xudong Wang * and Wenlin An *


National Vaccine and Serum Institute (NVSI), China National Biotech Group (CNBG), Beijing, China




Edited by: 

Yuanzeng Min, University of Science and Technology of China, China

Reviewed by: 

Xudong Zhang, Sun Yat-sen University, China

Xiaoding Xu, Sun Yat-sen University, China

*Correspondence: 

Xudong Wang
 xdwang13@163.com

Wenlin An
 anwenlin@sinopharm.com

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 28 July 2022

Accepted: 06 October 2022

Published: 07 November 2022

Citation:
Shen J, Zhao X, Zhong Y, Yang P, Gao P, Wu X, Wang X and An W (2022) Exosomal ncRNAs: The pivotal players in diabetic wound healing. Front. Immunol. 13:1005307. doi: 10.3389/fimmu.2022.1005307



Diabetes is the most prevalent metabolic disease in the world today. In addition to elevated blood glucose, it also causes serious complications, which has a significant effect on the quality of life of patients. Diabetic trauma is one of complications as a result of the interaction of diabetic neuropathy, peripheral vascular disease, infection, trauma, and other factors. Diabetic trauma usually leads to poor healing of the trauma and even to severe foot ulcers, wound gangrene, and even amputation, causing serious psychological, physical, and financial burdens to diabetic patients. Non-coding RNAs (ncRNAs) carried by exosomes have been demonstrated to be relevant to the development and treatment of diabetes and its complications. Exosomes act as vehicle, which contain nucleic acids such as mRNA and microRNA (miRNA), and play a role in the intercellular communication and the exchange of substances between cells. Because exosomes are derived from cells, there are several advantages over synthetic nanoparticle including good biocompatibility and low immunogenicity. Exosomal ncRNAs could serve as markers for the clinical diagnosis of diabetes and could also be employed to accelerate diabetic wound healing via the regulation of the immune response and modulation of cell function. ncRNAs in exosomes can be employed to promote diabetic wound healing by regulating inflammation and accelerating re-vascularization, re-epithelialization, and extracellular matrix remodeling. Herein, exosomes in terms of ncRNA (miRNA, lncRNA, and circRNA) to accelerate diabetic wounds healing were summarized, and we discussed the challenge of the loading strategy of ncRNA into exosomes.
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Introduction

Diabetes mellitus (DM) is a class of metabolic disease with defective insulin secretion or when the body cannot utilize the insulin effectively, which is caused by two factors including both genetic and environmental factors. In addition to increasing blood glucose, various complications induced by diabetes include diabetic cardiomyopathy, diabetic nephropathy, diabetic cerebrovascular complications, and diabetic trauma malunion, which create a large burden to patients. Among these complications, wound healing is impaired due to impaired angiogenesis, neuropathy, unusual inflammatory response, and dysfunction of fibroblasts (1). Thus, there is an urgent need to develop a novel treatment for wound healing by regulating this complex pathophysiology.

There are several stages of wound healing such as hemostasis, inflammation, proliferation, contraction, and remodeling (2). The normal wound healing cascade is dependent on the coordination and synchronization of growth factors, matrix metalloproteinases (MMPs), cytokines, inflammatory cells, keratinocytes, fibroblasts, and endothelial cells. However, the healing process in diabetic wounds usually does not strictly follow the normal wound healing process described above and can be stalled at inflammation stage and cannot proceed to the next stage. In the diabetic state, absolute or relative insulin deficiency leads to an increase in the amount glucose and the interruption of lipid metabolism. In addition, abnormalities in energy metabolism could lead to abnormalities in immune cells and signal transduction, which play significant roles in chronic long-term inflammation of the wound and consequently in healing (Figure 1). A series of mechanisms such as polyol pathway, hexosamine pathway, protein kinase C (PKC) pathway, and nitric oxidase synthase pathway that lead to neuropathy impede diabetic wound healing. As a result, elevated levels of oxidative stress in diabetic patients are a major factor in impaired diabetic wound healing (3) Furthermore, diabetic wounds also suffer from hypoxia, abnormal vascularization, neurological damage, reduced number of epidermal nerves (4), reduction in the secretion of growth factors, and imbalance between accumulation of extracellular matrix components and matrix metalloproteinase remodeling. In all, these factors contributed to the delay in wound healing in diabetic patients through keeping the wound inflamed for a long period (3).




Figure 1 | Molecular mechanisms and therapeutic potential of exosomal ncRNAs involved in diabetic wound healing.



Therefore, the promotion of wound healing is an effective strategy to significantly reduce amputations and deaths in diabetic patients. In recent years, surgery was considered as an efficient approach in the treatment of diabetic foot ulcer (DFU). Stem cells and related derivative biologics have been employed as alternative for diabetic wound healing. Nevertheless, there are many drawbacks in the use of stem cells such as the risk of rejection and carcinogenesis. Over the past decades, exosomes that are secreted by cells have received much attention as a cell-free alternative owing its possessing similar functions with cells without causing rejection and carcinogenesis (5).

Exosomes are extracellular vesicles with a diameter of about 30–150 nm, which serve as a vehicle to carry various substances, including various proteins, complexes, and non-coding RNAs. Exosomes play key roles in intercellular communication and the exchange of substances between cells. Exosomes contain a large amount of RNA species, including mRNA, miRNA, rRNA, lncRNA, tRNA, piRNA, snRNA, and snoRNA, which are involved in a variety of physiological and pathological processes (6, 7). Non-coding RNAs (ncRNAs) such as miRNA, lncRNA, and circRNA in exosomes are considered as active ingredients. ncRNAs are able to transcribe from the genome and perform their biological functions at the RNA level to regulate a variety of types of biological process. Particularly, ncRNAs delivered by exosomes may affect the occurrence and progression of various diseases via diverse mechanisms, such as diabetes. Some miRNA-containing exosomes regulated insulin sensitivity through targeting important protein key modulators and serving as pathological factors (8). There are strong associations between lncRNAs including ANARIL, MEG2, Sox2OT, MALAT1, and diabetes, especially type 2 diabetes (9). Additionally, circRNA and piRNA are known to promote the pathological process of diabetes (10). Abnormal expression of exosomal ncRNAs is observed in the wound of diabetic patients accompanied with elevated level of reactive oxygen species (ROS) and M1 macrophage polarization caused by high concentration of blood glucose. Therefore, these abnormal exosomal ncRNAs in exosomes could facilitate further the detection and treatment of diabetes. Garcia et al. have shown seven miRNAs with abnormal expression, which are isolated from plasma exosomes of diabetic patients. These miRNAs could be considered for the diagnosis of T1DM. On the contrary, some exosomal ncRNAs could be employed to treat diabetes and its complications by regulating several signaling pathways through regulating macrophage polarization toward M2 (11), accelerating fibroblast migration and proliferation, and promoting neovascularization (12) and angiogenesis (13). In addition, stem-cell-derived exosomes are well known to regulate inflammation and promote re-vascularization, re-epithelialization, and extracellular matrix remodeling in the repair of diabetic wounds via ncRNA. Besides miRNAs, lncRNAs and circRNAs, tRFs, which are tRNA-derived fragments, could regulate inflammatory response via the nuclear factor kappa B (NF-κB) signaling pathway. Liu and his colleagues have demonstrated that the nuclear translocation of p65 could be suppressed by decreasing the level of tRF5-AlaCGC, inhibiting NF-κB activity to reduce inflammation (14). More types of ncRNAs to accelerate the healing process will be discovered in the near future. In this review, ncRNAs in exosomes in terms of diabetic wound healing via anti-inflammatory, angiogenic, cell proliferation promoting, and matrix remodeling were reviewed (Scheme 1).




Scheme 1 | Schematic illustration of ncRNA carried by exosomes for diabetic wound healing.





Exosomes

Exosomes are first discovered in 1983 in the supernatant of sheep erythrocytes cultured in vitro as vesicles within the lumen of the cell. Exosomes have a density of 1.10–1.18 g/ml; are flat, spherical, or cup shaped under electron microscopy; and are mainly spherical in structure in body fluids (15). Exosomes are the end-products of the endocytosis process, in which cells were cytosol zed to form endosomal vesicles (ILVs) with exogenous antibodies, which formed early endosomes (EEs) by the action of organelles such as the Golgi apparatus. The vesicle membrane of EEs is constantly invaginated and selectively receives intracellular LEs fused with the cell membrane and releases exosomes into the extracellular environment (16, 17). In addition, exosomes demonstrate property to fuse with the cytosolic membrane of neighboring cells and then release the nucleic acid molecules carried by exosomes, such as DNA, mRNAs, miRNAs, and lncRNAs. In the meanwhile, exosomes bind to receptors to involve signal transduction and alter cellular function. They can also regulate cell status directly by transporting proteins and lipids, causing a series of biological effects in the target cells. In diabetic wounds, the expression levels of inflammation-related genes including p53, HIF-1α, TNF-α, IL-6, IL-10, NF-κB, and STAT1 are abnormal, leading to the slowing of wound healing (18, 19).


Exosomal miRNA for diabetic wound healing

miRNAs are a class of small ncRNAs consisting of about 22 nucleotides that are widely found in plants, animals, and some viruses. They are involved in regulating physiological and pathological processes in the body by binding to the untranslated regions (UTRs) of target mRNAs and playing a role in transcriptional or post-transcriptional regulation (20); miRNAs can be encapsulated in exosomes, which carry and release them into target cells or tissues (21). In diabetic wounds, they are involved in regulating multiple fields in inflammatory response, angiogenesis and homeostasis, ECM generation, and re-epithelialization. Exosomal miRNAs are emerging key regulators of diabetes development and progression and have been demonstrated to play a vital role in regulating the progression of diabetic wound healing.



Exosomal miRNAs regulated the inflammatory response

In the process of diabetic wound healing, diabetic wound may stall at inflammation phase; the microenvironment for healing is thus disrupted, making wound healing poor. Monocytes and macrophages are widely considered to be responsible for the early inflammatory response to wounds, but they also facilitate in angiogenesis, wound contraction, and tissue remodeling. Macrophages are divided into two main subpopulations according to activities. M1 types promote inflammation and inhibit cell proliferation, while M2 types inhibit inflammation and promote cell proliferation. The transition from M1 to M2 type of wound macrophages to regulate the inflammatory response is the key factor in promoting wound healing. However, in diabetic wounds, there is an excessive impairment from M1 to M2 types, which resulted in these wounds not going through a normal healing state but always in a permanent inflammatory state (22). Mesenchymal stem cells (MSCs) are employed to treat various inflammatory responses in the wound healing process via the transformation of macrophage from M1 to M2. Currently, mesenchymal stem cell therapy (MSCT), a cell therapy, is considered as an attractively therapeutic method to enhance skin wound healing. During cutaneous wound healing, most of the therapeutic benefits of MSCT appear to because of paracrine signaling pathways through the stimulation of not only differentiation but also angiogenesis (23–25). However, the mechanisms by which bone marrow MSCs regulate inflammation remained unclear until 2019. He et al. found that inhibiting exosomes secretion that derive from MSCs resulted in the reduction in M2 macrophages in both in vitro co-culture systems and in vivo interaction sites. To sum up, MSCT is capable of inducing macrophage polarization to the M2 type by secreting exosomes. Further studies revealed that miRNA-223 in MSCT-EXO could modulate the polarization of macrophages to M2 by targeting the PHNOX1 gene, thereby regulating the inflammatory response in the wound and achieving a wound healing effect (11). Osteoarthritis (OA) pathology could be controlled by overexpression of miRNA because miRNA-210 can reduce the expression of proinflammatory cytokines (26). High-throughput sequencing results have revealed that the expression level of miRNA-210 is low in bone marrow mesenchymal stem-cell-derived exosomes (BMSCs-Exos). Hence, BMSCs-210-Exos-derived exosomes with overexpressing miRNA-210 could effectively inhibit chondrocyte apoptosis (27). In addition, MSCs can also be preconditioned with lipopolysaccharide (LPS), and treated MSCs show enhanced paracrine effects including increased nutritional support and improved reproductive and reparative properties. Ti et al. discovered that the exosomes secreted by MSCs that were pretreated with LPS have 40 significantly abnormal expressions of miRNAs, as compared to those without treatment (28). During these miRNAs, miR-let-7b have the highest expression levels of five unique miRNAs in hLPSpre-Exo. miR-let-7b in LPSpre-Exo could convert the polarization of macrophage via TLR4/NF-κB/STAT3/AKT signaling pathways. As a result, the inflammatory response was significantly attenuated, resulting in the promotion of diabetic wound healing (Figure 2A). Thus, miRNAs in exosomes could inhibit wound inflammation by modulating macrophage status, thereafter promoting wound healing.




Figure 2 | (A) miRNA carried by MSC-generated exosomes regulates macrophage polarization for the healing of cutaneous wounds in diabetic rats [Adapted from Ti et al., doi: 10.1186/s12967-015-0642-6, (28)]. (B) miRNA carried by ADSCs exosomes for diabetic wound healing [Adapted from Wang et al., doi: 10.1186/s12951-021-00942-0, (29)]. (C) Exosomes derived from marrow mesenchymal stem cells to accelerate cutaneous wound healing by promoting angiogenesis [Adapted from Ding et al., doi: 10.1155/2019/9742765, (30)]. (D) UCB-MSC-exo improves regenerative wound healing and suppresses scar formation by inhibiting the expression of TGF-β receptors [Adapted from Fang et al., doi: 10.5966/sctm.2015-0367, (31)].





Exosomal miRNAs for fibroblast/keratinocytes proliferation

In chronic non-healing wounds, an abnormal phenotype including reduced proliferation, early senescence, and altered cytokine release patterns is observed in fibroblasts and keratinocytes (32). Fibroblasts have been found to promote granulation tissue formation by secreting extracellular matrix, and microfilaments and microtubules within fibroblasts can form a skeleton that acts as a fibrous scaffolding structure for wound repair (33). A loose connective tissue contains a large number of fibroblasts that produce elastic, collagenous, and reticular fibers, which play an essential role in wound healing. Therefore, the proliferation and migration of fibroblasts through exosomal miRNAs are effective tactics to accelerate wound healing. The proliferation of cells is enhanced after transplantation of stem cells. The generated stem cell exosomes show a similar function with stem cells to improve cell proliferation.

Fibroblast proliferation and migration could be improved when subjected to hypoxic adipose stem-cell-derived exosomes. Under hypoxic condition, the activity and proliferation of adipose stem cells are significantly enhanced compared to normoxia, which was reported by Wang and his colleagues (29). The expression of 215 microRNAs (miRNAs) was increased, in which 369 miRNAs were decreased in hypoxia adipose stem cell exosomes (HypADSCs-exo) in comparison with adipose stem cell exosomes (ADSCs-exo) on the basis of high-throughput sequencing. An increase in miR-21-3p, miR-126-5p, and miR-31-5p and a decrease in miR-99b and miR-146-a were observed. Furthermore, the inflammation was inhibited after treatment with the above-mentioned exosomes via PI3K/AKT signaling pathway. Meanwhile, cell metabolism, differentiation, and TGF-β function were also regulated. As can be seen in Figure 2B, the process of diabetic wound healing was accelerated when subjected to HypADSCs-exo. Therefore, stem cell exosomes are an alternative approach in the promotion of diabetic wound healing. Besides ADSCs-exo, human amniotic mesenchymal stem cell (hAMSC)-derived exosomes could strengthen the migrating ability of fibroblast. Importantly, Chen et al. have demonstrated that the ability to improve wound healing in exosomes secreted by hAMSC was higher than that of unmodified hAMSC, while the above-mentioned ability of hAMSC-Exo was reduced after knockdown of miR-135a, suggesting that miR-135a in hAMSC-Exo can promote fibroblast proliferation and migration (34), which further indicated that exosomal miRNA is capable of helping wound shut. Moreover, miRNA also could be loaded into exosomes to corresponding function. Chen et al. indicated that these stem cell exosomes could promote the closeup of rat dorsal wounds. First, miRNA-146a was loaded into adipose stem cell exosomes. Subsequently, wound healing was improved because those exosomes could enhance the migration and proliferation of fibroblasts and accelerate neovascularization through the regulation of the level of SERPINH1 and p-ERK (35). Exosome cargo miRNA-146a was demonstrated to inhibit the leukocyte adhesion molecules expression and the level of proinflammatory cytokines, causing suppressive effect toward the inflammation of endothelial cells, which was activated by IL-1β. miRNA in exosomes could play multiple roles including the promotion of cell proliferation, migration, tube formation, and angiogenesis and the suppression of inflammatory behavior to the contribution of diabetic wound healing (12).



Exosomal miRNAs for vascular growth

Chronic wounds caused by diabetes often have microangiopathy, accompanied with alterations such as decreasing production of pro-angiogenic factors and lessened endothelial progenitor cells, ultimately leading to abnormal function of the vascular network (36). Revascularization and angiogenesis are important manifestations of wound healing. miRNA-221-3p could improve the function of cells through regulating HIF-1α. Macrophages are polarized into proinflammatory by inhibiting JAK3 signal pathway (37). Xu et al. have reported the high expression of miRNA-221-3p in exosomes generated from endothelial progenitor cell (EPCs). Exosomal miRNA-221-3p can downregulate the expression of p27 and p57 proteins, which are involved in the cell cycle signaling pathway. According to immunohistochemistry results, the angiogenesis-related proteins VEGF and CD31 and the cell proliferation marker Ki67 had higher expression levels after treatment with EPC-derived exosomes with high miRNA-221-3p expression. Moreover, it has been revealed that miRNA-221-3p may be engaged in the cell cycle, AGE-RAGE, and p53 signaling pathway in diabetic complications. Therefore, miRNA-221-3p may encourage the proliferation of vascular cells by blocking cell cycle negative regulators (38). Additionally, miRNA-221-3p in stem cell exosomes activated Akt/endothelial nitric oxide synthase pathway to promote angiogenesis. Subsequently, the proliferation and migration of endothelial cell was enhanced, resulting in the improvement of diabetic wound healing (39). Other signaling pathway such as HIPK2 was targeted by exosomal miRNA-221-3p to improve the function of HUVEC and accelerate angiogenesis, contributing to concrescence of the wound in diabetic rats (40). On the other hand, Ding et al. found a significant increase in miR-126 levels upon treatment with deferoxamine exosomes (DFO-Exos) from BMSCs pretreated with deferoxamine (Figure 2C). It was also observed that when DFO-Exos was given, the amount of the phosphatase and tensin homolog (PTEN) in endothelial cells, one target of miRNA, was decreased. PTEN was a proangiogenic pathway in endothelial cells via the PI3K/AKT signaling pathway. When miR-126 was inhibited, the level of PTEN was increased. Thus, miR-126 can promote angiogenesis by decreasing the level of PTEN (30). Similarly, Xiong et al. observed a distinct increase in miR-20b-5p in exosomes, which was obtained from plasma of patients with T2DM. Angiogenesis in human umbilical vein endothelial cell was inhibited by miR-20b-5p through Wnt9b/β signaling pathway. Either miR-20b-5p or diabetic exosomes, which was exposed to the wound site, was sufficient to slow down both wound healing and angiogenesis. Therefore, diabetic wound healing could be improved after treatment with mir-20b-5p inhibitors including ncRNA (41). Engineered exosomes with miRNA-21-5p from human adipocytes accelerate wound healing in a model of full-thickness skin defects in diabetic rats; the results of diabetic rats and keratinocytes indicated that miRNA-21-5p functions through the Wnt/b-catenin pathway and promotes angiogenesis and collagen remodeling in the wound area (42). miRNA-21-5p in exosomes derived from human mesenchymal stem cells promotes the proliferation of HUVECs and enhances angiogenesis by activating Akt and mitogen-activated protein kinase (MAPK) and upregulating VEGFR1. Meanwhile, miRNA-21-5p accelerates the wound healing of foot ulcers in diabetic rats (43). In addition, Yan et al. have utilized low-cost milk exosomes, which served as vehicle to load miR-31-5p by electroporation. the exosomal miR-31-5p dramatically improved endothelial cell function, leading to enhanced diabetic wound healing by downregulating the expression of HIF1AN process (13).



Exosomal miRNAs for matrix remodeling

The body avoided pathogen infection and rehydrated in the presence of epidermal cells. The extracellular matrix is mainly composed of collagen, fibronectin, elastin, laminin, etc. It provides an appropriate microenvironment for cells, thus inducing cell adhesion, migration, and differentiation (44). During wound repair process, the extracellular matrix is an essential constituent. The related components secreted by keratinocytes are indispensable parts for the skin to function normally (45). In the early stages of healing, collagen deposition is more significant. Fibroblast could produce large quantities of collagen and other matrix components to construct the microenvironment for epidermal cell coverage (46). However, in the later period of healing, matrix remodeling is more important. The remodeling of the extracellular matrix usually takes 2 weeks or even 1 year, and the production and remodeling of the extracellular matrix are critical in the extent of scar formation. Because of similar functions with stem cells, stem cell-derived exosomes could be employed to regulate the extracellular matrix and promote collagen production, thereby reducing scarring. As demonstrated in Figure 2D, Fang et al. indicated that umbilical-cord-derived bone marrow mesenchymal stem cells (uMSCs) reduced scar formation and myofibroblast accumulation in a mouse model of skin defects. By utilizing miRNA omics, the uMSC-Exos group, enriched in specific miRNAs (miR-21, miR-23a, miR-125b, and miR-145), played a key role in inhibiting myofibroblast formation through suppressing the TGF-β/SMAD2 pathway (31). Exosomes secreted by human amniotic fluid stem cells also prevent myofibroblast differentiation. Zhang et al. assessed the impact of hAFSC-derived exosomes (hAFSC-exo) on anti-fibrotic scarring during wound healing by employing a rat model of complete skin damage. Through exosome-specific miRNAs, hAFSCs aid in the healing of wounds and inhibit the development of fibrotic scars. Additionally, hAFSC-exo-specific miRNAs enhance scar-free wound healing by the downregulation of TGF-R1 and miR-21-5p, miR-22-3p, and miR-27a-3p and the inhibition of myofibroblast production (47).



Exosomal lncRNAs regulated the inflammatory response

For diabetes, lncRNA plays significant roles in regulating wound inflammation via several pathways. ROS overproduction triggers neutrophil inflammatory infiltration, increased protease release, and an abundance of oxidative intermediate products, which ultimately result in cell death, affecting the healing up of wound in diabetic patients (48). The activity of transcription factors is directly regulated by low amounts of ROS as a signal molecule, which reduces apoptosis. Cells subjected to H2O2 showed a strong capacity to promote tube formation, migration, and proliferation of EPCs in a dose-dependent manner. In diabetic wounds, the expression level of inflammation-related genes including p53 was abnormal, leading to slow wound healing. PI3K/AKT was reported to act as a protective role against apoptosis caused by high glucose. PTENs have been demonstrated as a target gene of miRNA-152-3p, and lncRNA-H19 was a transcript antisense RNA affecting the level of miRNA-152-3p. PTEN serves as antagonist of PI3K. In 2019, Li and his colleagues found a high expression of miRNA-152-3p and low expression of lncRNA-H19 in the fibroblast with diabetic foot ulcer. After treatment with lncRNA-H19-overexpressed MSC-derived exosomes, miRNA-152-3p decreased in fibroblast accompanied by not only apoptosis but also inflammation (Figure 3A). In addition, proliferation and migration in fibroblast were promoted. As a consequence, the process of wound healing was accelerated upon injection with overexpressed lncRNA-H19 exosomes (52). Upregulation of lncRNA-H19 can also elevate the expression of FBN1 through competitively binding to miR-29b, which enhances the proliferation, migration, and inhibits apoptosis of fibroblasts, thus facilitating the wound healing of DFU (49). Exosomes that are secreted by the above-mentioned cells also have similar functions to cells. Furthermore, lncRNA NEAT1 in exosomes shows overexpression stimulated by oxidative stress on EPC cells, which is the effective therapeutic ingredient of exosomes (Figure 3C) (51). Evidence suggested that ROS concentration in macrophages could be modulated by lncRNA Lethe and lncRNA NTF3-5. The biochemical mechanism is that lncRNA NTF3-5 suppresses the level of NOX2 gene by activating NF-κB signaling on account of negative feedback loop between lncRNA Lethe and NF-κB (53). Similarly, increasing the expression of lncRNA MALAT1 is an alternative strategy to promote wound healing in diabetic patients (9). These lncRNAs, which could be cargoes by exosomes via various methods, would be employed as therapeutic drugs for the acceleration of the process of wound healing.




Figure 3 | (A) Map of molecular mechanisms involved in lncRNA H19 modulation in wound healing of DFU by binding to miR-29b to regulate FBN1 expression [Adapted from Li et al., doi: 10.1096/fj.201900076RRRRR, (49)]. (B) HOTAIR-MSC EVs improve wound healing in db/db mice via increasing angiogenesis [Adapted from Born et al., doi: 10.1002/adhm.202002070, (50)]. (C) Schematic illustration of the function and mechanisms of HUVEC-Exos on EPCs [Adapted from Guo et al., doi: 10.1186/s13287-022-03013-9, (51)]. *p < 0.05.






Exosomal lncRNA for diabetic wound healing

The lncRNA is a loosely classified group of long RNA transcripts with no apparent protein-coding role with a length >200 nucleotides. LncRNAs play a role in several significant biological processes, including the imprinting of genomic loci, sculpting of chromosome shape, and allosteric control of enzyme function. LncRNA performs the functions through regulating target genes with different mechanisms such as scaffolds, decoys, signals, and guide. Thus, lncRNAs are associated with cell differentiation, status, development, and illness. Among these lncRNAs, X-inactive-specific transcript (XIST; in X chromosome inactivation), HOX transcript antisense RNA (HOTAIR; in positional identity), and telomerase RNA component (TERC; in telomere elongation) were well-explored lncRNAs in functional roles and mechanisms.


Exosomal lncRNAs for fibroblast/keratinocytes proliferation

He and coworkers demonstrated that the content of lncRNA CASC2 in the tissue was reduced in diabetic foot ulcers. The wound healed speedily when the lncRNA CASC2 was overexpressed. LncRNA CASC2 abolished fibroblasts apoptosis and promoted cell proliferation and migration. Mechanically, lncRNA CASC2 interacted with miRNA 155 to upregulate the level of its target gene HIF-1α. Thus, overexpression of lncRNA CASC2 is a novel approach for diabetic wound healing. Increasing HIF-1α level by lncRNAs is considered as an effective strategy to improve healing process. LncRNA-H19 and lncRNA MIR31HG have been employed to regulate the expression of HIF-1α to enhance the proliferation of fibroblast (54). In addition, lncRNA FAM83A-AS1 involved several signaling pathways such as glycolysis, hypoxia, and OXPHOS signaling. Chen et al. proved that lncRNA FAM83A-AS1 could enhance cell migration, invasion, and proliferation (55). LncRNA FAM83A-AS1 may be applied to strengthen the proliferation of fibroblast/keratinocytes for the treatment of diabetic wound. Although there is no literature on exosomal lncRNAs for cell proliferation in wound healing, lncRNAs delivered by exosomes would be explored in the near future.



Exosomal lncRNAs for vascular growth

LncRNA in exosomes is capable of promoting angiogenesis to accelerate wound healing. HOTAIR has been shown to promote angiogenesis in several setting. Jay’s group has constructed exosomes with increased HOTAIR content to enhance angiogenesis for the promotion of healing of chronic wounds. On account of its intrinsic angiogenic properties, exosomes that were isolated from MSC with overexpressed HOTAIR demonstrated high level of HOTAIR compared with MSC without treatment. After treatment with HOTAIT-MSC exosomes, HOTAIR content was as much as 21-fold in human umbilical vein endothelial cells (HUVECs), resulting in about 11-fold increase in VEGFA within HUVECs. Moreover, gap closure was distinctly improved when exposed to HOTAIR-MSC exosomes (Figure 3B). As a consequence, there was an increase in the number of vessels in healed tissue when subjected to HOTAIR-MSC exosomes, demonstrating that lncRNA delivered by exosomes could be employed as nanomedicine for wound healing. Therefore, stimulation of angiogenesis and VEGFA are general therapeutic strategies to promote wound healing through lncRNA carried by exosomes (50). Similarly, Han et al. constructed MSC-derived exosomes to deliver lncRNA KLF3-AS1 to accelerate wound healing by the upregulation of VEGFA. KLF3-AS1 acted as a competing endogenous RNA for MiR-383 to increase the VEGFA signaling for diabetic wound healing. Under diabetic condition, exosomal KLF3-AS1 significantly promoted the proliferation of HUVESs. The content of proapoptotic proteins markedly upregulated, while anti-apoptotic proteins reduced after treatment with lncRNA delivered by exosomes due to the increasing VEGFA expression level. Interestingly, inflammation was also suppressed in the KLF3-AS1-Exos group, which further improved curative effects. Thus, improving angiogenesis and suppressing inflammation are effective strategies to treat diabetic wound (56).



Exosomal lncRNAs for matrix remodeling

A research by Herter at al. demonstrated that the expression of WAKMAR2 (lncRNA) was decreased in human chronic wounds as compared to normal wounds (57). WAKMAR2 is an RNA polymerase, which is observed in the cytoplasm and in the nucleus of keratinocytes. In order to investigate the molecular mechanisms modulation, the level of WAKMAR2, a variety of biomolecules, was used to treat keratinocytes in the wound, indicating that WAKMAR2 was regulated by TGF-β signaling pathways. Furthermore, the migration of keratinocytes was enhanced, and inflammation was suppressed in the presence of WAKMAR. As a consequence, diabetic wound repair could be improved when subjected to WAKMAR2, especially WAKMAR2 delivered by exosomes. Proteins in ECM could be degraded and modified by enzymes such as MMPs, serine proteinases, and disintegrant (58). Ye’s group indicated that cancer cell proliferation and migration were accelerated by lncRNA P73 antisense RNA 1T (lncRNA TP73-AS1) through regulating the expression of MMP2 and MMP9. By utilizing lncRNA TP73-AS1 carried by exosomes, the healing process may be accelerated via downregulating the proteins level of MMP2 and MMP9 to decrease degradation of ECM proteins.




Exosomal circRNA for diabetic wound healing

CircRNAs are a class of coding/ncRNA molecules that form a closed loop of exons and/or introns by covalently binding at the 3′and 5′ends (59, 60). Compared to linear mRNAs, circRNAs contain more abundant transcripts and are capable of regulating gene expression at the transcriptional and post-transcriptional levels. circRNAs are components of competing ceRNAs that could regulate gene expression by inhibiting miRNA activity to perform functions in physiological processes such as cell cycle or aging (61–63). They have tissue cell selectivity, structural stability, and sequence conservation and are widely expressed in mammalian cells.


Exosomal lncRNAs regulated the inflammatory response

Circ-Snhg11 from hypoxia-pretreated ADSC exosome promoted diabetic wound healing by increasing vascular differentiation function of EPCs by activation of the miR-144–3p/HIF-1α/VEGF signaling pathway. The result also found that circ-Snhg11 can also promote M2-like macrophage polarization under HG conditions by the regulation of miR-144–3p/HIF-1α/STAT3 signaling pathway (64). A research by Wang at al. discovered that the decrease in circRNA 001372 could upregulate IL-1, IL-6, IL-17, and IL-18, resulting in damage and apoptosis of neurocyte (65), while the inflammatory response was reduced when circRNA 001372 was overexpressed. Furthermore, they revealed that circRNA 001372 targeted miRNA-148b-3p to suppresses inflammation via the PI3K/Akt/NF-κB signaling pathway.



Exosomal circRNAs for fibroblast/keratinocytes proliferation

Si et al. have found that circRNA_100797 expression was decreased in human fibroblast after exposure to ultraviolet B. miR-23a-5p was the target of circRNA_100797, as analyzed by Gene Ontology and quantitative real-time PCR (qRT-PCR). The proliferation of fibroblast was enhanced when circRNA_100797 was highly expressed, and the cell cycle arrest was alleviated (66). In addition, the level of circRNA_000203 in cardiac fibroblast in diabetic mouse was increased accompanied by the increase in Col1a2, Col3a1, and α-SMA (67). circRNA_000203 could especially bind to miR-26b-5p for the suppression of the interaction between miR-26b-5p and collagen. Although circRNA_000203 exerted negative function in cardiac fibroblast, it could promote the healing of wound on account of promoting the expression of collagen. Therefore, circRNA serves as a sponge of miRNA to improve fibroblast/keratinocytes proliferation for the promotion of diabetic wound healing, especially delivered by exosomes by taking advantage of its perfect biocompatibility.



Exosomal circRNAs for vascular growth

It has been noted that hyperglycemia (HG) levels can affect the amounts of circRNA expression in HUVECs. Three of these circRNAs (hsa circ 0008360, hsa circ 0000109, and hsa circ 0002317) showed the largest upregulation, according to the miRNA genomics, which identified 214 circRNAs with differential expression. Based on bioinformatics, these circRNAs control the expression of genes involved in angiogenesis and vascular endothelial function (68). Chen et al. compared the differences in exosomal circRNAs isolated from serum between diabetic and non-diabetic patients. There were 67 circRNA differences in the level of expression between the two groups, and in the DFU group, 28 circular RNAs were upregulated and 39 were downregulated (69), circRNA not only could be used as serum biomarker for the clinical diagnosis of DFU, but it also plays a role in diabetic wound healing. Angiogenesis is an important cause of diabetic wound healing. One potential cause of diabetic ulcers is the damage to vascular endothelial cells, and EPC transplantation is considered as a promising approach for the treatment of hypovascular chronic wounds (70). In their study, Shang et al. revealed that transplantation of hypoxia-pretreated pre-endothelial progenitor cells (EPCs), which were under hypoxic condition before use, was more therapeutically effective than EPCs without treatment in accelerating diabetic wound healing. The overexpression of circ-Klhl8 inhibited hyperglycemia, which caused the injury to endothelial cells via activating autophagy. miR-212-3p was verified as the sole target of circKlhl8 by employing bioinformatics. miR-212-3p in diabetes causes pancreatic β-cell dysfunction and inhibits autophagy (71). In contrast, a certain level of autophagy promotes EPC migration and angiogenesis, and EPCs overexpressing circ-Klhl8 can promote wound repair by sponging miR-212-3p to reduce its expression and activate autophagy (Figure 4A). circ-Klhl8 can also regulate autophagy to accelerate wound healing by promoting SIRT5 overexpression. Additionally, it has been demonstrated that ADSC-exo carrying mmu circ 0000250 stimulates the production of miR-128-downstream 3p’s gene SIRT1 by binding to it and then activates cellular autophagy. Exosomes with high concentrations of mmu circ 0000250 sped up the healing of diabetic wounds (Figure 4B). It has been demonstrated that exosomes could increase angiogenesis and autophagy in Exosomes derived from human umbilical cord blood mesenchymal stem cells stimulate skin wounds to accelerate its healing (72).




Figure 4 | Hypoxic pretreatment endothelial progenitor cell (EPCs) accelerates diabetic wound closure and promotes angiogenic [Adapted from Shang et al., doi: 10.1016/j.jdiacomp.2021.108020, (71)]. ***p < 0.001 vs EPCs. ###P < 0.001 vs circ-Klhl8-EPCs.






Challenge and perspective

At present, most of the research on ncRNA in diabetic wound repair is based on the role of naked nucleic acid. However, due to various shortcomings such as poor stability and deficiency of poor targeting, ncRNA have limited efficacy in clinical application and cannot be used for further applications. Conversely, exosomes containing nucleic acid can remain in the body for a longer time and have a stronger effect than naked nucleic acid drugs. However, the crucial problem is that rare sources of these natural exosomes cannot meet clinical needs. In addition, the content of ncRNA in exosomes does not suffice for clinical application. Therefore, ncRNA in engineered exosomes serves as cargo, which is loaded into exosomes. By taking advantage of biological, physical, chemical, and other methods, ncRNA could be packaged into exosomes with the same pharmacokinetic behavior with exosomes. However, the low envelopment rate is achieved by utilizing these passive loading methods. Active loading method will improve the envelopment rate for exosomes to load ncRNA. In addition, most of above approaches are inapplicable for large-scale production due to low yield and high cost. To address the above problems, biomimetic exosomes that possess similar structures with exosomes and liposomes can also be used as a substitute for natural exosomes to delivery ncRNA. Generally, biomimetic exosomes could be prepared via top–down and down–top strategy by employing lipids, proteins, and RNA or cells. Biomimetic exosome drugs have the characteristics of clear source, stable physicochemical properties, low cost, and good biocompatibility as compared to liposomes. Furthermore, compared with natural exosomes, biomimetic exosomes are easier to be synthesized on a large scale in comparison with natural exosomes isolated from cells. Nevertheless, clinical trials of engineered exosomes have just begun, and the synthetically biomimetic exosome have not yet been approved for further clinical application on account of lack of standard approaches for production, characterization, and quality control. In addition, some of the ncRNAs could involve several signaling pathway with multiple targets, which is not beneficial as a drug. In the future, ncRNA carried by novel multifunctional engineered exosomes and biomimetic exosomes will be generated by biotechnology, providing a new avenue for diabetic wound therapy.



Conclusion

Due to the significant impact on the quality of life of complications induced by the diabetes especially diabetic trauma, diabetic wound healing is urgently needed to improve patients’ life quality. Diabetic wound healing is affected by inflammation, cell proliferation, angiogenesis, and ECM remodeling. ncRNA could regulate these conditions to promote diabetic wound healing (Table 1). In comparison with synthetic vehicles, exosomes as a vehicle are employed to deliver ncRNA owing to high biocompatibility and lower toxicity. The level of specific ncRNA in natural exosomes does not fulfill clinical application such as diabetic wound healing. To date, a few exosomes for diabetic wound healing is undergoing clincal trials (Table 2). Therefore, engineered exosomes are constructed by various strategies including biological, physical, chemical, and other methods to carry ncRNA. Although several challenges need to be overcome in terms of ncRNA delivered by exosomes for clinical applications, there will is a broad prospect for this medicine in wound healing.


Table 1 | Molecular mechanisms and therapeutic potential of exosomal ncRNAs involved in diabetic wound healing.




Table 2 | Summary of the exosome for diabetic wound healing in clinical trials.
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Background

Type 1 diabetes mellitus (T1DM) is caused by immune cell-mediated β-cell dysfunction. In recent decades, N6-methyladenosine (m6A) has attracted widespread attention in the scientific research field because it plays vital roles in the pathogenesis of immunity-related diseases, including autoimmune diseases. However, neither the m6A modification profile nor the potential role it plays in T1DM pathogenesis has been investigated to date.



Materials and Methods

An m6A mRNA epitranscriptomic microarray analysis was performed to analyze m6A regulator expression patterns and m6A methylation patterns in immune cells of T1DM patients (n=6) and healthy individuals (n=6). A bioinformatics analysis was subsequently performed to explore the potential biological functions and signaling pathways underlying T1DM pathogenesis. Furthermore, mRNA expression and m6A methylation levels were subsequently verified by qRT–PCR and methylated RNA immunoprecipitation–qPCR (MeRIP–qPCR), respectively, in the T1DM and healthy groups (n=6 per group).



Results

Among the multiple m6A regulators, METTL3 and IGF2BP2 had significantly downregulated expression, and YTHDC1 and HNRNPA2B1 had significantly upregulated expression in the T1DM group relative to the healthy group. The microarray analysis revealed 4247 differentially methylated transcripts, including 932 hypermethylated and 3315 hypomethylated transcripts, and 4264 differentially expressed transcripts, including 1818 upregulated transcripts and 2446 downregulated transcripts in the T1DM group relative to the healthy group. An association analysis between methylation and gene expression demonstrated that the expression of 590 hypermethylated transcripts was upregulated, and that of 1890 hypomethylated transcripts was downregulated. Pearson correlation analysis showed significant correlations between the expression levels of differentially expressed m6A regulators and the methylation levels of differentially methylated transcripts and significant correlations between the expression levels of differentially expressed m6A regulators and that of differentially expressed transcripts. Moreover, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses demonstrated that differentially methylated transcripts were involved in pathways related to immunity, including some closely associated with T1DM.



Conclusions

Our study presents m6A regulator expression patterns and m6A methylation patterns of immune cells in T1DM, showing that the m6A mark and m6A regulators are promising targets for T1DM diagnosis and treatment.
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Introduction

Type 1 diabetes mellitus (T1DM), a chronic autoimmune disease, is characterized by absolute insulin deficiency. Complications of T1DM are classified into acute and chronic complications. The former mainly refers to ketoacidosis, while the latter includes cardiovascular diseases, kidney diseases, neuropathy and retinopathy, which may contribute to disability and death (1, 2). Insulin replacement therapy has been the only treatment for T1DM for a long time, and it can, indeed, save the lives of T1DM patients. However, insulin replacement therapy cannot prevent the development of long-term complications and can cause life-threatening hypoglycemia (2). Therefore, effective approaches for preventing T1DM progression or curing T1DM are urgently needed. However, the details of T1DM pathogenesis remain incompletely understood.

In T1DM, pancreatic β cells are destroyed by the innate and adaptive immune system, leading to decreased insulin secretion and hyperglycemia. A variety of immune cells participate in the destruction of β cells, including T cells, B cells, dendritic cells (DCs), and macrophages (3, 4). T cells play an extremely significant role in the formation of immune tolerance mechanisms. In the bone marrow, hematopoietic stem cells differentiate into T-cell progenitors, migrate to the thymus and undergo a negative selection process (3). In this process, T cells that bind too strongly to autoantigens are cleared. The surviving T cells then circulate in the peripheral blood and lymph nodes, where they can recognize and bind to the corresponding peptide complex. In T1DM, autoreactive T cells that specifically target β cells are preserved due to a breakdown in self-tolerance (3). β-cell peptides are thus presented to autoreactive CD4+ T cells by antigen-presenting cells (mainly DCs and B cells), leading to the activation of autoreactive CD8+ T cells in lymph nodes (5). Then, the activated CD8+ T cells migrate to islets and destroy β cells. B cells produce islet-specific autoantibodies, and innate immune cells release proinflammatory cytokines and reactive oxygen species, further activating the immune response and exacerbating β-cell destruction (5). Moreover, regulatory T cells (Tregs) maintain a noninflammatory environment by suppressing the proliferation and cytokine response of other immune cells (4). Therefore, Treg defects can aggravate the destruction of β cells.

N6-methyladenosine (m6A) acts as a new area of research in the epitranscriptome field that is contributing to medical advancements. m6A regulators consist of writers, erasers and readers that mediate the dynamic regulation of m6A formation and corresponding functions (6, 7). Writers are methyltransferase complexes composed of methyltransferase-like 3 (METTL3), the only one active catalytic subunit, and many auxiliary subunits: methyltransferase-like 14 (METTL14), Wilms tumor 1-associated protein (WTAP), Vir-like m6A methyltransferase associated (VIRMA)//KIAA1429, RNA binding motif protein 15 (RBM15), RNA binding motif protein 15B (RBM15B), methyltransferase-like 16 (METTL16), Casitas B-lineage lymphoma-transforming sequence-like protein 1 (CBLL1)/HAKAI, zinc finger CCCH domain-containing protein 13 (ZC3H13) and zinc finger CCHC-type containing 4 (ZCCHC4) (6, 7).Writers are responsible for installing m6A at specific sites within certain regions. Erasers, which mainly include fat mass and obesity-associated protein (FTO)/ALKB homolog 9 (ALKBH9) and ALKB homolog 5 (ALKBH5), are demethylases responsible for the removal of the m6A mark. Opposite processes are catalyzed by writers and erasers to maintain a balance between nonmethylated adenosine and m6A in RNA. Readers are RNA-binding proteins that recognize and combine with m6A sites to exert regulatory roles in the fate determination of target mRNAs and their biological functions. According to their interaction patterns, readers are classified into direct and indirect readers and consist of YTH domain-containing family protein 1-3 (YTHDF1-3), YTH domain-containing protein 1-2 (YTHDC1-2), insulin-like growth factor 2 binding protein 1-3 (IGF2BP1-3), heterogeneous nuclear ribonucleoprotein (HNRNP) A2B1, HNRNPC, HNRNPG and others (6, 7).

m6A is involved in all aspects of mRNA and noncoding RNA metabolism and activity, including alternative splicing, nuclear export, degradation, translation, microRNA biogenesis and circRNA expression (6, 8). By mediating gene expression, m6A participates in varieties of physiological and pathological processes: development of multiple systems, energy homeostasis, circadian rhythms, the occurrence and progression of cancer and cardiovascular diseases and other processes (6, 9–11). Recent evidence has suggested that m6A levels and m6A regulator expression levels are altered in autoimmune diseases (12). For example, global m6A and METTL3 expression levels have been shown to be significantly increased, while FTO, ALKBH5 and YTHDF2 mRNA levels have been shown to be significantly downregulated in rheumatoid arthritis (RA) (13, 14). The expression levels of METTL3, METTL14, WTAP, FTO, ALKBH5 and YTHDF2 have been found to be decreased in systemic lupus erythematosus (15, 16). Moreover, METTL14 deficiency in T cells induced spontaneous colitis by preventing the differentiation of T cells (17). ALKBH5 deficiency in T cells inhibited the development of colitis and experimental autoimmune encephalomyelitis by suppressing T-cell migration and T-cell-mediated immune responses (18). These findings indicate the important role played by the m6A modification in the development of autoimmune disorders. However, the roles played by m6A and m6A regulators in the pathogenesis of T1DM remains unclear, and research directly addressing these factors in T1DM is lacking.

Peripheral blood mononuclear cells (PBMCs) constitute a population of immune cells that consist of T cells, B cells, DCs, monocytes and natural killer cells. In this study, we extracted total RNA from isolated PBMCs and performed an m6A mRNA epitranscriptomic microarray analysis to explore the m6A regulator expression patterns and m6A methylation patterns in immune cells of T1DM patients. Then, we screened differentially methylated or expressed mRNAs based on their fold changes (FC) and p values. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted to predict the potential functions and molecular pathways underlying T1DM pathogenesis. Finally, the expression levels and methylation levels in the microarray results were validated by quantitative real-time PCR (qRT–PCR) and methylated RNA immunoprecipitation coupled with qRT–PCR (MeRIP–qPCR). Our data show distinct patterns in m6A regulator expression and m6A modification in immune cells between T1DM and healthy controls, providing insights into the role played by m6A in the development of T1DM.



Materials and methods


Subjects

The sample collection and related protocols were approved by the Ethics Committee of the National Clinical Research Center of Second Xiangya Hospital, Central South University (Reference Number: 2021-S050). All participants were informed and provided signed written informed consent before peripheral blood collection. All blood samples in our study were drawn from T1DM patients (n=6) and healthy controls (n=6) matched by age and sex (Table 1). T1DM patients who fulfilled all of the following criteria were recruited into the case group: (1) diagnosed with diabetes based on World Health Organization (WHO) guidelines published in 1999; (2) no acute onset or diabetic ketoacidosis; (3) undergoing insulin-dependent therapy within six months of diagnosis; (4) positive for at least one classic islet autoantibody; and (5) not pregnant, carrying malignant tumors, or diagnosed with other autoimmune diseases or other types of diabetes. Healthy individuals fulfilling all of the following criteria were recruited into the control group: (1) a normal oral glucose tolerance test (OGTT), mean fasting blood glucose level < 5.6 mmol/l and a 2 h blood glucose level < 7.8 mmol/l after oral glucose challenge; (2) not pregnant, carrying malignant tumors or diagnosed with chronic diseases such as an autoimmune disease or a cardiovascular disease; and (3) no family history of diabetes.


Table 1 | General characteristics of study subjects.





Total RNA extraction and quality control

Peripheral blood (5 mL) diluted with an equal volume of PBS was slowly added to Ficoll-PaqueTM PLUS (GE Healthcare, Little Chalfont, Buckinghamshire, UK, Cat.No.17144003) in a centrifuge tube. After centrifuging the sample for 25 min at 800 g, four layers were obtained: an upper yellow plasma layer, a white PBMC layer in the interface, a layer of Ficoll medium and a red blood cell layer. The PBMCs were gently removed and transferred to a fresh centrifuge tube with a Pasteur pipette. Specifically, we started aspirating PBMCs at the periphery by using a Pasteur pipette and then slowly moved the pipette tip over the entire interface; we then transferred the PBMCs to another centrifuge tube. Alternatively, the upper plasma layer can be first removed before removing PBMCs. After being washed with PBS and centrifuged for 10 min at 300 g, the isolated PBMCs were frozen in freezing medium with 10% DMSO and 90% FBS at -80°C and then stored in liquid nitrogen until RNA extraction. The number of PBMCs obtained from 5 mL peripheral blood ranged from 5x106 to 1x107. Total RNA was extracted from these PBMCs with TRIzol reagent (Invitrogen, Carlsbad, CA, USA, Cat.No.15596026). The purity and amount of total RNA (varying in concentration between 400 ng/μl and 1000 ng/μl) were detected with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and RNA integrity was evaluated by denaturing agarose gel electrophoresis (Figure S1).



m6A immunoprecipitation and microarray hybridization

Total RNA (3-5 μg) and an m6A spike-in control mixture were immunoprecipitated with 2 μg anti-m6A rabbit polyclonal antibody (Synaptic Systems, Gottingen, Germany, Cat.No.202003), which was incubated with head-over-tail rotation at 4°C for 2 h. A total of 20 μl of Dynabeads™ M-280 Sheep Anti-Rabbit IgG suspension (Invitrogen, Carlsbad, CA, USA, Cat.No.11203D) per sample was blocked with 0.5% bovine serum albumin at 4°C for 2 h. The immunoprecipitated (IP) fraction containing m6A-modified RNA was eluted from the immunoprecipitated magnetic beads, while the supernatant (Sup) fraction containing the m6A-unmodified RNA was recovered from the centrifuged supernatant. Then, the IP and Sup RNAs were labeled with Cy5 and Cy3, respectively, referred to as cRNAs by using Arraystar Super RNA Labeling Kit (Arraystar, Rockville, MD, USA, Cat.No.AL-SE-005). These cRNAs labeled with fluorescent dye were merged and hybridized in Human Arraystar mRNA&lncRNA Epitranscriptomic Arrays (8x60K, Arraystar) that contained 44,122 mRNAs and 12,496 lncRNAs. The arrays were washed and then detected with an Agilent scanner G2505C (Agilent Technologies, Santa Clara, CA, USA).



m6A mRNA epitranscriptomic microarray analysis

The acquired array images were imported into Agilent Feature Extraction software (version 11.0.1.1), and the raw data were extracted. The raw intensities of the Cy5-labeled IP and Cy3-labeled Sup samples were normalized with the average of the log2-scaled spike-in control RNA intensity. “m6A quantity” was calculated to represent the m6A methylation level of each transcript based on the normalized intensity of the Cy5-labeled IP sample. The percentage of transcripts with m6A modification was calculated based on the normalized intensities of both the Cy5-labeled IP and Cy3-labeled Sup samples. The expression levels of the mRNAs were calculated based on the total normalized intensities of Cy5-labeled and Cy3-labeled RNAs.

The FC value and statistical significance of the difference (p value) for each transcript were calculated based on the m6A quantity and mRNA expression levels, and these data were used to compare the case and control groups. mRNAs with different m6A methylation levels between the two groups were determined according to the FC and p thresholds of m6A quantity (FC ≥ 2 or ≤ 0.5 and p < 0.05). mRNAs with differential expression between the two groups were determined according to the FC and p thresholds of expression level (FC ≥ 2 or ≤ 0.5 and p < 0.05). Hierarchical clustering analyses of differentially m6A-methylated RNAs and differentially expressed RNAs were performed with R software, including the gplots (version 2.16.0) and RColorBrewer (version 1.1.2) packages, and the results showed the distinct methylation and expression patterns among the samples.



Correlation analysis of m6A regulators and differentially expressed or methylated transcripts

Pearson correlation analysis was performed to analyze the correlations between differentially expressed m6A regulators and both differentially expressed transcripts and differentially methylated transcripts. The Pearson correlation coefficient (PCC), p value and false discovery rate (FDR) were calculated based on the expression levels of m6A regulators and the mRNA expression or m6A methylation levels of differential transcripts. The records fulfilling |PCC| > 0.9, p value < 0.05, and FDR <1 were selected to be visualized in Cytoscape (version 3.8.1). A positive PCC value indicates a positive correlation, while a negative PCC value indicates a negative correlation.



qRT–PCR

Based on the microarray results, published literature and m6A2Target database (http://m6a2target.canceromics.org/), we selected 5 m6A regulators and 5 immunity-related genes and confirmed their expression levels. Reverse transcription of the total RNA extracted from the PBMCs to generate cDNA was performed using a PrimeScript RT reagent kit (TaKaRa, Tokyo, Japan, Cat.No.RR037A). We prepared the Arraystar SYBR® Green qPCR Master Mix (Arraystar, Rockville, MD, USA, Cat.No.AS-MR-006-5) in each tube and added the RNA samples to the tubes containing Master Mix on ice. The tubes were incubated at 37°C for 15 min for reverse transcription and at 85°C for 5 s for heat inactivation; the tubes were then chilled at 4°C. Then, qRT–PCR was performed on a ViiA 7 Real-time PCR System (Applied Biosystems, Foster City, CA, USA) according the following PCR program: an initial 50°C incubation step for 2 min, a 95°C incubation step for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 60 s. β-Actin was used as an internal standard. Three replicates of each sample were tested. Relative mRNA expression levels were normalized to β-actin expression in each reaction. The expression levels were calculated by the 2−ΔΔCT method. The sequences of all the primers used in this study are listed in Table S1.



MeRIP–qPCR

MeRIP–qPCR was performed to further validate the m6A methylation levels of the immunity-related genes identified as differentially expressed by qRT–PCR. Briefly, total RNA was fragmented and then divided into two parts: a large part and a small part. The large amount of fragmented RNA was immunoprecipitated with anti-m6A antibody, while the small amount was saved as input RNA without immunoprecipitation. The IP sample RNAs and input RNA were then subjected to RT–qPCR analysis according the experimental procedure described above. Three replicates of each sample were tested. The data were normalized on the basis of the input RNA. The sequences of the primers used in the experiment are listed in Table S1.



GO and KEGG pathway analyses

The GO database (http://www.geneontology.org) describes the function of genes in three categories, and the KEGG database (http://www.genome.jp/kegg/) is used to annotate gene functions and identify complicated signaling pathways in which the related genes are expressed. The TopGO package (version 2.42.0) in the R environment was used to compute and graph the GO analysis data, while ingenuity pathway analysis was performed with the KEGG pathway results. GO and KEGG pathway analyses were carried out to fully elucidate the functions of differentially m6A-methylated mRNAs and identify the possible molecular pathways involved in T1DM. The -log10(p value) was transformed as the enrichment score value for a function or pathway. A p value <0.05 or an enrichment score >1.301 indicates that the function or pathway is of great significance to the physiological or pathological process of interest. A lower p value or higher enrichment score indicates a greater significance of differentially m6A-methylated mRNAs in relation to a function or pathway.



Statistical analysis

IBM SPSS Statistics version 26.0, GraphPad Prism 7 and Cytoscape (version 3.8.1) were used to perform the statistical analyses and generate figures. An unpaired two-sided t test was applied to calculate the significance of differences between two groups in the microarray, RT–qPCR and MeRIP–qPCR analyses. Correlations were tested by Pearson correlation analysis. For the GO and KEGG pathway analyses, the statistical significance of the enrichment data was calculated by two-sided Fisher’s exact test and transformed into a -log10(p value) score that represents the enrichment. p < 0.05 was considered to be significant.




Results


Expression characteristics of m6A regulators

To explore the expression patterns of m6A regulators between T1DM and healthy individuals, we detected the expression levels of 23 major regulators, including 10 writers (METTL3, METTL14, WTAP, RBM15, RBM15B, VIRMA/KIAA1429, METTL16, CBLL1/HAKAI, ZC3H13, and ZCCHC4), 2 erasers (FTO/ALKBH9 and ALKBH5) and 11 readers (YTHDF1, YTHDF2, YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, IGF2BP3, HNRNPA2B1, HNRNPC, and HNRNPG). The microarray results showed that the expression levels of METTL3 and IGF2BP2 were significantly downregulated, while the expression levels of YTHDC1, HNRNPA2B1 and HNRNPC were significantly upregulated in T1DM patients. The expression levels of other regulators were not significantly different between the two groups (Table 2).


Table 2 | The mRNA levels of m6A regulators detected by microarray analysis.





Identification of differentially methylated or expressed transcripts

To investigate the differences in the m6A levels of the transcripts between the T1DM and control samples, we profiled the immunoprecipitated m6A-methylated RNAs. The microarray results demonstrated that 4247 transcripts were differentially methylated in T1DM samples relative to control samples, including 932 hypermethylated mRNAs and 3315 hypomethylated mRNAs (FC ≥ 2 or ≤ 0.5, p < 0.05) (Figure 1A; Table S2). In addition, we profiled total mRNAs by analyzing a microarray to investigate the mRNA expression patterns. The microarray profiling analysis showed that a total of 4264 mRNAs were significantly differentially expressed in T1DM compared with controls (FC ≥ 2 or ≤ 0.5, p < 0.05) (Figure 1B). The expression of 1818 mRNAs was significantly upregulated, while that of 2446 mRNAs was significantly downregulated (Figure 1B; Table S2). Hierarchical clustering identified the interrelationships between the samples and showed distinct m6A methylation patterns and expression patterns of the mRNAs between the T1DM group and the healthy group (Figures 1C, D).




Figure 1 | Overview of the m6A methylation landscape and mRNA expression profile. (A) Volcano plot showing differentially m6A-methylated transcripts. The blue boxes represent hypomethylated transcripts (FC ≤ 0.5, p < 0.05). The red boxes represent hypermethylated transcripts (FC ≥ 2, p < 0.05). (B) Volcano plot showing differentially expressed transcripts. The blue boxes represent downregulated transcripts (FC ≤ 0.5, p < 0.05). The red boxes represent upregulated transcripts (FC ≥ 2, p < 0.05). (C) Hierarchical clustering revealing a distinct mRNA methylation pattern between the T1DM group and the control group. (D) Hierarchical clustering revealing a distinct mRNA expression pattern between the T1DM group and the control group.





Interaction between m6A methylation and mRNA expression

To explore whether m6A methylation influences mRNA translation, we identified the intersection of differentially expressed mRNAs and differentially methylated m6A mRNAs and performed an association analysis between the methylation and expression results. Surprisingly, only two modes of interaction were identified. The expression of 590 hypermethylated mRNAs was upregulated, and that of 1890 hypomethylated mRNAs was downregulated (Figures 2A, C, E; Table S3). However, no intersection between hypermethylation and downregulation or hypomethylation and upregulation was observed (Figures 2B, D, E). Hypomethylated mRNAs with downregulated expression accounted for the largest proportion of methylated RNAs in T1DM. These results showed that hypermethylation is accompanied by upregulated mRNA expression, while hypomethylation is accompanied by downregulated mRNA expression. Furthermore, we analyzed the correlations between differentially expressed m6A regulators and differentially methylated or expressed transcripts. There were strong correlations between the expression levels of m6A regulators and the methylation levels of differentially methylated transcripts and significant correlations between the expression levels of m6A regulators and the expression levels of differentially expressed transcripts (Table S4; Figure 3A, B). These results indicated that m6A regulators, especially IGF2BP2, may impact mRNA expression in an m6A-dependent manner.




Figure 2 | The interaction between m6A methylation and mRNA expression. (A) Hypermethylation-Upregulation. (B) Hypomethylation-Upregulation. (C) Hypomethylation-Downregulation. (D) Hypermethylation-Downregulation. The red circles and green circles represent differentially expressed mRNAs or differentially methylated mRNAs, and the brown regions represent the mRNAs with significant differences in both methylation level and expression level. (E) Four-quadrant diagram of transcripts with significant differences in both m6A methylation and mRNA expression. The red dots represent hypermethylated-upregulated mRNAs, while the blue dots represent hypomethylated-downregulated mRNAs. p < 0.05.






Figure 3 | Pearson correlation analysis of m6A regulators and differentially expressed or methylated transcripts. (A) Correlations between the expression levels of m6A regulators and the methylation levels of differentially methylated transcripts. (B) Correlations between the expression levels of m6A regulators and the expression levels of differentially expressed transcripts. The blue nodes represent m6A regulators, and the red nodes represent differentially methylated or expressed transcripts. |PCC| > 0.9, FDR <1, p < 0.05.





Potential functions and pathways of differentially methylated transcripts

To explore the potential biological functions and molecular pathways underlying the m6A modification, we carried out GO and KEGG pathway analyses of differentially m6A-methylated transcripts. Hypermethylated mRNAs were enriched in 1418 GO terms and 62 KEGG pathways (Table S5). The GO analysis showed that hypermethylated mRNAs were widely distributed in the cytoplasm, organelles and vesicles and were involved in immunity activation and metabolic processes by binding proteins and energy-related components (Figure 4A). The KEGG analysis showed that hypermethylated mRNAs were primarily associated with pathogen infection, immune cell differentiation, lysosomes, autophagy and neural signal transmission (Figure 4C). Moreover, hypermethylated mRNAs were involved in cancer pathways, the B-cell receptor signaling pathway and energy metabolism (Table S5). These results indicated that high m6A methylation may contribute to the pathogenesis of immunity-related diseases, nervous diseases and metabolic diseases.




Figure 4 | GO and KEGG pathway analyses of differentially methylated mRNAs. (A) The top ten enriched GO items of differentially hypermethylated mRNAs. (B) The top ten enriched GO items of differentially hypomethylated mRNAs. (C) The top ten enriched pathways of differentially hypermethylated mRNAs. (D) The top ten enriched pathways of differentially hypomethylated mRNAs.



Hypomethylated mRNAs were found to be enriched in 1632 GO terms and 47 KEGG pathways (Table S6). The GO analysis showed that hypomethylated mRNAs were mainly distributed in the cytoplasm, endomembrane system and components critical for conveying information and communicating (Figure 4B). These mRNAs participated in the regulation of biological processes and developmental processes by binding multiple signaling molecules and regulators (Figure 4B). The KEGG analysis showed that hypomethylated mRNAs were primarily associated with cellular regulation, cancers, inflammation, cardiovascular function, and multiple processes involving hormones, including synthesis, secretion and signaling (Figure 4D). In addition, hypomethylated mRNAs were involved in material metabolism, development, pathogen infection and signal transmission in the nervous system (Table S6). These results indicated that low m6A methylation may contribute to the pathogenesis of disease in multiple systems including the immune system, nervous and mental system, cardiovascular system and endocrine system.

Considering these results, m6A balance is essential for normal physiological processes. Aberrant m6A levels, including either higher or lower levels, cause the development of diverse diseases. In addition, T1DM-related pathways mainly consist of cytokine–cytokine receptor interactions, the JAK-STAT signaling pathway, the PI3K-Akt signaling pathway, the MAPK signaling pathway, and antigen processing and presentation. Our results showed that hypermethylated transcripts were enriched in the JAK-STAT signaling pathway and MAPK signaling pathway, while hypomethylated transcripts were enriched in the PI3K-Akt signaling pathway and MAPK signaling pathway, indicating the potential roles of m6A in the pathogenesis of T1DM (Figures 5A, B, 6A, B).




Figure 5 | Schematic overviews of T1DM-related signaling pathways enriched with hypermethylated mRNAs. (A) JAK-STAT signaling pathway. (B) MAPK signaling pathway. The yellow nodes represent hypermethylated mRNAs. The green nodes represent other mRNAs in the pathways that are not regulated by m6A.






Figure 6 | Schematic overviews of T1DM-related signaling pathways enriched with hypomethylated mRNAs. (A) PI3K-Akt signaling pathway. (B) MAPK signaling pathway. The orange nodes represent hypomethylated mRNAs. The green nodes represent other mRNAs in the pathways that are not regulated by m6A.





Validation of key regulators and immunity-related genes by qRT–PCR and MeRIP–qPCR

Considering the microarray results, we chose 5 m6A regulators (METTL3, YTHDC1, IGF2BP2, HNRNPA2B1 and HNRNPC) (FC ≥ 2 or ≤ 0.5 and p < 0.05) and verified their expression levels by qRT–PCR (Table 2). qRT–PCR was also performed to verify the expression levels of 5 key immunity-related genes selected based on the microarray results, published literature and m6A2Target database (Table 3). We particularly focused on the role of METTL3 and extracted all validated targets of METTL3 based on the m6A2Target database. Then, we selected the overlapping genes of validated targets and differentially expressed genes (FC ≥ 2 or ≤ 0.5 and p < 0.05) with downregulated m6A levels (FC ≤ 0.5 and p < 0.05) in the microarray results, and we selected the top 20 genes with decreased m6A levels and differential expression. We further screened 5 immunity-related genes according to the literature: downregulated EBNA1-binding protein 2 (EBNA1BP2) (19), diacylglycerol O-acyltransferase-1 (DGAT1) (20), sex determining region Y-box 9 (SOX9) (21), SP4 (22) and upregulated myeloid differentiation factor 88 (MYD88) (23). The qRT–PCR results showed that the differences in METTL3, YTHDC1, IGF2BP2, HNRNPA2B1, EBNA1BP2, DGAT1, SOX9 and MYD88 expression were statistically significant, in accordance with the microarray analysis, while differences in HNRNPC and SP4 expression were not significant (Figures 7A-H). Furthermore, the m6A modification levels of EBNA1BP2, DGAT1, SOX9 and MYD88 were verified by MeRIP–qPCR (Table 4). MeRIP–qPCR analysis showed that only EBNA1BP2 and DGAT1 were significantly hypomethylated and that SOX9 and MYD88 were not significantly hypermethylated (Figures 8A-D).


Table 3 | The expression levels of key immunity-related genes in the microarray analysis.






Figure 7 | The expression levels of m6A regulators and key immunity-related genes verified by RT–qPCR. (A) METTL3. (B) YTHDC1. (C) IGF2BP2. (D) HNRNPA2B1. (E) EBNA1BP2. (F) DGAT1. (G) SOX9. (H) MYD88. n=6 each group, *p < 0.05, **p < 0.01, and ***p < 0.001.




Table 4 | The m6A methylation levels of key immunity-related genes in the microarray analysis.






Figure 8 | The m6A methylation levels of key immunity-related genes verified by MeRIP–qPCR. (A) EBNA1BP2. (B) DGAT1. (C) SOX9. (D) MYD88. n=6 per group, ***p < 0.001.






Discussion

In recent decades, m6A has become a hot topic in the scientific research field and provides novel approaches for the diagnosis and therapy of various diseases. Mounting evidence suggests that m6A methylation levels and the expression levels of m6A regulators are altered in autoimmune diseases and that these changes may contribute to the initiation and progression of autoimmune diseases. However, the potential role played by m6A in the development of T1DM had not been extensively studied. Therefore, in this study, we analyzed the expression patterns of m6A regulators and m6A methylation patterns in immune cells obtained from T1DM patients.

Accumulating evidence has demonstrated that m6A and m6A regulators are crucial for the development, differentiation, activation and homeostasis of immune cells, indicating their potential roles in the development of autoimmune diseases (12). Our study demonstrated that a writer (METTL3) and 3 readers (HNRNPA2B1, IGF2BP2 and YTHDC1) were expressed at significantly different levels between T1DM and healthy samples. We paid considerable attention to the potential role of METTL3 in the development of T1DM. The METTL3 expression level was notably upregulated in the podocytes of patients with diabetic nephropathy and the kidneys of type 1 and type 2 diabetic mice. METTL3 modulates Notch signaling by catalyzing m6A modification of TIMP2 in an IGF2BP2-dependent manner, leading to proinflammatory and proapoptotic effects in podocytes (24). METTL3 expression was found to be substantially increased in the synovial tissues of RA patients and an RA rat model. Fibroblast-like synoviocytes (FLSs) play an essential role in RA pathogenesis by releasing proinflammatory indicators and penetrating the synovial membrane. METTL3 may not only mediate the expression of proinflammatory cytokines in FLSs but may also promote the activation, proliferation, invasion and migration of FLSs as mediated by the NF-κB signaling pathway, ultimately accelerating RA development (14). Another study also showed that METTL3 expression was significantly increased in the PBMCs of RA patients. However, the authors came to an opposite conclusion that METTL3 inhibited the macrophage-mediated inflammatory response through the NF-κB signaling pathway under lipopolysaccharide stimulation (25). These results indicate that METTL3 may be a promising candidate target for T1DM therapy.

To further explore the role played by m6A in gene expression, we performed an association analysis between m6A quantity and mRNA expression level. Surprisingly, the association analysis showed only two modes of interaction between differentially methylated mRNAs and differentially expressed mRNAs: hypermethylation-upregulation and hypomethylation-downregulation. The reason why no hyper-down or hypo-up transcripts were identified in our study may be due to that higher FC threshold was chosen for finding more significantly differentially methylated or expressed transcripts. The FC value of all hypermethylated or upregulated transcripts were ≥2, while the FC value of all hypomethylated or downregulated transcripts were ≤0.5 in the study.

In our study, the changes in mRNA expression level were consistent with those in m6A level, demonstrating that increases in m6A levels are accompanied by upregulated gene expression, while decreases in m6A levels are accompanied by downregulated gene expression. This outcome may be attributable to reader involvement. IGF2BP2 can stabilize m6A-modified transcripts in an m6A-dependent manner (26). YTHDC1 has been reported to modulate alternative splicing, regulate nuclear export, accelerate the decay of m6A-modified transcripts and suppress gene expression (27–29). HNRNPA2B1 can also modulate alternative splicing of target transcripts by recognizing and binding to m6A on the basis of a switch mechanism (30). Therefore, IGF2BP2, YTHDC1 and HNRNPA2B1 may be involved in regulating mRNA expression levels in an m6A-dependent manner in T1DM; this possibility is consistent with the correlation analysis results. However, the detailed interaction and precise molecular mechanisms need to be further investigated.

We then performed GO and KEGG pathway analyses to predict the potential biological functions and identify the signaling pathways enriched with differentially methylated mRNAs. The GO and KEGG analysis showed that differentially methylated mRNAs were involved in immunity-related pathways. Most importantly, we found that both hypermethylated transcripts and hypomethylated transcripts were enriched in T1DM-related pathways, including the JAK-STAT, PI3K-Akt and MAPK signaling pathways. These signaling pathways are involved in the proliferation, development, differentiation and cytokine production of immune systems, mediating autoimmune responses in T1DM (31, 32). Based on these findings, m6A may participate in T1DM pathogenesis through immunity-related pathways.

Notably, we found that both hypermethylated mRNAs and hypomethylated mRNAs were enriched in some biological functions and KEGG terms, indicating that aberrant m6A levels, i.e., hypermethylation or hypomethylation, can result in the development of some diseases. This phenomenon can be attributed to the following reasons. Hyper- and hypomethylated mRNAs can participate in the same biological function by activating different signaling molecules in the same or different pathways. In addition, some biological functions are regulated by opposing pathways. Therefore, hyper- and hypomethylated mRNAs can participate in the pathogenesis of the same disease by promoting pathogenic pathways and inhibiting protective pathways, respectively. Moreover, we found that the MAPK signaling pathway, the T1DM-related pathway, was represented in the enrichment results of both hyper- and hypomethylated transcripts. This finding indicates that hyper- and hypomethylated transcripts may activate this pathway by recruiting different reader proteins and subsequently activating different signaling molecules.

Specifically, we chose certain immunity-related genes to perform further analysis. Numerous studies have indicated that MYD88 activation plays a vital role in driving autoimmunity and promoting autoimmune disease progression (23, 33). Notably, MYD88 deficiency completely prevented NOD mice from developing T1DM in a microbiota-dependent manner (34). Our study showed that MYD88 expression was upregulated in T1DM patient samples compared to that in the control samples, which was consistent with previous studies and in accordance with the role it plays in the development of T1DM (35, 36). However, differences in the m6A level on MYD88 were not significantly different, indicating that MYD88 expression was mediated in an m6A-independent manner. The transcription factor SOX9 may be involved in the mechanism leading to the loss of β cells (not β-cell apoptosis) in T1DM. The changes to the identity of β cells due to dedifferentiation and/or transdifferentiation were accompanied by increased SOX9 expression in the β cells (37, 38). Moreover, SOX9+ ductal cells may differentiate into β cells, while SOX9+ progenitors may be dispensable for regenerating β cells in T1DM (39, 40). Therefore, SOX9 may represent a previously unidentified marker of human β-cell dedifferentiation and redifferentiation and is likely to become a new target for the therapy and reversal of T1DM. However, SOX9 expression was decreased in the T1DM samples in our study, possibly because the samples consisted of immune cells, not β cells.

In addition, DGAT1 inhibited regulatory T-cell formation by forming retinyl ester in a retinol-dependent manner, thus leading to an imbalance between effector T cells and Tregs. DGAT1 induced Treg formation to attenuate experimental autoimmune encephalomyelitis (20). However, our results showed that DGAT1 was hypermethylated and downregulated in T1DM, indicating that DGAT1 may not be a key player in T1DM development. EBNA1BP2 has been confirmed to be one of the hub genes in COVID-19 susceptibility and was related to the levels of infiltrating immune cells, including CD4+ activated memory T cells, follicular helper T cells and plasma cells (19). Moreover, EBNA1BP2 was identified as the most significantly downregulated transcript accompanied by hypomethylation in our microarray results. Whether EBNA1BP2 is involved in T1DM pathogenesis remains to be further investigated.

Although T1DM is still incurable, immune-based therapy may be an innovative, effective and acceptable method to treat and potentially reverse T1DM (3). However, a lack of effective and safe immune intervention targets has hindered therapy development. Over several decades, m6A has been a promising target for the diagnosis and treatment of all kinds of diseases. STM2457, the selective catalytic inhibitor of METTL3, has been found to reduce the growth of acute myeloid leukemia (AML) and promote differentiation and apoptosis, thus preventing and slowing AML progression in mouse models (41). These findings indicate that targeting RNA-modifying enzymes may be a promising strategy in disease therapy.

Studies on the role of m6A in the pathological process of T1DM are limited, and all to date have been focused on the role of m6A in the progression of T1DM complications. The present study is the first to provide a comprehensive overview of the m6A regulator expression and m6A methylation patterns of PBMCs in T1DM. However, there are limitations to the study. First, the sample size was relatively small. These findings need to be validated in analysis with more samples in future studies. Second, the specific functions and downstream targets of the m6A regulators in this study are unclear, although our correlation analysis revealed many potential targets of these m6A regulators. Further studies should concentrate on the specific targets of m6A regulators and the exact m6A mechanisms in the pathogenesis of T1DM by knocking out or overexpressing specific genes in cell and animal models.

In conclusion, our study identified the expression patterns of m6A regulators and m6A methylation patterns of immune cells in individuals with T1DM and healthy individuals and explored the potential biological functions and pathways associated with T1DM pathogenesis. Our study suggests that the m6A mark and related regulators may serve as biological markers and putative immune targets for the diagnosis, treatment and eventual reversal of T1DM.
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Central nervous system (CNS) infections in adults are rare because of normal immunity and the existence of the blood brain barrier, which prevents the invasion of pathogenic microorganisms. Liver transplant recipients are at an increased risk of opportunistic infections (OI) due to immunosuppressive therapy compared to those with normal immunity. Early diagnosis and timely implementation of treatment are critical for the successful treatment of these infections. We present two cases of intracerebral OI after orthotopic liver transplantation (OLT), with different clinical presentations. Patient 1 presented with epileptic seizures, mainly manifested as unresponsiveness, unconsciousness, and coma complicated with involuntary limb twitching. Patient 2 presented with a consciousness disorder, mainly manifested as unclear consciousness content, poor orientation, calculation power, and logical ability. Next-generation sequencing (NGS) examination of the cerebrospinal fluid confirmed human herpesvirus 6 B (HHV-6B) infection in patient 1 and intracranial Aspergillus infection in patient 2. Intracranial OI has insidious onset and atypical clinical manifestations. NGS can allow for the proper diagnosis and monitoring of the effects of treatment.
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Introduction

Liver transplantation is the gold standard treatment for end-stage liver disease. With the development of immunosuppressive agents, the incidence of rejection has significantly reduced; however, the risk of opportunistic infections (OI) after liver transplantation is gradually increasing, which mostly occur within the intermediate period (1–6 months after liver transplantation) owing to persistent intensive immunosuppression (1). The most common pathogens causing opportunistic central nervous system (CNS) infections are fungi and viruses, whereas bacteria and protozoans are uncommon. Owing to improvements in immunosuppressive therapy and routine surveillance, the prevalence of these infections has decreased from 7% to 1–2% (2, 3). Herpes viruses (herpes simplex virus HSV1/2, human herpesvirus HHV-6, and HHV-8), Epstein-Barr virus (EBV), cytomegalovirus (CMV), Cryptococcus, and Aspergillus are the most common pathogens (4). Clinical manifestations include fever, headache, meningitis, Kernig and Brudzinski signs, new-onset seizures, papilloedema, altered sensorium, and/or focal neurological deficits (5). These manifestations may be subtle or absent because of the use of immunosuppressive agents. Virus and fungi OI continue to be a significant cause of morbidity and mortality in patients with CNS involvement, owing to the poor CNS penetration of antifungal and antiviral medications. Herein, we report the successful diagnosis and treatment of two cases of CNS OI that occurred within the first month after orthotopic liver transplantation (OLT). The diagnosis and treatment of the two cases are summarized in Table 1.


Table 1 | Two cases of CNS opportunistic infections.





Case reports

Patient 1 (P1) was a 56-year-old man who underwent OLT for HBV-associated liver cirrhosis and hepatocellular carcinoma. The initial recovery from transplantation was excellent, without early operation-related complications. Methylprednisolone 1.0 g and basiliximab (20 mg) were administered during the anhepatic phase, and basiliximab (20 mg) was administered again on postoperative day 4 (POD 4). Baseline immunosuppression after OLT included tacrolimus (Tac, 3 mg bid, C0 3-8 ng/ml), mycophenolate mofetil (MMF, 500 mg bid), and corticosteroids (100 mg tapered to 5 mg on POD 8). Considering that the patient had hepatocellular carcinoma, baseline immunosuppression was adjusted to tacrolimus plus sirolimus, while MMF and corticosteroids were discontinued on POD 14. On POD 18, the patient suddenly appeared delirious, unconscious, and unresponsive, accompanied by involuntary twitching of the limbs. There were marked changes in vital signs: blood pressure was 170/100 mmHg,; heart rate, 150 beats per minute; oxygen saturation 90–96%, temperature 36.6°C, and respiratory rate 22–25 breaths per minute. Physical examination of the cranial nerves and neurological examination of the upper and lower limbs revealed no abnormalities. Magnetic resonance imaging (MRI) and computed tomography (CT) of the brain revealed slight ischemic changes, without other obvious abnormalities (Figures 1A-D). Electroencephalogram examination revealed seizures. Routine and biochemical tests of CSF did not reveal any obvious abnormalities. CSF cultures for bacteria, fungi, and other viruses and peripheral blood examination for cytomegalovirus were negative. CSF pathogen microbial NGS confirmed the presence of 30691 human herpesvirus 6 B (HHV-6B) DNA sequences. Real-time fluorescent quantitative polymerase chain reaction (RT-qPCR) detected 12000 copies/mL HHV-6B DNA in the CSF. Antiviral therapy with ganciclovir (250 mg intravenously every 12 h) was administered. The immunosuppressive regimen was changed to corticosteroid maintenance alone at a dosage of 100 mg/day, and tacrolimus and sirolimus were discontinued. After 4 days of treatment, the seizure symptoms disappeared, and the confusion, headache, and involuntary movements improved. Re-examination of the brain MRI suggested intracranial infectious lesions (Figures 1E, F). Re-examination of CSF revealed 29 HHV-6B DNA sequences two weeks later, which was significantly less than before (30691 HHV-6B DNA sequences). The CSF for HHV-6B was negative, and the neurological symptoms returned to normal after 4 weeks of treatment. Ganciclovir was reduced to 150 mg once daily maintenance therapy, with gradual withdrawal of corticosteroids and resumption of basic immunosuppression (tacrolimus combined with sirolimus).




Figure 1 |  Brain CT and MRI of patient 1 before medication (A-D). (A, B): The density of the inferior pole of both the temporal lobes was slightly decreased. (C): DWI showed that white matter signals under the gray matter of the inferior temporal pole were limited on both sides. (D): ADC showed symmetrical low signal changes.Brain MRI findings of patient 1 at the diagnosis of HHV-6B encephalitis (E, F). (E): DWI showed that bilateral inferior temporal poles were diffusively limited and symmetrical, with upwards involvement of the bilateral basal ganglia and subgray matter region of the medial lateral temporal lobe. (F): ADC presented high signal changes.






Figure 2 | Brain MRI findings of patient 2 at the diagnosis of intracranial Aspergillus infection. (A): MRI showed two lesions with diameters of 1.56 cm and 0.64 cm on POD 7. (B): MRI showed five lesions with diameters of 2.20 cm, 0.79 cm, 0.73 cm, 0.37 cm, and 0.28 cm on POD 28. (C): MRI showed two lesions with diameters of 1.81 cm and 0.69 cm on POD 65.



Patient 2 (P2) was a 44-year-old man who underwent OLT for acute-on-chronic liver failure (ACLF). The patient had chronic hepatitis B for several years and received irregular treatment. During the transplant operation, the patient suffered severe post-reperfusion syndrome (PRS) due to hyperkalemia, that is, cardiac arrest after reperfusion. After cardiopulmonary resuscitation, the heartbeat and circulation returned to normal levels. Nevertheless, the initial recovery from transplantation was excellent, and there were no early operation-related complications. Intraoperative immune induction and postoperative baseline immunosuppression were the same as those in Patient 1. One week after transplantation, the patient exhibited a consciousness disorder, mainly manifested as unclear content of consciousness, loss of orientation, calculation ability, and logical ability. The vital signs were stable, except for a slight fever, with a maximum temperature of 38.0°C. Brain magnetic resonance imaging (MRI) revealed two abnormal signals in the left temporal lobe and right frontal lobe, and the possibility of infection was considered (Figure 2A). CSF routine, biochemistry, and culture also showed no abnormalities, but NGS confirmed an invasive Aspergillus infection in the CSF. Based on these guidelines, voriconazole was selected as the antifungal therapy. Meanwhile, the dosage of tacrolimus was adjusted to maintain the concentration below 8 ng/ml. After three weeks of antifungal treatment, the patient’s neurological symptoms slightly improved, but re-examination of brain MRI showed that the lesion was larger than before (Figure 2B). A second NGS of the CSF showed Candida, but no Aspergillus. After multidisciplinary consultation and discussion, a biopsy was performed to confirm the pathology; however, the patient and his family refused to do so. Considering the antifungal effect of sirolimus, immunosuppression was adjusted to sirolimus monotherapy for maintenance therapy. Meanwhile, fluconazole was added for antifungal therapy and the plasma concentration was maintained between 4.5 mg/mL and 5.5 mg/mL. After 2 weeks of combined treatment, re-examination of brain MRI showed that the lesions did not increase significantly, and the neurological symptoms were significantly improved. During the following three weeks, antifungal therapy was maintained, and re-examination of the brain MRI showed that the infected lesions were smaller than before (Figure 2C). Immunosuppression was gradually restored by tacrolimus combined with sirolimus. After comprehensive treatment, the patient recovered well and was discharged three months after liver transplantation.



Discussion

The risk of opportunistic infections in the central nervous system (CNS) opportunistic infections (OI), which often presents as a diagnostic challenge, is related to the nature and intensity of immunosuppression and the infectious exposures of the organ recipient and donor (6). The pathogens associated with these infections are often found to have low virulence in immunocompetent hosts and include various bacteria, parasites, fungi, or viruses (7). These infections can present as various clinical syndromes, including meningitis, encephalitis, space-occupying lesions, stroke-like presentations, or even neoplastic manifestations. CSF evaluation is required for definitive diagnosis of CNS OI. Some common clinical organisms responsible for CNS OI are listed in Table 2.


Table 2 | List of common CNS opportunistic infections.



Human herpesvirus 6 (HHV-6) is a common collective name for two distinct viruses, human herpesvirus 6A (HHV-6A) and human herpesvirus 6B (HHV-6B) (8). HHV-6 belongs to the beta-herpesvirus subfamily, which is widespread, with a seroprevalence of > 90% in adults (9). In liver transplant recipients, infections caused by this virus are almost always HHV-6B (10). HHV-6B efficiently infects CD4+ T cells and acts as a receptor for CD134 (OX40), a member of the TNF superfamily that antagonizes regulatory T-cell (Treg) activity (11, 12). Primary infection is usually associated with a benign skin rash in infants (exanthema subitum), but reactivation from latency can lead to severe diseases such as hepatic, neurological, and disseminated infections, especially in immunocompromised patients (13). HHV-6B reactivation has been associated with aberrant immune reconstitution and acute graft-versus-host disease (aGVHD) after hematopoietic cell transplantation (HCT) (14). HHV-6B reactivation after liver transplantation is mostly asymptomatic but can be associated with fever, hepatitis, and encephalitis (15). A retrospective study showed a correlation between HHV-6B infection and symptoms of encephalitis in seven (35%) of 20 liver transplant recipients (16). The virus mainly affects the limbic system of the brain, including the hippocampus, causing limbic encephalitis. Clinical symptoms can be characterized by headache, mental disorders, memory loss, confusion, ataxia, convulsions, seizures, typically characterized with or without seizures of confusion and amnesia, and gradual progress to confusion and coma (7, 17, 18). Hyponatremia due to syndrome of inappropriate antidiuretic hormone (SIADH) has been noted in HHV-6B encephalitis (7). Typical MRI shows hyperintensities within the uncus, amygdala, entorhinal area, and hippocampus on T2, fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted imaging (DWI) sequences (19). Electroencephalograms may reveal epileptiform or slow-wave activity (20). CSF analysis revealed mildly elevated protein levels and minimal leukocytosis approximately a week after symptom onset (7). Detection of HHV-6B nucleic acid in CSF aids in the diagnosis, and RT-qPCR is recommended for the detection of HHV-DNA in CSF (21, 22). Previous studies have shown that the sensitivity of NGS for detecting HHV-6 sequences is equivalent to that of real-time PCR (23). Ganciclovir and foscarnet remain the first-line agents for the treatment of HHV-6B encephalitis. The recommended dose of ganciclovir is 5 mg/kg twice daily and the recommended dose of foscarnet is 90 mg/kg twice daily (24).

Invasive Aspergillus is an important CNS OI pathogen affecting liver transplant patient prognosis, and is the leading cause of brain abscesses, with a prevalence is 0.5–0.8% (20). Usually, the abscess is located in the frontoparietal lobe, basal ganglia, cerebellum, and brainstem, with radiographic findings of single or multiple nonenhancing, low-density lesions (25). Previous studies have revealed that invasive Aspergillus infection, which usually spreads from the lungs, is usually diagnosed at a median of 25 days after OLT (26). The clinical manifestation of CNS Aspergillus infection usually presents with fever, alterations in mental status, seizures, stroke, and focal neurological deficits (27–29). Although sensitive antifungal drugs can be selected, such as voriconazole or amphotericin B, the mortality rate is high, at 65–100% (30). Unfortunately, fungal cell wall biomarkers beta-D-glucan (BDG) and galactomannan are currently not recommended for screening and diagnosis of invasive Aspergillus infection in OLT recipients because of their limited accuracy (26, 31). In particular, for CNS infections, sensitivity and specificity are low. Hong et al. suggested that NGS could be used to definitively diagnose fungal infections in the lung, bone, brain, and vascular tissues (32). Shishido reported a case of invasive Aspergillus fumigatus brain abscess definitively diagnosed using NGS after liver transplantation (33). The recipient’s serum galactomannan level was negative, and CSF PCR was negative for Aspergillus. According to several studies, voriconazole remains the recommended antifungal agent for the treatment of invasive Aspergillus, with a 50%-100% effective rate and good nervous system penetration (34–38). A meta-analysis suggested that serum concentrations between 1.0 and 6.0 mg/L during voriconazole treatment may be warranted to optimize clinical success and minimize toxicity (39). For CNS aspergillosis, the recommended trough serum concentration for treatment is at least 2 mg/L or >3 mg/L (34).

Aspergillus and Candida are the most common causes of Invasive fungal disease in liver transplantation (40). According to the guidelines from American Society of Transplantation Infectious Diseases Community of Practice, the following recommendations are made for diagnosis and medication as for common invasive Aspergillosis and Candida infections after orthotopic liver transplantation (34, 41): (1) Bronchoalveolar lavage (BAL) galactomannan (GM) and PCR can be used in combination with other fungal diagnostic modalities (e.g. chest CT-scan, culture) for the diagnosis of invasive Aspergillosis, while identification of Candida from a sterile body site by culture or visualization of the organism in tissue histopathology is the gold standard for diagnosis; (2) Voriconazole is the drug of choice to treat all forms of invasive Aspergillosis, while echinocandin and fluconazole are recommended for treatment of invasive Candida; (3) Dose of calcineurin inhibitor (CNI) and mammalian target of rapamycin (mTOR) inhibitor should be adjusted, and CNI/mTOR inhibitor levels must be monitored closely during the antifungal medication. Meanwhile, therapeutic drug monitoring (TDM) for voriconazole and posaconazole is recommended; (4) Targeted prophylaxis antifungal therapy is recommended for recipients with high risk factors such as re-transplantation, re-operation, renal failure requiring hemodialysis, according to the guidelines; (5) Anidulafungin, micafungin, caspofungin or voriconazole is recommended for the use of targeted prophylaxis against invasive Aspergillosis, and the targeted prophylaxis should be maintained for 14-21 days. As for invasive Candida, fluconazole or echinocandins is recommended as the preferred medication for targeted prophylaxis, which should be maintained for 14-28 days.

P1 was an adult male who underwent liver transplantation, whose primary disease was hepatitis B cirrhosis and hepatic cell carcinoma (HCC). It is uncommon in HHV-6 infection. HHV-6 infection is common in pediatric organ transplantation, especially in recipients younger than 3 years of age, and 35% of infected patients typically develop clinical symptoms within 2 weeks of transplantation (42). The blood concentration of tacrolimus at P1 was high before the onset of headache, with the highest concentration of 21.6 ng/mL, which appeared on POD 3. Several studies have shown that tacrolimus can induce neurotoxic symptoms ranging from mild nonspecific symptoms, such as restlessness, anxiety, tremor, headache, insomnia, severe seizures, cognitive impairment, and coma, even within the treatment range (43–45). Therefore, it needs to be distinguished from OI caused by strong immunosuppression. P2 underwent multiple plasma transfusions and artificial liver therapy before liver transplantation for ACLF. The Child–-Pugh score was 13 and the end-stage liver disease (MELD) score was 29. Previous studies have shown that MELD scores > 25, post-transplant acute kidney injury, and pre-transplant fungal colonization seem to be associated with a high risk of invasive fungal infection after liver transplantation (46, 47). Patients with decompensated cirrhosis and acute-on-chronic liver failure (ACLF), who suffer from a profound state of immune dysfunction and receive intensive care management, are susceptible to invasive fungal infection after liver transplantation (48). The duration of surgery, hours of mechanical ventilation, and preoperative dialysis days were significant factors in the development of postoperative invasive aspergillosis (49). P2’s duration of surgery was prolonged because of severe PRS during reperfusion, which induced longer mechanical ventilation and intensive care unit (ICU) duration than normal. Therefore, this situation undoubtedly increases the chances of opportunistic invasive Aspergillus infections. In addition, the successful treatment of the two patients was indispensable for the regulation of immunosuppressive agents. Effective anti-infection measures should be guaranteed, while normal graft function without rejection should be ensured. Sirolimus has been shown to have antifungal activity against several fungal pathogens, such as Candida albicans, Aspergillus, and Cryptococcus neoformans (50–52). Therefore, we believe that the antifungal effect of sirolimus is indispensable for successful treatment of P2.

Our P2 report has several limitations. A second CSF NGS examination revealed Candida spp. Owing to the low number of sequences, we believe that it may be caused by contamination of the specimen. A biopsy of the intracranial infected lesion was planned; however, P2 refused. Therefore, it is unknown whether there was a co-infection with Candida. Even if a definitive diagnosis of Candida infection was not available, the antifungal agent fluconazole was added at that time. In addition, during the later follow-up period, NGS of the CSF was not performed again, and only brain MRI was performed.



Conclusions

In summary, our results suggest that NGS has obvious advantages for identifying pathogens and can be used as a standard test for liver transplant recipients who are suspected to suffer from OI in the CNS. In addition, anti-infection measures should not be emphasized blindly, and immunosuppressive agents should be adjusted throughout the whole treatment process.



Ethics Statement

The study was reviewed and approved by The First Affiliated Hospital of USTC Medical Research Ethics Committee in accordance with local legislative and institutional requirements. A written informed consent was obtained from the two patients for publication of the details of their medical case and accompanying image.



Author contributions

YG designed the study, reviewed the literature, and drafted the manuscript. ZZ, WC, and ST collected and synthesized the data. DY participated in study design and critical revision of the manuscript. All authors have contributed to the manuscript and approved the submitted version.



Acknowledgments

We thank all the medical and nursing staff involved in these two liver transplantation, postoperative management, postoperative follow-ups.



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.

The handling editor YM declared a shared affiliation with the authors at the time of the review.



References

1. Angarita, SAK, Russell, TA, and Kaldas, FM. Pneumonia after liver transplantation. Curr Opin Organ Transpl (2017) 22(4):328–35. doi: 10.1097/MOT.0000000000000427

2. Heroux, A, and Pamboukian, SV. Neurologic aspects of heart transplantation. Handb Clin Neurol (2014) 121:1229–36. doi: 10.1016/B978-0-7020-4088-7.00082-1

3. Zivković, SA. Neurologic aspects of multiple organ transplantation. Handb Clin Neurol (2014) 121:1305–17. doi: 10.1016/B978-0-7020-4088-7.00089-4

4. Pizzi, M, and Ng, L. Neurologic complications of solid organ transplantation. Neurol Clin (2017) 35(4):809–23. doi: 10.1016/j.ncl.2017.06.013

5. Guenette, A, and Husain, S. Infectious complications following solid organ transplantation. Crit Care Clin (2019) 35(1):151–68. doi: 10.1016/j.ccc.2018.08.004

6. Fishman, JA. Opportunistic infections–coming to the limits of immunosuppression? Cold Spring Harb Perspect Med (2013) 3(10):a015669. doi: 10.1101/cshperspect.a015669

7. Agnihotri, SP. Central nervous system opportunistic infections. Semin Neurol (2019) 39(3):383–90. doi: 10.1055/s-0039-1687842

8. Ablashi, D, Agut, H, Alvarez-Lafuente, R, Clark, DA, Dewhurst, S, DiLuca, D, et al. Classification of HHV-6A and HHV-6B as distinct viruses. Arch Virol (2014) 159(5):863–70. doi: 10.1007/s00705-013-1902-5

9. Bonnafous, P, Marlet, J, Bouvet, D, Salamé, E, Tellier, AC, Guyetant, S, et al. Fatal outcome after reactivation of inherited chromosomally integrated HHV-6A (iciHHV-6A) transmitted through liver transplantation. Am J Transpl (2018) 18(6):1548–51. doi: 10.1111/ajt.14657

10. Fernández-Ruiz, M, Kumar, D, Husain, S, Lilly, L, Renner, E, Mazzulli, T, et al. Utility of a monitoring strategy for human herpesviruses 6 and 7 viremia after liver transplantation: a randomized clinical trial. Transplantation (2015) 99(1):106–13. doi: 10.1097/TP.0000000000000306

11. Tang, H, Serada, S, Kawabata, A, Ota, M, Hayashi, E, Naka, T, et al. CD134 is a cellular receptor specific for human herpesvirus-6B entry. Proc Natl Acad Sci U S A (2013) 110(22):9096–9. doi: 10.1073/pnas.1305187110

12. Tang, H, and Mori, Y. Determinants of human CD134 essential for entry of human herpesvirus 6B. J Virol (2015) 89(19):10125–9. doi: 10.1128/JVI.01606-15

13. Agut, H, Bonnafous, P, and Gautheret-Dejean, A. Laboratory and clinical aspects of human herpesvirus 6 infections. Clin Microbiol Rev (2015) 28(2):313–35. doi: 10.1128/CMR.00122-14

14. Phan, TL, Pritchett, JC, Leifer, C, Zerr, DM, Koelle, DM, Di Luca, D, et al. HHV-6B infection, T-cell reconstitution, and graft-vs-host disease after hematopoietic stem cell transplantation. Bone Marrow Transpl (2018) 53(12):1508–17. doi: 10.1038/s41409-018-0225-2

15. Phan, TL, Lautenschlager, I, Razonable, RR, and Munoz, FM. HHV-6 in liver transplantation: A literature review. Liver Int (2018) 38(2):210–23. doi: 10.1111/liv.13506

16. Magalhães, GS, Guardia, AC, Sampaio, AM, Boin, IF, and Stucchi, RS. HHV-6: clinical and laboratory investigations and correlations with encephalitis in liver transplant recipients. Transplant Proc (2013) 45(5):1997–9. doi: 10.1016/j.transproceed.2013.01.095

17. Inui, Y, Yakushijin, K, Okamura, A, Tanaka, Y, Shinzato, I, Nomura, T, et al. Human herpesvirus 6 encephalitis in patients administered mycophenolate mofetil as prophylaxis for graft-versus-host disease after allogeneic hematopoietic stem cell transplantation. Transpl Infect Dis (2019) 21(1):e13024. doi: 10.1111/tid.13024

18. Nash, PJ, Avery, RK, Tang, WH, Starling, RC, Taege, AJ, and Yamani, MH. Encephalitis owing to human herpesvirus-6 after cardiac transplant. Am J Transpl (2004) 4(7):1200–3. doi: 10.1111/j.1600-6143.2004.00459.x

19. Seeley, WW, Marty, FM, Holmes, TM, Upchurch, K, Soiffer, RJ, Antin, JH, et al. Post-transplant acute limbic encephalitis: clinical features and relationship to HHV6. Neurology (2007) 69(2):156–65. doi: 10.1212/01.wnl.0000265591.10200.d7

20. Cohen, BA, and Stosor, V. Opportunistic infections of the central nervous system in the transplant patient. Curr Neurol Neurosci Rep (2013) 13(9):376. doi: 10.1007/s11910-013-0376-x

21. Pellett Madan, R, and Hand, J. AST infectious diseases community of practice. human herpesvirus 6, 7, and 8 in solid organ transplantation: Guidelines from the American society of transplantation infectious diseases community of practice. Clin Transpl (2019) 33(9):e13518. doi: 10.1111/ctr.13518

22. Ogata, M, Uchida, N, Fukuda, T, Ikegame, K, Kamimura, T, Onizuka, M, et al. Clinical practice recommendations for the diagnosis and management of human herpesvirus-6B encephalitis after allogeneic hematopoietic stem cell transplantation: the Japan society for hematopoietic cell transplantation. Bone Marrow Transpl (2020) 55(6):1004–13. doi: 10.1038/s41409-019-0752-5

23. Kawada, J, Okuno, Y, Torii, Y, Okada, R, Hayano, S, Ando, S, et al. Identification of viruses in cases of pediatric acute encephalitis and encephalopathy using next-generation sequencing. Sci Rep (2016) 6:33452. doi: 10.1038/srep33452

24. Ward, KN, Hill, JA, Hubacek, P, de la Camara, R, Crocchiolo, R, Einsele, H, et al. Guidelines from the 2017 European conference on infections in leukaemia for management of HHV-6 infection in patients with hematologic malignancies and after hematopoietic stem cell transplantation. Haematologica (2019) 104(11):2155–63. doi: 10.3324/haematol.2019.223073

25. Baddley, JW, Salzman, D, and Pappas, PG. Fungal brain abscess in transplant recipients: epidemiologic, microbiologic, and clinical features. Clin Transpl (2002) 16(6):419–24. doi: 10.1034/j.1399-0012.2002.02033.x

26. Hogen, R, and Dhanireddy, KK. Invasive fungal infections following liver transplantation. Curr Opin Organ Transpl (2017) 22(4):356–63. doi: 10.1097/MOT.0000000000000431

27. Kourkoumpetis, TK, Desalermos, A, Muhammed, M, and Mylonakis, E. Central nervous system aspergillosis: a series of 14 cases from a general hospital and review of 123 cases from the literature. Med (Baltimore) (2012) 91(6):328–36. doi: 10.1097/MD.0b013e318274cd77

28. Jantunen, E, Volin, L, Salonen, O, Piilonen, A, Parkkali, T, Anttila, VJ, et al. Central nervous system aspergillosis in allogeneic stem cell transplant recipients. Bone Marrow Transpl (2003) 31(3):191–6. doi: 10.1038/sj.bmt.1703812

29. Torre-Cisneros, J, Lopez, OL, Kusne, S, Martinez, AJ, Starzl, TE, Simmons, RL, et al. CNS aspergillosis in organ transplantation: a clinicopathological study. J Neurol Neurosurg Psychiatry (1993) 56(2):188–93. doi: 10.1136/jnnp.56.2.188

30. Potluri, K, Holt, D, and Hou, S. Neurologic complications in renal transplantation. Handb Clin Neurol (2014) 121:1245–55. doi: 10.1016/B978-0-7020-4088-7.00084-5

31. Patterson, TF, Thompson, GR 3rd, Denning, DW, Fishman, JA, Hadley, S, Herbrecht, R, et al. Practice guidelines for the diagnosis and management of aspergillosis: 2016 update by the infectious diseases society of America. Clin Infect Dis (2016) 63(4):e1–60. doi: 10.1093/cid/ciw326

32. Hong, DK, Blauwkamp, TA, Kertesz, M, Bercovici, S, Truong, C, and Banaei, N. Liquid biopsy for infectious diseases: sequencing of cell-free plasma to detect pathogen DNA in patients with invasive fungal disease. Diagn Microbiol Infect Dis (2018) 92(3):210–3. doi: 10.1016/j.diagmicrobio.2018.06.009

33. Shishido, AA, Vostal, A, Mayer, R, Ho, CY, and Baddley, JW. Diagnosis of central nervous system invasive aspergillosis in a liver transplant recipient using microbial cell-free next generation DNA sequencing. Transpl Infect Dis (2021) 23(4):e13592. doi: 10.1111/tid.13592

34. Husain, S, and Camargo, JF. Invasive aspergillosis in solid-organ transplant recipients: Guidelines from the American society of transplantation infectious diseases community of practice. Clin Transpl (2019) 33(9):e13544. doi: 10.1111/ctr.13544

35. Fortún, J, Martín-Dávila, P, Sánchez, MA, Pintado, V, Alvarez, ME, Sánchez-Sousa, A, et al. Voriconazole in the treatment of invasive mold infections in transplant recipients. Eur J Clin Microbiol Infect Dis (2003) 22(7):408–13. doi: 10.1007/s10096-003-0960-0

36. Walsh, TJ, Anaissie, EJ, Denning, DW, Herbrecht, R, Kontoyiannis, DP, Marr, KA, et al. Treatment of aspergillosis: clinical practice guidelines of the infectious diseases society of America. Clin Infect Dis (2008) 46(3):327–60. doi: 10.1086/525258

37. Singh, N, and Husain, S. AST infectious diseases community of practice. aspergillosis in solid organ transplantation. Am J Transpl (2013) 13 Suppl 4:228–41. doi: 10.1111/ajt.12115

38. Schwartz, S, Reisman, A, and Troke, PF. The efficacy of voriconazole in the treatment of 192 fungal central nervous system infections: a retrospective analysis. Infection (2011) 39(3):201–10. doi: 10.1007/s15010-011-0108-6

39. Luong, ML, Al-Dabbagh, M, Groll, AH, Racil, Z, Nannya, Y, Mitsani, D, et al. Utility of voriconazole therapeutic drug monitoring: a meta-analysis. J Antimicrob Chemother (2016) 71(7):1786–99. doi: 10.1093/jac/dkw099

40. Lum, L, Lee, A, Vu, M, Strasser, S, and Davis, R. Epidemiology and risk factors for invasive fungal disease in liver transplant recipients in a tertiary transplant center. Transpl Infect Dis (2020) 22(6):e13361. doi: 10.1111/tid.13361

41. Aslam, S, and Rotstein, C. AST infectious disease community of practice. candida infections in solid organ transplantation: Guidelines from the American society of transplantation infectious diseases community of practice. Clin Transpl (2019) 33(9):e13623. doi: 10.1111/ctr.13623

42. Ylinen, E, Lehtinen, S, Jahnukainen, T, Karlsson, T, Loginov, R, Mannonen, L, et al. Human herpes virus 6 infection in pediatric organ transplant patients. Pediatr Transpl (2017) 21(4):e12905. doi: 10.1111/petr.12905

43. Sato, K, Kobayashi, Y, Nakamura, A, Fukushima, D, and Satomi, S. Early post-transplant hyperbilirubinemia is a possible predictive factor for developing neurological complications in pediatric living donor liver transplant patients receiving tacrolimus. Pediatr Transpl (2017) 21(2):e12843. doi: 10.1111/petr.12843

44. Umeda, Y, Matsuda, H, Sadamori, H, Shinoura, S, Yoshida, R, Sato, D, et al. Leukoencephalopathy syndrome after living-donor liver transplantation. Exp Clin Transpl (2011) 9(2):139–44.

45. Xie, M, Rao, W, Sun, LY, Zhu, ZJ, Deng, YL, Shen, ZY, et al. Tacrolimus-related seizure after pediatric liver transplantation–a single-center experience. Pediatr Transpl (2014) 18(1):58–63. doi: 10.1111/petr.12198

46. Raghuram, A, Restrepo, A, Safadjou, S, Cooley, J, Orloff, M, Hardy, D, et al. Invasive fungal infections following liver transplantation: incidence, risk factors, survival, and impact of fluconazole-resistant candida parapsilosis (2003-2007). Liver Transpl (2012) 18(9):1100–9. doi: 10.1002/lt.23467

47. Utsumi, M, Umeda, Y, Yagi, T, Nagasaka, T, Shinoura, S, Yoshida, R, et al. Risk analysis for invasive fungal infection after living donor liver transplantation: Which patient needs potent prophylaxis? Dig Surg (2019) 36(1):59–66. doi: 10.1159/000486548

48. Ferrarese, A, Cattelan, A, Cillo, U, Gringeri, E, Russo, FP, Germani, G, et al. Invasive fungal infection before and after liver transplantation. World J Gastroenterol (2020) 26(47):7485–96. doi: 10.3748/wjg.v26.i47.7485

49. Karadag, HI, Andacoglu, O, Papadakis, M, Paul, A, Oezcelik, A, and Malamutmann, E. Invasive fungal infections after liver transplantation: A retrospective matched controlled risk analysis. Ann Transpl (2021) 26:e930117. doi: 10.12659/AOT.930117

50. Cruz, MC, Goldstein, AL, Blankenship, J, Del Poeta, M, Perfect, JR, McCusker, JH, et al. Rapamycin and less immunosuppressive analogs are toxic to candida albicans and cryptococcus neoformans via FKBP12-dependent inhibition of TOR. Antimicrob Agents Chemother (2001) 45(11):3162–70. doi: 10.1128/AAC.45.11.3162-3170.2001

51. Cruz, MC, Cavallo, LM, Görlach, JM, Cox, G, Perfect, JR, Cardenas, ME, et al. Rapamycin antifungal action is mediated via conserved complexes with FKBP12 and TOR kinase homologs in cryptococcus neoformans. Mol Cell Biol (1999) 19(6):4101–12. doi: 10.1128/MCB.19.6.4101

52. Fang, A, Wong, GK, and Demain, AL. Enhancement of the antifungal activity of rapamycin by the coproduced elaiophylin and nigericin. J Antibiot (Tokyo) (2000) 53(2):158–62. doi: 10.7164/antibiotics.53.158



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 © 2022 Guo, Zhu, Cai, Tao and Yin. 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: 13 December 2022

doi: 10.3389/fimmu.2022.1055087

[image: image2]


The role of inflammation in immune system of diabetic retinopathy: Molecular mechanisms, pathogenetic role and therapeutic implications


Tong Yue 1†, Yu Shi 1†, Sihui Luo 1, Jianping Weng 1, Yali Wu 2* and Xueying Zheng 1*


1 Department of Endocrinology, the First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, Anhui, China, 2 Department of Ophthalmology, the First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, Anhui, China




Edited by: 

Jialin Gao, First Affiliated Hospital of Wannan Medical College, China

Reviewed by: 

Manuela Bartoli, Augusta University, United States

John Vincent Forrester, University of Aberdeen, United Kingdom

José Carlos Rivera, University of Montreal, Canada

*Correspondence: 

Yali Wu
 wuyali@ustc.edu.cn 

Xueying Zheng
 lxyzheng@ustc.edu.cn











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


Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 27 September 2022

Accepted: 25 November 2022

Published: 13 December 2022

Citation:
Yue T, Shi Y, Luo S, Weng J, Wu Y and Zheng X (2022) The role of inflammation in immune system of diabetic retinopathy: Molecular mechanisms, pathogenetic role and therapeutic implications. Front. Immunol. 13:1055087. doi: 10.3389/fimmu.2022.1055087



Diabetic retinopathy is one of the most common complications of diabetes mellitus and the leading cause of low vision and blindness worldwide. Mounting evidence demonstrates that inflammation is a key mechanism driving diabetes-associated retinal disturbance, yet the pathophysiological process and molecular mechanisms of inflammation underlying diabetic retinopathy are not fully understood. Cytokines, chemokines, and adhesion molecules interact with each other to form a complex molecular network that propagates the inflammatory and pathological cascade of diabetic retinopathy. Therefore, it is important to understand and elucidate inflammation-related mechanisms behind diabetic retinopathy progression. Here, we review the current understanding of the pathology and pathogenesis of inflammation in diabetic retinopathy. In addition, we also summarize the relevant clinical trials to further suggest inflammation-targeted therapeutics for prevention and management of diabetic retinopathy.
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Introduction

Diabetic retinopathy (DR) is a common microvascular complication of type 1 and type 2 diabetes. DR is the leading cause of low vision and blindness in patients with diabetes and can severely affect people of all ages worldwide, with a prevalence of 34.6% (93 million) in adults aged 40 years and over (1). A systematic review focused on population-based studies estimated that DR has an annual incidence ranging from 2.2% to 12.7% (2). Epidemiological evidence suggests that DR not only increases the risk of vision impairment and blindness in diabetic patients but also increases the risk of all-cause and cardiovascular disease (CVD) mortality in a multi-ethnic Asian population (3, 4).

DR is classified as nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) according to the modified Airlie House Classification used in the Early Treatment Diabetic Retinopathy Study (ETDRS) (5). The earliest morphological sign of NPDR is the formation of microaneurysms, in which the capillary wall expands outwards, detected by ophthalmoscopy with blot hemorrhages (6). Further signs of NPDR are changes in retinal blood flow and vascular permeability, thickening of the basement membrane, loss of pericytes, and formation of the acellular capillary. As the severity of ischemia increases, it may develop into PDR. PDR is characterized by the hallmark feature of pathologic retinal neovascularization, with vitreous hemorrhage, vitreous new blood vessels, and retinal traction detachment, which will lead to blindness (7).

Diabetic macular edema (DME) is an important additional classification in DR that is associated with ischemia because of the increased permeability of retinal capillaries and microaneurysms, resulting in extracellular fluid accumulation and normal dense macular tissue thickening. DME can arise at any stage of NPDR and PDR and threatens visual acuity (8). Overall, T1DM patients tended to develop diabetic retinopathy and PDR, while T2DM patients treated with insulin were more likely to develop DME.

The pathophysiology of DR is driven by the interaction of many factors, among which long-term episodes of hyperglycemia (elevated blood glucose levels) are an important factor in diabetic patients (9). In DR patients, elevated blood glucose levels lead to abnormal regulation of many biochemical pathways, hyperglycemia-induced increases in the flux of advanced glycation end products/receptors (AGE/RAGE), the polyol pathway, protein kinase C (PKC) activation, and the hexosamine pathway. These modifications also result in mitochondrial failure, inflammation, and hypoxia-driven vascular endothelial growth factor (VEGF) secretion, leading to vascular and neuronal apoptosis, neovascularization, and vascular permeability, respectively (10, 11). The complex aetiology of DR reflects the various treatments currently available, including laser photocoagulation, glucocorticoids, vitrectomy, and drugs that neutralize VEGF. Due to painful patient administration and long-term adverse effects, the use of argon laser and intravitreal injection therapeutic approaches is limited (12). There is interest in developing pharmacological therapies for DR management conditions, such as nonsteroidal anti-inflammatory drugs (NSAIDs) that inhibit or delete proinflammatory molecules, anti-VEGF agents, and antitumour necrosis factor α (TNF-α) agents (13). Therefore, a deeper comprehension of fundamental processes and innovative treatments in DR is needed.

In this review, we concentrate on the involvement of inflammation in the pathophysiology of DR and summarize the recent advances in current and emerging treatments for DR.



Inflammation in diabetes and diabetic retinopathy

For many years, it has been proposed that chronic tissue inflammation may play a role in metabolic illness. Chronic inflammatory problems in the peripheral and central nervous systems are caused by diabetes. A substantial amount of evidence from both patients and animal models demonstrates that DR is a chronic low-grade inflammatory illness involving inflammatory mediators.


Inflammation in diabetes

Type 1 diabetes (T1D) is a condition caused by autoimmune damage or loss of functional β cell mass. Low insulin secretion capability, self-antigen presentation, and immune-mediated destruction are hypothesized to be the results of cytokine-driven inflammation and other stress factors (14). Both CD4+ and CD8+ T cells are involved in the development of T1D and play a role in the different stages of T1D to promote the destruction of pancreatic β cells and the pathogenesis of the disease (15). These adaptive immune cells regulate the inflammatory response and destroy insulin-producing β cells by secreting proinflammatory cytokines such as TNF-α, interferon γ (IFN-γ), and interleukin-1 (IL-1) (16).

In addition to causing oxidative stress, oxygen species (ROS) can stimulate the growth of macrophages and dendritic cells by activating the nuclear factor kappa light chain enhancer (NF-κb) pathway, activator protein-1 (AP-1), and mitogen-activated protein kinase (MAPK) (17). Type I interferon (IFN) is a cytokine essential for innate and adaptive immune responses. Levels of type I interferon as well as mediated signaling were also found to be upregulated in children at high risk for T1D and in new-onset T1D patients (18). In β cells, activation of type I IFN signaling leads to high expression of major histocompatibility complex (MHC) class I, epigenetic changes, endoplasmic reticulum (ER) stress, and induction of post-transcription and post-translation modifications (19). This may result in the persistent presentation of neoantigens to the immune system and apoptosis of β cells. Innate immunity and inflammatory mediators can impact T1D, contribute to destroying pancreatic β cells and cause peripheral insulin resistance (20). The study of blocking inflammatory factors such as the IFN inhibitor golimumab in youth with new-onset T1D has achieved some success (21).

The pathogenesis of type 2 diabetes (T2D) is closely related to obesity and insulin resistance, which leads to a burden on beta cells, which eventually depletes them, leading to hyperglycemia (22). Studies have shown that people with prediabetes have an increase in several inflammatory markers, such as resistin, interleukin 6 (IL-6), TNF-α, interleukin 1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1), in their serum and fasting glucose levels (23). As the adipose tissue increases and as various metabolic pressures build up, the cytokines released by the adipose tissue “Spill over”, which can create an imbalance between cytokines that promote insulin sensitivity, including adiponectin, leptin, and proinflammatory cytokines (24). T2D frequently exhibits low-grade inflammation, and the maturation of local macrophages is crucial in controlling this process. T2D-related inflammation is characterized by an increase in macrophages in different tissues and the simultaneous production of TNF-α, IL-6, IL-1β, and interleukin 8 (IL-8) cytokines (25). The underlying mechanism of insulin resistance is also related to the inflammatory response, with activation of inflammasomes in islet inflammatory cells impairing islet function and viability. Additionally, it appears that the development of diabetic ophthalmological problems involves an inflammatory process. Inflammation is a nonspecific response to injury or stress, including various functional and molecular mediators, leukocyte recruitment, and/or activation (26). An acute inflammatory response can eliminate infectious agents, but if it persists for a long time, it may have an adverse effect.

Inflammation, immune cell modulation, survival, and proliferation are all impacted by toll-like receptors (TLRs), which are the first line of defense against pathogen invasion and identify various pathogen-associated chemical patterns (27). The hallmark of chronic inflammation is tissue filled with macrophages, lymphocytes, and mature B cells. As a result of the long-term release of inflammatory factors in the tissue, these white blood cells continue to exude from the blood vessels and eventually accumulate in the tissue (28). Inflammatory dysregulation can also lead to tissue and organ damage, which promotes disease. Inflammation is involved in the development of DR, so understanding the inflammatory process may provide new strategies for DR therapy.



Inflammation in DR

The pathophysiology of DR is complicated, and the disease’s fundamental processes are not fully understood. Figure 1 summarizes the key diabetes-related factors associated with the development of T1D, T2D, and DR. Elevated intracellular glucose levels in diabetic individuals trigger the polyol pathway, which metabolizes glucose (29). This leads to the deposition of AGEs, the activation of PKC, and the upregulation of AGE receptors and the hexokinase pathway (30). It triggers oxidative stress, which causes a rise in intracellular reactive oxygen species (ROS) and irreparable cellular damage. A hyperglycemic environment leads to metabolic dysfunction, oxidative stress, and the production of ROS, such as superoxide radicals (31). Apoptosis may be caused by mitochondrial abnormalities, hypoxia-mediated VEGF production may be increased by inflammatory stimuli, and VEGF is a crucial angiogenesis mediator (32). Studies have shown that circulating mitochondrial DNA (mtDNA) levels are associated with diabetic retinopathy, and high blood glucose-induced mtDNA changes in early diabetes may contribute to inflammation and diabetic retinopathy progression (33). Chronic inflammation can result from chronic hyperglycemia and oxidative stress, as well as other molecular mediators. Increased levels of chemokines, including MCP-1, CCL2 and CCL5, as well as proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, were found in DR (34). Activated cytokines secrete intracellular adhesion molecules, such as ICAM-1 and VCAM-1, which attract monocytes and leukocytes and promote a continuous inflammatory response (35). With the accumulation of chronic inflammation, inflammatory cells infiltrate and destroy tissues, further aggravating retinal vascular permeability, vasodilation, and retinal thickening in DR patients.




Figure 1 | Schematic illustration of pathogenic mechanisms leading to pancreatic β cell damage and sight-threatening endpoints of diabetic retinopathy (DR). In patients with diabetes, inflammation, aberrant signaling of trophic factors, and biochemical pathways are upregulated. The alterations then enter the systemic circulation and contribute to diabetic pathology and islet inflammation by increasing levels of blood glucose and lipids and insulin resistance.



Inflammation plays an important role in the pathogenesis of DR. In animal models and patients with diabetes, chronic low-grade inflammation is widely found at different stages of DR (36). It has been established that leukocytosis is a crucial step in the early stages of DR and is related to adhesion molecule-mediated leucocyte-endothelial adhesion. PDR vitreous bodies also cause proinflammatory activation of endothelial cells. The nuclear translocation of the proinflammatory transcription factors NF-κB and pCREB, ROS production, disruption of endothelial barrier integrity, E-selectin, the upregulation of VCAM-1 and ICAM-1 and the increase in leukocyte adhesion were observed. Studies have found that both soluble E-selectin and SVCAM-1 levels are elevated in diabetic retinopathy patients and that CCL17, CCL19, and TGF β are significantly upregulated (37, 38). It has been reported that chemokines that regulate the attraction and activation of leukocytes have a role in the development of DR. Patients with DR had higher levels of chemokines such as MCP-1, macrophage inflammatory protein-1 alpha (MIP-1 α) and MIP-1 beta (39). In addition, retinal neuroglia dysfunction is also associated with the development and expansion of retinal inflammation in DR (40). In general, chronic inflammation in diabetes leads to the response of inflammatory cells in the body, which further affects capillary dysfunction and ultimately leads to DR. Therefore, inflammation as a fundamental cause of DR still needs further understanding to solve this problem. Figures 2A, B summarize the changes caused by chronic inflammation of DR.




Figure 2 | Immune regulation in diabetic retinopathy [(A): Healthy conditions; (B) DR]. Arrows indicate elevated levels or increased activity.





Inflammatory cytokines

Cytokines are a wide range of molecular families with different structures and individual proteins known for their many roles in the immune system. Some cytokines mediate downstream responses through the JAK/STAT signaling pathway, such as IL-6, and others activate the NF-κB signaling pathway, such as IL-1 and IL-17 (41). Some cytokines have a clear role in promoting inflammation, such as IL-1 and TNF, known as proinflammatory cytokines, and some cytokines, such as IL-4 and IL-10, suppress proinflammatory activity, called anti-inflammatory cytokines. Proinflammatory cytokines upregulate the expression of proinflammatory genes encoding enzymes that synthesize leukotrienes, platelet-activating factors, NO, and prostanoids. They also participate in inducing endothelial adhesion molecules, which are crucial for leukocyte adhesion to the surface of endothelial cells. Thus, proinflammatory cytokines induce inflammation, tissue damage, and dysfunction, while anti-inflammatory factors block this process or suppress the intensity of the inflammatory response (42).

TNF-α is a proinflammatory cytokine produced by macrophages, natural killer cells, or T cells. It acts as an inflammatory marker closely related to diabetes, which is linked to metabolic disorders, including obesity and insulin resistance (43). Diabetes causes damage to a variety of tissues associated with this cytokine. For example, in a mouse model of type 2 diabetes, the interaction between TNF-α and IL-6 led to cardiac endothelial dysfunction (44); TNF-α participates in the recruitment of monocytes and macrophages, reduces the glomerular filtration rate through hemodynamic changes, and promotes the progression of diabetic nephritis (45). TNF-α also plays an important role in diabetic retinopathy. Elevated concentrations of TNF-α have been reported in the serum, vitreous, and aqueous humor of patients with DR (46, 47), while the level of TNF-α in the serum is positively correlated with the severity of the disease (48). It can increase the expression levels of endothelial nitric oxide synthase gene and intercellular cell adhesion molecule-1 (ICAM-1) and activate nuclear actor kappa B (NF-κB).These molecules all play a role in promoting the inflammatory response in DR. Additionally, it has been reported that TNF-α inhibitors reduce the inflammatory response in DR (49). However, TNF-α induces apoptosis, thus disrupting the normal function of the blood vessel wall and affecting the vascular permeability of the retina. TNF-α, which is released from Müller cells, causes apoptosis of retinal pigment epithelial cells by activating the EGFR/p38/NF-κB/p62 pathway. In diabetic mice, blockage of the TNF-a/EGFR axis relieves blood-retina barrier breakdown (50). Moreover, TNF-α causes the loss of retinal microvascular cells and promotes DR progression (51). In general, TNF-α participates in the inflammatory response, neovascularization and vascular reactivity.

IL-17A is a proinflammatory factor produced primarily by T cells. IL-17A knockout reduces the levels of TNF-a, IFN-c and IL-1b in Akita mice, suggesting that IL-17A is strongly associated with proinflammatory cytokine-driven inflammatory responses in diabetes progression (52). IL-17A plays a major role in increasing the intensity of retinal inflammation, oxidative stress, and vascular permeability in retinal disease (53). Blocking IL-17A alleviates diabetic retinopathy in rodents (54). In in vitro culture, retinal Müller cells display elevated expression of IL-17A and its receptor IL-17RA, along with increased secretion of IL-17A under hyperglycemic conditions. Meanwhile, IL-17A induced apoptosis of Müller cells through the Act1 pathway (55). Diabetic mice with IL-17A knockout display reduced retinal microvascular damage, retinal Müller cell abnormalities, and retinal ganglion cell apoptosis, which suggests that IL-7A is positively involved in DR pathophysiology (56). Furthermore, through IL-17A/IL-17R to the Act1/FADD signaling cascade, IL-17A causes degeneration of retinal capillaries and induces apoptosis of retinal endothelial cells (52). IL-17A acts as a proinflammatory cytokine that is primarily involved in retinal cell apoptosis and is expected to be a potential clinical target for the treatment of diabetic retinopathy in the future.

IL-1β is a multifunctional cytokine that promotes inflammation. It is rarely present in the cells of healthy individuals. Some cytokines, such as TNF-α, IL-18, and IL-1, including IL-1β itself, induce the production of IL-1β (57). Unlike TNF-α-induced insulin resistance, IL-1β has a direct killing effect on islet β cells (58). The findings are that IL-1β released by macrophages after a meal can synergize with insulin to activate the inflammasome, which can promote inflammation (59). In addition, IL-1β is a major trigger of the neuroinflammatory cascade (60). IL-1β was found to be increased in the retina of rats with diabetes as well as in the serum of proliferative diabetic retinopathy patients (61, 62). Studies have shown that the inflammatory status of DR is associated with a decreased degree of tyrosine nitrosylation of IL-1β in the vitreous (63). IL-1β damages retinal capillary endothelial cells by activating NF-κB and increasing oxidative stress, which can mediate mitochondrial damage, and it accelerates this damaging process in the case of hyperglycemia (64–66). Many studies have reported the effects of blocking IL-1β: pituitary adenylate cyclase-activating peptide administration reduces levels of IL-1β in rats with DR, thus protecting retinal tissue (67); blockade of IL-1β restores islet beta cell function over a short period or even allows some islet beta cells to regenerate (57); IL-1 blockers are effective in many autoinflammatory syndromes (68), suggesting their anti-inflammatory effects; and IL-1 receptor antagonists are effective in treating many eye diseases, such as uveitis and scleritis (69). These findings may start a new avenue for the treatment of DR.

IL-10 is an anti-inflammatory cytokine that plays a protective role in DR progression. Decreased IL-10 levels led to accelerated DR development in retinas of CX3CR1-deficient mice model (70). IL-10 improves the formation of subretinal fibrosis under the induction of exogenous HSP70, which helps avoid severe vision loss (71). While IL-10 acts as an anti-inflammatory factor, several studies have reported increased levels of IL-10 in the aqueous humor and vitreous of DR patients (72, 73). In addition, studies have reported that IL-1β is inversely correlated with IL-10 in the healthy population; however, when diabetes mellitus occurs, the balance between anti-inflammatory IL-10 and proinflammatory IL-1β is broken (72). One possible reason for the increase in IL-10 levels is that when inflammation occurs, IL-10 will display higher secretory activity to offset the rise in proinflammatory cytokine levels and prevent the development of inflammation.

IL-6 acts as a multifunctional inflammatory factor whose role is associated with immunomodulation, increased vascular permeability, and stimulation of angiogenesis (74). Higher concentrations of IL-6 were found in aqueous humor and serum in DR patients (75). IL-6 plays a role through classic and trans-signaling. Classic signaling exerts an anti-inflammatory effect and has regenerative activities, while trans-signaling is thought to be associated with proinflammatory activities (76). It has been discovered that inhibiting IL-6 trans-signaling lessens the oxidative damage that diabetes mellitus causes to the retina (77) and helps to minimize vascular inflammation and endothelial barrier issues (78). Following the activation of the IL-6 trans signaling pathway, the expression of adhesion molecules such as ICAM-1, VCAM-1 and selectins is increased (79). By rearranging actin filaments and altering the morphology of endothelial cells, IL-6 improves the permeability of endothelial cells in vitro (74). In addition, IL-6 stimulates the Jak/STAT3 pathway in the eyes, thus inducing apoptosis by the downstream receptor NO (80). Another important downstream effector of the STAT3 pathway is vascular endothelial growth factor (VEGF). It mediates pathological angiogenesis and increased vascular permeability. IL-6 can support angiogenesis by inducing VEGF indirectly in the state of DR (81). Inhibition of IL-6 and selective inhibition of IL-6 trans-signaling have entered clinical trials for treating a variety of inflammatory diseases and are expected to be a therapeutic target for DR (79).



Chemokines

Chemokines are small heparin-binding proteins that can induce circulating leukocytes to move to inflammation or injury sites. According to their different structures and functions, chemokines segregate into four families, namely, CC chemokines, CXC chemokines, CX3C chemokines, and XC chemokines. The binding of chemokines to receptors activates the cascade of signals, which eventually leads to the rearrangement, shape change, and cell movement of actin (82).

MCP-1, which belongs to the CC family of chemokines, participates in the progression of vascular inflammation in DR and acts as a powerful chemokine for recruiting monocytes and macrophages (83). In the hyperglycemic state, MCP-1 is upregulated after NF-B activation, and diabetes patients may produce a significant amount of MCP-1 from Müller cells into the vitreous cavity and anterior chamber (84). By attracting monocytes, higher levels of MCP-1 in the diabetic retina affect the blood-retinal barrier and the permeability of retinal blood vessels (85). Retinal vascular ischemia is brought on by capillary blockage brought on by recruited leukocytes and macrophages adhering more strongly to the vascular endothelium (86). MCP-1 is one of the dominant causes of blindness in patients with DR. MCP-1 also exerts angiogenesis by inducing VEGF and activating RhoA (87). In addition, MCP-1 induces the activation of microglia, which release inflammatory factors, leading to the breakdown of optic vessels and damage to retinal neurons (88). Higher concentrations of MCP-1 have been found in vitreous samples of patients with DR (89); although MCP-1 primarily has an indirect impact on the progression of the illness, its importance cannot be understated.

C-X-C motif chemokine 12 (CXCL12), also known as stromal cell-derived factor 1 (SDF-1), is intimately linked to the development of type 2 diabetes and associated consequences. Patients with type 2 diabetes mellitus have increased serum levels of SDF-1, according to reports (90). Inhibition of SDF-1 in mice with diabetic nephritis reduces the severity of glomerular sclerosis and prevents proteinuria (91). Higher levels of SDF-1 have also been found in the vitreous of patients with DR, suggesting its pathogenic effect on eye lesions (92). SDF-1 promotes a firm adhesion of endothelial cells to the endothelium of the vasculature by increasing the expression of VCAM on endothelial cells; it also promotes the migration and homing of endothelial progenitor cells (93). It also acts as angiogenesis (94) with higher levels in ischemic and hypoxic retinas. It recruits endothelial progenitor cells to ischemic regions and synergize with VEGF and its receptor CXCR4 to participate in angiogenesis events (95, 96), which is one of the primary reasons why DR patients become blind. However, recent studies have reported that the SCF-1/CXCR4 pathway may improve DR by increasing cell activity, and further clinical studies are still needed to confirm this hypothesis (97).

Monokine induced by interferon-γ (MIG) is a CXC chemokine expressed in multiple cell types exposed to interferon-γ. It is usually connected to the Th1 response and directs the migration of activated lymphocytes, with an activity that inhibits angiogenesis (98). The levels of MIG increase in the vitreous of DR patients and are significantly related to VEGF (99). Compared to inactive proliferative diabetic retinopathy patients, the levels of MIG are significantly elevated in proliferative diabetic retinopathy patients with active neovascularization (100). The mechanism of action of MIG in DR has not yet been elucidated, and some studies believe that there is a positive regulatory feedback loop between MIG and VEGF, which may facilitate a regulatory angiostatic function (100). Another hypothesis is that MIG plays a role in the chemotaxis of leukocytes, rather than as an angiogenic inhibitor (74). MIG is known to have higher expression in other inflammatory diseases. MIG blockade has been described as a prospective therapeutic target for Crohn’s disease, and serum MIG levels represent the activity of the disease (101); in patients with rheumatoid arthritis, the expression of MIG is observed in the serum, synovial fluid, and synovial tissues (102). The inhibition of MIG in inflammatory diseases may present a potential therapeutic target for DR, but the feasibility remains to be checked.

IL-8 is the most well-known CXC chemokine, which has powerful proinflammatory properties resulting in its strict regulation, with low or no expression in normal tissues. Activated macrophages and monocytes release IL-8, which encourages the directed migration of basophils, neutrophils, and T cells. The eye effects of IL-8 vary depending on the site of action and the source of production, and one of its surprising effects is that it shows angiogenic activity in any part of the eye (103). Through angiogenesis and the proinflammatory response, IL-8 actively contributes to DR (104). Patients with proliferative diabetic retinopathy have significantly higher vitreous and aqueous fluid levels of IL-8 (75), which are linked to a greater amount of large-vessel gliotic obliteration in these patients (105). The increase in IL-8 in patients with poor visual prognosis after vitrectomy may damage the retina by recruiting ischemic inflammatory cells (104). Endothelial cell proliferation and inhibition of apoptosis can both be directly induced by IL-8 (106). In response to hypoxia, periretinal cells, ciliary epithelium, and glial cells release VEGF and/or IL-8, which stimulates the proliferation of endothelial cells and results in intraocular neovascularization (103). Diabetes mellitus can lead to retinopathy and hypoxia, while activation of NF-κB under hypoxia regulation increases the expression of IL-8 mRNA (107), which worsens retinopathy. Overall, elevated levels of IL-8 promote DR progression.

Fractalkine, also known as CX3CL1, is a CX3C chemokine that interacts with the specific CX3CR1 receptor on peripheral leukocytes such as microglia (108). Fractalkine has angiogenic activity both in vitro and in vivo and is substantially expressed in the vitreous of patients with proliferative diabetic retinopathy, suggesting that it may be a key factor in the progression of the disease (109). However, it has been shown recently that the absence of CX3CR1 in the DR mouse model of systemic inflammation leads to substantial perivascular clustering of proliferating microglia in regions of fibrinogen extravasation and increases the level of the proinflammatory factor IL-1β (110). Additionally, retinal ganglion cell layer neuronal cell counts in CX3CR1 deletion diabetic mice were lower, whereas microglial cell counts were higher and the microglia were more active (111). Microglia are resident monocytes in the retina. Activated microglia in DR patients release various proinflammatory mediators, including cytokines, chemokines, glutamate, and caspases, and enhance the expansion and migration of these mediators. These changes cause damage to retinal neurons, leading to blindness in patients with DR (112). While fractalkine activates the Nrf2 pathway and inhibits the NF-B pathway to deactivate microglia, this reduces the production of ROS and proinflammatory cytokines (113). In summary, the fractalkine/CX3CR1 signaling pathway plays a protective role in the diabetic retina.



Adhesion molecules

White blood cell adherence to the microvasculature is one of the early events of diabetic retinal inflammation. Leukocyte adhesion accelerates the loss of endothelial cells and disrupts the blood-retinal barrier by releasing inflammatory cytokines, growth cytokines and vascular permeability factors (114). High expression of cell adhesion molecules promotes the effect of leukocyte adhesion.

Interccellular adhesion molecule 1 (ICAM-1), which is increased in disorders such uveitis, diabetes, and age-related macular degeneration, is crucial for the migration of white blood cells (115). It is also the main adhesion molecule involved in DR. Several studies have reported high expression of ICAM-1 in the vitreous of DR patients (116–118). ICAM-1, which binds to integrins on leukocytes, is induced by TNF-α. It can regulate the adherence and migration of leukocytes, causing retinal leukostasis (119). By interacting with a number of cytokines to breakdown the blood-retinal barrier, ICAM mediates the migration of white blood cells. Serum sICAM-1, which improves the adhesion between white blood cells and the vascular endothelium, is released from the outer segment of ICAM-1 (120).

Vascular cell adhesion molecule-1 (VCAM-1), which binds to integrin, is expressed on endothelial cells (119). It is overexpressed in the diabetic fiber vascular membrane (118) and is raised in conditions of hyperglycemia or hyperlipidemia (121). TNF-α regulates the expression of VCAM-1 but has a dual effect. It reduces the level of VCAM-1 under basal conditions but promotes retinal endothelial activation in response to diabetes (121). The antiangiogenic drug conbercept has a significant inhibitory effect on VCAM-1 expression in the retina of mice with proliferative diabetic retinopathy, which prevents retinal endothelial cell proliferation (122). Although it is currently known that VCAM-1 is related to endothelial function, its function in DR is not well understood.

Elevated levels of selectin induce the aggregation of leukocytes into the endothelial wall and then lead to retinal leukostasis. It can be divided into three classes depending on the expressed cell type. L-selectin, which is primarily responsible for moving leukocytes to inflamed tissues, is expressed on circulating leukocytes (123). Only endothelial cells express E-selectin, and its expression is increased when cytokines or ROS are present (124). According to reports (125), the presence of retinopathy is associated with higher levels of soluble E-selectin. P-Selectin (126) is expressed in endothelial cells as well as platelets, and it is expressed more frequently in DR patients. This process involves endothelial barrier alteration (48).

Integrins are a large group of membrane-binding proteins with 18 α subunits and 8 β subunits in vertebrates that can form different heterodimers. The function of integrins is to allow white blood cells to pass through the blood vessel walls, and they are receptors for cell adhesion during DR development. On the membrane of leukocytes, β2 integrin binds to ICAM-1, while α4β1 and α4β7 bind to VCAM-1 on endothelial cells (127, 128). Integrins make a difference in the progression of eye diseases. As an example, integrins αVβ1 and α3β1 are involved in the infectious process of corneal tissue in allergic eye disease (129). The pathogenic process underlying glaucoma is significantly influenced by αVβ3 integrin (130, 131). For DR, it has been noted that patients with proliferative diabetic retinopathy have higher amounts of αvβ3-, α5- and αvβ5-integrins in their fibrovascular membranes (132). In the human eye, angiogenesis can be induced through two pathways of integrins: first, αvβ3 mediates angiogenesis in models of corneal or chorioallantoic angiogenesis involving TNF- and basic fibroblast growth factor; second, VEGF or transforming growth factor is mostly mediated by αvβ5 during angiogenesis (133). Additionally, diabetic retinopathy in an animal model is induced by α4 integrin/CD49d, which also facilitates leukocyte adhesion. By inhibiting the NF-B pathway, blockade of α4 integrin/CD49d can reduce vascular leakage and leukocyte adhesions (134). As mentioned before, β2 integrin binds to ICAM-1 to participate in adhesion to the blood vessel wall, induces downstream leukocyte activation and promotes inflammation. After the activation of white blood cells, it reacts to the increase in the expression of β2 integrin (135). In conclusion, integrins promote the function of other adhering molecules and cause angiogenesis in the development of DR.

Although DR is considered a microvascular disease, there is increasing evidence that a low-grade inflammatory state of the retina is an early manifestation of DR. Increased levels of multiple cytokines, chemokines and adhesion molecules are found in eye tissue of DR patients. Proinflammatory cytokines mediate the downstream inflammatory signaling pathways, directly promote the progress of DR. Chemokines recruit leukocytes that secrete cytokines to inflammatory sites, making cytokines in functional spatial position; adhesion molecules then bind leukocytes to inflammatory sites, prolonging the action time of functional cells. Chemokines and adhesion molecules help cytokines to enhance inflammation indirectly. The long-term inflammatory state makes the blood-retinal barrier damage, retinal cell apoptosis, and ultimately leads to DR patients’ visual loss.




Therapies targeting inflammation in DR

Over the past decade, advances in drugs and therapies have improved the prevention and treatment of patients with DR. The DR preferred practice pattern recommended that regular follow-up and necessary and appropriate retinal photocoagulation and vitrectomy can prevent severe visual loss in 90% of patients (136). Retinal laser photocoagulation is an important method for the treatment of DR and can be divided into panretinal photocoagulation (PRP) and macular laser treatment. Frequent laser treatment and vitreous surgery can have adverse effects on patients, such as apoptosis of retinal pigment epithelium and other retinal cell types and reduced vision (126).

Optical Coherence Tomography (OCT) is a non-invasive fundus imaging device, which has great clinical significance in the screening, diagnosis, follow-up, and evaluation of therapeutic effect of DR. Serous retinal detachment (SRD) and high reflectivity points (HRDs) on OCT may be related to the anti-inflammatory effect of DME. One of the early events in the pathogenesis of DME is microglia activation. The microglia is an intrinsic macrophage that sits around blood vessels in the inner layer of the retina and is involved in the maintenance of BRB. It is the sentinel cell of the retina. The activated microglia in OCT are seen as high reflectivity points between the retinal layers. OCT showed an increase in interlaminar hyperreflectivity in all diabetic patients, especially in diabetic retinopathy patients (137). The more the number of high reflex points, the worse the effect of anti-VEGF therapy, and the better the effect of hormone therapy (138). SD-OCT can help to predict the visual prognosis of DME patients. Serous retinal detachment is more common in more severe DME, and about 30% of DME is associated with serous retinal detachment (139). Serous retinal detachment suggests an inflammatory factor. Hormones are more effective against serous retinal detachment than anti-VEGF drugs (140).

Although clinicians can use many therapeutic strategies to treat DR, no treatment can completely attenuate clinical progression to reverse retinal damage. More current strategies for the treatment of DR aim to improve therapeutic efficacy, as well as noninvasive or alternative delivery mechanisms that provide a longer duration of action. Table 1 summarizes existing clinical trials that have been completed to treat DR.


Table 1 | Completed clinical trials of drug treatments in patients with diabetic retinopathy.




Control of metabolic disorders

The fluctuation of blood glucose and hypoglycemia can aggravate ocular fundus changes, and intensive glycemic control can prevent and delay the occurrence and progression of DR. The Diabetes Control and Complications Trial (DCCT) proved that intensive treatment reduced the risks of DR (148). The burden of diabetic retinopathy may be lessened by renin-angiotensin system (RAS) blockers. The Diabetes Retinopathy Candesartan Trials (DIRECT) Programme (NCT00252733, NCT00252720) evaluated whether candesartan might slow the development and progression of retinopathy in T1D patients (142). Although the development of retinopathy is unaffected, candesartan may lower the incidence of retinopathy. In transgenic (mRen-2)27 rats, aliskiren, as a renin inhibitor, reduced intercellular adhesion molecule-1 to control levels and provided the same protection as ACE inhibition against proliferative neovascularization of NPDR and oxygen-induced retinopathy (149). RAS blockers are recommended as the first choice for diabetic patients with hypertension, but RAS blockers are not recommended for the prevention of retinopathy in normotensive diabetic patients. The Action to Control Cardiovascular Risk in Diabetes (ACCORD) study (NCT00542178) has investigated whether intensive glycemic control, combined therapy for dyslipidemia, and intensive blood pressure control limit diabetic retinopathy progression in patients with type 2 diabetes (141). This 10-year duration study found that intensive glucose control and intensive combination therapy for dyslipidaemia reduced the rate of diabetic retinopathy progression.



Anti-angiogenic therapies

VEGF is an important factor involved in the pathophysiological process of DR and DME. Hypoxia and hyperglycemia may lead to the upregulation of VEGF, which may lead to leakage and vascular proliferation. There is a large amount of evidence showing the efficacy of anti-VEGF therapy in DME. Currently, bevacizumab, aflibercept, conbercept, and pegaptanib sodium have been studied in clinical studies as anti-VEGF medications for the treatment of DR (Table 1). Several large randomized trials have expanded on the initial findings of the Diabetic Retinopathy Clinical Research Network (DRCRnet) to show that other VEGF agents (bevacizumab, ranibizumab, and aflibercept) are also superior to laser therapy (150). Pegaptanib sodium, an RNA aptamer targeting VEGF-165, was approved by the Food and Drug Administration (FDA) in 2006 and is the first VEGFA inhibitor in ophthalmology. Pegaptanib sodium can be used in DME and appears to be well tolerated with evidence of efficacy, but vision is still declining in most patients; now, it is rarely used in clinics (151).

In 2004, the FDA authorized bevacizumab as the first antiangiogenic medication for use in the first-line treatment of metastatic colorectal cancer (152). It is a recombinant human IgG-1 monoclonal antibody against VEGF that prevents VEGF from binding to VEGFR by binding to VEGF, and inhibition of endothelial proliferation and activation leads to antiangiogenic and antitumour effects. In large clinical trials, ranibizumab has been shown to be effective and safe in DR treatment, improving DR severity in both NPDR and PDR (153). The researchers investigated the relative effectiveness and safety of glass injections of aflibercept, bevacizumab, and ranibizumab in the treatment of DME. In patients with central involvement of DME, it was discovered that vitreous injections of aflibercept, bevacizumab, and ranibizumab enhanced visual acuity and decreased retinal thickness, although the proportionate benefit depended on baseline eyesight (154).. At a lower initial level of vision, aflibercept was more effective at improving vision. In the DRCR Retina Network trial, which involved moderate vision loss due to DME, the team did not find that over a two-year period, there was a significant difference in visual outcome between aflibercept monotherapy and bevacizumab treatment, and in the event of a poor response, aflibercept may be preferred (155).

Conbercept is the first new biological class I drug with independent intellectual property rights in China and has been given the World Health Organization’s (WHO) international generic name. As a new generation of anti-VEGF fusion proteins, conbercept can inhibit choroidal angiogenesis and reduce the leakage of new blood vessels (156). At the time of the phase III trial, subjects were unable to schedule treatment every 8 weeks or 12 weeks because of the COVID-19 outbreak, and several studies are still recruiting patients. However, the limitations and adverse effects of anti-VEGF therapy have also received much attention. Because anti-VEGF drugs have a short half-life, they need to be injected monthly or every two months to ensure efficacy. In patients receiving anti-VEGF, conjunctival hemorrhage, eye discomfort, cataract, vitreous detachment, vitreous floaters, and elevated intraocular pressure were the most frequently reported side effects (5%) (157). Endophthalmitis and retinal detachment may occur after intravitreal injection. There are also studies to improve injection methods, such as the Port Delivery System (PDS), which is a permanent, repeatable, and small-size eye implant that can deliver custom-formulated ranibizumab over several months. There is potential to reduce the treatment burden of frequent eye injections. In phase 2 trials, PDS was generally well tolerated, reducing the burden of therapy for individuals with neovascular age-related macular degeneration (nAMD) while maintaining visual acuity (158).



Anti-inflammatory therapies

Several studies have demonstrated that inflammation is involved in the pathogenesis of DR. Therefore, anti-inflammation is not only an effective supplement to DR therapy but also an important treatment for some patients who are ineffective or resistant to anti-VEGF therapy. Before the use of VEGF drugs, intravitreal glucocorticoid therapy was popular among treating physicians. Steroids reduce neutrophil migration, restrict access to inflammatory sites, and reduce cytokine production (159, 160). In the nonproliferative phase of DR, DME is the main cause of visual impairment. Dexamethasone vitreous implants have been effective in treating DME indications since the FDA was approved in 2014 (161). The Chinese phase III study of dexamethasone intravitreal implants (DEX-I) for DME patients enrolled 284 Asian patients from 18 centers, and the visual acuity, macular edema thickness, and leakage area of patients treated with DEX-I were better than those treated with laser photocoagulation. Although glucocorticoids such as triamcinolone acetonide and dexamethasone implants have also been shown to reduce retinal thickening and improve vision, the use of glucocorticoids for intravitreal treatment increases the risk of cataract surgery and can lead to elevated intraocular pressure and glaucoma (162). Therefore, the complications of high intraocular pressure and cataract formation should be considered in vitreous glucocorticoids.

Non-steroidal anti-inflammatory drugs (NSAIDs) can reduce damage to the DR retina by inhibiting the expression of inflammatory factors and nonsteroidal anti-inflammatory drug mediators to control the retinal inflammatory reaction. Several studies assessing the effect of localized NSAIDs on diabetic retinopathy have reported improvements in fovea thickness and vision at approximately four to six months (163). Nepafenac ophthalmic (Nevanac, Alcon), the first eye NSAIDS product authorized by the FDA in 2005, is used to relieve pain and inflammation associated with cataract surgery. After being given to the eye, nepafenac can pass through the cornea quickly and transform into aminophenic acid under the influence of ocular tissue hydrolase, which can quickly reach the target location to suppress the activation of caspase-3 and -6 in the retina (164, 165). Nepafenac 0.3% showed superior clinical outcomes than vehicles in two prospective, randomized, multicenter, double-masked, phase 3 trials in patients with DR, with better BCVA after cataract surgery and no unexpected adverse events (145). NSAIDS has definite clinical efficacy and high safety. The adverse reactions disappear automatically after discontinuation of NSAIDS and do not affect the efficacy. However, NSAIDS can cause corneal melting and even perforation, which should be given more attention. The use of NSAIDS in patients with autoimmune diseases, eye diseases, and other diseases should be done with caution.

IL-6 has been investigated as a viable target for anti-inflammatory treatment of DR since it is one of the most significant proinflammatory cytokines in the vitreous of patients with DR. Some clinical trials have led to the development of antibodies against IL-6 (EBI-031) and the IL-6 receptor (tocilizumab). The safety, tolerability, and effectiveness of tocilizumab, a recombinant humanized anti-human interleukin-6 (IL-6) receptor monoclonal antibody, have been examined in clinical studies in eyes with DME (NCT02511067). Clinical research (NCT02842541) is evaluating the safety, tolerability, immunogenicity, and pharmacokinetics of up to three dosage levels of EBI-031 administered intravitreally to participants with diabetic macular edema (NCT02842541). The interventional study found that ketorolac (Acuvail®) concentrations (0.45%) significantly reduced the levels of aqueous IL-8, vitreous IL-8, and platelet-derived growth factor (PDGF) AA in 20 eyes from 20 patients, which suggests that it may induce significant inhibition of inflammatory cytokines involved in the pathogenesis of DR (146).

Vascular adhesion protein-1 (VAP-1) regulates leukocyte adhesion and has semicarbazide-sensitive amine oxidase (SSAO) functions to affect oxidase activity, catalyzing oxidative deamination to produce hydrogen peroxide and aldehydes, leading to the production of AGEs and ALEs (166). PXS-4728A is mainly used in the treatment of cardiometabolic diseases. In acute lung inflammation, PXS-4728A, as a recently reported SSAO inhibitor, was used in the treatment of cardiometabolic diseases. In acute lung inflammation, PXS-4728A reduced CXCL1/KC-induced leukocyte rolling and adhesion (167). In arteriosclerosis, PXS-4728A reduced oxidative stress and the expression of adhesion molecules, chemoattractant proteins and proinflammatory cytokines in the aorta, and it also inhibited the adhesion and migration of monocytes in human umbilical vein endothelial cells (168). Currently, a clinical study that tested the safety and efficacy of BI 1467335 (PXS-4728A) has shown some improvement in patients with DR, with no increase in adverse events (NCT03238963).

Montelukast, a leukotriene receptor antagonist, revealed a protective impact on vision in a streptozotocin-induced diabetes mouse model by inhibiting diabetes-induced capillary and neuronal degeneration (169). Drug blockade of the leukotriene pathway holds the potential for new therapies to prevent or slow diabetic retinopathy development. At present, there is no clinical evaluation in the treatment of DR.

Connexin43 translucency plays a role in the pathogenesis of chronic inflammatory diseases, including activation of the inflammasome pathway, and sanguinarine blockade has been shown to alleviate vascular leakage and inflammation (170, 171). Hyperglycemia and inflammation increased Connexin43 expression in both the Akimba (DR) mouse retinas and the donor retina with confirmed DR (172). Tonabersat, a connexin hemichannel blocker, can inhibit NLRP3 and lysed Caspase-1 complex formation with hyperglycemia and cytokine activation while preventing the release of the proinflammatory cytokines IL-1β, VEGF, and IL-6 (173). Tonabersat reduced retinal inflammation by modulating the assembly of the inflammasome (NLRP3) through Connexin43 translucent blockade while preserving retinal photoreceptor function and restoring vascular integrity (174). Tonabersat has the potential to improve some functional outcomes in diabetic retinopathy and is a potential therapeutic agent.

AKST4290, an inhibitor of CC chemokine receptor-3 (CCR3), is a natural receptor for eotaxin. Wet age-related macular degeneration (wet AMD), as well as other neurological and immunological illnesses, is mostly a result of the pathophysiology of inflammation, immune cell recruitment, and neovascularization, which is regulated by CCR3 (175). The oral medication AKST4290, which works well in preventing eotaxin from attaching to its G-protein coupled receptor (GPCR) CCR3, increased the age-related macular degeneration BCVA score (176). The effectiveness of oral AKST4290 in patients with moderate to severe diabetic retinopathy (CAPRI) is currently being studied (NCT05038020).



Other therapeutic agents

At present, there are a number of drugs being studied for the treatment of DR. First, Runcaciguat, which has been studied from diabetes-related diseases. Runcaciguat (BAY1101042), as a sGC activator, may be an expansive therapeutic option for the prevention of CKD associated with hypertension, diabetes, and obesity (177, 178), which is currently in a phase II clinical trial (NCT04722991).

To develop some visual mechanisms, a nonretinoic acid small molecule called emixustat hydrochloride inhibits RPE65, also known as retinol isomeric hydrolase, which is a 65 kDa protein found in the retina (179). In 23 PDR patients with or without DME, the effects of oral emixustat hydrochloride on proangiogenic and inflammatory cytokines (levels of IL-1, IL-6, IL-8, TGF-1, and VEGF) were assessed. VEGF levels were marginally lower in the emixustat hydrochloride group, although this preliminary investigation did not demonstrate a statistically significant difference in changes in aqueous humor cytokine levels between the emixustat hydrochloride group and the placebo group(NCT02753400) (147). OTT166 is a novel small-molecule-selective integrin inhibitor specifically designed by OcuTerra Therapeutics, Inc. to have the required physicochemical properties to reach the retina from eye drops (180). OTT166 is currently being given in a phase II clinical trial in diabetic retinopathy patients (NCT05409235).

In addition, fenofibrate is a peroxisome proliferator-activated receptor alpha activator (PPARα) involved in the regulation of lipid metabolism disorder, inflammation, oxidative stress, angiogenesis and apoptosis, which reduces the progression of DR (181). It was found that PPARα was downregulated in diabetic retinas, which may be partly due to the overexpression of microRNA-21 (miR-21). In db/db mice, knockdown of miR-21 prevented PPARα downregulation, alleviated microvascular damage, and improved neovascularization and inflammation of the retina (182).




Concluding remarks and future perspectives

Anti-inflammatory approaches targeting certain molecular markers might be viable treatment options for DR since inflammation is now recognized as a significant contributor to the onset and progression of DR. Cytokines, chemokines and adhesion molecules participate in the inflammatory process of diabetic retinopathy. Three types of molecules interact and are inseparable, forming a complex molecular network that promotes the pathological process of diabetic retinopathy(Figure 3). Cytokines are divided into proinflammatory and anti-inflammatory cytokines according to their function. When inflammation occurs, the levels of proinflammatory cytokines are upregulated, promoting inflammatory responses through a variety of pathways, such as retinal cell apoptosis and angiogenesis. Anti-inflammatory cytokines may also reach a higher level to counteract the protective effect of the inflammatory response. Chemokines, as the transport intermediary of cells, induce circulating leukocytes to reach inflammatory sites. Adhesion molecules help white blood cells adhere to inflammatory sites. Three types of molecules perform their own functions, while an increase in the level of one type of molecule also induces the expression of another type of molecule in an inflammatory state; for example, the cytokine TNF-α upregulates the level of the adhesion molecule VCAM-1. The complex pathological mechanism has not yet been elucidated and needs further study in the future. In the future, the immune inflammation mechanism of DR can be further studied to provide insight into the biological function of DR and related targeted therapies. Therefore, these findings imply the clinical importance of new therapies targeting inflammatory responses in the management of DR and facilitate the transfer of recent research findings from ‘bench to bedside’ in the future.




Figure 3 | Schematic flowchart for the immune system involved in the pathophysiology of diabetic retinopathy.
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Psoriasis is a chronic papulosquamous skin disease with an autoimmune pathogenic traits and strong genetic predisposition. In the past few decades, with the rapid development of molecular biology and cell biology, the inherent pathogenesis of psoriasis has been gradually elucidated, in which cytokine inflammatory loops, cell signaling pathways, and epigenetic factors such as miRNAs have been demonstrated to play important roles in regulating the development and progression of psoriasis. More importantly, understanding the pathogenesis of psoriasis has promoted the development of effective treatment for psoriasis. In this review, we systemically summarized the molecular mechanisms regulating the development and progression psoriasis, introduced various therapeutics used for clinical psoriasis therapy, and highlighted the recent advances in nanoparticles (NPs)-mediated drug delivery for psoriasis treatment.
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Introduction

Psoriasis is an immune-mediated and chronic-hereditary inflammatory skin disease, which affects around 2% of the global population and imposes a heavy psychological and physical burden on patients (1–3). The pathogenesis of psoriasis is multifactorial and the potential pathological mechanism involves complicated interactions between the adaptive and innate immune systems. Interactions between various types of immune cells and keratinocytes can trigger the secretion of cytokines such as interferon-γ (IFN-γ), tumor necrosis factor-alpha (TNF-α), and some cytokines of interlukin family (IL-1β, IL-6, IL-23, IL-23, etc.) (4–7). Multiple signaling pathways (e.g., mTOR, JAK/STAT, and MAPK) are also involved in the pathogenesis and progression of psoriasis. In addition, emerging evidences have revealed that epigenetics especially microRNAs (miRNAs)-mediated target gene expression plays an important role in the development and progression of psoriasis.

At present, topical therapy and systemic therapy are first-line therapeutic modalities for the treatment of psoriasis. Topical therapy is usually used for the treatment of early psoriasis via the administration of vitamin D3 or glucocorticoids complemented with phototherapy. For the patients with advanced psoriasis, systemic therapy is the main therapeutic modality, which usually involves the use of methotrexate (MTX), cyclosporine A, or biotherapeutics targeting cytokines (e.g., infliximab, adalimumab, etanercept, and ustekinumab) (8–10). In the past decade, although these therapeutics have made a great achievement in psoriasis treatment, some key issues are still unsolved and frequently encountered in clinic, especially their toxic and side effects, leading to suboptimal therapeutic outcomes. Clinical observations have shown that most of psoriasis patients received systemic therapy have upper respiratory tract infection, urinary tract infection or herpes simplex infections (11). Therefore, design and development of new effective therapeutic strategy with low toxicity could facilitate to improve the therapeutic outcomes of psoriasis patients.

Over the past few decades, nanoparticles (NPs)-mediated drug delivery has been widely used for the treatment of various diseases, showing the advantages of promoting drug water solubility, enhancing drug stability and bioavailability, reducing toxic and side effects, and improving therapeutic outcomes (12). Inspired by these unique advantages, the application of NPs for the delivery of anti-psoriasis drugs has opened a new era in the treatment of psoriasis. To date, various types of NPs have been developed for drug delivery and psoriasis therapy, which could not only improve the therapeutic effect of anti-psoriasis drugs, but also significantly weaken their toxic and side effects (13). In this review, we systematically summarized the pathogenesis of psoriasis, introduced the therapeutic modalities for psoriasis, and reviewed the recent advances in NPs-mediated drug delivery for the treatment of psoriasis.



Pathogenesis of psoriasis


Imbalance of cytokine profiles in psoriasis

Over the past two decades, inflammatory circuit triggered by various cytokines (e.g., IFN-γ, TNF-α, and IL-1β) have been found to play an important role in regulating the development and progression of psoriasis (Figure 1). Numerous researches have demonstrated that the interaction between various types of immune cells and keratinocytes could drive epidermal hyperproliferation and promote the production of cytokines, growth factors, and antimicrobial proteins (14). These factors collaborate and generate a self-sustaining cytokine inflammatory circuit to promote the progression of psoriasis (15).




Figure 1 | Inflammatory factor loop and immune dysfunction in psoriasis.



INF-γ is an important effective immunomodulatory cytokine that mainly derived from T cells (16, 17). Numerous studies have revealed the elevated level of INF-γ in psoriasis patients (18, 19). This elevated IFN-γ could trigger macrophages to release high levels of other inflammatory cytokines and pro-inflammatory mediators, including chemokine (C-X-C motif) ligand 9 and 10 (CXCL9, CXCL10), which could in turn recruit T helper type 1 (Th1) and type 1 T cytotoxic (Tc1) cells to the psoriatic tissues and promote the progression of psoriasis (20). TNF-α is another cytokine up-regulated in psoriasis patients. In fact, TNF-α is a cytokine with pleiotropic effects on multiple cell types and involved in the pathogenesis of a variety of human autoimmune diseases (21, 22). It has been reported that keratinocytes in psoriasis patients are under stress and can secrete TNF-α and IL-6 to activate dendritic cells (DCs) to promote the progression of psoriasis. Due to the important role of TNF-α in the pathogenesis of psoriasis, TNF-α blockage has been used for clinical treatment of psoriasis patients. However, long-term TNF-α blockage could also induce side effects, especially increasing the risk of pediatric patient with psoriasis (23).

Besides INF-γ and TNF-α, some key cytokines of interleukin family have been also identified as the key factors in the pathogenesis of psoriasis (24). The representative ones are IL-1β and IL-6, which have been found to be up-regulated in psoriatic skin lesions (25, 26). The elevated level of IL-6 in psoriatic lesions could not only promote the proliferation of keratinocytes and the differentiation of IL-17-secreting cells, but also inhibit the differentiation of regulatory T Cells (Tregs) cells (24). Currently, targeting these two cytokines has been one of the strategies to treat various skin autoimmune diseases including psoriasis (27). IL-23, an important pro-inflammatory cytokine responsible for the differentiation and proliferation of T helper 17 (Th17) cells, has been also reported to involve the pathogenesis of psoriasis. IL-23 could trigger Th17 cells to secrete IL-17 and IL-21, which could enhance neutrophil infiltration into the psoriatic lesions and promote psoriasis progression (28). In addition, IL-36 has been also found to play a crucial role in regulating the progression of psoriasis (29, 30). A recent study revealed that the interaction between IL-36 and its receptor on keratinocytes could induce the secretion of IL-17and IL-21 to enhance neutrophil infiltration into the psoriatic lesions (31).

The role of other cytokines in psoriasis is often controversial, including IL-4, IL-10, and IL-13. For example, some studies found that IL-4 secreted by Th2 polarized T cells was increased in psoriasis patients (32, 33), while other scholars indicated that this cytokine was decreased psoriasis patients (34). Although the cytokines such as IL-4, IL-10, and IL-13 play a relevant role in the pathophysiology of psoriasis, the corresponding inhibitors in clinical trials have not yet achieved the expected efficacy. Anyway, it is undoubted that the balance of cytokine profile and cytokine signaling pathways play a central role in the pathogenesis of psoriasis. Multiple types of cytokines interact, amplify and activate to form a self-sustaining cytokine inflammatory loop (Figure 1). A deep understanding of this inflammatory loop is the basis for developing effective therapeutics for treatment.




Main signaling pathways involved in psoriasis


PI3K/AKT/mTOR signaling pathway

Mammalian target of rapamycin (mTOR) is an important signaling hub that coordinates cellular and tissue responses. The upstream pathways of mTOR include PI3K-AKT and LKB1/CD73-AMPK. The PI3K/AKT/mTOR signaling pathway is widely involved in the proliferation of various types of cells, and also plays an important role in regulating development and progression of autoimmune diseases including psoriasis (Figure 2) (35, 36). A study on peripheral blood gene sequencing of psoriasis patients found that mTOR methylation was significantly enhanced, suggesting that the mTOR gene is closely related to the pathogenesis of psoriasis (37). Buerger C et al. also reported that mTOR and the downstream signaling molecules were overexpressed in the skin lesions of psoriasis patients (38). In addition, Bürger et al. revealed that blockage of mTOR signaling with rapamycin could alleviate the symptoms of imiquimod (IMQ)-induced psoriasis in mice (39). These results imply that targeted blockage of PI3K/AKT/mTOR signaling pathway could be used as an effective strategy for the treatment of psoriasis patients.




Figure 2 | The PI3K/AKT/mTOR signaling cascade.





JAK/STAT signaling pathway

Janus Kinase Signal Transducer and Activator of Transcription (JAK/STAT) is an intracellular signaling pathway that enables extracellular signals to be transmitted to the nucleus through relatively few intermediate links, thereby enabling rapid cellular responses to various signals reaction (Figure 3) (40). The structure of the JAK/STAT signaling pathway is relatively simple, consisting of three components: tyrosine kinase-related receptors, JAK and STAT. The JAK family includes four members, i.e., JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2). The STAT family includes seven subtypes (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6) (41). Many different pro-inflammatory signaling pathways converge on this pathway. Several types of inflammatory skin diseases (such as psoriasis) are closely related to the activation of JAK/STAT signaling pathway, as the activation of this pathway can enhance the secretion of various pro-inflammatory cytokines (e.g., IL-17, IL-22, IL-23, and TNF-α) (42). Therefore, blocking JAK/STAT signaling pathway can impair the inflammatory response of keratinocytes and thereby alleviate the epidermal hyperplasia (43). In fact, JAK inhibitors such as tofacitinib and baricitinib have been clinically used for the treatment of psoriasis patients (44).




Figure 3 | Schematic illustration of JAK/STAT signaling pathway and the corresponding therapeutic modalities for the blockage of this signaling pathway.





MAPK/NF-κB signaling pathway

Mitogen-activated protein kinase (MAPK) is a member of the serine-threonine kinases kinase family. Its signal is transmitted from the cell membrane to the nucleus and is one of the most important signaling pathways that control cells proliferation (Figure 4). The MAPK family includes extracellular regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 (45). Among them, the p38 MAPK signaling pathway is the most closely related to the development of progression of psoriasis, which can promote the secretion of inflammatory cytokines (e.g, IL-6, IL-1β, and TNF-α) to accelerate the progression of psoriasis (46, 47). NF-kB is one of the downstreams of p38 MAPK signaling pathway. Pu et al. reported that NF-κB was over-activated in psoriasis patients and blocking its activation could suppress psoriasis progression and reduce the secretion of inflammatory cytokines (48). At present, the inhibitors for MAPK/NF-κB signaling pathway have shown a great potential for psoriasis treatment and several inhibitors have been tested in experimental models and clinical trials.




Figure 4 | Schematic illustration of the MAPK/NF-κB signaling pathway.





Other signaling pathways associated with psoriasis

Besides the signaling pathways described above, some other canonical signaling pathways have been also reported to involve the pathogenesis of psoriasis. For example, as a highly conserved signal transduction pathway that coordinates the regulation of epidermal cell proliferation, differentiation, and migration, dysregulation of Notch signaling pathway is closely associated with various human skin diseases including psoriasis (49–51). In addition, the activation of Wnt/β-catenin pathway could enhance the secretion of pro-inflammatory cytokines and promote the pathogenesis of psoriasis (52, 53). Moreover, peroxisome proliferator-activated receptors (PPARs), especially PPAR-γ, have been demonstrated with the ability to promote the development of psoriatic lesions and triggers IL17-related signaling cascades (54).

With the deepening of psoriasis-related pathogenesis research, some potential psoriasis-related signaling pathways have also been discovered. For example, Müller A et al. demonstrated that cyclin-dependent kinase 4 (CDK4) and CDK6 can induce the activation of STAT3 after phosphorylation of methyltransferase (EZH2) in keratinocytes, thereby inducing the production of IκBζ (a key pro-inflammatory transcription factor required for psoriatic cytokine synthesis) (55). Yan et al. recently reported that the activation of Par3/mInsc/LGN signaling pathway plays a role in the pathogenesis of psoriasis (56).




miRNAs involved in the pathogenesis of psoriasis

MicroRNAs (miRNAs) are small and highly conserved non-coding RNA with a length of about 22 nucleotides, which can bind to specific target mRNA and play a negative regulatory role by promoting the degradation of target mRNA and inhibiting translation, and participates in biological process (e.g., proliferation, differentiation, and apoptosis) (57, 58). In recent years, studies have found that a variety of miRNAs are abnormally expressed in psoriatic skin lesions and plasma, and different miRNAs and their target genes can participate in the occurrence and development of psoriasis through different signal transduction pathways (59, 60). So far, there have been some related studies to reveal the important role of miRNAs in regulating the development and progression of psoriasis.

miR-203 was the first miRNA reported in psoriasis patients (61). A study showed that miR-203 could inhibit the expression of SOCS3 by directly binding to the 3’-UTR of SOCS3 and promoted the degradation of SOCS3 mRNA, thereby activating the JAK2/STAT3 signaling pathway to promote the progression of psoriasis. MiR-155 is another miRNA that plays a critical role in various physiological and pathological processes including hematopoietic lineage differentiation, immunity, inflammation, cancer and cardiovascular disease (62). García-Rodríguez et al. found that the expression level of miR-155 in peripheral blood mononuclear cells was positively correlated with the psoriasis area and severity index (PASI) score of psoriasis patients (63). Recently, Lovendorf et al. reported that miR-223 and miR-143 were also up-regulated in psoriasis patients and positively correlated with PASI score (64). Besides the up-regulated miRNAs described above, some miRNAs have been found to be down-regulated in the tissues of psoriasis and also involve the pathogenesis of psoriasis. For example, miR-320b is down-regulated in the tissues of psoriasis and could participate in the pathogenesis of psoriasis via regulating the STAT3 and SAPK/JNK signaling pathways (65). In addition, MiR-205-5p has been also reported to be down-regulated in psoriatic skin tissue and could negatively regulate the Wnt/β-catenin signaling pathway to alleviate IMQ-induced psoriasis symptoms (66).

To date, a large number of miRNAs have been reported to play crucial regulatory roles in the pathogenesis of psoriasis via multiple molecular mechanisms. However, the regulatory mechanisms of some miRNAs are still unclear, and much more effects need to be paid to elucidate the inherent reasons.



NPS-mediated drug delivery for psoriasis therapy

At present, topical and systemic treatments are still the main clinical treatment modalities for psoriasis. In general, patients with mild-to-moderate psoriasis usually receive topical therapy, while systemic therapy is applied for the treatment of patients with moderate-to-severe psoriasis by using small molecule drugs and biologics (67). The commonly used small molecule drugs include cyclosporine A, methotrexate, sulfasalazine, leflunomide, apremilast, and retinoids (8, 9), while the biologics mainly include monoclonal antibodies that can target the cytokines-related signaling pathways, especially TNF-α signaling pathway and IL-23/Th17 axis. Up to now, more than ten types of biologics have been approved for psoriasis therapy. Among them, four types biologics (i.e., adalimumab, infliximab, certolizumab, and etanercept) are used to target TNF-α signaling pathway (68). In addition, three anti-IL17 biologics (ixekizumab, secukinumab, and brodalumab) and four anti-IL23 biologics (ustekinumab, guselkumab, risankizumab, and tildrakizumab) have been also marketed for the treatment of psoriasis via blocking the IL-23/Th17 axis. Currently, although small molecule drugs and biologics have achieved great success in the treatment of psoriasis, some key issues remain to be resolved, especially the toxic and side effects.

In the past two decades, the application of NPs for drug delivery has introduced exciting opportunities to improve the therapeutic outcomes of various diseases including psoriasis, showing the advantages of improving the drug stability, improving the drug accumulation in the disease sites, and reducing the toxic and side effects. Inspired by these unique advantages, numerous NPs have been designed and developed for the delivery of various types of therapeutics drugs (e.g., small molecules and nucleic acid drugs) and psoriasis therapy.


NPs-mediated delivery of small molecule drugs for the treatment of psoriasis

Corticosteroids, a type of lipophilic drugs that show anti-inflammatory, anti-proliferative, and immunosuppressive effects, have been widely used for the clinical treatment of various skin diseases such as psoriasis, dermatitis, and eczema (69). However, corticosteroids could not penetrate into diseased skins and patients are usually resistant to corticosteroids treatment. Recent studies have shown that encapsulation of corticosteroids into NPs could significantly improve their bioavailability (70). Cyclosporine A (CsA), a calcineurin inhibitor, has shown good therapeutic effect in the treatment of psoriasis. In order to reduce the toxicity of CsA, Lapteva et al. encapsulated CsA into polymeric NPs made with the methoxy-poly(ethylene glycol) di-(hexyl-substituted polylactide) (mPEG-dihexPLA) polymer, which could not only increase the water solubility of CsA by around 518-fold, but also significantly enhance the therapeutic effect of CsA with reduced toxic and side effects (71). Recently, Walunj et al. reported a liposome gel containing CsA-loaded cationic liposomes, which could dramatically reduce psoriasis symptoms and the level of psoriatic cytokines (e.g., TNF-α, IL-17, and IL-22) after topical administration to an IMQ-induced psoriatic plaque model (72). Methotrexate (MTX) is the first-line anti-proliferative drug for the treatment of moderate to severe psoriasis, but long-term administration of MTX can induce severe side effects. Avasatthi et al. developed a nanogel consisting of a nanostructured lipid carrier loaded with MTX (MTX-NLC) that could prolong MTX release and significant reduce PASI scores in the IMQ-induced mice model (73). Özcan et al. coupled MTX with gold NPs (MTX-GNP) and demonstrated that MTX-GNP could accomplish better anti-inflammatory effect and tolerability than MTX alone via reducing the infiltration of CD4+ T cells, γδ T cells, and neutrophils in the skin tissues of psoriasis (74). Besides corticosteroids, CsA, and MTX, many other small molecule drugs have been also loaded into various types of NPs for the treatment of psoriasis (Figure 5).




Figure 5 | Schematic illustration of NPs-mediated delivery of small molecule drugs for the treatment of psoriasis.





NPs-mediated delivery of nucleic acid drugs for the treatment of psoriasis

Nucleic acid drugs mainly include miRNA, siRNA, mRNA, and DNA. In recent years, nucleic acid drugs have been widely used for psoriasis therapy, due to their ability to inhibit the expression of disease-promoting target genes or up-regulate the disease-inhibiting target genes (59, 60, 75). For example, because miR-31 is highly over-expressed in psoriatic skin and could enhance NF-κB signaling pathway and IL-1β production, specific inhibition of miR-31 by its antisense strand could dramatically suppress the progression of psoriasis (60, 76). However, because nucleic acid drugs are negatively charged biomacromolecules, specific delivery tools are required to improve their cytosolic delivery (Figure 6) (77). Feng et al. developed a biomimetic recombinant high-density lipoprotein (rHDL) nanogel for the delivery of miR-210 antisense (NG-anti-miR-210) (78). Local administration of NG-anti-miR-210 could significantly down-regulate miR-210 expression, reduce the mRNA level of IL-17A and INF-γ, and alleviate the skin lesion symptoms of psoriasis. Marepally et al. used cationic lipid NPs to concurrently encapsulate STAT3 siRNA (siSTAT3) and TNF-α siRNA (siTNF-α) and demonstrated that these NPs could synergistically alleviate the skin lesion symptoms of psoriasis via inhibiting the expression of STAT3, TNF-α, and IL-23 (79). Recently, Boakye et al. also employed lipid NPs to co-encapsulate erlotinib and IL36α siRNA, and revealed that this delivery system significantly reduce the secretion of inflammatory factors (IL36α, IL23, IL17, and TNF-α) in psoriatic plaques, thereby alleviating the symptoms of psoriasis (80).




Figure 6 | Schematic illustration of NPs-mediated delivery of nucleic acid drugs (e.g., siRNA) for the treatment of psoriasis.



In recent years, gene editing based on clustered regularly interspaced palindromic repeats (CRISPR) is one of the great technologies discovered in the biological field. Currently, CRISPR-Cas9 technique has become one of the most powerful tools for disease treatment (81). The mechanism of CRISPR-Cas9 technique is to recognize the target gene sequence through artificially designed small guide RNA (sgRNA) and then guide the Cas9 protease to cut the DNA double-strand for gene silencing (Figure 7). In recent years, CRISPR-Cas9 technique has been used for the treatment of psoriasis. For example, Swindell et al. employed CRISPR-Cas9 technique to knock out Myd88 gene in epidermal keratinocytes, and indicated that Myd88 knockout could significantly reduce the expression of its downstream IL-1β and IL-36, which are two important factors regulating the inflammatory response of psoriasis (82). Recently, Wan et al. developed a dissolvable microneedle (MN) patch loading with Cas9 ribonucleoprotein (RNP) targeting pyrin domain-containing 3 (NLRP3) and dexamethasone (Dex)-containing polymeric NPs for the treatment of psoriasis (83). NLRP3 is an inflammasome implicated in a variety of inflammatory and autoimmune skin diseases including psoriasis and atopic dermatitis. Therefore, co-delivery of Cas9-NLRP3 and Dex could significantly alleviate the symptoms of psoriasis and improve overall inflammatory activity compared to the single treatment with Cas9-NLRP3 or Dex (83).




Figure 7 | Schematic illustration of CRISPR-Cas9 technique for gene editing.





NPs with anti-inflammatory effect for the treatment of psoriasis

It has been demonstrated that the pro-inflammatory cytokines play important roles in the pathogenesis of psoriasis. Therefore, design and development of NPs with anti-inflammatory effect has been recognized as a promising strategy for the treatment of psoriasis. Up to now, various metal NPs especially silver nanoparticles (Ag NPs) and gold nanoparticles (Au NPs) have been developed for the treatment of psoriasis with powerful anti-inflammatory effect (84–86). For example, Sumbayev et al. firstly reported Au NPs could weaken IL-β-induced pro-inflammatory response, which thus provides the possibility to use Au NPs for psoriasis treatment (87). Han et al. recently developed a type of modified Au NPs (Au@PEG-octadecyI30% NPs) with an average size of less than 15 nm, which could penetrate the stratum corneum and preferentially enter keratinocytes when applied to a mouse model of IMQ-induced psoriasis. More importantly, these modified Au NPs could reduce the pro-inflammatory response induced by the IL-17 signaling pathway and show the similar therapeutic efficacy as standard steroids and vitamin D analogs without causing hair loss and skin wrinkles (86). Recently, Crisan et al. prepared the nanocomplexes polyphenols-rich natural extracts (Cornus mas, CM) and Ag NPs (Ag-NPs-CM) or AuNPs (Au-NPs-CM), and demonstrated that these NPs can reduce the secretion of pro-inflammatory factors (e.g., IL-12 and TNF-α) in psoriasis by blocking of the NF-κB signaling pathway in macrophages (88). Besides the metal NPs, Chen et al. recently reported that polymeric NPs composed of alantolactone-modified chitosan and hyaluronic acid (CHALT) could effectively inhibit the proliferation of keratinocytes via ROS-mediated loss of mitochondrial membrane potential and apoptosis. In addition, CHALT could also weaken the inflammatory response triggered by IL-6 and JAK/STAT3 signaling pathway in keratinocytes, thereby inhibiting the progression of psoriasis (89).



Microneedles-mediated drug delivery for the treatment of psoriasis

Transdermal drug delivery is an effective route for the treatment of skin diseases, because it allows direct targeting of lesions on the skin and reduces the side effects associated with systemic drug delivery (90–93). However, the skin barrier-stratum corneum could greatly impair the bioavailability of transdermal drug delivery. Microneedles is a type of new drug delivery systems developed in recent years, which can significantly improve the permeability and increase the bioavailability of therapeutic agents by piercing the stratum corneum and creating a large number of reversible microchannels in a minimally invasive manner. Due to these unique advantages, microneedles have been widely used as effective transdermal drug delivery tools for the treatment of skin diseases including psoriasis (90, 91, 94). Du et al. developed a microneedle patch made with hyaluronic acid (HA) and encapsulated MTX into the patch, which could effectively penetrate the IMQ-induced mouse epidermis and impair psoriasis-like skin inflammation in mice (95). Recently, Men et al. encapsulated tacrolimus (TAC) into a sodium hyaluronate-based microneedle patch, and demonstrated that this drug delivery system could significantly enhance the retention of TAC in the skin tissues and alleviate the symptoms of psoriatic skin via impairing the secretion of inflammatory cytokines such as TNF-α and IL-23 (96).




Conclusion and outlook

Although the pathogenesis of psoriasis is diverse and complex, cytokine inflammatory loops, cell signaling pathways, and epigenetic factors such as miRNAs have been widely recognized as the important factors regulating the development and progression of psoriasis. Based on these regulatory mechanisms, a variety of therapeutic drugs including small molecule drugs and biologics have been designed and approved for clinical treatment of psoriasis. Although these drugs have achieved great success in clinic, much more efforts need to be paid to address their drawbacks, especially the toxic and side effects. The use of NPs for drug delivery has provided the valuable chances to promote the therapeutic outcomes of various types of drugs and thus provided innovative insights into the treatment of psoriasis. However, the clinical translation of these nanodrugs is still challenged and more efforts are required to promote their clinical use, especially needing to solve the difficulty in controllable and reproducible synthesis of nanodrugs and their scalable manufacturing. With rapid development of molecular biology and nanomedicine, we believe that more types of therapeutics will be definitely developed and marked for the treatment of psoriasis.
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Background

Chronic kidney disease (CKD) is characterized by persistent damage to kidney function or structure. Progression to end-stage leads to adverse effects on multiple systems. However, owing to its complex etiology and long-term cause, the molecular basis of CKD is not completely known.



Methods

To dissect the potential important molecules during the progression, based on CKD databases from Gene Expression Omnibus, we used weighted gene co-expression network analysis (WGCNA) to identify the key genes in kidney tissues and peripheral blood mononuclear cells (PBMC). Correlation analysis of these genes with clinical relevance was evaluated based on Nephroseq. Combined with a validation cohort and receiver operating characteristic curve (ROC), we found the candidate biomarkers. The immune cell infiltration of these biomarkers was evaluated. The expression of these biomarkers was further detected in folic acid-induced nephropathy (FAN) murine model and immunohistochemical staining.



Results

In total, eight genes (CDCP1, CORO1C, DACH1, GSTA4, MAFB, TCF21, TGFBR3, and TGIF1) in kidney tissue and six genes (DDX17, KLF11, MAN1C1, POLR2K, ST14, and TRIM66) in PBMC were screened from co-expression network. Correlation analysis of these genes with serum creatinine levels and estimated glomerular filtration rate from Nephroseq showed a well clinical relevance. Validation cohort and ROC identified TCF21, DACH1 in kidney tissue and DDX17 in PBMC as biomarkers for the progression of CKD. Immune cell infiltration analysis revealed that DACH1 and TCF21 were correlated with eosinophil, activated CD8 T cell, activated CD4 T cell, while the DDX17 was correlated with neutrophil, type-2 T helper cell, type-1 T helper cell, mast cell, etc. FAN murine model and immunohistochemical staining confirmed that these three molecules can be used as genetic biomarkers to distinguish CKD patients from healthy people. Moreover, the increase of TCF21 in kidney tubules might play important role in the CKD progression.



Discussion

We identified three promising genetic biomarkers which could play important roles in the progression of CKD.





Keywords: biomarkers, CKD, WGCNA, TCF21, DACH1, PBMC, DDX17



Introduction

Chronic kidney disease (CKD) is a global public health issue with a prevalence of 13.4% (1). It is clinically defined as renal structure abnormalities or dysfunction (estimated glomerular filtration rate, eGFR < 60 ml/min/1.73m2) that has persisted for more than 3 months (2). CKD has a poor prognosis and can easily progress to end-stage renal disease (ESRD). Renal biopsy is an essential tool for diagnosing the pathology of CKD. Owing to the complex etiology and long-term cause, the molecular basis of CKD is not completely known, and it is difficult to predict patient responses to treatment (3, 4). With the development of omics technologies in the past decade, transcriptional bioinformatics analyses of chronic diseases have improved our understanding of molecular processes involved in CKD and have identified some novel biomarkers (5–7). In addition, integrated analyses using appropriate methods have identified some candidate genes based on the transcriptome data from such single-gene studies (8, 9). Kidney often suffers pathogenic immune responses against autoantigens in kidney or renal complication of systemic autoimmune diseases, which drive the renal disease, such as lupus nephropathy, membranous nephropathy and glomerulonephritis (10). The immune cell infiltration in kidney worsens the renal function and aggravates renal fibrosis (11). On the other hand, uremic retention solutes in blood have toxic effect on immune cells and contribute to systemic inflammatory and immune dysfunction (12). It is valuable to give new insight into the immune cell infiltration and find novel genetic biomarker for elucidating the molecular mechanism of CKD.

However, due to the invasion, frequent renal biopsy greatly increases the risk of complications. In end-stage CKD, many uremic toxins remain in the blood. Peripheral blood mononuclear cells (PBMC) respond to such environmental stimuli and undergo functional changes (13). Therefore, as a non-invasive method, blood tests can help identify key genes or pathways involved in CKD progression (14).

For bioinformatics analysis, the algorithm and dataset sample size have a major impact on analysis results. To our knowledge, no network analysis using multiple methods has been performed on CKD kidney tissue and PBMC samples to find key genes related with immune cell infiltration. Weighted gene co-expression network analysis (WGCNA) is an algorithm that can analyze gene expression profiles to filter out disease-related modules and find hub genes. It is the most commonly used algorithm when searching for genes associated with clinical characteristics (15). In this study, we aimed to use the WGCNA algorithm in combination with differentially expressed genes (DEGs) and least absolute shrinkage and selection operator (LASSO) analysis, integrating three Gene Expression Omnibus (GEO) databases comprising PBMC and kidney tissue samples, to obtain reliable key genes related with immune cell infiltration evaluation for distinguishing the CKD patients from healthy people. In addition, we used online kidney disease databases (www.nephroseq.org), immunohistochemical (IHC) staining detection and murine CKD model for verification.



Results


Flowchart of bioinformatics analysis

The steps of our bioinformatics analysis are shown in the flowchart (Figure 1). Briefly, the CKD biomarker identification study was divided into the following main steps: (1) Peripheral blood mononuclear cell and renal tissue (TISSUE) data extraction and identification of DEGs; (2) Construction of co-expression network to identify hub genes; (3) Integrated analysis to extract key genes from DEGs and hub genes; (4) Expression validation to test credibility using validation group and external online cohort; (5) Multiple evaluation of candidate genes by online clinical database and murine experimental CKD model.




Figure 1 | Flowchart to identify chronic kidney disease (CKD) biomarkers, including data extraction, processing and analysis.





Identification of DEGs in PBMC and renal tissue from CKD datasets

First, we extracted transcriptome data from GEO datasets of CKD patients. In the clinic, blood tests and renal biopsies reveal various clinical features including abnormal kidney function, morphological changes and immunological dysfunction. In this study, GEO datasets of both PBMC and TISSUE samples were included and analyzed to explore the novel gene biomarkers in tissue and PBMC. The PBMC controls were from kidney-disease-free patients or healthy individuals and the TISSUE controls were from adjacent normal tissues of patients treated with tumor nephrectomy. To remove the batch effect, the R package ComBat was used. Principal component analysis (PCA) showed the normalized GEO samples (GSMs) from different GEO datasets (Figure 2A). GSMs were randomly divided into discovery and validation cohort (approximately a 4:1 ratio, Table S1). The DEGs had to meet the selection criteria (adjusted P < 0.05). Preliminarily, we found 30 DEGs from PBMC and 142 DEGs from TISSUE samples (Table S2 and S3). Figure 2B shows the fold-change threshold (|log10(FC)| > 0.3 for PBMC and |Log10(FC)| > 0.52 for TISSUE), and Figure 2C showed the ranking of DEGs. Overall, we identified many DEGs in PBMC and kidney tissues from CKD patients, as compared with levels in controls. 




Figure 2 | Identification of differentially expressed genes (DEGs) in peripheral blood mononuclear cell (PBMC) and TISSUE samples (A) Principal component analysis (PCA) of the GSM datasets. The samples were visualized by scatter plots based on two principal components (PC1 and PC2) of gene expression profiles without (left) or with (right) batch effect removal. Top, PBMC; bottom, TISSUE. (B) Volcano plots of the DEGs. The orange dots meant significantly upregulated genes, and the green dots represented significantly downregulated genes. The grey dots represented non-significantly changed genes. Top, PBMC; bottom, TISSUE. (C) Heatmap showing DEGs in different samples. Left PBMC, Right TISSUE.





Kyoto encyclopedia of genes and genomics and gene ontology analysis of DEGs

To interpret the general biological properties of DEGs, we used STRING to create the protein–protein-interaction (PPI) network. We found a close interaction among DEGs from PMBC (7/30) and TISSUE samples (22/142) (Figures 3A, B). Furthermore, we analyzed the DEGs via Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway and Gene Ontology (GO) biological process analysis. The top KEGG terms associated with PBMC and TISSUE samples are shown in Figures 3C, D. PBMC DEGs were enriched in transcriptional misregulation in cancer, ubiquinone and other terpenoid-quinone biosynthesis and other glycan degradation, indicating the possible effect of the CKD status on energy metabolism and protein glycosylation. TISSUE DEGs were mainly involved in cell–ECM interactions, such as focal adhesion and ECM-receptor interaction. In addition, several signaling pathways were enriched, including TGF-beta signal pathway, AGE-RAGE signal pathway in diabetic complications, PI3K-Akt signal pathway and Hippo signaling pathway, which have been reported to play a role in CKD progression (16, 17). GO analysis results (Figures 3E, F) were similar to KEGG results. It can be seen that PBMC DEGs were involved in ketogenesis (cellular ketone metabolic process, ketone biosynthetic process), glycosylation processes (protein deglycosylation, hydrolase activity, hydrolyzing O-glycosyl compounds, etc.). In addition, TISSUE DEGs were enriched in ECM interactions and formation terms, such as collagen-containing extracellular matrix and complex of collagen trimers.




Figure 3 | Functional enrichment analysis of DEGs (A) Protein–protein interaction (PPI) network of total DEGs from PBMC. Different colors of dots in the circle plot represented different proteins. The connectivity degree was represented by dot size. The edge width was proportional to combined score. (B) PPI network of total DEGs from TISSUE samples. (C) Enriched KEGG pathways among PBMC DEGs. The gene ratio was represented on the horizontal axis. The vertical axis indicated the KEGG signaling pathway terms, and the purple-to-blue gradually changing color indicated the change of significance from low to high. (D) Circular enrichment of KEGG pathways among TISSUE DEGs (hsa04510: Focal adhesion; hsa04512: ECM-receptor interaction; hsa05146: Amoebiasis; hsa05222: Small cell lung cancer; hsa05205: Proteoglycans in cancer; hsa04350: TGF-beta signaling pathway; hsa04933: AGE-RAGE signaling pathway in diabetic complications; hsa04810: Regulation of actin cytoskeleton; hsa04151: PI3K-Akt signaling pathway; hsa01200: Carbon metabolism; hsa00650: Butanoate metabolism; hsa04971: Gastric acid secretion; hsa04710: Circadian rhythm; hsa04270: Vascular smooth muscle contraction; hsa04610: Complement and coagulation cascades; hsa05410: Hypertrophic cardiomyopathy; hsa04390: Hippo signaling pathway). (E) Enriched GO terms among PBMC DEGs. (F) Circular enrichment of GO terms among TISSUE DEGs (GO:0055006: cardiac cell development; GO:0060537: muscle tissue development; GO:0014706: striated muscle tissue development; GO:0035051: cardiocyte differentiation; GO:0048738: cardiac muscle tissue development; GO:0055013: cardiac muscle cell development; GO:0062023: collagen-containing extracellular matrix; GO:0043202: lysosomal lumen; GO:0044291: cell-cell contact zone; GO:0031252: cell leading edge; GO:0043292: contractile fiber; GO:0098644: complex of collagen trimers; GO:0008307: structural constituent of muscle; GO:0030021: extracellular matrix structural constituent conferring compression resistance; GO:0005201: extracellular matrix structural constituent; GO:0003779:actin binding; GO:0043027: cysteine-type endopeptidase inhibitor activity involved in apoptotic process; GO:1901681: sulfur compound binding).





WGCNA highlights and functional analysis of CKD-associated gene co-expression modules

DEGs included only the most significantly regulated genes and other regulated genes may be missing from the transcripts. Here, we use WGCNA to robustly construct multiple gene co-expression modules. Hierarchical clustering was used to define branches of the cluster dendrogram in multiple randomly color-coded modules (Figure 4A left, PBMC; Figure 4B, left, TISSUE). The heatmap of correlations between module eigengenes and clinical traits (CKD or not) is shown in Figure 4A (right, PBMC) and Figure 4B (right, TISSUE). The darkolivegreen1 module (Corresponding Correlation, CC = −0.31, P = 0.01) showed the highest negative correlation with CKD trait in PBMC (Figure 4A, right). The lightgreen module (CC = −0.25, P = 0.002) showed a high negative correlation with CKD trait in TISSUE samples (Figure 4B, right). The hub genes of each sample type were filtered from these modules that met the selection module member (MM) and gene significance (GS) criteria described in the methods (Table S4 and S5). Hub genes of the PBMC darkolivegreen1 module included DDX17, KLF11, MAN1C1, POLR2K, ST14, TRIM66 and 121 other genes. Hub genes of the TISSUE lightgreen module include CDCP1, CLIC5, CORO1C, DACH1, DENND2D, DPP6, GSTA4, MAFB, MAPK10, MYLIP, NEBL, NES, PDLIM2, PFKP, PLA2R1, TCF21, TGFBR3 and GIF1. The GO analysis of hub genes was performed on Metascape (http://metascape.org/). The top three GO terms of TISSUE hub genes were mesenchymal cell differentiation, actin cytoskeleton and DNA-binding transcription repressor activity, RNA polymerase II-specific (Figure 5A). DisNET analysis revealed that hub genes were closely related with glomerular disease (focal glomerulosclerosis and membranous glomerulonephritis) and renal carcinoma (Figure 5B). As for the hub genes of PBMC, the top three GO terms were leukocyte activation, positive regulation of cytokine production and positive regulation of leukocyte cell-cell adhesion (Figure 5C). Among them, The Molecular Complex Detection algorithm (MCODE) analysis enriched ribosome biogenesis and lymphocyte activation (Figure 5D). Above, the hub genes of TISSUE are closely correalted with DNA transcriptional dysregulation in kidney disease, while the hub genes of PBMC may actively affect the lymphocyte activation.




Figure 4 | Weighted gene co-expression network analysis (WGCNA) revealing gene co-expression networks in samples from CKD patients (A) WGCNA analysis of PBMC samples. The left dendrogram represented the clusters of differentially expressed genes based on different metrics. Each branch represented one gene, and each color below branches represented one co-expression module. The right heatmap showed the correlation between gene modules and CKD. The correlation coefficient in each cube represented the correlation between gene modules and traits, which decreased from red to blue. (B) WGCNA analysis of TISSUE samples.






Figure 5 | Functional enrichment analysis of hub genes in disease-related module (A) Enriched GO terms among TISSUE hub genes. The horizontal axis represented P-value of GO terms in log10 calculated on Metascape by default parameter. (B) Enriched DisGeNET terms among TISSUE hub genes. The horizontal axis represented P-value of GO terms in log10 calculated on Metascape. (C) Network of representative GO terms among PBMC hub genes. The clusters were calculated and visualized with Cytoscape using Metascape online platform by default parameter. The color of the node represented its cluster identity. One GO term from each cluster was selected to be shown as label. (D) Top MCODE terms of PBMC hub genes. All PPI among PBMC hub genes formed a network. The Molecular Complex Detection algorithm (MCODE) was used to identify the connected network components. The network was analyzed by GO enrichment to extract “biological meanings”. One GO term was labelled to represent the MCODE (GO: 0042254: Ribosome biogenesis; GO: 0046649: lymphocyte activation).





Identification and validation of common hub genes

Functional analysis based on hub genes did not exactly match the analysis based on DEGs. Therefore, to identify the key genes involved in CKD progression, we tried to define the common hub genes belonging to both DEGs and hub genes from WGCNA module (Figure 6A). 7 genes in PBMC and 14 genes in TISSUE were screened out. Using the LASSO regression algorithm, the common hub genes were reduced to six in PBMC (DDX17, KLF11, MAN1C1, POLR2K, ST14 and TRIM66) and eight in TISSUE (CDCP1, CORO1C, DACH1, GSTA4, MAFB, TCF21, TGFBR3 and TGIF1), which were identified as key genes (Figure 6B). Interestingly, DDX17 and MAN1C1 from PBMC hub genes and CORO1C, TCF21 and TGFBR3 from TISSUE hub genes were among the top-ranked genes in the PPI network. To examine whether the expression of these genes influenced CKD progression, we obtained clinical parameters (eGFR and serum creatinine, SCr) of these 8 tissue genes from www.nephroseq.org. Woroniecka Diabetes Glom database was used to evaluate the eGFR status, while the Ju CKD Glom was used to evaluate the SCr level. Consistently, the low-expressed genes, GSTA4, MAFB, TGFBR3, DACH1 and TCF21 expression was positively related with eGFR and negatively related with SCr. The high-expressed genes, CDCP1, CORO1C and TGIF1 expression was negatively related with eGFR and positively related with SCr (Figures 7A–H). The expression and significance of these hub genes were highlighted in Figure 7I.




Figure 6 | Common hub gene selection and least absolute shrinkage and selection operator (LASSO) analysis (A) The common hub genes shared between DEGs and hub genes were visualized in a Venn diagram. Left, PBMC; right, TISSUE. (B) The number of factors was determined by LASSO analysis. The procedure of LASSO Cox model fitting was shown in left panel. One curve represented a gene. The coefficient of each gene against the LC-norm was plotted with the lambda change. L1-norm represented the total absolute value of non-zero coefficients. A coefficient profile generated against the log (lambda) sequence was shown in the right panel. Continuous upright lines were the partial likelihood deviance ± SE; The optimal values and gene symbols were depicted, based on the minimum criteria (lambda.min, left vertical dotted line) and 1-SE criteria (lambda.1se, right vertical dotted line). Top, PBMC; bottom, TISSUE. SE, standard error.






Figure 7 | Correlation analysis of TISSUE common hub genes and CKD clinical parameters (A–H) The correlation of TISSUE genetic biomarker mRNA levels with estimated glomerular filtration rate (eGFR) in the Woroniecka Diabetes Glom Cohort (Top) or serum creatinine (SCr) level in the Ju CKD Glom Cohort (Bottom). (A) CDCP1; (B) CORO1C; (C) TGIF1; (D) GSTA4; (E) MAFB; (F) TGFBR3; (G) DACH1; (H) TCF21. Data were extracted from www.nephroseq.org. (I) The gene expression level of common hub genes in the discovery cohort.



To determine the association between these genes and CKD status, we examined these 14 key genes in the validation cohort. Among them, the expression of DDX17 in PBMC, DACH1 and TCF21 in TISSUE samples showed similar characteristics with those in the discovery cohort (Figures 8A–C). Consistently, DACH1 and TCF21 mRNA level were also decreased in the Woroniecka diabetic nephropathy cohort (Figure 8D, DACH1, P < 0.0001; Figure 8E, TCF21, P < 0.0001). Moreover, as shown in Figures 8F–H, receiver operating characteristic curve (ROC) was used to investigate whether these three key genes could discriminate between healthy and CKD samples. The classification accuracy (area under the ROC curve, AUC) of these three key genes (DDX17, DACH1, TCF21) was 0.828, 0.825 and 0.981 in the discovery cohort and 0.885, 0.838 and 0.949 in the validation cohort, respectively, showing strong ability to discriminate between CKD and healthy individuals. By reason of the foregoing, we screened out DDX17, DACH1 and TCF21 as genetic biomarkers. The correlation between parameters of renal function and the expression of genetic biomarkers suggested them may play a renoprotective role. Briefly, the renal DACH1 and TCF21 expression was positively correlated with eGFR in CKD patients (DACH1, P = 7.15e-5, R2 = 0.554; TCF21, P = 5.34e-5, R2 = 0.566), whereas it was negatively correlated with SCr levels (DACH1, P = 0.0022, R2 = 0.366; TCF21, P = 5.04e-7, R2 = 0.707).




Figure 8 | Validation and immune infiltration evaluation of CKD biomarkers from different samples (A–C) Box plots representing expression level of CKD genetic biomarkers in the discovery and validation cohorts. (D) mRNA level of DACH1 in the Woroniecka Diabetes Glom Cohort. (E) mRNA level of TCF21 in the Woroniecka Diabetes Glom Cohort. (F–H) Receiver operating characteristic (ROC) curve for the discovery and validation cohorts. (A, F) DDX17 (PBMC); (B, G) DACH1 (TISSUE); (C, H) TCF21 (TISSUE). (I) Correlation heatmap demonstrating the relationship between DDX17 (PBMC) and immune cells infiltration. (J) Correlation heatmap demonstrating the relationship between DACH1 and TCF21 (TISSUE) and immune cells infiltration. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Immune cell infiltration analysis of genetic biomarkers

The TISSUE genetic biomarkers DACH1 and TCF21 are tumor suppressor genes. They are low expressed in the Kidney Renal Clear Cell Carcinoma (KIRC) (Figures S1A, B). The KIRC patients with high DACH1 and TCF21 expression has a better prognosis (Figures S1C, D). On the other hands, PBMC hub genes are closely related with lymphocyte activation (leukocyte activation, positive regulation of cytokine production, positive regulation of leukocyte cell-cell adhesion, etc.) (Figure S1E). The chronic kidney diseases and kidney malignant tumors have been demonstrated to be linked to a more severe immune cell infiltration. We evaluate the immune cell infiltration of these genetic biomarkers. Immune cell infiltration analysis revealed that DDX17 in PBMC was found to be correlated with neutrophil, type 1 helper cell, type 2 helper cell and mast cell (Figure 8I). The TISSUE DACH1 and TCF21 were both found to be correlated with eosinophil, activated CD8 T cell and activated CD4 T cell (Figure 8J).



CKD murine model and immunohistochemical validation of genetic biomarker expression

To mimic renal dysfunction and tubulointerstitial fibrosis status during CKD, we developed a folic acid (FA)-induced CKD murine model. The results showed that SCr levels were increased significantly after a 3-day FA treatment (Figure 9A). At day 28, dach1 mRNA levels in the kidneys of mice treated with FA were significantly decreased (Figure 9B, P < 0.001) and negatively correlated with SCr levels (Figure 9C, P = 0.0264, R2 = 0.4800). Conversely, tcf21 mRNA levels were significantly increased (Figure 9D, P < 0.0001) and positively correlated with SCr levels (Figure 9E, P = 0.0128, R2 = 0.5595). In isolated PBMC, ddx17 mRNA levels were significantly downregulated in the FA-treated kidney (Figure 9F, P < 0.01). These results showed that in the FA-induced CKD mouse model, dach1 levels in tissue and ddx17 levels in PBMC were in agreement with the changes in clinical samples. Interestingly, tcf21 was significantly increased in the FA-induced CKD mouse model, opposite to the transcriptome change in clinical samples. Furtherly, IHC staining showed the protein expression of DACH1 and TCF21 in kidney of CKD patients and normal control. Both DACH1 and TCF21 were mainly expressed in the nucleus of glomerulus and renal tubule cells. DACH1 expression decreased in glomerulus and renal tubule of membranous nephropathy (MN) (Figures 9G, H, P < 0.05), while TCF21 expression increased in MN, especially in the renal tubule cells (Figures 9I, J, P < 0.05).




Figure 9 | Expression of genetic biomarkers in folic acid (FA)-induced CKD murine model and membranous nephropathy (MN) patient’s biopsy (A) SCr level in FA-induced CKD murine model. Blood serum was harvested 3 days after FA injection. (B) mRNA level of dach1 in kidneys from FA-induced CKD murine model. (C) Correlation between dach1 mRNA level in kidney tissue and SCr from FA-induced CKD murine model. (D) mRNA level of tcf21 in kidney tissues from FA-induced CKD murine model. (E) Correlation between tcf21 mRNA level in kidney tissues and SCr from FA-induced CKD murine model. (F) mRNA level of ddx17 in PBMC from FA-induced CKD murine model. (G) IHC staining of DACH1 in normal kidney tissues and CKD tissues. The representative pictures of CKD were from the membranous nephropathy (MN) patient’s biopsy. (H) Quantitative results of DACH1 expression in panel (G). The expression level was calculated by average integrated density (Intden) of positive area. (I) IHC staining of TCF21 in normal kidney tissues and CKD tissues. (J) Quantitative results of TCF21 expression in (I). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.






Discussion

CKD is a type of kidney disease in which kidney function deteriorates and/or the structure is abnormal. Owing to its heterogeneity in etiology, the mechanism underlying its occurrence and progression is still not well understood. It is known that the TGF-β/Smad pathway is usually activated in CKD (18). However, damage to kidney function causes uremic retention solutes to remain in the body, resulting in adverse effects such as inflammation, immune dysfunction and oxidative stress (19–21), but the biological processes involved are not yet fully understood. In this study, we analyzed the gene expression profile of kidney tissues and PBMC from CKD patients, using various bioinformatics methods to find novel common genes or signaling pathways.

In the first-round screening, based on pathway enrichment analysis, signal molecules such as TGF-β, AGE-RAGE, PI3K-AKT and HIPPO play important roles in CKD progression and cross-talk with other molecules (16, 17, 22, 23). Based on GO analysis, the major functional terms are mainly enriched in cell adhesion and cell-extracellular matrix interactions, among others, which are involved in the critical pathological processes associated with CKD (24).

It is currently believed that WGCNA is better at identifying internal functional connections among regulated genes than DEG analysis. Wang et al. discovered that high expression levels of CEBPZ, IFI16, LYAR, BRIX1, BMS1 and DDX18 in the kidneys are potential key markers of CKD occurrence and progression (8). However, few studies combining WGCNA and clinical parameters using both kidney tissues and PBMC have been performed. In our study, 6 key genes (KLF11, MAN1C1, POLR2K, ST14, TRIM66, DDX17) in PBMC samples and 8 key genes (CDCP1, CORO1C, GSTA4, MAFB, TGFBR3, TGIF1, TCF21 and DACH1) in TISSUE samples were identified by WGCNA. Several of these genes in tissue have been reported to contribute to the pathology and molecular changes in CKD. MAFB is a transcription factor that mediates renal tubule development and macrophage maturation (25). TGIF1 can bind to the MH1 domain of SMAD to inhibit TGF-β pathway activation (26). Most of them have a well correlation with SCr and eGFR in the CKD database. Among the PBMC common hub genes, several genes have been reported to be associated with kidney disease or hematologic disorder. KLF11 is a Krüppel-type zinc finger protein whose deficiency enhances chemokine generation and fibrosis in murine unilateral ureteral obstruction (27) and highly induced by TGF-β (28). It has been reported that KLF11 inhibits the activity of SMAD7 and enhances TGF-β pathway activation (29), through which KLF11 may influence the lymphocyte function. Besides, the highly upregulation of ST14 promotes cancer cell invasion via imbalanced matriptase pericellular proteolysis (30, 31). The upregulation of ST14 in PBMC may promote the inflammatory activation of endothelial cells in blood vessel, which is a common uremia-related complication. Thus, these molecules should be studied intensively. Finally, by examining the validation cohort and ROC curve, we identified TCF21 and DACH1 in TISSUE samples and DDX17 in PBMC as potential biomarkers for CKD. The correlation of DACH1 and TCF21 with clinical parameters (eGFR and SCr) in CKD patients suggested that these molecules are potential renoprotective biomarkers in kidney tissues.

Dachshund family transcription factor 1 (DACH1) has been previously described as a tumor suppressor that can inhibit breast cancer invasion and metastasis (32). In the past several years, many studies have indicated that DACH1 is a renal-protective molecule. GWAS analysis showed that loss of DACH1 function was a susceptibility factor for renal fibrosis (33), and DACH1 can protect against podocyte damage in diabetic nephropathy model mice (34). Moreover, tubule-specific DACH1-knockout mice were more susceptible to renal damage and fibrosis in a FA-induced nephropathy model (33). In our study, this gene was identified through transcriptome bioinformatics analysis and confirmed based on clinical parameters, FA-induced nephropathy model and the IHC staining in kidney tissues of CKD patient. This agreement with reported studies showed that our bioinformatics analysis was reliable.

Transcription factor 21 (TCF21) is a transcription factor that plays an important role in the differentiation of mesenchymal cells and the development and maturation of gonads, muscle, kidney and other organs (35). TCF21-knockout mice developed kidney dysplasia at the embryonic stage and die after birth (36). Mice with podocyte-specific TCF21-knockout spontaneously developed proteinuria and exhibit FSGS (focal segmental glomerulosclerosis) lesions (37). Our bioinformatic analysis showed that TCF21 mRNA levels were decreased in CKD samples and positively correlated with eGFR. However, in our FA-induced nephropathy murine model, TCF21 mRNA levels were elevated compared to control group. The TCF21 staining signal was mainly in the nucleus in the healthy kidney, while in our mild case of membranous nephropathy, the signal increased and appeared in the cytoplasm and brush border of renal tubules. Such inconsistency may be caused by the following reasons. First, the protective role of TCF21 was mainly reported in the podocytes, not in the kidney tubules. This finding is supported by analyzing the tissue datasets of CKD cohort mainly from glomerular transcriptome (GSE47183 with 100 glomerular transcriptome samples and GSE66494 with 41 whole kidney transcriptome samples). Combining the two datasets may bias the display of key genes in the glomeruli during CKD progression. Recent study identified TCF21 as a deactivation factor of fibrogenic HSCs in liver fibrosis (38). It might be a nephroprotective in tubulointerstitial fibrosis. In our mouse model, high dose of folic acid mainly destroys the tubules and leads to the consequent tubulointerstitial fibrosis. Therefore, in the acute injury stage and early CKD stage of our mouse model, the upregulated TCF21 in tubule could play a protective role against kidney injury. In fact, TCF21 protein levels were also elevated in the early stage of diabetic nephropathy in model mice (39). Second, TCF21 was normally expressed in nuclei of podocytes and highly accumulate in both nuclei and cytoplasma of the injured podocytes in glomerular diseases, even was detected in urine (40). The severe injury of podocytes in CKD might lead to the loss of this cell population which lead to the reduction of total TCF21 mRNA in kidney tissue. It is in line with our bioinformatics analysis and previous reports.

Among key genes from PBMC, we identified DDX17, which an ATP-dependent RNA helicase that is a coactivator of DNA-regulated transcription factors and is involved in mRNA transcription, splicing and maturation (41). DDX17 is an immune-related gene defined in immunology database and analysis portal (ImmPort). In our study, it was expressed at low levels in the PBMC of CKD patients from the GEO database and in the PBMC of FA-induced CKD mouse model. In PBMC, DDX17 plays an important role in innate immunity against virus invasion (42–44). DDX17 is an essential mediator of sterile NLRC4 inflammasome activation (45). Given the fact that the uremia-associated immune deficiency is a well-known complication of CKD and it increase the risk of virus-infection and virus-associated cancers (46), the low DDX17 level in PBMC might associated with CKD progression.

As for the interrelationship of these three biomarkers. DDX5/DDX17 complex can co-activate or co-repress transcription factor transcription. In kidney tissue, the expression of DDX17 was also decreased in the Woroniecka Diabetes Glom database, which was in line with the DACH1 and TCF21 expression. There is no report on the relationship between these three genes in the occurrence and development of CKD. Mechanically, we speculated that the low expression of DDX17 might further down-regulate the activity of TCF21 and DACH1, worsen the glomerular sclerosis and renal interstitial fibrosis. Given its critical role in innate immunity against virus invasion, the low DDX17 level in PBMC may aggravate immune deficiency in ESRD (42–45), and may result in chronic inflammation and increased oxidative stress to exacerbate kidney injury and loss of renal function (47).

During the course of CKD, in addition to the abnormal activation of some signaling pathways such as TGF-β/Smad and PI3K-Akt, some central molecules are also lacking. The low activity of some key molecules that regulate kidney differentiation and development might lead to dysfunction. DACH1 and TCF21 are both important transcription factors for kidney development and maturation. Some studies have demonstrated the association between their expression and CKD and illuminated their glomerular-specific roles in kidney disease (33, 34, 36, 37, 48), but the exact mechanisms underlying their dysregulation in CKD are still elusive. In our study, GO analysis of DEGs and hub genes highlighted DNA transcriptional activity in CKD kidney tissues. Besides, the evaluation of immune cell infiltration showed a positive correlation of DACH1, TCF21 expression with eosinophil, activated CD8 T cell and activated CD4 T cell. This analysis suggested that low expression of DACH1 and TCF21 may lead to pathological dysregulation through aberrant immune cell infiltration. Folic acid induced experimental nephropathy models undergo progression from acute kidney injury (AKI) to CKD with initial damage to proximal tubules, significant alterations to these two transcription factors suggest their overall impact on glomeruli and tubules.

Our study also had some limitations. For example, the included database did not distinguish between the different pathological types of CKD to find pathology-specific biomarkers. In addition, we mainly analyzed the mRNA levels of genes, not the protein level. In addition, many renal proteins can be detected noninvasively in urine. In a subsequent study, we hope to detect the protein levels of key genes under investigation.



Materials and methods


Clinical samples

In this study, we adopt three samples from healthy adjacent kidney tissues of individuals who were performed tumor nephrectomy, whereas other three samples as CKD group whose tissues were taken from CKD patients’ biopsy. The pathologist confirmed these biopsy samples as membranous nephropathy (MN). The patients in this study consented under the ethics committee review of Renji Hospital affiliated to Shanghai Jiao Tong University, School of Medicine.



Folic acid-induced nephropathy murine model

C57bl/6J mice were obtained from Shanghai Jiao Tong University, School of Medicine. All mice were maintained with a 12-hour light-dark cycle and given food and water ad libitum. Procedures were performed in accordance with guidelines approved by the ethical committee of animal experiments, Shanghai Jiao Tong University, School of Medicine. Folic acid was purchased from Sangon Biotech and dissolved in 300 mM NaHCO3. 12-week-old mice were intraperitoneally injected with FA (250 mg/kg) or NaHCO3. Mice were euthanized and sacrificed 28 days after FA injection. Whole blood was collected in White’s buffer (pH 6.4). Ficoll-Paque (GE healthcare) was used to separate the PBMC according to the manufacturer’s instructions. Kidneys were collected and stored at −80°C for further study.



Microarray data collection from GEO database

We downloaded 6 gene expression datasets (GSE142153, GSE15072, GSE70528, GSE47183, GSE6280, GSE66494) from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). According to labeling information in the platform, probes were converted into their corresponding gene symbols. The GSE142153 dataset contained 7 CKD PBMC samples and 10 control PBMC samples. The GSE15072 dataset contained 26 CKD PBMC samples and 8 control PBMC samples. The GSE70528 dataset contained 11 CKD PBMC samples. The GSE47183 dataset contained 122 CKD kidney samples. The GSE6280 dataset contained 12 control kidney samples. The GSE66494 dataset contained 53 CKD kidney samples and 8 control kidney samples. In our study, the discovery cohorts from the GSE142153, GSE15072 and GSE70528 datasets were used to build co-expression networks and identify the predominant genes in the CKD PBMC samples. The discovery cohorts from the GSE47183, GSE6280 and GSE66494 datasets were used to build co-expression networks and identify the main genes associated with CKD kidney samples. The assignment of each sample to discovery or validation cohorts was shown in Table S1. The procurement and application for all data were in accordance with the guidelines and principles of the GEO databases.



Data preprocessing

For both sample types (PBMC and TISSUE), each dataset was combined into a data matrix. ComBat from the R package sva was used to account for batch effects (49, 50). Whether the batch effect was removed was evaluated by PCA. The prcomp function in R was used to perform PCA. Data visualization was performed using the R packages ggplot2 (https://ggplot2.tidyverse.org) and RColorBrewer (https://cran.r-project.org/web/packages/RColorBrewer/index.html) unless otherwise noted.



DEGs identification

The R packages limma and edgeR were used to identify the DEGs between CKD and normal samples, respectively (51, 52). Genes with an adjusted P < 0.05 and |log10(FC)| > 0.3 were selected as DEGs in PBMC. Genes with an adjusted P < 0.05 and |log10(FC)| > 0.52 were selected as DEGs in TISSUE. The R package pheatmap was used to generate heatmaps (53).



Protein–protein-interaction network construction

STRING database (http://string-db.org) was used to build the PPI network, where a combined score > 0.4 was considered statistically significant (54). The CytoHubba Cytoscape plugin was used to calculate the nodes using the connectivity degree method (55). We then used the netVisual_circle function in the R package CellChat to visualize the PPI network (56).



Functional enrichment analysis

We used the R packages Clusterprofiler and org.Hs.eg.db for Kyoto Encyclopedia of Genes and Genomics (KEGG) and Gene Ontology (GO) analysis (57). KEGG pathways or GO function terms with P < 0.05 were considered statistically significant. The R package circlize was used to create circos plots (58).



Weighted gene co-expression network analysis

The R package WGCNA was used to constructed the co-expression network based on discovery cohorts (15). To merge modules that might be similar, 0.25 was defined as the cut-off height threshold. The phenotypes (CKD) were inputted into the co-expression network and the parameters modulus characteristic gene (ME), MM and GS were calculated. ME represented the important part in the PCA of each gene module and MM represented the connection between modules and genes. Correlation coefficients ≥ 0.50 and P-values < 0.05 were considered indicative of key modules for PBMC. Correlation coefficients ≥ 0.60 and P-values < 0.05 were considered indicative of key modules for kidney tissue. In the modular-trait correlation analysis, genes with high hub modularity were considered as hub genes. Hub genes of PBMC met the absolute values of GS > 0.20 and MM > 0.50. Hub genes of kidney tissue met the absolute values of GS > 0.20 and MM > 0.60.



Common hub gene selection and LASSO analysis

Common hub genes were defined as the overlap between DEGs and WGCNA hub genes. Venn diagrams were prepared using the R package venn. LASSO was a regression analysis algorithm that performs both gene selection and classification (59). To select hub genes which were credibly associated with CKD, a logistic LASSO regression model was constructed based on common hub genes by R package glmnet. 10-fold cross-validation was performed for tuning parameter selection, and the partial likelihood deviance met the minimum criteria.



Evaluation of immune cell infiltration

A set of genes that mark each infiltrating immune cell type was obtained (60). The correlation between gene expressions and immune cells infiltration was calculated using Pearson correlation analysis.



The Cancer Genome Atlas verification of genetic biomarkers in TISSUE

GEPIA (http://gepia.cancer-pku.cn/index.html) is a customizable functionalities website for interactive analysis and visualization based on The Cancer Genome Atlas database (61). To further verify the two biomarkers of CKD kidney tissue, the GEPIA web server was used to plot gene expression level box plots between kidney renal clear cell carcinoma (KRIC) and normal tissues in the TCGA database. The patient data were grouped according to the transcripts per million (TPM) value. Log2 (TPM+1) was used for log-scale, and four-way analysis of variance (ANOVA) was applied. Overall survival analyses of biomarkers of kidney tissue were also performed using GEPIA.



Validation of CKD biomarkers

The R package ggpubr was used to generate the gene expression box plot for hub biomarkers. The R package pROC was used to plot the ROC curves (62). The AUC values were calculated to evaluate the sensitivity and specificity of model (63).



Kidney function

Serum creatinine (SCr) levels were evaluated through colorimetric assays based on Jaffe’s reaction using deproteinized serum samples (Nanjing Jiancheng). Absorbance was measured at OD510 nm (BioTek) and analyzed accordingly.



Immunohistochemistry staining

5 um slides cut from 4% paraformaldehyde fixed and paraffin embedded kidney tissues as were obtained from pathology department of Renji Hospital. All sections were de-paraffinized followed by heat-induced antigen retrieval on a heating block in Tris-EDTA buffer, PH = 9.0 for 15 min. Primary Rabbit DACH1 antibody (Proteintech) and Rabbit TCF21 antibody (Sigma Aldrich) was used in a final solution of 1:200 overnight at 4°C. Secondary antibody was applied for 30 min at 37°C, and the color was developed using a diaminobenzidine peroxidase substrate kit (Dako REAL™ EnVision™, DAKO). Sections were then counterstained with hematoxylin, dehydrated and mounted. The expression of DACH1 and TCF21 were imaged by Leica Microscope X20.



Real-time PCR

Mouse kidney tissues were homogenized in Trizol reagent (TianGen). Total RNA was extracted and reverse transcribed into cDNA (HiScriptIII RT SuperMix, Vazyme). Real-time PCR was performed on LightCycler480 apparatus (Roche) using SYBR Green Mix (Yeasen). Mouse gapdh was used as internal control gene. The relative gene expression was analyzed using 2−ΔΔCT method. Primers were listed: tcf21-F, cgctcacttaaggcagatcc; tcf21-R, gtcaccacttccttcaggtca; dach1-F, cctgggaaacccgtgtactc; dach1-R, agatccaccattttgcactcatt; ddx17-F, gatcgggatcgtgacaggga; ddx17-R, agtcagtcttgctacttctggat; gapdh-F, tggccttccgtgttcctac; gapdh-R, gagttgctgttgaagtcgca.



Statistical analyses

Data were shown as the Mean ± SEM. A two-tailed independent student’s test was conducted to assess statistical significance. The significance was denoted as follows: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05; N.S., not significant.
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Background

Diabetic nephropathy (DN) is the primary cause of end-stage renal disease, but existing therapeutics are limited. Therefore, novel molecular pathways that contribute to DN therapy and diagnostics are urgently needed.



Methods

Based on the Gene Expression Omnibus (GEO) database and Limma R package, we identified differentially expressed genes of DN and downloaded oxidative stress-related genes based on the Genecard database. Then, immune and oxidative stress-related hub genes were screened by combined WGCNA, machine learning, and protein-protein interaction (PPI) networks and validated by external validation sets. We conducted ROC analysis to assess the diagnostic efficacy of hub genes. The correlation of hub genes with clinical characteristics was analyzed by the Nephroseq v5 database. To understand the cellular clustering of hub genes in DN, we performed single nucleus RNA sequencing through the KIT database.



Results

Ultimately, we screened three hub genes, namely CD36, ITGB2, and SLC1A3, which were all up-regulated. According to ROC analysis, all three demonstrated excellent diagnostic efficacy. Correlation analysis revealed that the expression of hub genes was significantly correlated with the deterioration of renal function, and the results of single nucleus RNA sequencing showed that hub genes were mainly clustered in endothelial cells and leukocyte clusters.



Conclusion

By combining three machine learning algorithms with WGCNA analysis, this research identified three hub genes that could serve as novel targets for the diagnosis and therapy of DN.





Keywords: diabetic nephropathy, bioinformatic analysis, machine learning, WGCNA, biomarker



Introduction

Diabetic nephropathy (DN), characterized by proteinuria, hypertension, and progressive reductions in kidney function, is the most common cause of end-stage renal disease in developed countries and poses a serious social and economic burden (1–3). According to studies, the number of individuals with DN is rising along with the global prevalence of diabetes, which is predicted to climb from 537 million to 783 million over the course of the next 20 years or so (4). The present course of therapy, in contrast, emphasizes renin-angiotensin system blockage, blood pressure management, and glycemic control (5). As a result, novel targets for DN diagnosis and therapy are desperately needed. With the advancement of bioinformatics, its research techniques have been actively used in recent years to explore targets for numerous illnesses, including DN.

A significant amount of data points to the importance of immune and oxidative stress in the etiology of diabetic nephropathy (6). In this research, we identified diagnostic genes for DN by a bioinformatic approach combining immune infiltration and oxidative stress and validated them with an additional external dataset, as shown in Figure 1 for the specific study route.




Figure 1 | Flowchart for research.





Materials and methods


Source of data

We screened three diabetic nephropathy datasets: GSE30528 (GPL571) contained nine cases of diabetic nephropathy and thirteen controls; GSE104948 (GPL22945) served as a validation set and contained seven cases of diabetic nephropathy and eighteen controls; and GSE131882 (GPL24676) contained three early diabetic nephropathy and three control samples for single nucleus RNA sequencing. Additionally, using a relevance score of greater than 7 as a screening criterion, we were able to extract 855 genes associated with oxidative stress from the Genecard database. Table 1 displays the pertinent details.


Table 1 | Summary of the data sets utilized in this research and their features.





Identification of DEGs

With |log2 fold change (FC)| > 0.5 and p < 0.05 as screening criteria, differentially expressed genes (DEGs) from GSE30528 were identified utilizing “Limma” R package, where log FC > 0.5, p < 0.05 was Up, log FC < -0.5, p < 0.05 was Down. The heat map and volcano map of DEG were plotted using the “Pheatmap” R package and “ggplot2” R package, respectively.

Subsequently, the obtained DEGs were intersected with 855 oxidative stress-related genes to obtain differentially expressed genes related to oxidative stress (DEOSGs).



Immune infiltration analysis and construction of weighted gene co-expression networks

CIBERSORT employs a deconvolution algorithm to estimate the composition and abundance of immune cells in a mixture of cells based on transcriptome data. In the present study, we first assessed the proportion of 22 immune cell species in normal and diabetic nephropathy samples in GSE30528 using the CIBERSORT algorithm (7).

Weighted Gene Go-expression Network Analysis (WGCNA) is performed to identify modules of highly correlated genes, summarize the interconnections between modules and associations with external sample traits, and identify candidate biomarkers or therapeutic targets. In our research, WGCNA was constructed by the R package “WGCNA” to identify the modules with the highest relevance to immune cells in diabetic nephropathy patients (8). Specifically, we preprocessed the sample data and removed the outliers. Subsequently, the correlation matrix was constructed by the “WGCNA” software package. The optimal soft threshold was chosen to convert the correlation matrix into an adjacency matrix, and a topological overlap matrix (TOM) was created from the adjacency matrix. The TOM-based phase dissimilarity metric was utilized to categorize genes with similar expression patterns into gene modules using average linkage hierarchical clustering. The two modules with the strongest relevance to immune cells were selected as key modules for subsequent analysis.

Finally, the genes in DEOSGs and key modules were intersected, and the intersected genes were described as differentially expressed immune-related oxidative stress genes (DEIOSGs) for further study.



Gene ontology (GO) and Kyoto Encyclopedia of Genes Genomes (KEGG) functional enrichment analysis

In this research, the “clusterProfiler” R package was implemented to conduct GO and KEGG functional enrichment analysis in R to assess gene-related biological processes (BP), molecular functions (MF), cellular components (CC), and gene-related signaling pathways.



Screening hub genes by machine learning and PPI networks

Least Absolute Shrinkage and Selection Operator (LASSO) logistic regression analysis is a data mining method that sets the coefficients of less important variables to zero by applying the L1-penalty (lambda) in order to filter out the significant variables and construct the best classification model (9). Support Vector Machine-Recursive Feature Elimination (SVM-RFE) analysis is a supervised machine learning technique for identifying the optimal core genes by dropping the feature vectors generated by SVM (10). Random Forest (RF) analysis is a decision tree-based machine learning method that focuses on evaluating the significance of variables by scoring the importance of each variable (11). In combination with machine learning algorithms, the cytoHubba plugin is frequently applied for the identification of key genes. On the one hand, diagnostic genes from DEIOSG were assessed using the three machine learning algorithms separately (12). After that, the intersection of the three machine learning algorithms was established.

On the other hand, the STRING database was exploited to establish protein-protein interaction (PPI) networks, which Cytoscape then visualized. The differential genes were then evaluated using 12 algorithms in the cytoHubba plugin, and finally the top 10 genes for each algorithm were taken as intersection and visualized through the ImageGP platform (13).

Ultimately, the genes obtained by both methods in total were identified as hub genes.



Clinical analysis

The Nephroseq v5 database (http://v5.nephroseq.org) (14) is a comprehensive information platform for evaluating the correlation between gene expression levels and clinical characteristics of kidney diseases. To explore the correlation between the expression of hub genes and clinical features, we mined the Nephroseq v5 database.



GSEA analysis

We performed a single-gene GSEA analysis to investigate the possible roles of hub genes.



Regulatory network construction and potential drug prediction

The JASPAR database (15) and the TarBase database (16) were accessed by the NetworkAnalyst (https://www.networkanalyst.ca/) (17) to predict transcription factors (TFs) and miRNAs, respectively. Subsequently, the results were visualized using Cytoscape software.

We used the Enrichr platform (https://amp.pharm.mssm.edu/Enrichr/) (18) to access the DSigDB database (19) for potential drug prediction.



Single nucleus RNA sequencing

A single-cell sequencing database for kidney disease called the Kidney Integrative Transcriptomics (K.I.T.) database was developed by Ben Humphrey’s lab at Washington University (http://humphreyslab.com/SingleCell/) (20). To explore the distribution of hub genes in cell groups, we applied the database for analysis and visualization of the results. In one of them, we used single nucleus RNA sequencing data from diabetic nephropathy that was initially taken from the GSE131882 dataset.



Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, CA, USA) was implemented to conduct the statistical analysis. The diagnostic value of hub genes was evaluated with ROC curve analysis. Hub genes were analyzed for correlation with clinical features via Pearson analysis. An unpaired t-test was performed for the assessment of hub gene differential expression. P < 0.05 was defined as statistically significant.




Results


Identification of DEGs

A total of 1696 DEGs were acquired from GSE30528, and another 855 oxidative stress-related genes were mined from the Genecard database, and 111 DEOSGs were generated by taking the intersection of the two (Figures 2A–C).




Figure 2 | Screening for DEGs. (A) Volcano plot of DEGs in GSE30528. (B) Heatmap of DEGs in GSE30528. (C) Venn diagrams of DEOSGs. DEGs, differentially expressed genes; DEOSGs, differentially expressed genes related to oxidative stress.





Immune infiltration analysis and construction of weighted gene coexpression networks

Five immune cell types, including T cells CD4 naive, T cells gamma delta, NK cells resting, Dendritic cells resting, and mast cells resting, were demonstrated to be comparable between DN and control samples using the CIBERSORT algorithm (Figure 3A).




Figure 3 | Immune infiltration analysis and construction of weighted gene co-expression networks. (A) 22 immune cells in samples with normal and diabetic nephropathy in GSE30528. (B) Choosing the best soft-threshold power. (C) 11 modules revealed by the WGCNA. WGCNA, weighted gene co-expression network analysis.



The soft-threshold power in this research was calibrated to 14 (scale-free R2 = 0.85) (Figure 3B). Last but not least, a sum of 11 modules was revealed by the WGCNA analysis (Figure 3C). In particular, the green module and the magenta module had strong positive correlations with T cell CD4 naive and gamma delta subsets, respectively. Due to their significance in association with immunological infiltrating cells, the green and magenta modules were considered for additional investigation.



Acquisition and functional enrichment analysis of DEIOSGs

DEIOSGs are the genes that overlap DEOSGs with the magenta and green modules generated by WGCNA, and a total of 24 DEIOSGs were identified (Figure 4A).




Figure 4 | Acquisition and functional enrichment analysis of DEIOSGs. (A) Venn diagrams of DEIOSGs. (B) The GO outcomes are displayed with a bubble plot. (C) A bubble plot was constructed to illustrate the KEGG outcomes. (D) Results of KEGG are depicted on circle charts. DEIOSGs, differentially expressed immune-related oxidative stress genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.



Furthermore, we performed the functional enrichment of 24 DEIOSGs via GO and KEGG. In the BP assessment, DEIOSGs were mostly engaged in superoxide metabolic processes, neutrophil activation, and other functions. DEIOSGs have been localized to the external side of the plasma membrane, endocytic vesicle, and other structures in CC. DEIOSG changes associated with MF include amide binding, integrin binding, and superoxide-generating NAD(P)H oxidase activity (Figure 4B). According to KEGG analysis, DEIOSGs are particularly abundant in leukocyte transendothelial migration, neutrophil extracellular trap formation, lipid and atherosclerosis, diabetic cardiomyopathy, natural killer cell mediated cytotoxicity and other pathways (Figures 4C, D).



Screening hub genes by machine learning and PPI networks

Firstly, 6 genes were extracted from DEIOSGs using the LASSO regression algorithm (Figure 5A). Secondly, the SVM-RFE algorithm identified 6 genes (Figure 5B). Then, 7 genes were selected by the RF algorithm (Figure 5C). Subsequently, the three were overlapped by the Venn diagram and finally two genes were obtained, namely CD36 and SLC1A3 (Figure 5D). Meanwhile, from the PPI network, we obtained a gene, namely ITGB2, through the cytoHubba plugin (Figures 6A, B). Finally, a total of 3 hub genes were identified by both methods, all of which were up-regulated.




Figure 5 | Screening hub genes by machine learning. (A) LASSO regression algorithm. (B) SVM-RFE algorithm. (C) RF algorithm. (D) Venn diagrams for three algorithms. LASSO, Least Absolute Shrinkage and Selection Operator; SVM-RFE, Support Vector Machine-Recursive Feature Elimination; RF, Random Forest.






Figure 6 | Screening hub genes by PPI network. (A) PPI network. (B) Venn diagrams for 12 algorithms in cytoHubba plugin. PPI, protein-protein interaction.





Expression of hub genes and validation of external datasets

When compared to the normal control sample, we discovered in the GSE30528 dataset that these genes were expressed more highly in DN (Figures 7A–C). We next confirmed the expression of these genes using another dataset, and the results revealed that these genes were likewise more strongly expressed in DN than control in GSE104948, and they were all statistically significant (Figures 7D–F).




Figure 7 | Expression of hub genes and validation of external datasets. (A-C) Expression of hub genes in the GSE30528 dataset. (D-F) Expression of hub genes in the GSE104948 dataset. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.





ROC curve analysis

To explore the diagnostic efficacy of the 3 hub genes, we implemented a ROC curve analysis in which hub genes with an AUC value > 0.7 were used as diagnostic markers. In the GSE30528 dataset, the AUC values were 0.8215 for CD36, 0.9402 for SLC1A3, and 0.9060 for ITGB2 (Figures 8A–C).




Figure 8 | ROC curve analysis. (A–C) Hub genes in the GSE30528 dataset were analyzed using ROC curves. (D–F) Hub genes in the GSE104948 dataset were analyzed using ROC curves.



In the GSE104948 dataset, the AUC values of CD36 were 1.000 (95% CI: 1.000-1.000), AUC values of SLC1A3 were 0.7937 (95% CI: 0.5244-1.000), AUC values of ITGB2 were 0.9921 (95% CI: 0.9669-1.000) (Figures 8D–F).



GSEA analysis

According to GSEA findings, the CD36 high expression group was highly enriched for primary immunodeficiency and viral protein interaction with cytokines and cytokine receptors (Figure 9A). The ITGB2 high expression group was mostly concentrated in the citrate cycle (TCA cycle) and proteasome (Figure 9B). Allograft rejection, primary immunodeficiency, and systemic lupus erythematosuswere all associated with increased SLC1A3 expression (Figure 9C).




Figure 9 | (A-C) GSEA analysis of hub genes.





Clinical analysis

In DN patients, correlation analysis revealed a negative correlation between CD36 expression and glomerular filtration rate (GFR) (r = -0.860, p < 0.001) and a positive correlation between CD36 expression and serum creatinine (r = 0.887, p < 0.001) (Figures 10A, B). ITGB2 expression was negatively correlated with glomerular filtration rate (GFR) (r = -0.2031, p = 0.6002) but not statistically different, whereas ITGB2 expression was positively correlated with serum creatinine (r = 0.5590, p = 0.020) (Figures 10C, D).




Figure 10 | Correlation analysis. (A, B) Correlation analysis of CD36 with GFR and serum creatinine. (C, D) Correlation analysis of ITGB2 with GFR and serum creatinine. GFR, glomerular filtration rate.





Regulatory network construction and potential drug prediction

Using the JASPAR database, 31 TFs were finally obtained, among which, there were 9 TFs with degree≥2, and they were FOXC1, FOXL1, YY1, PPARG, STAT3, HINFP, MAX, USF1, USF2 (Figure 11A). Possible miRNAs were predicted by the TarBase database with 10 miRNAs of degree≥2 (Figure 11B).




Figure 11 | Regulatory network. (A) Interaction network of TFs and genes for the hub genes. (B) Network of interactions between miRNAs and the hub genes. TF, transcription factors; miRNA, microRNA.



Eighty-seven potential therapeutic agents were screened in the DSigDB database with a cut-off value of Adjusted p-value < 0.05 (Supplementary Table 1).



Single nucleus RNA sequencing

By single nucleus RNA sequencing, we determined the distribution of CD36, ITGB2 and SLC1A3 in 12 cell groups (Figure 12A), among which CD36 was mainly distributed in endothelium and ITGB2 and SLC1A3 were highly expressed in leukocyte (Figures 12B-D).




Figure 12 | Single Nucleus RNA Sequencing. (A) The distribution of hub genes in 12 cell groups. (B) CD36. (C) ITGB2. (D) SLC1A3. PCT, proximal convoluted tubule; CD, collecting duct; ICA, Type A intercalated cells; ICB, Type B intercalated cells; PEC, parietal epithelial cells; PC, principal cell; DCT, distal convoluted tubule; CT, connecting tubule; LOH, loop of Henle; PODO, podocyte; ENDO, endothelium; MES, mesangial cell; LEUK, leukocyte.






Discussion

Diabetic nephropathy is triggered by a combination of several factors (21). However, its specific mechanisms remain to be explored. Due to the heterogeneity of individuals, the present therapeutic effects for diabetic nephropathy are constrained, making the necessity for novel molecular pathways that contribute to DN therapy and diagnosis essential. The progression of DN has been determined to be significantly controlled by immune infiltration and oxidative stress (22, 23). Meanwhile, with the progression of a diverse range of informatics technologies, machine learning algorithms and WGCNA have become more mature and are widely applied for the prediction of disease markers and therapeutic targets. In this research, we retrieved transcriptomic datasets from the GEO database and, combining machine learning, WGCNA, and PPI networks, identified a set of three immune and oxidative stress-related hub genes, namely CD36, ITGB2, and SLC1A3, and validated them with an additional dataset. We implemented ROC curve analysis to assess the diagnostic value of hub genes, and the results showed that all three hub genes had excellent diagnostic efficacy.

CD36, commonly regarded as a scavenger receptor, is located in a wide range of renal cells (24), which is consistent with our single nucleus RNA sequencing analysis. Lipid metabolism, immunological inflammation, and renal fibrosis are its key areas of involvement. According to research, a possible therapeutic target for the prevention of renal fibrosis may be CD36 (25). Little research has been performed on the function of CD36 in immune-related oxidative stress, even though CD36 is broadly investigated in the pathogenesis of DN. In this research, we discovered that CD36 expression was elevated in the renal tissues of individuals with diabetic nephropathy and had a diagnostic accuracy value (AUC > 0.80). Cohort studies revealed that sCD36 levels in plasma and urine were raised in DN patients and correlated with DN severity, indicating that sCD36 may be a diagnostic marker for DN progression (26). Furthermore, the mechanism of CD36 engagement in DN is mostly attributed to oxidative stress triggered by lipid deposition (27), which is consistent with the results of our functional enrichment analysis. Hou Y. et al. revealed that CD36 contributed to DN progression by triggering epithelial-mesenchymal transition (EMT) through the induction of reactive oxygen species (ROS) production (28). Additionally, the outcomes of animal studies suggested that inhibiting CD36 might shield diabetic mice from kidney harm and oxidative stress (29).

ITGB2, a member of the integrin family, is mostly expressed in immune cells and is connected to a variety of metabolic pathways as well as immune functions such as leukocyte extravasation (30). Similarly, ITGB2 is crucial for the growth of tumors. For instance, it is primarily in charge of the invasion and metastasis of tumor cells in gliomas, which is closely connected to the immune microenvironment (31). The engagement of ITGB2 in DN development, however, has received relatively little research. In our research, we observed that ITGB2 with upregulated expression also has excellent diagnostic efficacy (AUC > 0.90). Based on the most recent experimental research, ITGB2 is essential for the progression of diabetes, and the ITGB2 gene deficiency may hopefully prevent the disease (32). This paves the way for ITGB2 to become a diagnostic marker for DN. Furthermore, there is a growing consensus that EMT is essential for the development of DN (33, 34). And ITGB2 is also closely related to the regulation of EMT (35, 36).

SLC1A3, an aspartate and glutamate transporter, is abundantly expressed in cerebral and tumor tissues and is associated with immune inflammation as well as proliferation and metastasis of tumors (37). It has also been proposed that SLC1A3 is involved in the amino acid-related metabolism of adipocytes (38). Furthermore, insulin has been demonstrated to regulate the expression and activity of SLC1A3 (39). And SLC1A3 is mainly involved in diabetic retinopathy in diabetic complications (40). In our results, SLC1A3 is expressed more strongly in DN patients than in healthy controls.

According to the results of our investigation, CD36, which was upregulated in renal tissue, was significantly linked to reduced GFR and increased serum creatinine, implying that CD36 expression may be associated with reduced renal function in patients with DN. ITGB also has a similar presentation.

As we all know, the two key mechanisms in the progression of DN are oxidative stress and immunity, and they are inexorably intertwined. Hyperglycemia is a central factor in kidney damage in DN patients (41). On one hand, hyperglycemia induces oxidative stress by activating the renin-angiotensin-aldosterone system (RAAS), which leads to renal injury (42). On the other hand, the stress caused by persistent hyperglycemia can lead to a high production of inflammatory molecules and the accumulation of immune complexes, a process that is closely related to immune cells such as mast cells (43). The results of immune infiltration analysis also suggest that mast cells, NK cells and T cells are closely associated with the development of DN. In addition, the results of our functional enrichment analysis also suggest that DEIOSGs are mainly enriched in immune and oxidative stress-related pathways. Therefore, therapeutic strategies targeting immune and oxidative stress are particularly important and promising.

However, this study has several limitations. The evidence is based on publicly available data, and although we performed expression validation with another dataset, further experiments are needed to validate these 3 diagnostic markers before they can be applied to the clinic.

In conclusion, by combining three machine learning algorithms with WGCNA analysis, this research identified three hub genes that could serve as novel targets for the diagnosis and therapy of DN.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

The manuscript was conceived by MX. PH and MX were responsible for software operation and analysis. PH, HZ, and YP performed the data compilation. Data analysis and interpretation were performed by HZ and SW. MX completed the manuscript. XL and LL were responsible for manuscript review and revision. The article was submitted with the authorization of all authors who also contributed to the article.



Funding

The research was supported by the National Natural Science Funds of China (82171594) and the Zhao Yi-Cheng Medical Science Foundation (ZYYFY2018031).



Acknowledgments

Thanks to GEO database and K.I.T. database contributors for sharing the data.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1084531/full#supplementary-material



References

1. Flyvbjerg, A. The role of the complement system in diabetic nephropathy. Nat Rev Nephrol (2017) 13:311–8. doi: 10.1038/nrneph.2017.31

2. Umanath, K, and Lewis, JB. Update on diabetic nephropathy: Core curriculum 2018. Am J Kidney Dis: Off J Natl Kidney Foundation (2018) 71:884–95. doi: 10.1053/j.ajkd.2017.10.026

3. Thomas, B. The global burden of diabetic kidney disease: Time trends and gender gaps. Curr Diabetes Rep (2019) 19:18. doi: 10.1007/s11892-019-1133-6

4. Tuttle, KR, Agarwal, R, Alpers, CE, Bakris, GL, Brosius, FC, Kolkhof, P, et al. Molecular mechanisms and therapeutic targets for diabetic kidney disease. Kidney Int (2022) 102:248–60. doi: 10.1016/j.kint.2022.05.012

5. Alicic, R, and Nicholas, SB. Diabetic kidney disease back in focus: Management field guide for health care professionals in the 21st century. Mayo Clin Proc (2022) 97:1904–19. doi: 10.1016/j.mayocp.2022.05.003

6. Dai, X, Liao, R, Liu, C, Liu, S, Huang, H, Liu, J, et al. Epigenetic regulation of TXNIP-mediated oxidative stress and NLRP3 inflammasome activation contributes to SAHH inhibition-aggravated diabetic nephropathy. Redox Biol (2021) 45:102033. doi: 10.1016/j.redox.2021.102033

7. Sui, S, An, X, Xu, C, Li, Z, Hua, Y, Huang, G, et al. An immune cell infiltration-based immune score model predicts prognosis and chemotherapy effects in breast cancer. Theranostics (2020) 10:11938–49. doi: 10.7150/thno.49451

8. Zhang, B, and Horvath, S. A general framework for weighted gene co-expression network analysis. Stat Appl Genet Mol Biol (2005) 4. doi: 10.2202/1544-6115.1128

9. Zhang, J, Yu, R, Guo, X, Zou, Y, Chen, S, Zhou, K, et al. Identification of TYR, TYRP1, DCT and LARP7 as related biomarkers and immune infiltration characteristics of vitiligo via comprehensive strategies. Bioengineered (2021) 12:2214–27. doi: 10.1080/21655979.2021.1933743

10. Lin, X, Li, C, Zhang, Y, Su, B, Fan, M, and Wei, H. Selecting feature subsets based on SVM-RFE and the overlapping ratio with applications in bioinformatics. Mol (Basel Switzerland) (2017) 23:52. doi: 10.3390/molecules23010052

11. Alakwaa, FM, Chaudhary, K, and Garmire, LX. Deep learning accurately predicts estrogen receptor status in breast cancer metabolomics data. J Proteome Res (2018) 17:337–47. doi: 10.1021/acs.jproteome.7b00595

12. Qu, LH, Luo, WJ, Yan, ZG, and Liu, WP. FAM171B as a novel biomarker mediates tissue immune microenvironment in pulmonary arterial hypertension. Mediators Inflammation (2022) 2022:1878766. doi: 10.1155/2022/1878766

13. Chen, T, Liu, YX, and Huang, L. ImageGP: An easy-to-use data visualization web server for scientific researchers. iMeta (2022) 1:e5. doi: 10.1002/imt2.5

14. Lay, AC, Hale, LJ, Stowell-Connolly, H, Pope, RJ, Nair, V, Ju, W, et al. IGFBP-1 expression is reduced in human type 2 diabetic glomeruli and modulates β1-integrin/FAK signalling in human podocytes. Diabetologia (2021) 64:1690–702. doi: 10.1007/s00125-021-05427-1

15. Fornes, O, Castro-Mondragon, JA, Khan, A, van der Lee, R, Zhang, X, Richmond, PA, et al. JASPAR 2020: update of the open-access database of transcription factor binding profiles. Nucleic Acids Res (2020) 48:D87–d92. doi: 10.1093/nar/gkz1001

16. Coutinho de Almeida, R, Ramos, YFM, Mahfouz, A, den Hollander, W, Lakenberg, N, Houtman, E, et al. RNA Sequencing data integration reveals an miRNA interactome of osteoarthritis cartilage. Ann Rheumatic Dis (2019) 78:270–7. doi: 10.1136/annrheumdis-2018-213882

17. Zhou, G, Soufan, O, Ewald, J, Hancock, REW, Basu, N, and Xia, J. NetworkAnalyst 3.0: A visual analytics platform for comprehensive gene expression profiling and meta-analysis. Nucleic Acids Res (2019) 47:W234–w241. doi: 10.1093/nar/gkz240

18. Xie, M, Li, Z, Li, X, Ai, L, Jin, M, Jia, N, et al. Identifying crucial biomarkers in peripheral blood of schizophrenia and screening therapeutic agents by comprehensive bioinformatics analysis. J Psychiatr Res (2022) 152:86–96. doi: 10.1016/j.jpsychires.2022.06.007

19. Qing, J, Hu, X, Li, C, Song, W, Tirichen, H, Yaigoub, H, et al. Fucose as a potential therapeutic molecule against the immune-mediated inflammation in IgA nepharopathy: An unrevealed link. Front Immunol (2022) 13:929138. doi: 10.3389/fimmu.2022.929138

20. Wilson, PC, Wu, H, Kirita, Y, Uchimura, K, Ledru, N, Rennke, HG, et al. The single-cell transcriptomic landscape of early human diabetic nephropathy. Proc Natl Acad Sci United States America (2019) 116:19619–25. doi: 10.1073/pnas.1908706116

21. Alicic, RZ, Rooney, MT, and Tuttle, KR. Diabetic kidney disease: Challenges, progress, and possibilities. Clin J Am Soc Nephrol: CJASN (2017) 12:2032–45. doi: 10.2215/CJN.11491116

22. Alicic, RZ, Cox, EJ, Neumiller, JJ, and Tuttle, KR. Incretin drugs in diabetic kidney disease: biological mechanisms and clinical evidence. Nat Rev Nephrol (2021) 17:227–44. doi: 10.1038/s41581-020-00367-2

23. Tang, SCW, and Yiu, WH. Innate immunity in diabetic kidney disease. Nat Rev Nephrol (2020) 16:206–22. doi: 10.1038/s41581-019-0234-4

24. Karunakaran, U, Elumalai, S, Moon, JS, and Won, KC. CD36 signal transduction in metabolic diseases: Novel insights and therapeutic targeting. Cells (2021) 10(7):1833. doi: 10.3390/cells10071833

25. Yang, X, Okamura, DM, Lu, X, Chen, Y, Moorhead, J, Varghese, Z, et al. CD36 in chronic kidney disease: Novel insights and therapeutic opportunities. Nat Rev Nephrol (2017) 13:769–81. doi: 10.1038/nrneph.2017.126

26. Shiju, TM, Mohan, V, Balasubramanyam, M, and Viswanathan, P. Soluble CD36 in plasma and urine: A plausible prognostic marker for diabetic nephropathy. J Diabetes  Complications (2015) 29:400–6. doi: 10.1016/j.jdiacomp.2014.12.012

27. Puchałowicz, K, and Rać, ME. The multifunctionality of CD36 in diabetes mellitus and its complications-update in pathogenesis, treatment and monitoring. Cells (2020) 9(8):1877. doi: 10.3390/cells9081877

28. Hou, Y, Wu, M, Wei, J, Ren, Y, Du, C, Wu, H, et al. CD36 is involved in high glucose-induced epithelial to mesenchymal transition in renal tubular epithelial cells. Biochem Biophys Res Commun (2015) 468:281–6. doi: 10.1016/j.bbrc.2015.10.112

29. Hou, Y, Wang, Q, Han, B, Chen, Y, Qiao, X, and Wang, L. CD36 promotes NLRP3 inflammasome activation via the mtROS pathway in renal tubular epithelial cells of diabetic kidneys. Cell Death Dis (2021) 12:523. doi: 10.1038/s41419-021-03813-6

30. Zhang, X, Dong, Y, Zhao, M, Ding, L, Yang, X, Jing, Y, et al. ITGB2-mediated metabolic switch in CAFs promotes OSCC proliferation by oxidation of NADH in mitochondrial oxidative phosphorylation system. Theranostics (2020) 10:12044–59. doi: 10.7150/thno.47901

31. Xu, H, Zhang, A, Han, X, Li, Y, Zhang, Z, Song, L, et al. ITGB2 as a prognostic indicator and a predictive marker for immunotherapy in gliomas. Cancer Immunol Immunother: CII (2022) 71:645–60. doi: 10.1007/s00262-021-03022-2

32. Glawe, JD, Patrick, DR, Huang, M, Sharp, CD, Barlow, SC, and Kevil, CG. Genetic deficiency of Itgb2 or ItgaL prevents autoimmune diabetes through distinctly different mechanisms in NOD/LtJ mice. Diabetes (2009) 58:1292–301. doi: 10.2337/db08-0804

33. Du, L, Qian, X, Li, Y, Li, XZ, He, LL, Xu, L, et al. Sirt1 inhibits renal tubular cell epithelial-mesenchymal transition through YY1 deacetylation in diabetic nephropathy. Acta Pharmacol Sin (2021) 42:242–51. doi: 10.1038/s41401-020-0450-2

34. Tang, G, Li, S, Zhang, C, Chen, H, Wang, N, and Feng, Y. Clinical efficacies, underlying mechanisms and molecular targets of Chinese medicines for diabetic nephropathy treatment and management. Acta Pharm Sinica B (2021) 11:2749–67. doi: 10.1016/j.apsb.2020.12.020

35. Zu, L, He, J, Zhou, N, Zeng, J, Zhu, Y, Tang, Q, et al. The profile and clinical significance of ITGB2 expression in non-Small-Cell lung cancer. J Clin Med (2022) 11(21):6421. doi: 10.3390/jcm11216421

36. Li, J, Zhang, Z, Feng, X, Shen, Z, Sun, J, Zhang, X, et al. Stanniocalcin-2 promotes cell EMT and glycolysis via activating ITGB2/FAK/SOX6 signaling pathway in nasopharyngeal carcinoma. Cell Biol Toxicol (2022) 38:259–72. doi: 10.1007/s10565-021-09600-5

37. Sun, J, Nagel, R, Zaal, EA, Ugalde, AP, Han, R, Proost, N, et al. SLC1A3 contributes to l-asparaginase resistance in solid tumors. EMBO J (2019) 38:e102147. doi: 10.15252/embj.2019102147

38. Krycer, JR, Fazakerley, DJ, Cater, RJ, Naghiloo, S., Burchfield, JG, et al. The amino acid transporter, SLC1A3, is plasma membrane-localised in adipocytes and its activity is insensitive to insulin. FEBS Lett (2017) 591:322–30. doi: 10.1002/1873-3468.12549

39. Poblete-Naredo, I, Angulo, C, Hernández-Kelly, L, López-Bayghen, E, Aguilera, J, and Ortega, A. Insulin-dependent regulation of GLAST/EAAT1 in bergmann glial cells. Neurosci Lett (2009) 451:134–8. doi: 10.1016/j.neulet.2008.12.049

40. Sheng, L, Luo, Q, and Chen, L. Amino acid solute carrier transporters in inflammation and autoimmunity. Drug Metab Disposition: Biol Fate Chem (2022) 50(9):1228-37. doi: 10.1124/dmd.121.000705

41. DeFronzo, RA, Reeves, WB, and Awad, AS. Pathophysiology of diabetic kidney disease: impact of SGLT2 inhibitors. Nat Rev Nephrol (2021) 17:319–34. doi: 10.1038/s41581-021-00393-8

42. Sagoo, MK, and Gnudi, L. Diabetic nephropathy: Is there a role for oxidative stress? Free Radical Biol Med (2018) 116:50–63. doi: 10.1016/j.freeradbiomed.2017.12.040

43. Tesch, GH. Diabetic nephropathy - is this an immune disorder? Clin Sci (London England: 1979) (2017) 131:2183–99. doi: 10.1042/CS20160636


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 © 2023 Xu, Zhou, Hu, Pan, Wang, Liu and Liu. 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.




ORIGINAL RESEARCH

published: 08 March 2023

doi: 10.3389/fimmu.2023.1113212

[image: image2]


Identification of a novel immune landscape signature as effective diagnostic markers related to immune cell infiltration in diabetic nephropathy


Huandi Zhou 1,2,3, Lin Mu 1,2,4, Zhifen Yang 1,2,5 and Yonghong Shi 1,2*


1 Department of Pathology, Hebei Medical University, Shijiazhuang, China, 2 Hebei Key Laboratory of Kidney Disease, Hebei Medical University, Shijiazhuang, Hebei, China    , 3 Department of Radiotherapy, The Second Hospital of Hebei Medical University, Shijiazhuang, Hebei, China, 4 Department of Nephrology, The Second Hospital of Hebei Medical University, Shijiazhuang, Hebei, China, 5 Gynecology and Obstetrics, The Fourth Hospital of Hebei Medical University, Shijiazhuang, Hebei, China




Edited by: 

Jialin Gao, First Affiliated Hospital of Wannan Medical College, China

Reviewed by: 

Xiaosong Qin, China Medical University, China

Xing Niu, China Medical University, China

*Correspondence: 

Yonghong Shi
 yonghongshi@163.com

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 01 December 2022

Accepted: 22 February 2023

Published: 08 March 2023

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






Background

The study aimed to identify core biomarkers related to diagnosis and immune microenvironment regulation and explore the immune molecular mechanism of diabetic nephropathy (DN) through bioinformatics analysis.





Methods

GSE30529, GSE99325, and GSE104954 were merged with removing batch effects, and different expression genes (DEGs) were screened at a criterion |log2FC| >0.5 and adjusted P <0.05. KEGG, GO, and GSEA analyses were performed. Hub genes were screened by conducting PPI networks and calculating node genes using five algorithms with CytoHubba, followed by LASSO and ROC analysis to accurately identify diagnostic biomarkers. In addition, two different GEO datasets, GSE175759 and GSE47184, and an experiment cohort with 30 controls and 40 DN patients detected by IHC, were used to validate the biomarkers. Moreover, ssGSEA was performed to analyze the immune microenvironment in DN. Wilcoxon test and LASSO regression were used to determine the core immune signatures. The correlation between biomarkers and crucial immune signatures was calculated by Spearman analysis. Finally, cMap was used to explore potential drugs treating renal tubule injury in DN patients.





Results

A total of 509 DEGs, including 338 upregulated and 171 downregulated genes, were screened out. “chemokine signaling pathway” and “cell adhesion molecules” were enriched in both GSEA and KEGG analysis. CCR2, CX3CR1, and SELP, especially for the combination model of the three genes, were identified as core biomarkers with high diagnostic capabilities with striking AUC, sensitivity, and specificity in both merged and validated datasets and IHC validation. Immune infiltration analysis showed a notable infiltration advantage for APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation in the DN group. In addition, the correlation analysis showed that CCR2, CX3CR1, and SELP were strongly and positively correlated with checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation in the DN group. Finally, dilazep was screened out as an underlying compound for DN analyzed by CMap.





Conclusions

CCR2, CX3CR1, and SELP are underlying diagnostic biomarkers for DN, especially in their combination. APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation may participate in the occurrence and development of DN. At last, dilazep may be a promising drug for treating DN.
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1 Introduction

Diabetic nephropathy (DN), which accounts for about 20%–40% of diabetes mellitus (DM), represents the most frequent and devastating microvascular complications caused by DM and is the leading cause of end-stage renal disease (ESRD) worldwide, especially in developing countries (1). It is characterized by injury to both the renal tubules and glomeruli. DN at the early stage can be reversed after treatment, while DN at the late stage will develop into ESRD. Early diagnosis and intervention might maximize the delay of disease progression, which is particularly important for clinical treatment. Traditionally, DN’s diagnosis depended on the presence of microalbuminuria. But growing evidence shows that many of the DN patients with microalbuminuria can return to normal urine, and only a few patients progress to proteinuria. In addition, in nearly one-third of DN patients with a normal range of albuminuria, a progressive decline in renal function like the glomerular filtration rate (GFR) was found. These indicate that it is not enough to detect proteinuria alone to monitor the incidence and progression of DN (2). Besides, the decline in GFR without microalbuminuria was caused by renal tubular injury (3). Unlike tradition, some studies have shown that the injury of renal tubules and renal interstitium may exist in the early stage of DN and play an important role in disease progression. In the past decade, our understanding of the pathogenesis of DN has expanded from glomerular to tubular pathobiology. Renal tubular injury has been increasingly recognized as an early characteristic of DN. Therefore, the study of relevant biomarkers targeting diabetic tubular injury can reveal the renal structure and dysfunction of patients with diabetes earlier, better monitor the progress of DN, and judge the prognosis (4, 5).

As an inflammation and immune-related disease, immune cells in renal tissues with DN, including resident and infiltrating immune-related cells and types, play a vital role in the occurrence and development of DN. Evidence accumulated from experimental and clinical studies indicates that renal inflammation plays a key role in determining whether renal injury progresses during diabetes. Increasing research reveals that many macrophages, lymphocytes, and mast cells exist in the kidney tissue of DN patients (6), which secrete many inflammatory mediators, cytokines, and oxygen free radicals that can directly or indirectly induce kidney tissue damage and accelerate the process of renal fibrosis. Predominantly, macrophages are one of the main infiltrating leucocytes found in diabetic kidneys and are associated with declining renal function in patients with DN (7). There are high correlations between the aggregation of macrophages and the degree of glomerulosclerosis, proteinuria, SCR, and the presence of renal interstitial fibrosis (8). Following this, T cell recruitment to kidney tissues in diabetic patients was correlated with the development and progression of DN at a degree of function second only to macrophages (9). In addition, there was also growing evidence that even in the early stages of DN, B cells, neutrophils, and DCs accumulated in the glomeruli and interstitium, which played a remarkable regulatory role in the pathogenesis of DN. Significantly, it is of great value to evaluate the contribution of immune cells and explore key genes related to immune cells for clarifying the molecular mechanism underlying DN and developing novel and promising immunotherapeutic targets (9–11).

In this study, gene expression data information from the GEO public database, GSE30529, GSE33925, and GSE104954, was merged to seek DEGs. Two datasets, GSE175759 and GSE47184, were used as validation datasets. After merging, functional analysis was conducted by GO, KEGG, and GSEA, and hub genes were identified by PPI and LASSO regression. Following this, ROC was performed to screen efficient diagnostic biomarkers in DN with a cut-off criterion of AUC >0.8 used both sensitivity and specificity >75%. Next, ROC logistic regression was conducted to explore the predictive value of a combination of screened core biomarkers. Moreover, IHC was used to detect the expression levels of core biomarkers in 30 paracarinoma kidney tissues and 40 kidney tissues of patients with DN. Besides, CMap was used to seek promising compounds for treating renal tubulointerstitial injury in DN patients based on the enriched genes from functional analysis. Furthermore, ssGSEA was performed to calculate the immune-related contribution using three merged microarray datasets. Two algorithms, the Wilcoxon test and LASSO regression, were further applied to determine significant immune signatures with different infiltrates. Together, Spearman’s correlation was also used to analyze the correlation between biomarkers and significantly different infiltrates of immune cells. The findings will provide a new view of diagnostic signatures and immune therapeutic targets for DN.




2 Material and methods



2.1 Data collection, preprocessing, and differential expression gene screening

The flow chart of the study is presented in Figure 1. For screening DEGs related to tubulointerstitial injury in patients with DN, three datasets, GSE30529, GSE9325, and GSE104954, were retrieved from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. In addition, GSE175759 and GSE47184 were also downloaded from GEO for validation. The details are shown in Table S1.




Figure 1 | The flow diagram of this study. DEGs, differentially expressed genes; GSEA, gene set enrichment analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein interaction; ROC, receiver operating characteristic.



After the three test microarray datasets were downloaded from GEO, the probe expression matrixes were converted to gene expression matrixes using the platform annotation file. The values of probe IDs were averaged when genes with ≥1 probe and probes with multiple gene symbols were removed. Then, the three datasets were merged by the “inSilicoMerging” package and batch effects were removed using the method of Johnson et al. (12). After performing batch normalization, the R package “limma” was used to screen DEGs between controls and renal tubulointerstium tissues of DN patients based on |log2FC| >0.5 and adjusted P <0.05. The heat map of DEGs was calculated and mapped using the “Pheatmap” R package.




2.2 Gene ontology and kyoto encyclopedia of genes and genomes pathway analysis

The R package “clusterProfiler” was used to perform GO and KEGG enrichment analyses on DEGs, respectively. R software “org.Hs.eg.db” was used for gene ID conversion, and the “goplot” package was used for calculating the Z score. The results were visualized by the R package “ggplot2.” P <0.05 and p.adjust <0.05 were statistically significant.




2.3 Gene set enrichment analysis

GSEA was conducted to explore the differentially activated biological pathways between the control and DN groups. The 82 samples in the merged datasets, which belonged to two groups of 37 control samples and 45 DN samples, underwent enrichment analysis using GSEA software (GSEA_4.2.3) on the Java version 8.0 platform. The reference set, gene set c2.cp.kegg.v7.5.symbols.gmt, was obtained from the GSEA official website (http://www.gsea-msigdb.org/gsea/index.jsp) to calculate the enrichment score (ES). It was set at 1,000 permutations, and the gene size was from 5 to 500. A normalized P <0.05 and a false discovery rate (FDR) <0.25 were set as significant thresholds.




2.4 Connectivity map analysis

The intersection genes from the intersected pathways between KEGG-DEGs and GSEA-KEGG analysis were uploaded to the query tool of the Cmap online platform (https://clue.io/query) to predict promising compounds that may improve tubulointerstitial lesions in DN patients.




2.5 Screening hub genes

The STRING platform (http://string-db.org) was used to conduct a protein–protein interaction (PPI) network with medium confidence (score >0.4). Then, the interaction file downloaded from the STRING platform was further analyzed using Cytoscape version 3.9.1 software. The CytoHubba [“CytoHubba: identifying hub objects and subnetworks from complex interactome,” BMC Systems Biology], a Cytoscape software plugin, was used to calculate the node genes using the top five algorithms: MCC, DMNC, MNC, Degree, and EPC. Subsequently, hub genes were screened based on the intersection among the top 60 node genes of each algorithm.




2.6 Receiver operating characteristic curve

In public data, ROC analysis was performed by MedCalc software for Windows 20.1.0. The area under the curve (AUC) value >0.8 and both sensitivity and specificity >75% were considered to have better diagnostic effectiveness.




2.7 Immunohistochemical staining

A total of 40 patients’ paraffin-embedded samples that were histopathologically and clinically diagnosed as DN were collected at the Second Hospital of Hebei Medical University. A total of 30 samples of paracancerous tissues from normoglycemic renal cancer patients without a history of DN were obtained as normal controls. For the study, patients’ informed consent and approval were obtained from the Ethics Committee of the Second Hospital of Hebei Medical University. The expression of three biomarkers was detected by the IHC method as described in the instructions of ZSGB-BIO (PV-9000, Beijing, China). The immunohistochemical staining score was based on previously published articles (13, 14). The staining estimation was assessed by the ImageJ software (National Institutes of Health).




2.8 Single-sample gene set enrichment

A total of 29 immune-related cells and types, representing immune cell species, immune function, and immune-related pathways, were obtained (15). Then a ssGSEA was performed to analyze the enrichment of 29 immune signatures in each sample in the expression file of the merged dataset using the “GSVA” R package.




2.9 Screen significant differential immune cells

Based on the infiltration of 22 immune cells in control and DN samples calculated by the CIBERSORT algorithm, two methods, the Wilcoxon test and the least absolute shrinkage and selection operator (LASSO) logistic regression, were performed to screen the differential immune signatures. LASSO was conducted with the “glmnet” package.




2.10 Correlation analysis between biomarkers and significant differential immune signatures

The analysis of correlations between biomarkers and significant differential immune signatures was conducted with spearman analysis using the Sangerbox platform, an online tool (http://www.sangerbox.com/tool) (16).




2.11 Statistical analysis

Statistical analyses were conducted with R and GraphPad Prism 8.0 (GraphPad Software, Inc.). The correlation between three biomarkers and clinical indicators was performed by GraphPad Prism software (8.0) using Pearson or Spearman analysis based on whether they satisfied the normal distribution or not. The unpaired t test or Mann–Whitney U test was used to evaluate the differences between two groups. ROC was done by MedCalc software (20.1.0) to detect the diagnostic efficiency of biomarkers along with calculated AUCs to evaluate the efficacy of core genes in diagnosing DN. All tests were two-tailed, and the definition of statistical significance is p <0.05.





3 Results



3.1 Identifying the DEGs involved in tubulointerstitial injury between control and DN samples

According to the research flow chart (Figure 1), three datasets, GSE30529, GSE9325, and GSE104954 were downloaded from GEO, and a total of 82 samples (37 controls and 45 DN samples, including 12 controls and 10 DN samples from GSE30529, four controls and 18 DN samples from GSE99325, and 21 controls and 17 DN samples from GSE104954, respectively) containing 10,635 genes (Figure 2) were merged to screen DEGs. The PCA (Figure 2), density (Figure 2), and boxplot (Figure 2) diagrams showed that the batch effect of the merged data was better removed. After that, differential expression genes (DEGs) between control samples and DN samples were calculated and screened using the “limma” R package with adjusted P <0.05 and |log2FC| >0.5. A total of 509 DEGs were obtained, which included 338 upregulated genes and 171 downregulated genes. The result was visualized by a volcano map (Figure 2), and the top 20 upregulated and top 20 downregulated DEGs were shown in the heatmap (Figure 2).




Figure 2 | Data preprocessing and DEG screening. (A) Upset graph was conducted to obtain the intersection genes in the merge of GSE30529, GSE99325, and GSE104954. Three datasets showed an overlap of 10,635 genes. (B–D) The PCA (B), density (C), and box plot (D) figures before or after removing batch. (E) The final DEGs were visualized by the volcano map, Log2FC >0.5, and adj.P <0.05. (F) The top 20 upregulated and top 20 downregulated DEGs were visualized by the heatmap. Red, upregulated differential genes; blue, downregulated differential genes.






3.2 Functional analysis

To explore the mechanism related to tubulointerstitial injury in DN patients, after being converted into gene ID, 509 DEGs were analyzed using GO analysis containing BP (biology process), MF (molecular function), CC (cellular component), and KEGG analysis. GO annotation analysis showed a significant correlation with the biological activity of immune cells, for example, “leukocyte cell–cell adhesion,” “T-cell activation,” “neutrophil activation involved in immune response” in BP, “MHC protein complex,” “MHC class II protein complex” in CC, “integrin binding,” “chemokine receptor binding,” “cytokine binding” in MF, and so on (Figures 3A). Coincidentally, KEGG analysis of DEGs showed an apparent correlation with immune system and immune disease-related signaling pathways, for example, “complement and coagulation cascades,” “rheumatoid arthritis,” “chemokine signaling pathway,” “autoimmune thyroid disease,” “antigen processing and presentation,” and so on (Figures 3B). Moreover, based on the expression profiles of 37 controls and 45 DN samples, GSEA was further employed to explore the gene pathways enriched in different control and DN groups using an annotated gene set (c2.cp.kegg. v7.5.1. symbols) and revealed two intersected pathways with KEGG-DEGs: “chemokine signaling pathway” (NES = 1.48, P = 0.048, FDR = 0.230), and “cell adhesion molecules” (NES = 1.48, P = 0.038, FDR = 0.233), which is shown in Figure 3. Subsequently, the intersection genes from the two intersected pathways both in KEGG-DEGs and GSEA-KEGG were calculated, and the correlation of each gene was visualized in the circle graph (Figure 3). It was shown that 36 intersection genes had a conspicuous positive correlation.




Figure 3 | Functional analysis. (A, B) The bubble graph (A) and circle graph (B) of GO analysis for BP, CC, and MF, respectively, based on DEGs. (C, D) The bar plot (C) and circle charts (D) of KEGG analysis based on DEGs. (E) Multi-GSEA plot showing the intersection pathways between KEGG analysis of DEGs and GSEA-KEGG-enriched gene sets in the DN group. (F) The circle chart shows the correlation of intersection genes between KEGG analysis of DEGs and GSEA–KEGG analysis.






3.3 Identification of hub genes related to renal tubulointerstitial injury in DN group

To identify the hub genes from DEGs, a PPI network was carried out, and the node relationship among genes was obtained from the STRING tool. Then, the score of each node gene was calculated depending on the top five algorithms (MCC, DMNC, MNC, Degree, and EPC) in CytoHubba, a plug-in of Cytoscape software. The top 60 node genes of each algorithm were intersected to screen hub genes, of which a total of 16 genes were selected, such as LCP2, CXCL1, CD53, CXCL12, VCAM1, TLR1, CD1C, CSF1R, FCER1G, FCGR2B, CD48, LY86, SELP, CCR2, CX3CR1, and IL10RA (Figures 4A). Furthermore, LASSO regression was conducted to determine the hub genes, and then six genes were screened, such as CCR2, CX3CR1, CXCL1, CXCL12, SELP, and TLR1 (Figures 4C). Comparing with control samples, all six genes were upregulated in the DN group in the merged dataset, as shown in the violin chart (Figure 4) and the heatmap (Figure 4).




Figure 4 | Identification of hub genes related to renal tubulointerstitial injury in DN. (A, B) Five algorithms in CytoHubba, a plug-in of Cytoscape software, to screen hub genes. The Venn diagram (A) and the Upset graph (B) of intersected genes were analyzed by five algorithms: MCC, DMNC, MNC, Degree, and EPC. A total of 16 genes were screened, such as LCP2, CXCL1, CD53, CXCL12, VCAM1, TLR1, CD1C, CSF1R, FCER1G, FCGR2B, CD48, LY86, SELP, CCR2, CX3CR1, and IL10RA. (C, D) LASSO regression was conducted to screen further the hub genes, and six genes were screened, such as CCR2, CX3CR1, CXCL1, CXCL12, SELP, and TLR1. (E) Wilcoxon test of six hub genes in control and DN samples. (F) Six hub genes were visualized by the heatmap.






3.4 Diagnostic effectiveness of six hub genes and validation of screened core genes

To validate the diagnostic of six hub genes, ROC was conducted to calculate the AUC, specificity, and sensitivity. As shown in Figure 5, all six hub genes had an efficient diagnostic value with an AUC >0.75. Especially for CCR2, CX3CR1, and SELP, the three core genes were screened as biomarkers of DN with AUC >0.8, and both sensitivity and specificity >75.00%. Amazingly and meaningfully, the combined AUC of CCR2, CX3CR1, and SELP reached an incredible 1.000 (95% CI 0.956–1.000), with sensitivity = 100% and specificity = 100% (Figures 5B). To identify the diagnostic effectiveness of the three biomarkers and their combination, two datasets, GSE175759 and GSE47184, were used to conduct external validation. As shown in Figures 5D, each of the three core biomarkers had significantly upregulated expression in DN samples compared to controls in both GSE175759 and GSE47184 (Figures 5D). As shown in Figures 5E, the AUC values of CCR2, CX3CR1, SELP, and the combination in GSE175759 were 0.939 (95% CI 0.766–0.996), 0.939 (95% CI 0.766–0.996), 0.909 (95% CI 0.725–0.986), and 1.000 (95% CI 0.863–1.000), and the AUC values of CCR2, CX3CR1, SELP, and the combination in GSE47184 were 0.931 (95% CI 0.737–0.995), 0.917 (95% CI 0.718–0.991), 0.931 (95% CI 0.737–0.995), and 1.000 (95% CI 0.846–1.000), respectively (Figures 5E).




Figure 5 | ROC analyze the diagnostic value of six hub genes and external validation of screened biomarkers. (A) ROC analyzing the diagnostic value of six hub genes, three core genes of which were screened as biomarkers of DN based on the AUC >0.8, and both sensitivity and specificity >75.00% in merged datasets. (B) ROC analysis of the combination model based on three core genes in merged datasets. (C) ROC analysis comparing the diagnostic effectiveness among three core genes and the combination model in merged datasets. (D, E) The expression validation (D) and ROC analysis validation (E) of core genes in GSE175759. (F, G) The expression validation (F) and ROC analysis validation (G) of core genes in GSE47184. (H) IHC staining examined the expression of three core biomarkers in 30 paracarinoma kidney tissues (right) and 40 kidney tissues of patients with DN (left), (scale bar, 100 μm). (I) Expression statistics of IHC staining in 30 paracarinoma kidney tissues and 40 kidney tissues of patients with DN, ***p <0.001 vs control. (J) ROC analysis comparing the values of three core genes and the combination model in 30 paracarinoma kidney tissues and 40 kidney tissues of patients with DN. (K) The correlation among CCR2, CX3CR1, and SELP in 40 kidney tissues of DN patients. (L) The correlation between three biomarkers and clinical indicators in 30 kidney tissues of DN patients.



In addition, to further explore the role of three core biomarkers in DN, protein expression levels detected by IHC were performed on 30 renal cancer paracancerous tissues and 40 DN patients’ biopsy tissues. The clinical characteristics of DN patients are summarized in Table 1. According to the degree of 24 h-proteinuria, DN patients were divided into two groups based on the degree of overt proteinuria (n = 16, <3.5 g/24 h) and heavy proteinuria (n =14, >3.5 g/24 h). There was no difference in diabetes history, age, BMI, FBG, SBP, DBP, urea nitrogen, HbA1c, UA, TC, or LDL levels among the two groups. Additionally, the values of 24-h urinary protein, Scr, and TG in the heavy proteinuria group were significantly higher than those in the overt proteinuria group. In contrast, Hb, Alb, and eGFR levels in the heavy proteinuria group were dramatically decreased compared with overt proteinuria (p <0.05) (Table 1). As a result, CCR2, CX3CR1, and SELP were strongly stained by IHC in the DN group, especially in the renal tubules (Figures 5H). The further ROC confirmed the efficient diagnostic capabilities of all three biomarkers, CCR2, CX3CR1, and SELP. Similarly, the combination model showed the highest diagnostic efficiency for DN (AUC = 1.000, 95% CI 0.949–1.000, sensitivity = 100.00%, specificity = 100.0%, p <0.0001) (Figure 5). Furthermore, there were remarkable positive correlations among CCR2, CX3CR1, and SELP (CCR2 vs CX3CR1, R = 0.5208, p = 0.0006; CCR2 vs SELP, R = 0.3354, p = 0.0344; CCR2 vs CX3CR1, R = 0.8678, p <0.0001) in the DN group (Figure 5). As shown in Figure 5, according to information on clinical parameters, 30 out of 40 DN patients were used to further analyze the correlation. There were substantial positive connections between CCR2 and age (R = 0.4731, p = 0.0083), or Scr (R = 0.3647, p = 0.0475), and a significant negative correlation between CCR2 and Hb (R = −0.4774, p = 0.0076), or Alb (R = −0.3896, p = 0.0333), or eGFR (R = −0.4350, p = 0.0163). We also found that CX3CR1 positively correlated with urea nitrogen (R = 0.4176, p = 0.0217), 24-h urinary protein (R = 0.3762, p = 0.0405), or Scr (R = 0.5158, P = 0.0035), negatively correlated with Hb (R = −0.4587, p = 0.0108), or eGFR (R = −0.5525, p = 0.0015). SELP had a confirmed positive correlation with Scr (R = 0.4052, p = 0.0263) and a negative connection with eGFR (R = −0.3788, p = 0.0390) (Figure 5). Therefore, CCR2, CX3CR1, SELP, and their combination were capable of diagnosing control and DN with excellent specificity and sensitivity, especially for the combination.


Table 1 | Clinical characteristics of the patients with DN.






3.5 Immune-related cells and type infiltration difference in renal tubulointerstitial tissues between control and DN tissues

Since KEGG and GO analysis of DEGs were both enriched to be related to immune cells, the ssGSEA algorithm was applied to evaluate the immune signature infiltration difference so that we could explore the immune microenvironment of DN and further clarify immune signatures closely related to renal tubular injury in patients with diabetes nephropathy. Three datasets, including 37 control and 45 DN samples, were selected to conduct a single-sample gene set enrichment analysis based on a gene set including 29 immune-related cells and types. As shown in Figure 6, the heatmap revealed that there was more evident immune infiltration in renal tubular tissue in the DN group than in controls (Figure 6). Following this, the correlation of 29 immune-related cells and types was estimated. Preeminently, general positive correlations were observed among immune signatures (Figure 6). Especially for some immune-related cells and types, including CCR, checkpoint, cytolytic activity, HLA, inflammation-promoting, macrophages, MHC class I, parainflammation, pDCs, T-cell co-inhibition, T-cell co-stimulation, and TIL, highly positive correlations with a correlation coefficient (cor) >0.8 were found. For example, CCR had a strongly positive correlation with checkpoint, cytolytic activity, HLA, inflammation-promoting, MHC class I, neutrophils, parainflammation, pDCs, T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. Checkpoints were significantly positively related to cytolytic activity, HLA, inflammation-promoting, MHC class I, parainflammation, pDCs, T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. There were positive correlations between cytolytic activity and HLA, or inflammation-promoting, or MHC class I, or parainflammation, or pDCs, or TIL. HLA had positive correlations with inflammation-promoting, parainflammation, pDCs, T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. There were positive correlations between inflammation-promoting MHC class I, parainflammation, pDCs, T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. Macrophages were positively correlated with TIL. MHC class I had a positive correlation with parainflammation, pDCs, TIL, and type I IFN responses. Parainflammation was positively correlated with pDCs, T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. There were positive correlations between pDCs and T-cell co-stimulation, TIL, type I IFN response, and type II IFN response. T-cell co-stimulation was positively correlated with TIL, and T-cell co-inhibition. TIL was positively correlated with type I IFN response, and type II IFN response (Figure 6). In sharp contrast, there were declines or reverse correlations among the 29 immune-related cells and types in the control group (Figure S1).




Figure 6 | Immune-related cells and types of infiltration difference in renal tubulointerstitial tissues between control and DN tissues. (A) The heatmap of the composition of immune signatures in control and DN samples. (B) Correlation analyses among the immune signatures calculated by ssGSEA in the DN group: red, positive correlation; blue, negative correlation. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.



Furthermore, two kinds of algorithms, the Wilcoxon test and LASSO regression, were applied to identify the most related immune signatures. As shown in Figure 7, 20 kinds of immune-related cells and types, namely APC co-stimulation, CCR, CD8+ T cells, checkpoint, cytolytic activity, HLA, inflammation-promoting, macrophages, MHC class I, neutrophils, parainflammation, pDCs, T-cell co-stimulation, Tfh, Th1 cells, Th2 cells, TIL, Treg, type I IFN response, and type II IFN response, differed significantly between DN and control group based on the Wilcoxon test (Figure 7). In addition, the results from LASSO regression with lambda. min = 0.02789 presented 10 types of immune signatures with p <0.05, such as aDCs, APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, iDCs, macrophages, mast cells, MHC class I, and parainflammation (Figure 7). After being intersected, seven significantly different types of immune signatures were extracted, namely APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation (Figure 7). Compared with the control group, there were higher infiltrations of APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation in DN tissues.




Figure 7 | Identifying the significantly different infiltrates of immune-related cells and types related to renal tubulointerstitial injury in DN. (A) The violin diagram of 20 types of significant differential immune signatures analyzed by the Wilcoxon test. (B) The LASSO regression of immune signatures in control and DN samples. (C) The Upset diagram about intersected immune cells between Wilcoxon and LASSO, which showed seven kinds of immune signatures, such as APC co-stimulation, CD8+ T cell, checkpoint, cytolytic activity, macrophages, MHC class I, and proinflammation, were significantly different between control and DN samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.






3.6 Correlation between biomarkers and differential immune signatures in DN patients

The correlation between three core biomarkers (CCR2, CX3CR1, and SELP) and seven differential immune-related signatures (APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation) was analyzed by Spearman. There were general positive correlations between three biomarkers and seven immune signatures in the DN group (Figure 8), and weakened or opposite correlations among them in controls (Figure 8). Besides, a strong positive correlation among these three biomarkers was also observed. CCR2 was positively correlated with CX3CR1 (cor = 0.83, p <0.0001) and SELP (cor = 0.54, p <0.0001), and CX3CR1 had a positive correlation with SELP (cor = 0.59, p <0.0001) (Figure 8). It was resulting that CCR2 had a significantly positive correlation with all of these seven types of immune signatures, especially for checkpoint (cor = 0.80, p <0.0001), cytolytic activity (cor = 0.76, p <0.0001), macrophages (cor = 0.72, p <0.0001), MHC class I (cor = 0.73, p <0.0001), and parainflammation (cor = 0.81, p <0.0001) (Figure 8). CX3CR1 significantly and positively correlated with five out of these seven types of immune signatures, such as checkpoint (cor = 0.75, p <0.0001), cytolytic activity (cor = 0.80, p <0.0001), macrophages (cor = 0.64, p <0.0001), MHC class I (cor = 0.71, p <0.0001), and parainflammation (cor = 0.74, p <0.0001) (Figure 8). SELP had significant positive correlations with six out of these seven kinds of immune-related cells and types, especially checkpoint (cor = 0.67, p <0.0001), cytolytic activity (cor = 0.67, p <0.0001), MHC class I (cor = 0.62, p <0.0001), and parainflammation (cor = 0.68, p <0.0001) with high correlations (Figure 8).




Figure 8 | Correlation between biomarkers and differential immune signatures in DN patients. (A) Spearman analysis of three core biomarkers and seven significant differential immune signatures in the DN group. (B) Spearman analysis of three core biomarkers and seven significant differential immune signatures in the control group. (C) The correlation among CCR2, CX3CR1, and SELP in the DN group. (D–F) Significant and strong positive correlation between biomarkers and immune signatures. R >0.6 & P <0.05. DN, diabetic nephropathy; *P <0.05, **P< 0.01 ***p <0.001.






3.7 Exploration of potential compounds to improve diabetic tubulointerstitial injury by CMap analysis

To research the promising drugs for treating the tubulointerstitial injury in DN patients, 36 intersected genes from two intersected pathways were uploaded to CMap, which showed the top 20 negative correlation compounds based on median score in Figure 9, indicating that these could be reversing the gene alterations in different cell lines (Figure 9). As shown in the heatmap, tetrabenazine (vesicular monoamine transporter inhibitor), dilazep (adenosine reuptake inhibitor, calcium channel antagonist, platelet aggregation inhibitor), tomelukast (leukotriene receptor antagonist), KIN001-220 (Aurora kinase inhibitor), azacytidine (DNA methyltransferase inhibitor, antimetabolite, DNA methylase inhibitor, DNA synthesis inhibitor, RNA synthesis inhibitor), umbelliferone (carbonic anhydrase inhibitor, cyclooxygenase inhibitor), lysylphenylalanyl-tyrosine (heparin activation inhibitor), memantine (glutamate receptor antagonist, glutamate release inhibitor), phensuximide (anticonvulsant), and BIBU-1361 (EGFR inhibitor) ranked in the top 10.




Figure 9 | The promising compounds for tubulointerstitial injury in DN analyzed by CMap. The 36 intersection genes in two intersected pathways between KEGG-DEGs and GSEA-KEGG analyses were analyzed as potential compounds by the Query tool from the Cmap online platform (https://clue.io/query). The top 20 negative compounds were shown in the heat.







4 Discussion

Diabetes mellitus (DM) is an endocrine and metabolic disease that can lead to dysfunction of all organs in the body, of which DN is a highly prevalent and serious chronic microvascular complication in patients with diabetes. About 20%–40% of diabetes can progress to DN (1). It is a leading contributor of DN to kidney failure in developed countries (17, 18). Therefore, early diagnosis and intervention in DN are particularly important. At present, renal biopsy histopathology is still the gold standard for diagnosing DN, but it is traumatic and limited in clinical application. Urinary microalbumin (UmAlb) is a widely used indicator for diagnosing DN. However, about 30%–45% of type 2 diabetes patients were observed to have reduced GFR with no increase in UmAlb (>30 mg/g) (19). In addition, the common comorbidities of T2DM, such as hypertension or obesity, may also damage the glomerular filtration barrier, leading to an increase in UmAlb, suggesting that the sensitivity and specificity of UmAlb in diagnosing DN are insufficient. So far, it has been hard for us to accurately predict which one with diabetes will develop DN. Consequently, searching for novel and capable biomarkers for diagnosing DN is of great significance for early treatment and improving the prognosis of patients. In the development of DN, tubulointerstitial injury plays a pivotal role, even prior to glomerular injury. It is characterized by renal tubular atrophy and tubulointerstitial fibrosis, which are considered the main pathological features of renal dysfunction in patients with DN. Tubulointerstitial injuries are more appropriate and useful in predicting renal disease status in DN patients than glomerular or vascular damage. Momentously, more attention should be given to the biomarkers of renal tubule lesions, which are of great value to the diagnosis and treatment of patients in the early stages of DN.

Growing studies showed that biomarkers based on renal tubules can early reveal the renal structure and dysfunction of diabetes patients and better monitor the progress of DN and judge the prognosis, such as kidney injury molecule-1(KIM-1), β2-microglobulin (B2M), N-acetyl-β-D-glucosaminidase (NAG), osteopontin (OPN), etc. KIM-1, a transmembrane glycoprotein of proximal tubular epithelial cells of the kidney, cannot be detected when the kidney is structurally or functionally normal, but it can be significantly upregulated with tubular damage. Therefore, KIM-1 can be used as a potential biomarker for proximal tubule injury (20). B2M is a small subunit of major histocompatibility class I molecules that exists in all nucleated cells. B2M is fully filtered at the glomerulus and then almost completely reabsorbed in the proximal tubule (20). NAG is a hydrolase widely distributed in organs. NAG, with a molecular weight of 130,000, is not easy to filter by the glomerulus. However, when the renal convoluted tubules are damaged, lysozyme will release a large amount of NAG, resulting in a significant increase in NAG in urine (21). OPN, one of the proinflammatory cytokines, was observed to be upregulated in the kidneys of diabetic animals and patients with nephropathy (22). The association of these biomarkers with DN has been found in many studies. There were different capabilities to detect DKD. One study showed an AUC of 0.68 for KIM-1 in diagnosing moderately increased albuminuria (23). B2M had moderate to low AUCs of 0.58 (24), 0.652 (25), and 0.792 (26) to predict early DN in three separate studies. According to the results of two studies, NAG exhibited modest predictive ability for assessing renal tubulointerstitial injury with AUCs of 0.636 (24) and 0.783 (27). OPN exhibited qualified performance with AUCs of 0.692 (28) and 0.73 (29), and did not associate with albuminuria levels, p >0.05 (30). Recently, with the development and widespread application of the human genome project, technologies such as transcriptomics, proteomics, and metabolomics have emerged in succession. Bioinformatic analysis has been a new way to identify novel genes and early diagnosis/prognosis biomarkers for many diseases (4, 31, 32). Liu et al. (33) found that LUM, ELN, and FMOD had the potential abilities to diagnose DN with AUCs of 0.897, 0.624, and 0.983, respectively. A negative correlation with eGFR in R of −0.658, −0.176, and −0.628, respectively, in the GSE30528 dataset. Zhou et al. (4) identified CAV1, COL1A2, VWF, FN1, and ITGB2 as having an advantage in assessing DN with an AUC >0.8. Many other studies also screened a series of biomarkers that increased expression in DN compared to controls, and there was certain relevance between biomarkers and clinical parameters like eGFR, ACR, and so on (34–37). All the findings lacked experimental validation and correlation analysis with immunity.

In this article, three DN expression profile datasets from GEO were downloaded and merged. After removing the batch effect, 509 DEGs were obtained with a cut-off standard at |log2FC| >0.5 and adjusted P <0.05. According to the results of functional analysis, both GO and KEGG analysis were tied to the immune system, such as “leukocyte cell–cell adhesion,” “T-cell activation,” “MHC protein complex,” “MHC class II protein complex,” “integrin binding,” “chemokine receptor binding,” “rheumatoid arthritis,” “chemokine signaling pathway,” “antigen processing and presentation,” and so on, suggesting a high correlation between the development of renal tubular injury in DN and the infiltration differential of immune cells. Following this, a GSEA algorithm using an KEGG-annotated gene set based on 37 controls and 45 DN sample expression profiles was performed to further identify the key pathways. After comparing with KEGG-DEGs, the two crossed pathways, namely “chemokine signaling pathway” and “cell adhesion molecules,” were determined, including 36 intersected genes with an obvious positive correlation. Finally, based on PPI network analysis and strict screening using two independent methods, LASSO regression and ROC, three core genes, CCR2, CX3CR1, and SELP, were identified as biomarkers with efficient diagnostic capability for DN, which also included the above 36 intersected genes from the two crossed pathways. No matter the training data or validated data, there were high AUC, sensitivity, and specificity in the diagnosis of DN in both the three independent factors and their combination. Amazingly and surprisingly, it merits our attention that the AUC of the combination of CCR2, CX3CR1, and SELP could reach sensitivity = 100%, and specificity = 100.00% in both merged training datasets, GSE30529–GSE99325–GSE104954, two independent validated datasets, GSE175759 and GSE47184, and IHC detection of biopsy tissues.

CCR2, namely C–C motif chemokine receptor 2, located on chromosome 3, is a member of the G protein-coupled receptor (GPCR) superfamily and a receptor of monocyte chemoattractant proteins (MCP) 1–4, which are chemical inducers of proinflammatory response (38). CCR2 exists on the surface of a variety of immune cells and can guide immune cells to reach inflammatory and tumor sites. By connecting with ligands, including MCP-1, CCR2 recruits the movement and activation of inflammatory cells. As is well known, MCP-1, the main ligand of CCR2 and named CCL2, has emerged as a very vital regulator of DN and has an increasing expression in the renal tissues of diabetic animals (39). There was strong evidence that MCP-1 is significantly upregulated and positively correlated with the degree of tubulointerstitial injury in patients with DN, suggesting that MCP-1 may be involved in the development process of DN and could be a potential diagnostic marker (40–42). As the major receptor of MCP-1, CCR2-expressing macrophages promote renal injury and fibrosis in DN (43). Furthermore, the knockout of CCR2 could reduce the incidence of glomerulosclerosis and secondary tubulointerstitial damage (43). In diabetic db/db mice, inhibiting CCR2 using a small-molecule antagonist can alleviate proteinuria, glomerulosclerosis, and kidney failure (44). Prominently, blocking the CCL2/CCR2 pathway in diabetics and targeting CCR2 have been potential therapeutic interventions and hot topics to limit progressive renal injury. Awad et al. (45) showed that both pharmacological blockade and genetic deficiency of CCR2 could alleviate renal tissue injury in diabetic mice by reducing albuminuria, blood urea nitrogen (BUN), plasma creatinine, histological changes, kidney fibronectin expression, macrophage recruitment, and inflammatory cytokine production in Ins2Akita and STZ-induced diabetic kidney disease. Du et al. (46) found that DN kidney damage could be mitigated by inhibiting macrophage infiltration and downregulating the MCP-1/CCR2 signaling pathway in DN. In addition, two kinds of CCR2 antagonism, rs504393 and ro5234444, could block the development of DN by decreasing macrophage infiltration of the kidney in type 2 diabetes mice (44, 47). A multicenter, randomized trial conducted by de Zeeuw’s team showed that compared to 111 DN patients treated by placebo, 221 patients with DN had a secondary decline in albuminuria given CCX140-B, a selective inhibitor of CCR2, based on standard care with angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) (48). In our article, CCR2 was upregulated in renal tubular tissues of DN than controls and has a high effective diagnostic ability for DN (AUC = 0.859, sensitivity = 77.78%, specificity = 94.59% in a merged dataset; AUC = 0.939, sensitivity = 100.00%, specificity = 90.91%; and AUC = 0.931, sensitivity = 88.89%, specificity = 100.00% in two validation datasets, respectively, GSE175759 and GSE47184; AUC = 0.958, sensitivity = 92.5%, specificity = 96.7% in IHC validation).

CX3CR1, C-X3-C motif chemokine receptor 1, is a specific membrane-bound receptor of fractalkine (CX3CL1) and belongs to the chemokine receptor superfamily. Currently, CX3CR1 is expressed on the membranes of natural killer cells (NK cells), tubular cells, mast cells, platelets, dendritic cells (DCs), effector T cells, renal cancer cells, vascular smooth cells, mesenchymal cells, and monocytes/macrophages (49, 50). Resembling CCR2, it has seven transmembrane G-protein coupled domains, and it is close to the CCR gene family; it is located at 3p21-3pter (51). Both CX3CR1 and its exclusive ligand, CX3CL1, were upregulated in the kidney in the DN group (50, 52, 53). Accompanying CX3CL1, which is mainly located in the renal tubular epithelium, especially in inflammatory kidney tissues, CX3CR1+ T cells and monocytes are ubiquitously expressed in renal tissues with inflammation in patients (54, 55). Kikuchi et al. (56) tested that CX3CR1 mRNA expression was increased in STZ-diabetic rats at 4 weeks, and the distribution of CX3CR1-positive cells in diabetic glomeruli was also raised at 8 weeks. Moreover, the upregulation of fractalkine and CX3CR1 in the early stages of DN suggested that they may play a crucial role in the progression of DN (56). Furthermore, Song and his colleague showed that there were no obvious changes in plasma glucose level in diabetic CX3CR1−/− mice, while the decline in markers of renal inflammation fibrosis and ECM, such as collagen, fractional mesangial area, and fibronectin, was markedly observed compared with diabetic WT mice (57). Proverbially, the CX3CL1/CX3CR1 axis is significantly related to anti-inflammatory, anti-fibrosis, anti-rejection, and anti-cancer activities in the treatment of renal diseases. Once activation of the CX3CL1/CX3CR1 axis by their combination occurs, a cascade through multiple signaling pathways in the kidney system is initiated, including ROS/MAPKs, Raf/MEK1/2-ERK1/2-AKT/PI3K, and NF-κB. The CX3CL1/CX3CR1 axis directly upregulates the expansion of mesangial cells in diabetes nephropathy through ROS and MAPK (58). So far, no study has focused on the biomarker CX3CR1 in DN. In this study, the results reveal that CX3CR1 expression may be a promising and valuable diagnostic efficiency hallmark in kidney tissues of DN patients with high diagnostic efficacy at AUC = 0.921, sensitivity = 82.22%, specificity = 97.30% in a merged dataset, AUC = 0.939, sensitivity = 100.00%, specificity = 90.91%, and AUC = 0.917, sensitivity = 83.33%, specificity = 100.00% in two validation datasets, respectively, GSE175759 and GSE47184, and AUC = 0.993, sensitivity = 97.5%, specificity = 100.0% in experimental validation.

SELP, also named CD62 or P-selectin, is a kind of glycoprotein and the largest of the selectins with 140 kDa, stored in the α-granules of platelets and in the Weibel–Palade bodies of endothelial cells, and functions on leukocyte recruitment, leukocyte rolling, and platelet adhesion (59). Functionally, as part of the role of cell adhesion, P-selectin could promptly move to the plasma membrane, interacting with its ligands during inflammation (60). Structurally, P-selectin is composed of an extracellular region with an N-terminal lectin domain, an epidermal growth factor motif (EGF), and specifically nine regulatory protein repeats (SCRs), a transmembrane section, and a short intracytoplasmic tail (60, 61). The relationship between P-selectin and DN has been reported by some scholars. A study reported that P-selectin in biopsy kidney tissue of patients with DN was higher than in other glomerular diseases (62). Wang et al. (63) found that the expression level of plasma P-selectin in patients with type 2 diabetes was raised, and with DN development, accompanied by the progressive elevation of plasma p-selectin, the highest expression levels existed in patients with significant renal insufficiency, suggesting a positive correlation between P-selectin and the severity of DN. Bavbek’s team also found higher plasma levels of P-selectin in DM patients compared with controls and in DM patients with proteinuria than without proteinuria (64). Another study reported that P-selectin expression in DN may be induced by NF-κB activation through P50 to participate in the pathogenesis of DN (65). Like the above studies, our research also found a higher expression of SELP in DN than in the control, and the diagnostic value of SELP was assessed by ROC, which showed high AUC, sensitivity, and specificity both in the training dataset, two validated datasets, and biopsy tissue validation.

Proverbially, inflammatory processes with immune modulation are dramatically involved in both the development and progression of structural deterioration in DN. There is undoubtedly evidence that inflammatory cell recruitment, infiltration, and activation play a crucial role in the development and progression of DN. Once released by scathed kidney cells, the inflammatory remodeling progress would be triggered, and the DN progression would be mediated by those lesion or danger signals by initiating immune cells. Growing evidence was reported that pro-inflammatory chemokines, cytokines, growth factors, adhesion molecules, nuclear factors, as well as immune cells, play a major role in the pathogenesis of DN and its complications. Infiltration of immune cells, including lymphocyte cells, macrophages, monocyte cells, and mast cells, into the kidney has been reported. A large amount of evidence supports that the inflammatory components of the tubulointerstitium, especially the proximal tubular epithelial cells, play a central role in the pathogenesis of DN (66, 67).

Generally, the present results highly confirm those previous studies. In this study, kidney tissues in DN had a broader and higher infiltration of immune-related cells and types in comparison with control tissues. Interestingly, it showed general positive correlations among these immune signatures, especially for type I IFN response, MHC class I, cytolytic activity, type II IFN response, pDCs, T-cell co-stimulation, HLA, inflammation-promoting, parainflammation, TIL, CCR, and checkpoint, among which highly positive correlations existed. Moreover, 20 kinds of 29 immune signatures had significant differential distributions based on the Wilcoxon rest. More accurately, consequently, based on the intersection of Wilcoxon test and LASSO regression, seven immune-related cells and types, namely APC co-stimulation, CD8+ T cells, checkpoint, cytolytic activity, macrophages, MHC class I, and parainflammation in the DN group, exhibited a marked infiltration advantage.

Noteworthily, the upregulated infiltration of macrophages in DN had been found from both animal models and kidney biopsy specimens of DN patients. It was reported that macrophage accumulation had been found in both glomeruli and interstitium (68–70). The quantity of macrophages in the interstitium is in direct proportion to the proteinuria level in the STZ model of type I diabetes (69). Once recruited to the kidney, macrophages have been proposed to mediate renal injury through a variety of mechanisms, including the production of reactive oxygen species (ROS), cytokines, and proteases, which lead to tissue damage and ultimately to fibrosis (71). Gradually, studies have shown that the expression of ICAM-1 and MCP-1 in renal tubular cells was elevated due to high blood glucose levels and stimulation of advanced glycation end products, and then infiltration of macrophages followed. Infiltrating macrophages mediate renal injury by releasing lysosomal enzymes, nitric oxide, ROS, transforming growth factor, vascular endothelial growth factor, and cytokines (72, 73). Moreover, the accumulation of macrophages in DN indicates the decline of renal function, followed by inflammation progression in DN induced by the macrophage-derived products. As a result, there was a close connection between macrophage accumulation and the development of renal lesions and the decline of renal function (70, 74). Besides, a growing number of studies have reported that targeting CCR2, one of three selected biomarkers in our study, could relieve macrophage infiltration and ameliorate inflammation to inhibit DN progression (44–47). It is consistent with our results that CCR2 was significantly positive in macrophages in DN. As for T cells, recent studies have suggested a momentous role for T-cell recruitment into kidney tissue, accompanied by the recruitment of macrophages, in diabetic nephropathy (75). Higher accumulations of CD4+ and CD8+ T cells had been detected in the glomeruli of diabetic NOD mice than controls (76). Moon (77) reported an observed increase in CD4+, CD8+, and CD20+ cells in renal interstitial tissues of Type II diabetic patients and close links between CD4+ and CD20+ cells and proteinuria, indicating the underlying immunopathological correlations in DN with disorderly infiltration and the activation of T cells in renal interstitial tissues. Another study found higher infiltration of CD4+T cells, CD8 T cells, and macrophages in the kidney tissues of STZ-induced diabetic rats and significantly higher expression of CD4, CD8, MHC classes I and II, and the proinflammatory cytokines tumor necrosis factor-a, interferon-γ, and nitric oxide (NO) in diabetic kidneys in comparison with control (69). Notably, CD8+ T cells, the subcategory of leukocytes, have a strong pro-inflammatory effect and are involved in mediating immunity by direct cell–cell signaling via surface molecules and indirect signaling via cytokines in kidney damage. It is markedly elevated in DN (69, 76–78) and has gradually become a potential therapeutic target of DN (78, 79). Zhang et al. (62) exhibited the therapeutic value of mesenchymal stem cells by suppressing CD8+ T-cell proliferation and activation mediated by CD103+ DCs in DN rats. Seo (79) and his colleagues reported that Mycophenolate Mofetil can alleviate diabetic nephropathy in db/db mice, followed by decreased albuminuria, attenuated mesangial expansion, and profibrotic mRNA expressions through downregulating the infiltrated CD4+ and CD8+ T cells. Besides, as cytotoxic T lymphocytes, CD8+ T cells might be responsible for the kidney damage in DN. After the secretion of cytokines, CD8+T cells can be recruited to the inflammatory location by interacting with MHC class I antigen, which is commonly expressed on all nucleated cells (69, 80). It can be a logical explanation for our study that CD8+ T cells and MHC class I antigen were coincidentally elevated in the DN group. Moreover, dendritic cells, HLA, neutrophils, Th1 cells, Th2 cells, and so on, were demonstrated to play a crucial role in the development and process of DN (11, 76, 81–84). In view of this, our research is consistent with previous reports and highlights the importance of those immune-related cells and types in the pathogenesis of DN through bioinformatic analysis.

Given the pivotal role of immune infiltrating cells and biomarkers in DN, the relationships between three biomarkers and seven significant immune signatures were analyzed further by the Spearman algorithm. Meaningfully, three biomarkers are highly and positively correlated with these immune-related cells and types, which is highly consistent with the crucial role of pro-inflammatory factors and immune-related cells and types in kidney damage in patients with DN. Collectively, all of these findings provide logical ideas about how the immune system modulates in DN. This may lead to the discovery of earlier and more reliable biomarkers and, hopefully, the identification of new therapeutic targets in diabetic kidney disease.

Besides, impossible therapeutic compounds were also explored using CMap, an online tool analyzing underlying drugs based on the 36 intersection genes in two intersected pathways between KEGG-DEGs and GSEA-KEGG analysis in this article. The CMap database (https://clue.io/) is a gene expression database built by researchers from Harvard, Cambridge University, and the Massachusetts Institute of Technology. It is a biological application database related to distractors, gene expression, and diseases that was established based on gene expression differences using different distractors (including small molecules) to deal with human cells (4). According to the correlation between genes, diseases, and drugs established by gene expression profiles, it is helpful for researchers to quickly use gene expression profile data to compare drugs highly related to diseases, infer the main structure of most drug molecules, and summarize the possible mechanism of action of drug molecules in the field of drug research and development. In this research, tetrabenazine, dilazep, tomelukast, KIN001-220, azacytidine, umbelliferone, lysylphenylalanyl-tyrosine, memantine, phensuximide, and BIBU-1361 were the top 10 compounds with negative correlations, which may reverse the alterations. Specifically, dilazep, as an antiplatelet drug, is a kind of adenosine reuptake inhibitor, calcium channel antagonist, and platelet aggregation inhibitor. It has a vasodilator effect, and it can selectively expand the coronary arteries and increase coronary blood flow. It has been reported that dilazep could improve kidney function. Nakazawa et al. (85) reported that dilazep dihydrochloride could significantly suppress glomerulosclerosis and glomerular adhesion to Bowman’s capsules in rats with Masugi nephritis. Dilazep dihydrochloride was also found to improve proteinuria in patients with DN (86–88), which suggested that platelet activation played a pivotal role in the development and process of DN (89). Another study reported that dilazep may be useful in preventing renal deterioration in the early stages of type II DN (90). In a multicenter study that was researched the clinical efficacy of dilazep dihydrochloride in the microalbuminuria stage of DN, 37 DN patients with microalbuminuria were given orally 300 mg/day of dilazep dihydrochloride. Compared with before, the mean albuminuria was noticeably lower, and the urinary NAG activity improved after treatment with the drug. Meanwhile, no renal function damage was found at this stage. It appears that early administration of dilazep dihydrochloride may contribute to improving proteinuria and preventing renal dysfunction in patients with DN (86). In Ebihara’s study, 22 patients with IgA nephropathy and 20 healthy controls were recruited, and among them, 14 patients in stage II or III were treated with dilazep dihydrochloride. In the study, the P-selectin expression level in plasma and urine in patients with IgA nephropathy was detected, and the relationship between the patients’ histology and urinary protein excretion was analyzed. Therefore, plasma P-selectin is a helpful biomarker for the activity of IgA nephropathy, and dilazep dihydrochloride is an efficacious drug for reducing plasma soluble P-selectin levels in patients with IgA nephropathy (91). Interestingly and coincidentally, P-selectin, also named SELP, as a marker representing disease activity, cellular activation, and inflammatory mediators, is one of three selected biomarkers related to DN in our study. Dilazep is a potential therapeutic agent for the treatment of DN patients, as analyzed by CMap in our study. The high similarity with Ebihara’s study confirms the reliability and accuracy of the results, which suggest that P-selectin is a very promising biomarker for DN and that dilazep is a prospective drug to improve renal function in DN with the decline of p-selectin.




5 Conclusion

Conclusively, the present article identified three core and prospective biomarke<rs implicated in diabetic tubulointerstitial lesions, which had close links with immune cells and types and would be a future underlying target for the diagnosis and immunotherapy of DN. Besides, dilazep, a small molecular agent, was found to be promising therapeutic drug in diabetic renal disease. However, the present study also had some limitations. As biomarkers, plasma levels detection in clinic and deeper basic mechanism studies in vitro and in vivo are needed to validate the feasibility of transformation applied to diabetic tubule lesions. Most importantly, the analysis of the relationship between immune cell infiltration and diabetes tubulointerstitial injury provides a novel potential approach and strategy for immunotherapy to improve diabetic tubulointerstitial injury in DN patients.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving human participants were reviewed and approved by The Ethics Committee of Second Hospital of Hebei Medical University. The patients/participants provided their written informed consent to participate in this study.





Author contributions

YS and HZ designed the research and collected the data. HZ analyzed the data and wrote the paper. HZ, LM, and ZY helped interpreted the data. HZ and LM prepared all figures and tables. LM and ZY revised the language of the article. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.





Funding

This study was supported by the Guiding Local Scientific and Technological Development Program of the Central Government of China (No. 216Z7703G), the Natural Science Foundation of Hebei Province (No. H2021206144), and the Graduate Innovation Funding Project of Hebei Province (CXZZBS2020110).




Acknowledgments

We acknowledge the GEO database and CMap for the pharmaceutical analysis.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1113212/full#supplementary-material




References

1. Dai, Y, Quan, J, Xiong, L, Luo, Y, and Yi, B. Probiotics improve renal function, glucose, lipids, inflammation and oxidative stress in diabetic kidney disease: a systematic review and meta-analysis. Ren Fail (2022) 44(1):862–80. doi: 10.1080/0886022X.2022.2079522

2. Zhang, J, Liu, J, and Qin, X. Advances in early biomarkers of diabetic nephropathy. Rev Assoc Med Bras (1992) 64(1):85–92. doi: 10.1590/1806-9282.64.01.85

3. Zeni, L, Norden, A, Cancarini, G, and Unwin, RJ. A more tubulocentric view of diabetic kidney disease. J Nephrol (2017) 30(6):701–17. doi: 10.1007/s40620-017-0423-9

4. Zhou, H, Yang, Z, Mu, L, and Shi, Y. Integrated analysis of multiple microarray studies to identify core gene-expression signatures involved in tubulointerstitial injury in diabetic nephropathy. BioMed Res Int (2022) 2022:9554658. doi: 10.1155/2022/9554658

5. Zhan, M, Usman, I, Yu, J, Ruan, L, Bian, X, Yang, J, et al. Perturbations in mitochondrial dynamics by p66Shc lead to renal tubular oxidative injury in human diabetic nephropathy. Clin Sci (Lond) (2018) 132(12):1297–314. doi: 10.1042/CS20180005

6. Navarro-González, JF, Mora-Fernández, C, Muros de Fuentes, M, and García-Pérez, J. Inflammatory molecules and pathways in the pathogenesis of diabetic nephropathy. Nat Rev Nephrol (2011) 7(6):327–40. doi: 10.1038/nrneph.2011.51

7. Zhao, J, Chen, J, Zhu, W, Qi, XM, and Wu, YG. Exosomal miR-7002-5p derived from highglucose-induced macrophages suppresses autophagy in tubular epithelial cells by targeting Atg9b. FASEB J (2022) 36(9):e22501. doi: 10.1096/fj.202200550RR

8. Wang, X, Li, R, Liu, T, Jia, Y, Gao, X, and Zhang, X. CD163 in macrophages: A potential biomarker for predicting the progression of diabetic nephropathy based on bioinformatics analysis. Endocr Metab Immune Disord Drug Targets (2022). 23(3):294–303. doi: 10.2174/1871530322666220616102754

9. Hickey, FB, and Martin, F. Diabetic kidney disease and immune modulation. Curr Opin Pharmacol (2013) 13(4):602–12. doi: 10.1016/j.coph.2013.05.002

10. de Morais, RB, do Couto Muniz, VP, Nunes Costa, E, Filho, S, Nakamura Hiraki, KR, Bispo-da-Silva, LB, et al. Mast cell population in the development of diabetic nephropathy: Effects of renin angiotensin system inhibition. BioMed Pharmacother (2018) 107:1115–8. doi: 10.1016/j.biopha.2018.08.066

11. Tesch, GH. Diabetic nephropathy - is this an immune disorder. Clin Sci (Lond) (2017) 131(16):2183–99. doi: 10.1042/CS20160636

12. Johnson, WE, Li, C, and Rabinovic, A. Adjusting batch effects in microarray expression data using empirical bayes methods. Biostatistics (2007) 8(1):118–27. doi: 10.1093/biostatistics/kxj037

13. Zhou, H, Wang, G, Xiao, Z, Yang, Y, Tian, Z, Gao, C, et al. NRAGE confers radiation resistance in 2D and 3D cell culture and poor outcome in patients with esophageal squamous cell carcinoma. Front Oncol (2022) 12:831506. doi: 10.3389/fonc.2022.831506

14. Wang, G, Li, H, Pan, J, Yan, T, Zhou, H, Han, X, et al. Upregulated expression of cancer-derived immunoglobulin G is associated with progression in glioma. Front Oncol (2021) 11:758856. doi: 10.3389/fonc.2021.758856

15. Wang, G, Zhou, H, Tian, L, Yan, T, Han, X, Chen, P, et al. A prognostic DNA damage repair genes signature and its impact on immune cell infiltration in glioma. Front Oncol (2021) 11:682932. doi: 10.3389/fonc.2021.682932

16. Shen, W, Song, Z, Zhong, X, Huang, M, Shen, D, Gao, P, et al. Sangerbox: A comprehensive, interaction-friendly clinical bioinformatics analysis platform. iMeta (2022) 1(3):e36. doi: 10.1002/imt2.36

17. Chen, S, Chen, L, and Jiang, H. Prognosis and risk factors of chronic kidney disease progression in patients with diabetic kidney disease and non-diabetic kidney disease: A prospective cohort CKD-ROUTE study. Ren Fail (2022) 44(1):1309–18. doi: 10.1080/0886022X.2022.2106872

18. Cheng, L, Qiu, X, He, L, and Liu, L. MicroRNA-122-5p ameliorates tubular injury in diabetic nephropathy via FIH-1/HIF-1α pathway. Ren Fail (2022) 44(1):293–303. doi: 10.1080/0886022X.2022.2039194

19. Kim, SS, Song, SH, Kim, IJ, Kim, WJ, Jeon, YK, Kim, BH, et al. Nonalbuminuric proteinuria as a biomarker for tubular damage in early development of nephropathy with type 2 diabetic patients. Diabetes Metab Res Rev (2014) 30(8):736–41. doi: 10.1002/dmrr.2546

20. Khanijou, V, Zafari, N, Coughlan, MT, MacIsaac, RJ, and Ekinci, EI. Review of potential biomarkers of inflammation and kidney injury in diabetic kidney disease. Diabetes Metab Res Rev (2022) 38(6):e3556. doi: 10.1002/dmrr.3556

21. Venkatesan, A, Roy, A, Kulandaivel, S, Natesan, V, and Kim, SJ. P-coumaric acid nanoparticles ameliorate diabetic nephropathy via regulating mRNA expression of KIM-1 and GLUT-2 in streptozotocin-induced diabetic rats. Metabolites (2022) 12(12):1166. doi: 10.3390/metabo12121166

22. Cobbs, A, Ballou, K, Chen, X, George, J, and Zhao, X. Saturated fatty acids bound to albumin enhance osteopontin expression and cleavage in renal proximal tubular cells. Int J Physiol Pathophysiol Pharmacol (2018) 10(1):29–38.

23. Żyłka, A, Dumnicka, P, Kuśnierz-Cabala, B, Gala-Błądzińska, A, Ceranowicz, P, Kucharz, J, et al. Markers of glomerular and tubular damage in the early stage of kidney disease in type 2 diabetic patients. Mediators Inflammation (2018) 2018:7659243. doi: 10.1155/2018/7659243

24. Qin, Y, Zhang, S, Shen, X, Zhang, S, Wang, J, Zuo, M, et al. Evaluation of urinary biomarkers for prediction of diabetic kidney disease: A propensity score matching analysis. Ther Adv Endocrinol Metab (2019) 10:2042018819891110. doi: 10.1177/2042018819891110

25. Kim, MK, Yun, KJ, Chun, HJ, Jang, EH, Han, KD, Park, YM, et al. Clinical utility of serum beta-2-microglobulin as a predictor of diabetic complications in patients with type 2 diabetes without renal impairment. Diabetes Metab (2014) 40(6):459–65. doi: 10.1016/j.diabet.2014.08.002

26. Chen, H, and Li, H. Clinical implication of cystatin c and β2-microglobulin in early detection of diabetic nephropathy. Clin Lab (2017) 63(2):241–7. doi: 10.7754/Clin.Lab.2016.160719

27. Chen, J, Zhang, WW, Chen, KH, Lin, LR, Dai, HZ, Li, KL, et al. Urinary DcR2 is a novel biomarker for tubulointerstitial injury in patients with diabetic nephropathy. Am J Physiol Renal Physiol (2017) 313(2):F273–273F281. doi: 10.1152/ajprenal.00689.2016

28. Al-Rubeaan, K, Siddiqui, K, Al-Ghonaim, MA, Youssef, AM, Al-Sharqawi, AH, and AlNaqeb, D. Assessment of the diagnostic value of different biomarkers in relation to various stages of diabetic nephropathy in type 2 diabetic patients. Sci Rep (2017) 7(1):2684. doi: 10.1038/s41598-017-02421-9

29. Al-Malki, AL. Assessment of urinary osteopontin in association with podocyte for early predication of nephropathy in diabetic patients. Dis Markers (2014) 2014:493736. doi: 10.1155/2014/493736

30. Bjornstad, P, Singh, SK, Snell-Bergeon, JK, Lovshin, JA, Lytvyn, Y, Lovblom, LE, et al. The relationships between markers of tubular injury and intrarenal haemodynamic function in adults with and without type 1 diabetes: Results from the Canadian study of longevity in type 1 diabetes. Diabetes Obes Metab (2019) 21(3):575–83. doi: 10.1111/dom.13556

31. Tang, M, Li, Y, Luo, X, Xiao, J, Wang, J, Zeng, X, et al. Identification of biomarkers related to CD8+ T cell infiltration with gene Co-expression network in lung squamous cell carcinoma. Front Cell Dev Biol (2021) 9:606106. doi: 10.3389/fcell.2021.606106

32. Zhou, S, Lu, H, and Xiong, M. Identifying immune cell infiltration and effective diagnostic biomarkers in rheumatoid arthritis by bioinformatics analysis. Front Immunol (2021) 12:726747. doi: 10.3389/fimmu.2021.726747

33. Feng, S, Gao, Y, Yin, D, Lv, L, Wen, Y, Li, Z, et al. Identification of lumican and fibromodulin as hub genes associated with accumulation of extracellular matrix in diabetic nephropathy. Kidney Blood Press Res (2021) 46(3):275–85. doi: 10.1159/000514013

34. Zeng, M, Liu, J, Yang, W, Zhang, S, Liu, F, Dong, Z, et al. Multiple-microarray analysis for identification of hub genes involved in tubulointerstial injury in diabetic nephropathy. J Cell Physiol (2019) 234(9):16447–62. doi: 10.1002/jcp.28313

35. Gholaminejad, A, Fathalipour, M, and Roointan, A. Comprehensive analysis of diabetic nephropathy expression profile based on weighted gene co-expression network analysis algorithm. BMC Nephrol (2021) 22(1):245. doi: 10.1186/s12882-021-02447-2

36. Liu, S, Wang, C, Yang, H, Zhu, T, Jiang, H, and Chen, J. Weighted gene co-expression network analysis identifies FCER1G as a key gene associated with diabetic kidney disease. Ann Transl Med (2020) 8(21):1427. doi: 10.21037/atm-20-1087

37. Xu, B, Wang, L, Zhan, H, Zhao, L, Wang, Y, Shen, M, et al. Investigation of the mechanism of complement system in diabetic nephropathy via bioinformatics analysis. J Diabetes Res (2021) 2021:5546199. doi: 10.1155/2021/5546199

38. Hasegawa, K, Fujimoto, T, Mita, C, Furumoto, H, Inoue, M, Ikegami, K, et al. Single-cell transcriptome analysis of fractional CO2 laser efficiency in treating a mouse model of alopecia. Lasers Surg Med (2022) 54(8):1167–76. doi: 10.1002/lsm.23590

39. Giunti, S, Barutta, F, Perin, PC, and Gruden, G. Targeting the MCP-1/CCR2 system in diabetic kidney disease. Curr Vasc Pharmacol (2010) 8(6):849–60. doi: 10.2174/157016110793563816

40. Wada, T, Furuichi, K, Sakai, N, Iwata, Y, Yoshimoto, K, Shimizu, M, et al. Up-regulation of monocyte chemoattractant protein-1 in tubulointerstitial lesions of human diabetic nephropathy. Kidney Int (2000) 58(4):1492–9. doi: 10.1046/j.1523-1755.2000.00311.x

41. Tesch, GH. MCP-1/CCL2: a new diagnostic marker and therapeutic target for progressive renal injury in diabetic nephropathy. Am J Physiol Renal Physiol (2008) 294(4):F697–701. doi: 10.1152/ajprenal.00016.2008

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. Wilkening, A, Krappe, J, Mühe, AM, Lindenmeyer, MT, Eltrich, N, Luckow, B, et al. C-c chemokine receptor type 2 mediates glomerular injury and interstitial fibrosis in focal segmental glomerulosclerosis. Nephrol Dial Transplant (2020) 35(2):227–39. doi: 10.1093/ndt/gfy380

44. Sayyed, SG, Ryu, M, Kulkarni, OP, Schmid, H, Lichtnekert, J, Grüner, S, et al. An orally active chemokine receptor CCR2 antagonist prevents glomerulosclerosis and renal failure in type 2 diabetes. Kidney Int (2011) 80(1):68–78. doi: 10.1038/ki.2011.102

45. Awad, AS, Kinsey, GR, Khutsishvili, K, Gao, T, Bolton, WK, and Okusa, MD. Monocyte/macrophage chemokine receptor CCR2 mediates diabetic renal injury. Am J Physiol Renal Physiol (2011) 301(6):F1358–66. doi: 10.1152/ajprenal.00332.2011

46. Du, Q, Fu, YX, Shu, AM, Lv, X, Chen, YP, Gao, YY, et al. Loganin alleviates macrophage infiltration and activation by inhibiting the MCP-1/CCR2 axis in diabetic nephropathy. Life Sci (2021) 272:118808. doi: 10.1016/j.lfs.2020.118808

47. Kang, YS, Lee, MH, Song, HK, Ko, GJ, Kwon, OS, Lim, TK, et al. CCR2 antagonism improves insulin resistance, lipid metabolism, and diabetic nephropathy in type 2 diabetic mice. Kidney Int (2010) 78(9):883–94. doi: 10.1038/ki.2010.263

48. de Zeeuw, D, Bekker, P, Henkel, E, Hasslacher, C, Gouni-Berthold, I, Mehling, H, et al. The effect of CCR2 inhibitor CCX140-b on residual albuminuria in patients with type 2 diabetes and nephropathy: A randomised trial. Lancet Diabetes Endocrinol (2015) 3(9):687–96. doi: 10.1016/S2213-8587(15)00261-2

49. Zhuang, Q, Cheng, K, and Ming, Y. CX3CL1/CX3CR1 axis, as the therapeutic potential in renal diseases: Friend or foe. Curr Gene Ther (2017) 17(6):442–52. doi: 10.2174/1566523218666180214092536

50. von Vietinghoff, S, and Kurts, C. Regulation and function of CX3CR1 and its ligand CX3CL1 in kidney disease. Cell Tissue Res (2021) 385(2):335–44. doi: 10.1007/s00441-021-03473-0

51. Inoue, K. Potential significance of CX3CR1 dynamics in stress resilience against neuronal disorders. Neural Regener Res (2022) 17(10):2153–6. doi: 10.4103/1673-5374.335831

52. Shimizu, K, Furuichi, K, Sakai, N, Kitagawa, K, Matsushima, K, Mukaida, N, et al. Fractalkine and its receptor, CX3CR1, promote hypertensive interstitial fibrosis in the kidney. Hypertens Res (2011) 34(6):747–52. doi: 10.1038/hr.2011.23

53. Galkina, E, and Ley, K. Leukocyte recruitment and vascular injury in diabetic nephropathy. J Am Soc Nephrol (2006) 17(2):368–77. doi: 10.1681/ASN.2005080859

54. Yadav, AK, Lal, A, and Jha, V. Association of circulating fractalkine (CX3CL1) and CX3CR1(+)CD4(+) T cells with common carotid artery intima-media thickness in patients with chronic kidney disease. J Atheroscler Thromb (2011) 18(11):958–65. doi: 10.5551/jat.8722

55. Segerer, S, Hughes, E, Hudkins, KL, Mack, M, Goodpaster, T, and Alpers, CE. Expression of the fractalkine receptor (CX3CR1) in human kidney diseases. Kidney Int (2002) 62(2):488–95. doi: 10.1046/j.1523-1755.2002.00480.x

56. Kikuchi, Y, Ikee, R, Hemmi, N, Hyodo, N, Saigusa, T, Namikoshi, T, et al. Fractalkine and its receptor, CX3CR1, upregulation in streptozotocin-induced diabetic kidneys. Nephron Exp Nephrol (2004) 97(1):e17–25. doi: 10.1159/000077594

57. Song, KH, Park, J, Park, JH, Natarajan, R, and Ha, H. Fractalkine and its receptor mediate extracellular matrix accumulation in diabetic nephropathy in mice. Diabetologia (2013) 56(7):1661–9. doi: 10.1007/s00125-013-2907-z

58. Park, J, Song, KH, and Ha, H. Fractalkine increases mesangial cell proliferation through reactive oxygen species and mitogen-activated protein kinases. Transplant Proc (2012) 44(4):1026–8. doi: 10.1016/j.transproceed.2012.03.045

59. Xu, Y, Zhang, Q, Luo, D, Wang, J, and Duan, D. Low molecular weight fucoidan modulates p-selectin and alleviates diabetic nephropathy. Int J Biol Macromol (2016) 91:233–40. doi: 10.1016/j.ijbiomac.2016.05.081

60. Patel, MS, Miranda-Nieves, D, Chen, J, Haller, CA, and Chaikof, EL. Targeting p-selectin glycoprotein ligand-1/P-selectin interactions as a novel therapy for metabolic syndrome. Transl Res (2017) 183:1–13. doi: 10.1016/j.trsl.2016.11.007

61. Woollard, KJ, and Chin-Dusting, J. P-selectin antagonism in inflammatory disease. Curr Pharm Des (2010) 16(37):4113–8. doi: 10.2174/138161210794519192

62. Hirata, K, Shikata, K, Matsuda, M, Akiyama, K, Sugimoto, H, Kushiro, M, et al. Increased expression of selectins in kidneys of patients with diabetic nephropathy. Diabetologia (1998) 41(2):185–92. doi: 10.1007/s001250050888

63. Wang, F, Xing, T, Wang, N, and Liu, L. Clinical significance of plasma CD146 and p-selectin in patients with type 2 diabetic nephropathy. Cytokine (2012) 57(1):127–9. doi: 10.1016/j.cyto.2011.10.010

64. Bavbek, N, Kargili, A, Kaftan, O, Karakurt, F, Kosar, A, and Akcay, A. Elevated concentrations of soluble adhesion molecules and large platelets in diabetic patients: are they markers of vascular disease and diabetic nephropathy. Clin Appl Thromb Hemost (2007) 13(4):391–7. doi: 10.1177/1076029607303615

65. Iwamoto, M, Mizuiri, S, Arita, M, and Hemmi, H. Nuclear factor-kappaB activation in diabetic rat kidney: evidence for involvement of p-selectin in diabetic nephropathy. Tohoku J Exp Med (2005) 206(2):163–71. doi: 10.1620/tjem.206.163

66. Tang, S, Leung, JC, Abe, K, Chan, KW, Chan, LY, Chan, TM, et al. Albumin stimulates interleukin-8 expression in proximal tubular epithelial cells in vitro and in vivo. J Clin Invest (2003) 111(4):515–27. doi: 10.1172/JCI16079

67. Tang, SC, and Lai, KN. The pathogenic role of the renal proximal tubular cell in diabetic nephropathy. Nephrol Dial Transplant (2012) 27(8):3049–56. doi: 10.1093/ndt/gfs260

68. Furuta, T, Saito, T, Ootaka, T, Soma, J, Obara, K, Abe, K, et al. The role of macrophages in diabetic glomerulosclerosis. Am J Kidney Dis (1993) 21(5):480–5. doi: 10.1016/s0272-6386(12)80393-3

69. Mensah-Brown, EP, Obineche, EN, Galadari, S, Chandranath, E, Shahin, A, Ahmed, I, et al. Streptozotocin-induced diabetic nephropathy in rats: the role of inflammatory cytokines. Cytokine (2005) 31(3):180–90. doi: 10.1016/j.cyto.2005.04.006

70. Klessens, C, Zandbergen, M, Wolterbeek, R, Bruijn, JA, Rabelink, TJ, Bajema, IM, et al. Macrophages in diabetic nephropathy in patients with type 2 diabetes. Nephrol Dial Transplant (2017) 32(8):1322–9. doi: 10.1093/ndt/gfw260

71. Tesch, GH. Role of macrophages in complications of type 2 diabetes. Clin Exp Pharmacol Physiol (2007) 34(10):1016–9. doi: 10.1111/j.1440-1681.2007.04729.x

72. Chow, FY, Nikolic-Paterson, DJ, Ozols, E, Atkins, RC, and Tesch, GH. Intercellular adhesion molecule-1 deficiency is protective against nephropathy in type 2 diabetic db/db mice. J Am Soc Nephrol (2005) 16(6):1711–22. doi: 10.1681/ASN.2004070612

73. Chow, FY, Nikolic-Paterson, DJ, Ma, FY, Ozols, E, Rollins, BJ, and Tesch, GH. Monocyte chemoattractant protein-1-induced tissue inflammation is critical for the development of renal injury but not type 2 diabetes in obese db/db mice. Diabetologia (2007) 50(2):471–80. doi: 10.1007/s00125-006-0497-8

74. Nguyen, D, Ping, F, Mu, W, Hill, P, Atkins, RC, and Chadban, SJ. Macrophage accumulation in human progressive diabetic nephropathy. Nephrol (Carlton) (2006) 11(3):226–31. doi: 10.1111/j.1440-1797.2006.00576.x

75. Chen, J, Liu, Q, He, J, and Li, Y. Immune responses in diabetic nephropathy: Pathogenic mechanisms and therapeutic target. Front Immunol (2022) 13:958790. doi: 10.3389/fimmu.2022.958790

76. Xiao, X, Ma, B, Dong, B, Zhao, P, Tai, N, Chen, L, et al. Cellular and humoral immune responses in the early stages of diabetic nephropathy in NOD mice. J Autoimmun (2009) 32(2):85–93. doi: 10.1016/j.jaut.2008.12.003

77. Moon, JY, Jeong, KH, Lee, TW, Ihm, CG, Lim, SJ, and Lee, SH. Aberrant recruitment and activation of T cells in diabetic nephropathy. Am J Nephrol (2012) 35(2):164–74. doi: 10.1159/000334928

78. Zhang, F, Wang, C, Wen, X, Chen, Y, Mao, R, Cui, D, et al. Mesenchymal stem cells alleviate rat diabetic nephropathy by suppressing CD103+ DCs-mediated CD8+ T cell responses. J Cell Mol Med (2020) 24(10):5817–31. doi: 10.1111/jcmm.15250

79. Seo, JW, Kim, YG, Lee, SH, Lee, A, Kim, DJ, Jeong, KH, et al. Mycophenolate mofetil ameliorates diabetic nephropathy in db/db mice. BioMed Res Int (2015) 2015:301627. doi: 10.1155/2015/301627

80. Guo, L, Shen, S, Rowley, JW, Tolley, ND, Jia, W, Manne, BK, et al. Platelet MHC class I mediates CD8+ T-cell suppression during sepsis. Blood (2021) 138(5):401–16. doi: 10.1182/blood.2020008958

81. Pichler, R, Afkarian, M, Dieter, BP, and Tuttle, KR. Immunity and inflammation in diabetic kidney disease: translating mechanisms to biomarkers and treatment targets. Am J Physiol Renal Physiol (2017) 312(4):F716–716F731. doi: 10.1152/ajprenal.00314.2016

82. Tu, Y, Jia, R, Ding, G, and Chen, L. Effect of atorvastatin on dendritic cells of tubulointerstitium in diabetic rats. BMB Rep (2010) 43(3):188–92. doi: 10.5483/bmbrep.2010.43.3.188

83. Mihoubi, E, Amroun, H, Raache, R, Bouldjennet, F, Meçabih, F, Azzouz, M, et al. Human leukocyte antigens (HLA) genes association in type 1 diabetic nephropathy. Endocr Metab Immune Disord Drug Targets (2019) 19(8):1157–64. doi: 10.2174/1871530319666190215143059

84. Wu, CC, Sytwu, HK, Lu, KC, and Lin, YF. Role of T cells in type 2 diabetic nephropathy. Exp Diabetes Res (2011) 2011:514738. doi: 10.1155/2011/514738

85. Nakazawa, K, Moriya, T, Kasai, S, Yamazaki, T, Komiyama, Y, Shigematsu, H, et al. Dilazep prevents glomerulosclerosis in accelerated masugi nephritis in the rat. Nihon Jinzo Gakkai Shi (1993) 35(4):329–35.

86. Koide, H, Totsuka, Y, Sugisaki, T, Kitajima, T, Ohmori, Y, Kuriyama, S, et al. Clinical effect of the anti-platelet drug, dilazep dihydrochloride, in patients at the microalbuminuric stage of diabetic nephropathy–a multi-center study. Nihon Jinzo Gakkai Shi (1995) 37(11):644–8.

87. Yamamoto, M, Fukui, M, Kuramoto, T, Kabuki, K, and Tomino, Y. Effects of antiplatelet drug dilazep dihydrochloride on anionic sites and extracellular matrix (ECM) components in glomerular basement membrane of STZ-induced diabetic rats. J Clin Lab Anal (1995) 9(6):380–6. doi: 10.1002/jcla.1860090608

88. Tajiri, Y, Umeda, F, Kunisaki, M, Ishii, H, and Nawata, H. Effect of dilazep dihydrochloride on urinary albumin excretion in patients with diabetic nephropathy. Ther Res (1989) 10(12):279–84.

89. Yamagishi, S, Koga, K, Inagaki, Y, Amano, S, Okamoto, T, and Takeuchi, M. Dilazep hydrochloride, an antiplatelet drug, prevents progression of diabetic nephropathy in otsuka long-Evans tokushima fatty rats. Drugs Exp Clin Res (2002) 28(6):221–7.

90. Nakamura, T, Ushiyama, C, Shimada, N, Sekizuka, K, Ebihara, I, Hara, M, et al. Effect of the antiplatelet drug dilazep dihydrochloride on urinary podocytes in patients in the early stage of diabetic nephropathy. Diabetes Care (2000) 23(8):1168–71. doi: 10.2337/diacare.23.8.1168

91. Ebihara, I, Nakamura, T, Suzuki, S, Ushiyama, C, Shimada, N, Suzaki, M, et al. Effect of dilazep dihydrochloride on plasma p-selectin concentrations in patients with IgA nephropathy. Nephron (2000) 85(3):281–2. doi: 10.1159/000045675




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 © 2023 Zhou, Mu, Yang and Shi. 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: 13 March 2023

doi: 10.3389/fimmu.2023.1052756

[image: image2]


Role of the inflammasome in insulin resistance and type 2 diabetes mellitus


Shen Lu 1, Yanrong Li 2,3, Zhaojun Qian 1, Tiesuo Zhao 2,3,4, Zhiwei Feng 2,3,4, Xiaogang Weng 1* and Lili Yu 1,2,3,4*


1 The Third Affiliated Hospital of Xinxiang Medical University, Xinxiang, Henan, China, 2 School of Basic Medical Sciences, Xinxiang Medical University, Xinxiang, Henan, China, 3 Institute of Precision Medicine, Xinxiang Medical University, Xinxiang, Henan, China, 4 Xinxiang Key Laboratory of Tumor Vaccine and Immunotherapy, Xinxiang Medical University, Xinxiang, Henan, China




Edited by: 

Yuanzeng Min, University of Science and Technology of China, China

Reviewed by: 

Xiaoding Xu, Sun Yat-sen University, China

Qiang Zhang, East China Normal University, China

*Correspondence: 

Lili Yu
 merrys222@126.com 

Xiaogang Weng
 wengxiaogang@aliyun.com

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 24 September 2022

Accepted: 27 February 2023

Published: 13 March 2023

Citation:
Lu S, Li Y, Qian Z, Zhao T, Feng Z, Weng X and Yu L (2023) Role of the inflammasome in insulin resistance and type 2 diabetes mellitus. Front. Immunol. 14:1052756. doi: 10.3389/fimmu.2023.1052756



The inflammasome is a protein complex composed of a variety of proteins in cells and which participates in the innate immune response of the body. It can be activated by upstream signal regulation and plays an important role in pyroptosis, apoptosis, inflammation, tumor regulation, etc. In recent years, the number of metabolic syndrome patients with insulin resistance (IR) has increased year by year, and the inflammasome is closely related to the occurrence and development of metabolic diseases. The inflammasome can directly or indirectly affect conduction of the insulin signaling pathway, involvement the occurrence of IR and type 2 diabetes mellitus (T2DM). Moreover, various therapeutic agents also work through the inflammasome to treat with diabetes. This review focuses on the role of inflammasome on IR and T2DM, pointing out the association and utility value. Briefly, we have discussed the main inflammasomes, including NLRP1, NLRP3, NLRC4, NLRP6 and AIM2, as well as their structure, activation and regulation in IR were described in detail. Finally, we discussed the current therapeutic options-associated with inflammasome for the treatment of T2DM. Specially, the NLRP3-related therapeutic agents and options are widely developed. In summary, this article reviews the role of and research progress on the inflammasome in IR and T2DM.
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1 Introduction

According to the latest global diabetes map (10th edition) released by the International Diabetes Federation (IFD), the number of adult diabetics worldwide is increasing at an alarming rate, 74 million more than in 2019, an increase of 16%. By 2021, about 537 million adults (aged 20-79) worldwide had diabetes, accounting for 10.5% of the global adult population. It is estimated that the total number of diabetic patients in the world will increase to 643 million (11.3%) and 783 million (12.2%) by 2030 and 2045, respectively. At present, the number of diabetic patients in China ranks first in the world, about 140 million, and half of these patients are unaware that they have diabetes (1). In the diabetic population, T2DM accounts for more than 90% of all diabetic cases. IR is one of the main pathophysiological characteristics of T2DM, and widely exists in obesity, nonalcoholic fatty liver disease (NAFLD), hypertension, hyperlipidemia, polycystic ovary syndrome, cardiac metabolic syndrome and other metabolic diseases (2).

IR, known as “decreased insulin sensitivity”, refers to the lower biological effects of normal doses of insulin on target tissues in healthy people. Insulin mainly acts on peripheral tissues (muscle, liver and adipose tissue), promoting the uptake and utilization of glucose and glycogen synthesis and inhibiting hepatic gluconeogenesis. IR is mainly caused by abnormal insulin signaling pathways, referring to a series of abnormalities in signaling transmission to cells after insulin binds to insulin receptor (INSR). Insulin works mainly through two pathways, the phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) (3) (Figure 1). As for PI3K signaling pathway, insulin binds to the α-subunit of the INSR on the cell membrane of target tissues, leading to phosphorylation of the β subunit tyrosine (Tyr) site in the cytoplasm. Then activated insulin receptor substrates (IRS-1 and IRS-2) binds to the regulatory P85 subunit of downstream PI3K, thereby leading to the phosphorylation of Akt, which in turn phosphorylates Akt substrate 160 (AS160) and promotes the transport of glucose transporter 4 (GLUT4) from intracellular vesicles to the plasma membrane, increasing transport of glucose into the cell and promoting synthesis of hepatic glycogen, inhibiting glycogen decomposition, and reducing blood glucose concentrations (4). Akt also can phosphorylate and inhibits the activity of nuclear transcription factor Forkhead box transcription factor O (FoxO), thereby inhibiting gluconeogenesis (5). Regarding another MAPK signaling pathway, after insulin binding with INSR, the activated IRS-2 can bind to the SH2 segment of growth factor receptor binding protein 2 (Grb2), and then acts on the signaling protein guanosine diphosphate (GDP)/guanosine triphosphate (GTP) exchange factor to convert the inactive Ras-GDP into active Ras-GTP. Activated Ras recruits Raf serine kinase, which can phosphorylates MAPKK serine, a MAPK kinase that activates MAPK. Activated MAPK can induce phosphorylation of various target proteins that participate in the phosphorylation of extracellular regulated protein kinase 1/2 (ERK1/2) to regulate cell proliferation, cell variation, angiogenesis, DNA repair, etc. Any abnormality in the insulin signaling pathway leads to obstruction of the insulin signaling pathway and induces IR. Epidemiological studies have shown that IR is present in more than 80% of patients with T2DM. Therefore, it is of great significance to explore the pathogenesis and related mechanisms of IR.




Figure 1 | Schematic representation of insulin signaling pathway Insulin works mainly through two pathways, the PI3K and MAPKs. As for PI3K signaling pathway, insulin binds to the α-subunit of the INSR on the cell membrane of target tissues, leading to phosphorylation of the β subunit tyrosine site in the cytoplasm. Then activated IRS-1 binds to the regulatory p85 subunit of downstream PI3K, thereby leading to the phosphorylation of Akt, which in turn phosphorylates AS160 and promotes the transport of GLUT4 from intracellular vesicles to the plasma membrane, increasing transport of glucose into the cell and promoting synthesis of hepatic glycogen, inhibiting glycogen decomposition, and reducing blood glucose concentrations. Akt also can inhibit the activity of nuclear transcription factor FoxO, thereby inhibiting gluconeogenesis. Regarding another MAPK signaling pathway, after insulin binding with INSR, the activated IRS-2 can bind to the SH2 segment of Grb2, and then acts on the signaling protein GDP/GTP exchange factor to convert the inactive Ras-GDP into active Ras-GTP. Activated Ras recruits Raf serine kinase, which can phosphorylates MAPKK serine, a MAPK kinase that activates MAPK. Activated MAPK can induce phosphorylation of various target proteins that participate in the phosphorylation of ERK1/2 to regulate cell proliferation, cell variation, angiogenesis, DNA repair, etc.



There is a clear relationship between the chronic activation of pro-inflammatory signaling pathways and IR, such as c-Jun N-terminal kinase (JNK) and Nuclear Factor Kappa-B (NF-κB) (4, 6). In addition, inflammatory cytokines are also closely related to abnormal insulin signaling pathways. Tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), monocyte chemoattractant protein-1 (MCP-1), and C-reactive protein can lead to an intracellular inflammatory response and activate the signaling of inflammatory cytokines, blocking intracellular insulin signaling in target tissues and triggering IR (7, 8). Recently, increased studies have shown that inflammasomes are multi-protein complexes assembled by NOD-like receptors (NLRs) and AIM2-like receptors (ALRs) in the cytoplasm, playing the core role in regulating inflammatory response. The activation and signal transduction of the inflammasome are closely related to the occurrence and development of various metabolic diseases. Moreover, inflammasomes can directly or indirectly affect conduction of the insulin signaling pathway, involvement the occurrence of IR and T2DM. Until now, there is no comprehensive description of the relationship between a variety of common inflammasomes and IR. Thus, this review will discuss the roles of common inflammasomes in IR and T2DM. Particularly, the different kinds of therapeutic agents through regulation of inflammasomes for T2DM treatment were summarized.




2 Inflammasomes

In 2002, Martinon et al. (9) first proposed the concept of the inflammasome. The inflammasome is a complex composed of a variety of proteins with a relative molecular mass of 700 kDa that plays an important role in resisting external pathogen infection and abnormal self-generated hazard signals. The basic structure of the inflammasome includes the receptor proteins, such as NLRP1, NLRP3, NLRC4, NLRP6, NLRP7, and NLRP12 in the NLRs family or AIM2 and IFI16 in the ALRs family. The apoptosis-associated speck-like protein containing a CARD (ASC) are used as linker proteins and Caspase-1, Caspase-4, Caspase-5, Caspase-11, within the Caspase family, are used as effector proteins. Some inflammasomes formed by NLRP1, NLRP3, NLRC4, NLRP6, and AIM2 receptor proteins are called canonical inflammasomes and can promote the activation of Caspase-1 and produce inflammatory reactions. Other noncanonical inflammasomes can trigger a series of immune responses by promoting the activation of Caspase-4, Caspase-5, and Caspase-11 (10). Different types of inflammasomes have different compositions and functions (Figure 2).




Figure 2 | The structure of inflammasomes. The human NLRP1 receptor protein consists mainly of a PYD domain, a NACHT domain, a C- terminal LRR domain, a FIIND domain, and a CARD domain, however, the mouse NLRP1b receptor protein does not have PYD domain and FIIND domain. The NLRP3 receptor protein is the same as NLRP6, and consists of an N-terminal effector domain PYD, an intermediate-terminal NACHT domain, and a C-terminal LRR. The NLRC4 receptor protein consists of an N-terminal effector domain CARD, an intermediate-terminal NACHT domain, and a C-terminal LRR. The AIM2 receptor protein consists of two parts, the N-terminal PYD and a HIN domain at the C-terminus. The ASC consists of PYD and CARD. pro-Caspase-1 is composed of P20 and P10. The inflammasome consists of a receptor protein, ASC, and pro-Caspase-1.



The inflammasome activation pathway is generally divided into two steps. The first step is activation of inflammasome-related precursors. For example, the NF-κB signaling pathway is activated when stimuli are upregulated. NF-κB translocated to the nucleus, leading to activation of receptor molecules, pro-IL-1β and pro-IL-18. The second step in inflammasome activation includes a variety of exogenous and endogenous stimuli. The pyrin domain (PYD) and Caspase activation and recruitment domain (CARD) of the inflammasome can oligomerize activated sensor proteins and recruit an ASC adapter. Aggregation of ASCs into micron-sized ASC spots through CARD-CARD interaction, and then pro-Caspase-1/11 is recruited (10). Activated Caspase-1/11 can cleave pro-IL-1β and pro-IL-18 in the medial aspect of the cytoplasm, and finally the mature IL-1β and IL-18 are released from the cell, promoting the inflammatory reaction.




3 Role of the Inflammasome in insulin resistance



3.1 NLRP1 inflammasome



3.1.1 Structure and activation of NLRP1 inflammasome

The NLRP1 inflammasome was the first discovered protein complex known to activate Caspase-1 and IL-1β. NLRP1 is located in the human coding gene 17p13 and widely exists in a variety of immune cells, the glandular epithelium of the gastrointestinal tract and respiratory tract, neurons, and non-hematopoietic cells (11). There is only one gene encoding the human NLRP1 protein, whereas three different gene encode NLRP1a, NLRP1b, and NLRP1c in mice (12). NLRP1 is mainly composed of PYD, a nucleotide-binding and oligomerization (NACHT) domain, a C-terminal leucine-rich repeat (LRR), a function-to-find domain (FIIND) and a CARD domain (13) (Figure 2). PYD and LRR play vital roles in maintaining the functions of the active monomers of the NLRP1 inflammasome. The CARD domain at the C-terminus of NLRP1 can directly bind to pro-Caspase-1 without the need of the linker protein ASC. However, ASC participation can significantly increase the activity of NLRP1 inflammasome (14).

Three kinds of NLRP1 ligands have been identified, namely, bacillus anthracis lethal toxin (BALT) (15), muramyl dipeptide (MDP) (16), and Toxoplasma gondii (17). Additionally, the ligands of NLRP1 are species-specific. For example, BALT can only activate NLRP1 in mice, whereas MDP can only activate NLRP1 in humans. The specific mechanism of NLRP1 activation is not completely clear. It has been reported that under the stimulation of BALT, MAPKK in the cytoplasm is cleaved and activated, which leads to K+ efflux from the cytoplasm, instability of cells, and hydrolysis-induced activation of NLRP1 inflammasome in the host cell (18). Ca2+ efflux and proteasome activation also play important roles in the activation of NLRP1 inflammasome (19, 20). In addition, the latest study found two physiological stimulators of human NLRP1. One is that Robinson et al. (21) reported that NLRP1 could be cleaved by 3C protease at its N-terminus. After cleavage, the N-terminal fragment was degraded, and UPA-CARD at the C-terminus was activated to form inflammasomes. Another is that Bauernfred et al. (22) found that double-stranded RNA can also activate NLRP1 when infection with Semliki Forest Virus.




3.1.2 NLRP1 inflammasome and IR

Inflammation is an important factor in the development of IR and obesity-induced T2DM (23). NLRP1 is an innate immune receptor that plays an important role in metabolic stress. Murphy et al. (24) found that IL-18 produced by NLRP1 inflammasome prevents obesity and metabolic syndrome. Compared with wild-type (WT) mice in the control group, the blood glucose and insulin levels of IPGTT were significantly increased at various time points in NLRP1-/- mice after high-fat diet feeding, indicating that the absence of NLRP1 does not damage the secretion function of pancreatic β cells in mice. NLRP1 mainly affected the blood glucose by reducing IL-18 production, inducing obesity and glucose consumption in mice and leading to significant IR. These data indicate that NLRP1 played a protective role in high-fat-induced metabolic syndrome (Figure 3). In addition, NLRP1 has a protective effect in type 1 diabetes (25). After 10 days of streptozotocin injection, blood glucose levels in NLRP1-/- mice were higher than that of WT mice, and inflammatory infiltration in pancreatic islets was increased. This might be related to the fact that NLRP1 expressed by T cells suppresses the negative regulation of retinoic acid-related nuclear orphan receptor-γT (RORγT) in a signal transducers and activators of transcription 3 (STAT3)-dependent pathway, negatively regulating the differentiation of T helper 17 (Th17) cells. In a retrospective and prospective cohort study, NLRP1 also has shown a significant protective effect on diabetic nephropathy (DN) (26). However, Li et al. (27) indicated NLRP1-mediated pro-inflammatory cytokines are significantly increased in the retina of a WT diabetic retinopathy mouse model, whereas the expressions of NF-κB, vascular endothelial growth factor (VEGF), IL-1β, and IL-18 in the serum and retina of NLRP1-/- diabetic retinopathy mice were significantly decreased. Thus, NLRP1 knockdown may reduce levels of inflammatory factors. Additionally, a clinical study revealed that thrombin, the thrombin receptor protease-activated receptor 1, and NLRP1 inflammasome are activated in patients with gestational diabetes mellitus, and their activation aggravates vascular endothelium damage (28). However, the specific mechanism for this damage remains unclear. Therefore, NLRP1 inflammasome may play a different role on diabetes under different status and tissues, and the cause of inflammatory cytokines may be affected by other inflammasomes interfering factor.




Figure 3 | NLRP1 inflammasome and IR. The NLRP1 receptor protein has three active ligands, BALT, MDP, and Toxoplasma gondii. After receiving ligand stimulation, NLRP1 receptor proteins can undergo a series of intracellular changes, such as K+ efflux, Ca2+ efflux, proteasome activation, P38 and Akt inactivation, 3C protease cleavage, and dsDNA stimulation, thereby activating NLRP1 inflammasome. The NLRP1 inflammasome can lead to self-cleavage of pro-Caspase-1 to generate the active form, Caspase-1, which subsequently cleaves pro-IL-18 and pro-IL-1β to generate their mature forms, IL-18 and IL-1β, for secretion. In hyperlipidemia-induced metabolic syndrome, IL-18 inhibits lipid formation and reduces IR. In addition, the NLRP1 inflammasome negatively regulated Th17 cell differentiation and ultimately reduced IR by inhibiting RORγT in the STAT3 pathway.







3.2 NLRP3 inflammasome



3.2.1 Structure and activation of the NLRP3 inflammasome

The NLRP3 inflammasome is the most widely studied inflammasome to date (29). NLRP3 consists of 1016 amino acids and is located at the human coding gene 1q44 (11). It widely exists in immune cells, including macrophages, monocytes, dendritic cells, and neutrophils, as well as central microglia (30). The classical NLRP3 inflammasome consists of the NLRP3 receptor protein, ASC and pro-Caspase-1 (31). The NLRP3 receptor protein also consists of a PYD, NACHT domain, and a LRR domain (Figure 2). ASC consists of PYD and CARD, which bind to pro-Caspase-1 through CARD-CARD interaction. The PYD promotes homotypic interaction between NLRP3 and ASC. The NACHT domain self-oligomerizes and forms the core of the NLRP3 inflammasome during assembly (29). NLRP3 inflammasome recognizes a variety of risk signals in vivo and in vitro and is involved in inflammatory reactions contributing to pathological processes in various diseases.

Formation of the NLRP3 inflammasome includes such steps as activation, assembly, regulation and mediates the release of inflammatory factors and pyroptosis. During the whole process, NLRP3 acted as “receptor”, and pro-Caspase-1 acted as “effector”. In the resting state, cellular expression of the NLRP3 protein is below the level required to activate the NLRP3 inflammasome. Exogenous stimuli (such as intense ultraviolet light, cholesterol crystals, uric acid crystals, aluminum salts, silicon dioxide crystals, asbestos, etc.), endogenous stimuli (high ATP concentration released after cell injury, high mobility group protein B1 (HMGB1), purine metabolites, perforin, the saturated fatty acid palmitate (PA), serum amyloid A etc.), pathogen-related irritants (lipopolysaccharide (LPS), bacteria, viruses, etc.) increase NLRP3 protein expression (29, 32).

NLRP3 inflammasome can be activated through both classical and non-classical pathways. The classical activation pathway of the NLRP3 inflammasome mainly includes two stages. The first stage is the initiation stage. NLRP3 promotes downstream NF-κB transcription and increases NLRP3, pro-IL-1β and pro-IL-18 by recognizing PAMPs or DAMPs that activate the Toll-like receptors (TLR) signaling pathway. The second stage is the activation stage. During activation oligomerization of NLRP3, ASC, and pro-Caspase-1 are stimulated, triggering formation of the inflammasome. Currently, K+ efflux, Na+ influx, Cl- reduction, intracellular Ca2+ overload, lysosomal damage, reactive oxygen species (ROS), acidosis, mitochondrial DNA (mtDNA) damage, cytotoxic swelling, and protein kinase activation are recognized activation stimuli of NLRP3 (32, 33). Assembly of inflammasome activates hydrolysis of pro-Caspase-1 protein, forming Caspase-1. Active Caspase-1 processes pro-IL-1β and pro-IL-18 into mature and active IL-1β and IL-18, which is released to further expand the inflammatory response.

Activation of the NLRP3 inflammasome releases large amounts of IL-1β and IL-18 to activate inflammatory programmed cell death, termed pyroptosis (10). Recent studies have shown that gasdermin D (GSDMD) in the digestive tract is an important medium for pyroptosis. GSDMD has an N-terminal cell death domain (GSDMDNTerm), a central short-chain linking region, and a C-terminal self-inhibition domain. Caspase-1 cleaves GSDMD to remove its C-terminus and release it from intramolecular inhibition. GSDMDNTerm combines with phosphatidylinositol phosphate and phosphatidylserine in the cell membrane to form a 1-14 nm pore, leading to intrinsic cellular death. GSDMD-dependent pyroptosis also promotes IL-1β and IL-18 release via non-classical NLRP3 inflammasome activation (34). In addition, Caspase-1 is cleaved into several proteins involved in the tricarboxylic acid cycle, which can dramatically reduce the production of cellular energy and cause cell edema (35).

The non-classical activation pathway of NLRP3 does not depend on activation of the TLR signaling pathway. It is mediated by mouse Caspase-11 or human Caspase-4 and Caspase-5. Unlike the classical NLRP3 inflammasome, Caspase-4/5/11 cannot cleave pro-IL-1β and pro-IL-18 to make them mature and active but can lead to pyroptosis (36).




3.2.2 NLRP3 inflammasome and IR

IR and chronic low-grade inflammation are typical features of T2DM. The NLRP3 inflammasome play an important role in the pathogenesis of T2DM and IR (37). Glycolipid metabolites and their derivatives are involved in activation of the NLRP3 inflammasome. Traditionally, researchers have considered glucose metabolism disorders, especially hyperglycemia, as key factors in the initiation of chronic inflammation (38, 39). Further studies revealed that chronic inflammation may be closely related to activation and regulation of NLRP3 inflammasome by aberrant glucose metabolism. Glucose can activate NLRP3 inflammasome by recognizing the pathway of ATP/P2X purinergic receptor 4. In addition, glucose can also induce and promote the expression of thioredoxin interaction protein (TXNIP). TXNIP is an important cofactor of NLRP3 inflammasome, thereby enhancing its activation (38). Islet cells derived from mice with chronic hyperglycemia are stimulated by high extracellular concentrations of blood glucose, which activate NLRP3 inflammasome and induce IL-1β production and secretion to promote IR (40, 41). Wen et al. (42) found that the saturated fatty acid palmitate produced IL-1β and IL-18 by activating the NLRP3 inflammasome and interfered with the insulin signaling pathway in NLRP3, Caspase-1, and ASC gene knockout mice. Meanwhile, Stienstra et al. (43) found that Caspase-1 inhibitors significantly enhance insulin sensitivity in obese mice. These results indicate that the NLRP3 inflammasome plays an important role in regulating adipocyte function and IR. In addition, T2DM is often accompanied by excessive secretion of islet amyloid polypeptide (IAPP), and a large number of IAPP aggregate into IAPP amyloid precipitates that are deposited in islet Langerhans cells. Masters et al. (44) found that mouse macrophages destroy lysosomes by engulfing IAPP, and this process activates the NLRP3 inflammasome to produce a series of inflammatory reactions. Similar to type 2 diabetes, studies have shown that fructose can induce insulin resistance in gestational diabetes mice through the NF-κB-NLRP3 pathway (45).

The NLRP3 inflammasome mainly induces IR via IL-1β, a downstream signal (Figure 4). Absence of IL-1β protects mice from IR induced by a high-fat diet. Youm et al. (46) have shown that IL-1β damages pancreatic islet function, leading to IR. Moreover, after NLRP3 gene knockout, pancreatic β cells are protected due to the decreased secretion of IL-1β. In the obese population, glucose, free fatty acids and ROS-induced endoplasmic reticulum stress led to the activation of JNK signaling pathway, whereas inflammation induced by obesity activates JNK and IKKβ signaling pathways, leading to IR (47). In fact, the activation of NLRP3 inflammasome in adipose tissues, whether in adipocytes or macrophages, is similar to the development of obesity and leads to production of IL-1β, which participates in the formation and development of IR. Therefore, obesity or T2DM models, effective inhibition of NLRP3 inflammasome activation reduces the inflammatory response of β cells, thereby improving insulin sensitivity by inhibiting the production of IL-1β. This outcome may also be achieved through activation of the activating adenosine monophosphate kinase (AMPK)-dependent AMPK/NLRP3/HMGB1 signaling pathway (48).




Figure 4 | NLRP3 inflammasome and IR. Activation of the NLRP3 inflammasome. Priming and activation of the NLRP3 inflammasome involve two steps. First, inflammasome activation is triggered by priming signals, including various DAMPs and PAMPs, which can lead to NF-κB-mediated upregulation and expression of NLRP3, pro-IL-18, and pro-IL-1β. The second step is inflammasome formation, which is triggered by specific stimuli, the stimuli involved are diverse, including K+ efflux, Na+ influx, Cl- reduction, intracellular Ca2+ overload, lysosomal damage, ROS, acidosis, mtDNA damage, cytotoxic swelling, and protein kinase activation, etc. Complement and its receptors also play a key role in the activation of NLRP3 inflammasome. CD46, C3aR and C5aR can enhance NF-κB to promote the up-regulation and expression of NLRP3, pro-IL-18 and pro-IL-1β. In addition, the C3a-driven ATP efflux leads to increased activation of the ATP receptor P2X7, a potent Signal 2 for NLRP3 inflammasome activation. The C5a can activate the NLRP3 inflammasome by increasing the production of ROS. Activated NLRP3 inflammasome can lead to self-cleavage of pro-Caspase-1 to generate the active form, Caspase-1, which subsequently cleaves pro-IL-1β to generate its mature form, IL-1β, which is secreted out of cells to promote inflammation, leading to IR. Activated Caspase-1 can also induce GSDMD-mediated pyroptosis. In addition, in the non-classical pathway of NLRP3 inflammasome, the NLRP3 inflammasome can also mediate GSDMD-mediated apoptosis through Caspase-4/5/11.



Moreover, NLRP3 inflammasome and its downstream cytokines, particularly IL-1β, are involved in the development of T1DM. IL-1β induces the migration of proinflammatory cells into pancreatic islets, mediates cytokine-induced beta-cell apoptosis, exerts direct cytotoxic effects on beta-cells, and may be an inflammatory signal in the early stage of T1DM (49, 50). However, the role of NLRP3 in T1DM pathogenesis is not completely understood and further research is required before its clinical application.





3.3 NLRC4 inflammasome



3.3.1 Structure and activation of the NLRC4 inflammasome

The NLRC4 inflammasome, also known as the IPAF or CARD12 inflammasome, was first discovered by Poite et al. (51) while studying pre-apoptotic proteins. NLRC4 is located at 2p22.3 in human coding genes and mainly expressed in hematopoietic tissues and cells (11). Like all NLR family members, the NLRC4 receptor protein consists of an N-terminal effector domain CARD, an intermediate-terminal NACHT domain, and a C-terminal LRR (Figure 2). The NLRC4 inflammasome is composed of the NLRC4 receptor protein, ASC, and pro-Caspase-1. ASC, an adaptor protein, links NLRs at one end and recruits pro-Caspase-1 through the CARD domain at the other end to activate pro-Caspase-1 (52). However, the specific role of ASC in the formation of the NLRC4 inflammasome is still unclear. Some studies believe that formation of the NLRC4 inflammasome requires participation of the adaptor protein ASC, which activates pro-Caspase-1 and eventually causes release of mature IL-1β and IL-18 which participate in the inflammatory response. Some scholars also believe that the NLRC4 receptor protein can directly or indirectly recruit and activate Caspase-1, without participation of ASC (14). However, subsequent studies have revealed that the absence of ASC decreases activation of Caspase-1 and secretion of IL-1β, indicating that ASC plays an important role in the activation of the NLRC4 inflammasome (53).

It is generally believed that activation of the NLRC4 inflammasome is mainly regulated by ligand-binding mechanism, which mainly refers to the bacterial ligand of NLRC4. The NLRC4 inflammasome plays an important role in resisting external bacterial infection. After infected by gram-negative bacteria, such as Salmonella typhimurium, Legionella pneumophila, Pseudomonas aeruginosa, and Shigella, assembly of the NLRC4 inflammasome in macrophages plays a key role in activation of Caspase-1 (14). Subsequent studies have found that activation the NLRC4 inflammasome via flagellin, the main component in the flagella in all gram-negative bacteria. The flagellin monomer can inject effector proteins into the cytoplasm of host cells through the functional bacteria type III secretion system or type IV secretion system with molecular needle structures that activate the NLRC4 inflammasome (54). To recognize flagellin from different bacteria, the NLRC4 receptor protein must bind to different members of the neuronal apoptosis inhibitory protein (NAIP) family.

When the organism is stimulated by NLRC4-specific ligands, the NLRC4 receptor protein interacts with pro-Caspase-1 and ASC to form the NLRC4 inflammasome (55). Pro-Caspase-1 undergoes dimerization and hydrolysis to active Caspase-1, which in turn cleaves pro-IL-1β and pro-IL-18 into active IL-1β and IL-18 which in turn produce a series of immune responses. In addition, activation of the NLRC4 inflammasome causes lysis of GSDMD, undermining cell membrane integrity and leading to cellular osmotic lysis and cell scorch death. NLRC4 can also interact with other intracellular NLR family members. A study by Wu et al. (56) revealed that when Listeria monocytogenes infects macrophages, the NLRC4 inflammasome activates NLRP3 and AIM2 inflammasomes and enhances activation of Caspase-1. Thus, it has been speculated that NLRC4 may be upstream activators of NLRP3 and AIM2 inflammasome and that each inflammatory signal is interrelated.




3.3.2 NLRC4 inflammasome and IR

Studies have shown that activation of NLRC4 inflammasome leads to an increase in galectin-3 secretion from myeloid cells via GSDMD mediation and interferes with insulin signal transduction, leading to IR (57). Diabetic complications are caused by many factors, such as long-term glucolipid metabolism disorders in diabetic patients. IR plays an important role in diabetic complications. Yuan et al. (58) found the expression of NLRC4 is increased in kidney specimens of patients with DN. NLRC4 knockout reduces the inflammatory activity of kidney tissues in mice with T2DM, decreasing excretion of glucose and albumin in the urine and aggregation of macrophages in kidney tissues. These data suggest that the NLRC4 inflammasome aggravates kidney injury by increasing production of IL-1β and aggregation and activation of macrophages (Figure 5). In addition, NLRC4, Caspase-1, IL-1β, and IL-18 were significantly increased in the DN mouse model (59). Sequencing results showed that circ_0000181 promoted activation of the NLRC4 inflammasome and release of IL-1β and IL-18, leading to pyroptosis in DN through miR-667-5p/NLRC4 axis regulation. An animal study showed that hyperglycemia upregulated expression of NLRC4 in the gingival tissue of diabetic mice, inducing NLRC4 phosphorylation at Ser533 and activated Caspase-1 (60). Similarly, in macrophages, a high glucose microenvironment induces expression and phosphorylation of NLRC4 and activates Caspase-1, promoting IL-1β production. These results indicate that the NLRC4 inflammasome has a negative regulatory effect in T2DM complications. It is also possible that the NLRC4 inflammasome regulates insulin sensitivity to affect the occurrence and development of T2DM complications.




Figure 5 | NLRC4 inflammasome and IR The NLRC4 receptor protein can be activated by specific ligands, and the activated NLRC4 receptor protein interacts with pro-Caspase-1 and ASC to form NLRC4 inflammasome. Activated NLRC4 inflammasome can lead to self-cleavage of pro-Caspase-1 to generate the active form, Caspase-1, which subsequently cleaves pro-IL-1β to generate its mature form IL-1β for secretion. Activated NLRC4 inflammasome can indirectly interfere with the conduction of insulin signals and promote the production of IR by promoting the secretion of Galectin-3. IL-1β, which is active in diabetic nephropathy, can mediate kidney tissue damage and IR. In addition, activated Caspase-1 can also mediate the generation of pyroptosis through GSDMD.



However, there are few studies on NLRC4 and T1DM or other types of diabetes. A study by Xu et al. (61) in the Han population in China showed that NLRC4 had no significant correlation with T1DM susceptibility. Perhaps NLRC4 does not have a correlation with other types of diabetes, and perhaps more experiments are still needed to explore.





3.4 NLRP6 inflammasome



3.4.1 Structure and activation of the NLRP6 inflammasome

The NLRP6 inflammasome, also known as PYPAF5, was first proposed by Grenier et al. (62) in 2002 and is located at 11p15 in the human coding gene (11). NLRP6 is expressed in epithelial cells of various organs, and is also abundant in human peripheral blood mononuclear cells (63). Similar to other NLRP family members, NLRP6 consists of an N-terminal effector domain, PYD, an intermediate-terminal NACHT domain, and a C-terminal LRR (Figure 2). The amino acid sequence similarities between NLRP6 and NLRP3 are 32% in humans and 33% in mice. The main sequence variation is derived from the LRR domain at the C-terminus, indicating that NLRP6 and NLRP3 have different ligand recognitions (64). A recent cryo-electron microscopic study revealed the structural mechanism of assembly of the NLRP6 inflammasome, where the PYD formed a filamentous structure via self-assembly and then underwent a conformational change that enabled NLRP6 to recruit ASC through PYD-PYD homologue protein interaction (65). ASC can form a complete NLRP6 inflammasome by binding to Caspase-1 or Caspase-11 via CARD (9, 66, 67). The NLRP6 inflammasome not only mediates secretion and maturation of the pro-inflammatory cytokines IL-1β and IL-18, but also cleaves GSDMD and induces pyroptosis. Additionally, NLRP6 can also function independently of the inflammasome (66, 68).

An increasing number of studies have shown that the assembly and regulation of NLRP6 inflammasome are affected by a variety of microbial components and metabolites. The bile acid derivative taurine induces activation of the NLRP6 inflammasome and promotes secretion and maturation of IL-18, which in turn regulates production of antimicrobial peptides to form a chemical barrier in the intestinal tract that protects it from inflammation (38). In contrast, spermine and histamine may have an inhibitory effect on the NLRP6 inflammasome (69). In addition to microbial metabolites, lipoteichoic acid (70) and LPS (71) bind to and activate NLRP6 inflammasome. Mukherjee et al. (72) found that the deubiquitinating enzyme Cyld inhibits the binding of NLRP6 to ASC, reducing secretion and maturation of IL-18 and preventing excessive inflammatory reactions. NLRP6 expression is also regulated by hormones. In irritable bowel syndrome, increased levels of corticotrophin releasing hormone down-regulate expression of NLRP6 (73, 74).




3.4.2 NLRP6 inflammasome and IR

The NLRP6 inflammasome has different effects in different tissues or diseases, and which has both positive and negative regulatory effects (75, 76). Due to the high expression of NLRP6 in the intestine, current research on NLRP6 function is mainly focused on the intestine (77). Studies have also been conducted in the liver and the lungs, but the relationship between NLRP6 and IR in these tissues is currently unclear. One study has shown a clue between NLRP6 and insulin sensitivity. Rosiglitazone, a drug used to treat with T2DM, can regulate the expression of NLRP6. In this transcriptional expression study, NLRP6 gene is regulated by a variety of transcription factors, including peroxisome proliferator-activated receptor (PPAR) γ, retinoid X receptor (RXR)-α, and chicken ovalbumin upstream promoter transcription factor 1 binding sequences (78). As a member of the nuclear hormone receptor superfamily, PPAR-γ forms a heterodimer with RXR-α and plays a key role in glucose homeostasis (79, 80). Rosiglitazone, as a PPAR-γ agonist, is also a commonly used insulin sensitizer in clinical practice. Studies have shown that stimulation of the human intestinal epithelial cell line Caco-2 with a moderate dose of rosiglitazone for 6 hours significantly increases expression of NLRP6, and there is a dose-dependent relationship between increases in NLRP6 mRNA levels (78).

Moreover, NLRP6 differs from other NLRs family proteins as it is related to inhibition of the innate immune response. It not only participates in the inflammatory response by producing IL-1β and IL-18 but also inhibits NF-κB and MAPK signaling pathways, thereby inhibiting inflammation and preventing pathological damage (81). Studies have shown that expressions of cytokines, such as TNF-α and IL-6, in NLRP6 gene knockout mice increase after macrophages are infected with Listeria monocytogenes or are exposed to TLR2/4 ligands, indicating that NLRP6 specifically inhibits activation of TLR2/4-dependent NF-κB and MAPK pathways (82). In alcoholic hepatitis and non-alcoholic steatohepatitis models, NLRP6 inhibits activation of the NF-κB signaling pathway and plays a role in protecting the liver (75, 83). It is predicted that NLRP6 may regulate the insulin sensitivity through the modulatory of inflammatory signals.

Furthermore, some studies have shown that the NLRP6 inflammasome alters intestinal barrier function by affecting the intestinal mucus layer, intestinal antimicrobial peptides, and colonic mucosal repair. Impaired barrier function may result in bacterial LPS entering the blood, causing metabolic endotoxemia, low-grade inflammation, and metabolic syndromes, such as obesity and IR (84, 85). These results indicate that the NLRP6 inflammasome indirectly affects IR. In addition, studies have shown that the NLRP6 inflammasome activates Caspase-11 and induces loss of gut-associated neurons. After the microbiota is depleted, specific intestinal neurons involved in glucose regulation are absent, resulting in elevated blood glucose and IR (86, 87). Additionally, activation of the NLRP6 inflammasome-induced the secretion of IL-1β and IL-18 probably involved in the regulation of IR (Figure 6). In conclusion, there is little research on the correlation between NLRP6 and IR, and the relationship between NLRP6 and IR is not clear. Further study is needed to clarify this relationship and is expected to provide new ideas for the treatment of patients with IR-related metabolic syndrome.




Figure 6 | NLRP6 inflammasome and IR. The NLRP6 inflammasome can be activated by the specific ligands, Taurine, LAT, and LPS. The activated NLRP6 inflammasome can lead to self-cleavage of pro-Caspase-1 to generate the active form, Caspase-1, which subsequently cleaves pro-IL-18 and pro-IL-1β to generate their mature forms, IL-18 and IL-1β, for secretion. Activated Caspase-1 can also induce GSDMD-mediated pyroptosis. Activated NLRP6 inflammasome inhibits the NF-κB and MAPK signaling pathways. In addition, activated NLRP6 inflammasome could also activate Caspase-11, indirectly leading to the occurrence of IR. However, the relationship between NLRP6 inflammasome-mediated cytokines (IL-1β and IL-18) and IR is still not clear.







3.5 AIM2 inflammasome



3.5.1 Structure and activation of the AIM2 inflammasome

AIM2 was found in melanoma in 1997 (88). Due to its lack of expression in melanoma, it is designated as absent in melanoma 2 (AIM2), belonging to a family of HIN-200 proteins. The AIM2 protein is located at 1q22 in human coding genes. The RNA is 1,485bp in length and consists of 344 amino acid molecules. The molecular weight of the protein is about 39,487 Da, and it is mainly expressed in the cytoplasm (89). The AIM2 protein is highly conserved in the HIN-200 family and usually consists of two parts, the N-terminal PYD and a HIN domain at the C-terminus (Figure 2). AIM2 inflammasome is composed of AIM2, ASC, and pro-Caspase-1. Under normal physiological conditions, binding of the HIN domain of the AIM2 protein to PYD is in a self-inhibitory state (90). When stimulated by double-stranded DNA (dsDNA), AIM2 recruits pro-Caspase-1 via the adaptor protein ASC, forming a complete AIM2 inflammasome and activating Caspase-1. The AIM2 inflammasome then cleaves pro-IL-1β and pro-IL-18 and promotes maturation and release of IL-1β and IL-18. In addition, active Caspase-1 cleaves GSDMD and mediates pyroptosis.

The main function of AIM2 is to identify abnormal cytoplasmic dsDNA in bacteria, viruses, and host cells (91). Since AIM2 does not distinguish between the dsDNA of hosts and microorganisms, it is generally believed that activation of the AIM2 inflammasome is involved in the pathogenesis of many autoimmune inflammatory diseases (92). Activation of the AIM2 inflammasome is not related to the dsDNA sequence but depends on the dsDNA length. Studies have shown that at least 70bp of dsDNA is required to activate the AIM2 inflammasome (93). In addition, people have also found that the longer the dsDNA AIM2, the faster the assembly of the AIM2 inflammasome and that the polymerization rate of the AIM2 inflammasome with dsDNA of 300bp is significantly faster than that with dsDNA of 72bp (94).

Activation of the AIM2 inflammasome is protective during bacterial infection, which requires two basic requirements, bacterial entry into the cytoplasm and release of bacterial DNA by lytic action. AIM2 provides the host with immune monitoring of some pathogenic bacteria, such as Francisella tularensis, Listeria monocytogenes, Streptococcus pneumoniae, Mycobacterium, Porphyromonas gingivalis, Staphylococcus aureus, Brucella abortus, chlamydia murine, and Legionella pneumophila (95). In addition, a variety of DNA viruses can also activate the AIM2 inflammasome, including the vaccinia virus, mouse cytomegalovirus, and herpes simplex virus.




3.5.2 AIM2 inflammasome and IR

Although AIM2 inflammasome has a protective effect in infectious diseases, they are harmful in some aseptic inflammatory diseases, including atherosclerosis (96), chronic kidney disease (CKD) (97), skin disease (98), liver disease (99), neuroinflammation (100), and others. The initial progress has been made between the AIM2 inflammasome and IR. AIM2 expression is increased in the monocytes of T2DM patients compared to healthy controls. Similarly, serum cellular mtDNA levels in patients with T2DM are higher than those in the healthy control group and are positively correlated with pathology. Increased mtDNA content in peripheral blood or leukocytes is associated with T2DM nephropathy or hyperglycemia, respectively (101). The expression and activation of AIM2 and the increase in circulating mtDNA levels may be involved in the inflammatory process in patients with T2DM (102). Mitochondrial dysfunction is closely related to IR and the pathogenesis of T2DM (103). Damaged mitochondria release a large amount of mtDNA which participates in activation of the AIM2 inflammasome, increase the expression of IL-1β, and promotes IR and T2DM development (Figure 7).




Figure 7 | AIM2 inflammasome and IR. The AIM2 inflammasome is activated by dsDNA in the cytoplasm, which then leads to self-cleavage of pro-Caspase-1 to generate the active form, Caspase-1, which subsequently cleaves pro-IL-1β to generate its mature form, IL-1β, for secretion. IL-1β can promote the development of IR and T2DM. Activated Caspase-1 can induce GSDMD-mediated pyroptosis. However, the AIM2 inflammasome can inhibit p202 protein, thereby blocking p202 protein-induced monocyte infiltration and lipogenesis, and indirectly improving obesity and IR. Therefore, the relationship between AIM2 inflammasome and IR depends on the interact protein and downstream signaling.



In addition, some studies have shown that AIM2 plays an important role in myocardial cell death and fibrosis through the GSDMD pathway in high glucose-induced ROS-mediated diabetic cardiomyopathy, and inhibition of AIM2 expression reduces progression of diabetic cardiomyopathy (DCM) (104). The high glucose environment generated by diabetes can also induce dysfgunction of macrophages through cytoplasmic dsDNA/AIM2-related apoptosis, accelerating the aging process and inducing a systemic pro-inflammatory state (105). By contrast, in an animal experiment, AIM2-/- mice were more prone to obesity, impaired brown fat function, increased fasting blood glucose and insulin levels, and impaired metabolic functions such as IR when compared to WT mice (106). These observations may be due to AIM2 inhibition of the encoded protein 202 (p202), which in turn blocks p202-induced monocyte infiltration and lipogenesis and improves obesity and IR (Figure 7). This indicates that AIM2 has a protective effect in metabolic syndromes, which is independent on the formation of the inflammasome.

At present, there are few studies on AIM2 and T1DM or other types of diabetes, and AIM2 has been found to play a protective role in the STZ-induced T1DM model in an animal experiment (107). However, more studies are needed to confirm the association of AIM2 with IR and other types of diabetes.





3.6 Inflammasome regulation by complement activation

The complement system is a potent component of the innate immune response, promoting inflammation and orchestrating defense against pathogens. Complement activation culminates in a massive amplification of the immune response leading to increased cell lysis, phagocytosis, and inflammation (108). The activation of complement mainly includes three pathways three pathways: 1) the classical pathway with C1q as its main pattern recognition sensor, 2) the lectin pathway with mannose binding lectin and ficolins as the recognition molecules, and finally 3) the alternative pathway with a thioester moiety of C3b as well as properdin as the recognition molecules. Once activated all three pathways converge at C3 (109). Recently, the activation of complement receptors, such as the anaphylatoxin C3a and C5a receptors and the complement regulator CD46, in conjunction with the sensing of cell metabolic changes, for instance increased amino acid influx and glycolysis, have emerged as additional critical activators of the inflammasome. Given that the complement system is evolutionarily among the oldest PRR systems, and that extensive crosstalk between complement and particularly the TLRs exists (110, 111), the involvement of complement in inflammasome activation is not unexpected.

Indeed, studies in the 1980s by Haeffner-Cavallion et al. showed that the anaphylatoxin C3a induces IL-1β production in human monocytes (112), indicating a functional connection between these two systems at a time before the inflammasome was actually discovered. A more recent study defined the C3aR-driven signals in human monocytes and demonstrated that locally produced C3a increases ATP efflux from the monocyte cytosol in the presence of TLR4 activation by LPS (113). This C3a-driven ATP efflux leads to subsequent increased activation of the ATP receptor purinergic ligand-gated ion channel 7 (P2X7), a potent Signal 2 for NLRP3 inflammasome activation (114), and substantially increased IL-1β secretion (113). Furthermore, the anaphylatoxin C5a has been confirmed as an important driver of Signal 1 for NLRP3 inflammasome activation in human monocytes. Samstad et al. (115) showed that cholesterol crystals activate both the classical (via C1q) and alternative complement pathways and that C5a generated during this process, together with TNF-α, functions as priming Signal 1 for NLRP3 activation by increasing IL-1β gene transcription. There is also indication that CD46 partakes in NLRP3 inflammasome priming, as CD46 engagement during T cell receptor stimulation on human CD4+T cells potentiates NF-κB activation and increases transcription of IL-1β (116). Studies have shown that C5a (and possibly C3a) can also activate the NLRP3 inflammasome by increasing the production of ROS (117). Conversely, reduced NLRP3 inflammasome activity was also demonstrated in some mouse models with complement and complement receptor-related gene knockout. For instance, Fatemeh Fattah et al. (118) found that the complement protein C6-/- significantly reduced NLRP3 inflammasome levels and pro-inflammatory products (cytokines, chemokines, and histones) in mouse models of polymicrobial sepsis and acute lung injury. Yu et al. (119) found that C5aR2 promotes NLRP3 activation by amplifying dsRNA-dependent protein kinase R expression, which is an important NLRP3-activating factor. In C5aR2-/- mice, the activation of NLRP3 inflammasome and the release of HMGB1 in vivo and in vitro were obviously restricted. V-set and immunoglobulin domain-containing 4 (VSIG4) is a complement receptor of the immunoglobulin superfamily that specifically expresses in resting tissue-resident macrophages (120, 121). Studies show that VSIG4 inhibits NLRP3 and Il-1β transcription via A20-mediated NF-κB inactivation (122).

Complement system plays an important role in the activation of NLRP3 inflammasome. Studies have shown that complement receptor also plays an important role in regulating metabolic syndrome such as T2DM and IR (Figure 4). Mamane et al. (123) found that C3a receptor (C3aR) was highly expressed in adipocytes and macrophages in white adipose tissue of mice. In C3aR-/- mice, both ND and HFD showed increased insulin sensitivity, decreased macrophage infiltration and decreased pro-inflammatory factor production. Lim et al. (124) found that in a rat model, obesity, excessive visceral fat, fat inflammation, and insulin resistance caused by the high-fat diet were all related to the increase of plasma C3a, adipose C3aR and C5aR. C3aR and C5aR antagonists can significantly improve the obesity and metabolic disorder in rat model. We can speculate that the deficiency of C3aR and C5aR may be due to limiting the activation of NLRP3 inflammasome, which improves metabolic syndromes such as IR.




3.7 Correlation between different inflammasomes

The inflammasomes are innate immune system receptors and sensors that regulate the activation of Caspase-1 and induce inflammation in response to infectious microbes and molecules derived from host proteins. They have been implicated in a host of inflammatory disorders (125). Different inflammasomes play different roles in different stage of that disease and in different tissues or organs. However, there is also a complex correlation between different inflammasomes.

Studies have shown that NLRP1 and NLRP3 inflammasomes exert a synergistic effect and have a protective function on the body in the early stage of type 1 diabetes. However, as the disease progressed, NLRP1 and NLRP3 inflammasomes failed to exert their protective effects during diabetic ketoacidosis and showed significant decline (126). ROS-induced NLRP1 and NLRP3 in monocytes of chronic insomnia disorder also work synergistically to control microglia IL-1β production and the subsequent IL-1β-mediated inflammatory cascade in the brain (127). In addition, Chen et al. found that NLRP12 coordinates with NLRP3 and NLRC4 to induce IL-1β processing and pyroptotic cell death in a manner dependent on the Caspase-8-mediated hypoxia-inducible factor-1α (HIF-1α) pathway during retinal ischemic injury. Furthermore, mature IL-1β initiates the neuroinflammation cascades and pyroptotic reaction by promoting the Caspase-8 mediated HIF-1α-NLRP12/NLRP3/NLRC4 pathway and GSDMD cleavage (128). There was also a synergistic effect of NLRP3 and AIM2 inflammasomes in monocytes from patients with COVID-19, which recognized cell membrane damage and cytosolic DNA, respectively, that activate Caspase-1 and GSDMD, leading to pyroptosis and release of potent inflammatory mediators (129). Studies have shown that NLRP6 and NLRP9b also have synergistic effects in the regulation of enterovirus defense. NLRP6 tends to bind to long dsRNA, and NLRP9b binds more strongly to short dsRNA (130, 131). Recent data indicate that NLRP6 is highly expressed in the duodenum (the proximal small intestine), whereas NLRP9b is expressed mainly in the ileum (the distal small intestine), which matches exactly the infection patterns of each virus sensed by these two receptors (64). Thus, NLRP6 and NLRP9b might cooperate in defense against different enteric viruses with different tropisms. The complementary expression pattern, ligand-binding pattern, and downstream signaling they activate make them the perfect pair of NLRs in the intestine.

In addition to synergistic effect, there is also an inhibitory effect among various inflammasomes. Li et al. found that NLRP6 could inhibit p38-MAPK and NF-κB signaling pathways in liver after allogeneic hematopoietic stem cell transplantation and NLRP6-/- could increase the expression of NF-κB, which then activated NLRP3 expression and aggravated liver injury (132). In addition, studies have shown a negative correlation between the expression of NLRP3 and NLRP6 in normal conjunctiva and pterygium. Activation of NLRP3 inhibits the activation of NLRP6 in normal conjunctival and pterygium tissues (133). Studies have shown that during P. brasiliensis infection, NLRC4 inhibits Prostaglandin E2 production, which is required for NLRP3-inflammasome-triggered IL-1β at the early phase of infection, while in the later phase of infection reduces IL-18 levels, abrogates CD8+IFN-γ+T cell responses, and promotes uncontrolled fungal growth (134). It indicated that NLRC4 indirectly inhibited the expression of NLRP3. An animal experiment showed that NLRC4 negatively regulates immunological memory by preventing delayed activation of the cytosolic NLRP3 that would otherwise amplify the production of cytokines important for the generation of Th1 immunity such as IL-18 (135).

The decrease of intracellular K+ is a common minimal cellular step for most of the NLRP3 stimuli (136, 137). The linker between the N-terminal PYD, the central NACHT domain and the FISNA domain (a NLRP3-specific domain) are important for activation of NLRP3 when intracellular K+ is reduced and K+ independent activators are used. However, the NLRP6 is not activated by K+ efflux (70, 81). Studies have found that the introduction of the NLRP3 PYD-linker-FISNA sequence into NLRP6 resulted in a chimeric receptor able to be activated by K+ efflux-specific NLRP3 activators and promoted an in vivo inflammatory response to uric acid crystals. It has been shown that the amino-terminal sequence between PYD and NACHT domain of NLRP3 is a key for inflammasome activation (138).





4 Potential treatment options related to the inflammasome

It is crucial to understand immune regulation mechanisms under homeostasis, which may be the key in preventing metabolic syndrome disease, such as IR and T2DM. It has been shown that targeted on inflammasome-related pathways or molecules effectively treats IR and decreases the occurrence and development of T2DM. So far, the NLRP3 inflammasome is the most widely studied inflammasome and the associated medicines are more developed. Studies have shown that a variety of commonly used clinical drugs (Table 1), herbal drugs (Table 2), protein and peptide drugs (Table 3), and NLRP3 inhibitors (Table 4) can effectively act on the NLRP3 inflammasome and related downstream molecules to improve IR, T2DM, non-alcoholic fatty liver disease, and other metabolic diseases (174).


Table 1 | Clinical drugs.




Table 2 | Botanical drugs.




Table 3 | Protein and peptide drugs.




Table 4 | NLRP3 inhibitors.





4.1 Clinical drugs



4.1.1 Metformin

Metformin is a first-line drug for the clinical treatment of T2DM. It causes AMPK activation by inhibiting liver glycogen production, gluconeogenesis and IR, and plays a role in a variety of metabolic diseases (175). Lee et al. (139) found that metformin could inhibit Caspase-1 and IL-1β by activating the AMPK pathway, thus improving insulin sensitivity. In addition, another study showed that metformin improves IR and liver fibrosis by reducing ASC and Caspase-1 transcription levels in a T2DM rat model (140). At present, metformin is widely used in clinical practice. Because of its good hypoglycemic effect, especially on fasting blood glucose, and no hypoglycemia when used alone, it can reduce body weight and has cardiovascular benefits. It is the preferred drug for patients with type 2 diabetes recommended by domestic and foreign guidelines. However, gastrointestinal reactions are more common, and taking it during or after meals can reduce gastrointestinal adverse reactions. Patients who use it for a long time should be appropriately supplemented with vitamin B12. Maximum dose for adults is 2550 mg, which is not recommended for children under 10 years of age.




4.1.2 Dapagliflozin and Empagliflozin

Both Dapagliflozin and Empagliflozin belong to the class of sodium-glucose transporter 2 (SGLT-2) inhibitors, which can be used for the treatment of T2DM (176). SGLT-2 inhibitors inhibit SGLT-2 activity, reduce renal reabsorption of glucose, and increase the excretion of urine glucose to lower blood glucose. Chen et al. (141) found that dapagliflozin reduces progression of diabetic cardiomyopathy and the degree of myocardial fibrosis by AMPK and inhibiting activation of the NLRP3 inflammasome. Empagliflozin inhibits activation of the NLRP3 inflammasome by increasing serum BHB levels and reducing serum insulin, thereby significantly reducing secretion of IL-1β and the incidence and mortality of cardiac adverse events in patients with diabetes and cardiovascular disease (142). SGLT-2 inhibitors, as a new type of medicine for the treatment of T2DM, have the effects of reducing body weight, blood pressure and uric acid due to the low risk of hypoglycemia. At the same time, it has kidney and cardiovascular protection, which has been generally recognized by patients. However, it is still noteworthy that some patients are prone to genitourinary infections after taking these drugs.




4.1.3 Pioglitazone

Pioglitazone is an orally active and selective PPARγ agonist with high affinity for the PPARγ ligand-binding domain. Clinically, it is a thiazolidinedione anti-diabetic drug, which can increase the sensitivity of target tissues to insulin and reduce blood glucose, improve blood lipid profile, improve the activity of fibrinolytic system, improve the function of vascular endothelial cells, and reduce C-reactive protein, and has a protective effect on the cardiovascular system. Studies have shown that a specific dose of pioglitazone inhibits secretion of inflammatory cells by inhibiting the advanced glycation end products (AGEs)/receptor for advanced glycation end products (RAGE) signaling pathway and reducing levels of NF-κB and local ROS release (143). These two mechanisms, decreased ROS and down-regulation of NF-κB weaken activation of NLRP3 inflammasome in vivo, thereby improving kidney damage in patients with T2DM and DN. Thiazolidinedione anti-diabetic drugs had good effects on patients with abdominal obesity, NAFLD, and obvious IR, and their use alone did not cause hypoglycemia. Because of its slower effect, patients with cardiac insufficiency may increase the risk of heart failure (cardiac function above Class 3 is prohibited), and older women may increase the risk of fractures, which may cause water and sodium retention, leading to slightly increased body weight (more obvious when used in combination with insulin), etc. Therefore, the drug was not used as the first-line medication, and it was recommended to use when the effects of other drugs were unsatisfactory.




4.1.4 Acarbose

Acarbose is an α-glucosidase inhibitor that not only reduces postprandial hyperglycemia, but also inhibits γ-interferon inducible protein 10, MCP-1, macrophage-derived chemokine (MDC), and TNF-α in LPS-stimulated human mononuclear leukemia cells and downregulates phosphorylation of NF-κB-p65 (177). Recent studies have shown that acarbose can improve the vascular permeability of diabetic patients by inhibiting nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) and the NLRP3 inflammasome pathway, which may be a potential mechanism whereby acarbose protects individuals from the cardiovascular complications of diabetes (144). α-glucosidase inhibitors are commonly used drugs in clinic, which do not cause hypoglycemia and have the effect of reducing body weight. They are especially suitable for the population which mainly takes carbohydrate intake in China. It is the first-line drug recommended in the current diagnosis and treatment guidelines for metabolic diseases, and the only drug in China that has obtained the indication of impaired glucose tolerance. However, it has gastrointestinal adverse reactions such as abdominal distension and increased exhaust when being used for the first time, so it is prohibited for patients with chronic gastrointestinal dysfunction, diseases possibly worsened by intestinal distension and severe renal impairment, and should not be used for patients under 18 years old and pregnant women.




4.1.5 Liraglutide

Liraglutide, a human glucagon-like peptide -1 (GLP-1) analog, has become a first-line therapy for T2DM (178, 179). GLP-1 receptor agonists promote islet β cell growth, improve IR, reduce lipid deposition, and reduce appetite and body weight (180). Zhu et al. (145) found that liraglutide improves IR and hepatic steatosis by reducing NLRP3 inflammasome expression and IL-1β in the liver. Liraglutide can well control blood glucose and reduce body weight, and is used for treating patients with ineffective blood glucose control caused by metformin and sulfonylurea. There is evidence-based medical evidence that liraglutide has a protective effect on cardiovascular diseases. The common adverse reactions are gastrointestinal discomfort, mainly including nausea, vomiting and diarrhea. However, most patients can gradually adapt to the treatment with the prolongation of the use period.




4.1.6 Saxagliptin

Dipeptidyl peptidase-4 (DPP-4) inhibitor is a commonly used hypoglycemic drug in the clinic and improves levels of endogenous GLP-1 and glucose-dependent insulin-promoting polypeptide. It promotes the release of insulin by pancreatic β cells and inhibits glucagon secretion by pancreatic α cells, thereby improving the insulin level and reducing blood glucose. Saxagliptin is a type of DPP-4 that prevents the occurrence and development of kidney damage in mice with T2DM by reducing activation of the NLRP3 inflammasome and proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-18 (146). Saxagliptin is generally not hypoglycemic, does not increase body weight, no gastrointestinal reactions, high safety and tolerance. But its general price is high. There are adverse reactions such as headache, dizziness, nasopharyngitis and cough, but the incidence is very low.




4.1.7 Glibenclamide

Glibenclamide is an insulin secretagogue and belongs to sulfonylurea drugs. Its main function is to stimulate β cells to secrete insulin, which acts on ATP-sensitive potassium channel (KATP) on β cell membrane, promoting calcium ion internal flow and increased concentration of intracellular calcium ion, stimulating the emigration of insulin-containing particles and insulin release, and lowering blood glucose. Glibenclamide reduces LPS-induced damage by streptozotocin in diabetic mice by inhibiting activation of NLRP3 inflammasome (147). Dwivedi et al. (148) also demonstrated that glibenclamide inhibits NLRP3 to reduce the levels of glucose, triglycerides, cholesterol, DNA damage, apoptosis, and inflammatory markers in T2DM mice by improving antioxidant status and upregulating the insulin signaling pathway. Sulfonylurea drugs are common hypoglycemic drugs in clinic and have good hypoglycemic effect. It mainly used for patients with T2DM with certain β cell function and patients without sulfonylurea drug taboo. Moreover, it is preferred as a treatment for T2DM patients who are not suitable for metformin or as a combination regimen for other oral hypoglycemic drugs in T2DM patients with poor glycemic control. Sulfonylurea drugs can be combined with any other type of hypoglycemic drugs with different hypoglycemic mechanisms; however, it should be careful not to use two insulin secretagogues at the same time. Its disadvantages are the risk of hypoglycemia and weight gain. In principle, sulfonylureas are prohibited for patients with liver and kidney insufficiency.




4.1.8 Verapamil

Verapamil is a calcium channel blocker that improves IR and hyperglycemia in patients with metabolic syndrome. In fact, many clinical observations in human and animal models provide evidence for the beneficial effects of calcium channel blockers on obesity-related metabolic pathology (181). Verapamil has been widely used for the treatment of hypertension and the control of angina pectoris. Verapamil enhances thioredoxin reductase activity and significantly inhibits TLR4-mediated NLRP3 inflammasome assembly in diabetic retinopathy mice, reducing the release of inflammatory markers (TNF-α and IL-1β) into the vitreous humor and inhibiting pathological angiogenesis to prevent the development of diabetic retinopathy (149). In addition, verapamil improves pre-diabetic neuropathy in high fat diet-induced obese mice by inhibiting upregulation of TXNIP. These results indicate that verapamil not only has good therapeutic effects on hypertension and cardiovascular diseases but may also have wide application in the field of T2DM and its complications (150).




4.1.9 Fenofibrate

Fenofibrate, a PPARα agonist and a triglyceride-lowering drug, has been widely used in clinical practice for more than 30 years. Fenofibrate has extensive and beneficial effects on multiple signaling pathways of oxidative stress, inflammation, angiogenesis, and cell survival, as well as on the development of diabetic complications (182). In an animal experiment, it was found that fenofibrate reduced diabetes-induced retinal leukostasis and vascular leakage in mice and improved diabetic retinopathy by regulating nuclear factor E2-related factor 2 (Nrf2) signaling and inhibiting NLRP3 inflammasome activation (151). However, fenofibrate is not used as a routine treatment for diabetic retinopathy, which may be related to its side effects, leading to elevated transaminases and impaired liver function.




4.1.10 Vitamin D

Vitamin D is a multifunctional hormone because it as an active metabolite, 1,25-dihydroxyvitamin D3, play a classical role in calcium and bone homeostasis. It has many biological functions, including blood pressure control, immune regulation, apoptosis inhibition, and anti-vascular production. In addition, vitamin D3 plays an important role in endothelial function and has antioxidant and anti-inflammatory effects. Vitamin D3 can protect from retinal vascular injury and apoptosis in mice with diabetic retinopathy by inhibiting the ROS/TXNIP/NLRP3 inflammasome pathway (152). Other studies have shown that vitamin D3 can activate AMPK and inhibit the mTOR pathway, thereby inhibiting activation of the NLRP3 inflammasome and reducing damage of pancreatic β cells (153). Vitamin D3 can promote the reabsorption of calcium and phosphate by renal tubular cells, increase the concentration of blood calcium and phosphorus, and facilitate the generation of new bones and calcification. It is currently used for the prevention of rickets and has not been routinely used for the treatment of diabetes. However, vitamin D3 may have potential value in the treatment of diabetes and its complications.




4.1.11 Vitamin E

Gamma-tocotrienol (γT3), an isomer of unsaturated vitamin E, is known to exert potent anti-inflammatory effects in a variety of cells, including macrophages, adipocytes, and several cancer cells (183). Kim et al. (154) found that γT3 regulates NLRP3 inflammasome through a dual mechanism. The induction of A20/TNF-α induced protein 3 inhibits the TNF receptor associated factor 6 (TRAF6)/NF-κB pathway and activation of the AMPK/autophagy axis results in weakening of Caspase-1 cleavage. Therefore, the infiltration of immune cells into adipose tissue is decreased, circulating IL-18 levels are reduced, pancreatic beta cells are protected, insulin sensitivity is improved, and the progression of T2DM is delayed. However, more favorable evidence is needed to prove that γT3 can be used for T2DM treatment.





4.2 Botanical Drugs



4.2.1 Tangshen formula

TSF is a prescription composed of 7 Chinese herbal medicines including 35.3% astragalus root (Astragaliradix), 17.6% burning bush twig (Euonymi ramulus), 14.4% rehmannia root (Rehmanniae radix), 11.5% bitter orange (Aurantii fructus), 10.6% cornus fruit (Corni fructus), 7.1% rhubarb root and rhizome (Rhei radix et rhizoma), and 3.5% notoginseng root (Notoginseng radix). It is used to treat diabetic nephropathy and provide renal protection. Studies have shown that TSF reduces production of ROS and the expression of TXNIP, playing an anti-pyroptosis role via the TXNIP-NLRP3-GSDMD axis and reducing the degree of renal damage in DN (155).




4.2.2 Parthenolide

PN is a sesquiterpene lactone, which shows anti-inflammatory activity by inhibiting the activation of NF-κB. It can also inhibit histone deacetylase 1 (HDAC-1) protein without affecting other class I/II HDACs (184). As a key component of plant drugs, PN has been widely used to treat a variety of inflammation-related diseases. PN inhibits activation of Caspase-1 by catalyzing alkylation of Caspase-1 cysteine residues or directly targeting the ATP enzyme activity of NLRP3 via cysteine modification. Kumar et al. (156) also found that PN reduces obesity-induced inflammation and IR by directly inhibiting NLRP3 inflammasome. PN can be used as a potential therapeutic agent for reducing obesity-induced IR caused.




4.2.3 Tilianin

Tilianin is an active flavonoid glycoside, which is widely distributed in a variety of medicinal plants. It lowers blood pressure, protects the myocardium, reduces blood lipids, and has anti-diabetic, anti-inflammatory, and anti-oxidative effects. Tilianin partially lowers blood glucose, oxidative damage, and inflammation by regulating the Nrf2/TXNIP/NLRP3 inflammasome pathway in mice with diabetic retinopathy and reduces the occurrence and development of diabetic retinopathy (157).




4.2.4 Resveratrol

Resveratrol, a polyphenol found in grapes, mulberries, and red wine, has antioxidant, anti-inflammatory, heart-protecting, and anticancer properties. It has a wide range of targets, such as mTOR and JAK. Resveratrol is not only a specific silent information regulator factor 2-related enzyme 1 (Sirt1) activator, but also an Nrf2 activator, which can improve the aging-related progressive kidney injury in the mouse model, but also act on the endothelial cells to promote NO production. Human clinical trials in diabetic subjects have shown that resveratrol prevents and improves IR and diabetes (185). It has been suggested that these beneficial effects of resveratrol are partially mediated by its antioxidant and anti-inflammatory properties (186). However, its specific mechanism of action remains unclear. Studies have shown that resveratrol may inhibit the activation of NLRP3 inflammasome via the combination of Sirt1 and Sirt6, thus exerting a series of protective effects on the body (158).




4.2.5 Berberine

BBR, an isoquinoline alkaloid extracted from Chinese herbal medicine, is one of the main components of Coptis chinensis and is used in treating diabetes and dyslipidemia. Studies have shown that berberine can induce ROS production and inhibit DNA topoisomerase, with anti-inflammatory and anti-tumor properties (187). Zhuo et al. (188) found that berberine improves obesity-induced inflammation and IR by triggering macrophage autophagy in order to inhibit PA-induced activation of NLRP3 inflammasome. A recent study revealed that BBR improves high glucose-induced tubular epithelial-mesenchymal transition and renal interstitial fibrosis in DN by inhibiting NLRP3 inflammasome (159). These results indicate that BBR might be a new drug for the treatment of obesity and diabetic complications.




4.2.6 Swertiamarin

Swertiamarin is the active ingredient in many traditional Chinese medicines. Studies have shown that swertiamarin and its derivatives have anti-diabetes and anti-hyperlipidemia effects and can alleviate pathological neuropathic pain (189). However, its anti-diabetic mechanism is still unclear. Swertiamarin corrects the imbalance of diabetic peripheral neuropathic pain (DPN) inflammatory factors and improves DPN by inhibiting the NOXs/ROS/NLRP3 signaling pathway in a rat model of DPN (160).




4.2.7 Salidroside

Salidroside, a phenylpropanoid glycoside compound, is the active ingredient of Radix Rhodiolae. It exerts a beneficial effect in alloxan-induced diabetic mice through antioxidation. In an animal experiment, salidroside inhibited activation of the NLRP3 inflammasome by inhibiting the expression of P2X7 receptor, thus improving pathological pain in diabetic rats (190). Zheng et al. found that salidroside improves IR and diabetic neuropathic pain in diabetic mice by regulating the AMPK-NLRP3 inflammasome axis (161, 162).




4.2.8 Ginsenoside

Ginsenoside is one of the main active components of the precious Chinese medicinal Radix Ginseng and has anti-oxidative stress, anti-inflammatory, anti-aging, neuroprotective effects. It has been found that ginsenoside Rg1 significantly reduces expression of NLRP3, Caspase-1, IL-1β, and VEGF in a T2DM mouse model, reducing pathological retinal damage (191). In addition, ginsenoside Rg5 plays an important role in diabetes. Ginsenoside Rg5, the main component of Red ginseng, inhibits the mRNA expression of cyclooxygenase-2 (COX2) via suppression of the DNA binding activities of NF-κB p65 (192). In a DN mouse model, Rg5 reduced the inflammatory response by inhibiting oxidative stress, activating NLRP3 inflammasome, and reducing fasting blood glucose, IR, serum creatinine, etc. in DN mice. It also improved kidney damage in diabetic mice (163).





4.3 Protein and peptide drugs



4.3.1 Disulfide bond A oxidoreductase-like protein

DsbA-L is an antioxidant enzyme that inhibits endoplasmic reticulum stress and improves adiponectin secretion by interacting with endoplasmic reticulum chaperone Ero1-Lα (164). Yang et al. found that DsbA-L inhibits activation of the NLRP3 inflammasome by promoting AMPK phosphorylation in a DN mouse model, thereby reducing renal fibrosis and renal tubular damage (165). DsbA-L is expected to provide a new avenue for treating DN.




4.3.2 Silent information regulator 2

Nicotinamide adenine dinucleotide (NAD+)/SIRT2 plays an important role in energy homeostasis and cellular metabolism. He et al. (166) showed that SIRT2 deacetylates NLRP3 and inactivates NLRP3 inflammasome. This interaction prevents and reverses inflammation and IR related to aging. In general, increasing the concentration of NAD+/SIRT2 can treat diseases related to IR.




4.3.3 Hypoxia-inducible factor 2α

HIF2α is activated in a hypoxic microenvironment, such as in the adipose tissue of T2DM patients. Li et al. (167) found that HIF2α in macrophages inhibits expression of carnitine palmitoyl transferase 1A (CPT1A) by promoting modification of lysine 27-trimethylated histone H3 (H3K27me3) and preventing NLRP3 inflammasome activation, thereby reducing IR induced by a high fat diet. These results indicate that inhibiting macrophage HIF-2α activation of NLRP3 inflammasome may be a potential therapeutic target for high fat diet-induced IR and other chronic metabolic inflammatory diseases.




4.3.4 Cathelicidin-WA

CWA is an antimicrobial peptide derived from the genus Mushroom, which has a variety of anti-inflammatory effects. CWA inhibits formation of the NRLP3 inflammasome by regulating expression of TXNIP and activation of p65 in a mouse model of DCM. It reduces myocardial fibrosis, inflammation and oxidative stress, and myocardial cell apoptosis in DCM mice and improves heart dysfunction caused by diabetes (168).





4.4 Inhibitor



4.4.1 MCC950

The small molecule MCC950, a diarylsulfonylurea-containing compound, was the first small molecule to be identified as an NLRP3 inhibitor. MCC950 blocks activation of NLRP3 inflammasome and the production of IL-1β by inhibiting oligomerization of ASC. MCC950 can directly interact with the Walker B motif in the NACHT domain of NLRP3 and prevent ATP hydrolysis, inhibiting NLRP3 activation and inflammatory soma formation (169). In the diabetic mouse model, 4 months of continuous treatment with MCC950 decreased plasma insulin levels and increased insulin sensitivity (193). In addition, MCC950 treatment regulates expression of peripheral and central stress signals and inflammation in mice. Animal experiments have shown that treatment with MCC950 improves anxiety and depressive behaviors and cognitive dysfunction in diabetic encephalopathy mice and reduces the expression of NLRP3-related inflammatory components in the hippocampus in a mouse model of DEP. MCC950 also improves insulin sensitivity in mice (194). Diabetic retinopathy is an inflammation-mediated microvascular disease characterized by dysfunction of human retinal endothelial cells (HRECs). Significant upregulation of NLRP3, Caspase-1, and IL-1β occur in CD31+ HRECs obtained from patients with diabetic retinopathy. MCC950 treatment of HRECs stimulated by high glucose reduces apoptosis, inhibits interaction of NEK7 with NLRP3, and enhances the function of HRECs (195). DN is another chronic inflammatory microvascular complication of diabetes. Previous studies have reported the role of NLRP3 inflammasome in the pathogenesis of DN. MCC950 reduces levels of tumor growth factor-β, Caspase-1 and IL-1β in high glucose-treated rat glomerular mesangial cells. In addition, animal models of DN treated with MCC950 show improvement in glomerular basement membrane thickening, renal function, renal fibrosis, and podocyte injury (196). Although not yet clinically applied, MCC950 represents a potential therapeutic agent for the treatment of diabetes and its complications.




4.4.2 CY-09

CY-09 significantly inhibits formation of the NLRP3 inflammasome in vivo and in vitro in human cells in mouse model and is a direct and effective NLRP3 inhibitor (170). CY-09 directly interacts with the NLRP3 Walker A motif and inhibits ATP binding to NLRP3. CY-09 dose-dependently inhibits Caspase-1 activation and IL-1β release by sodium urate, ATP, and Nigericin-induced NLRP3 stimulation in bone marrow-derived macrophages. In a high fat diet-induced mouse model, CY-09 increased insulin sensitivity (197). In another mouse model, sleeve gastroplasty combined with CY-09 reduced body weight, improved IR and reduced hepatic steatosis (198). These data indicate that CY-09 has very considerable prospects in that treatment of metabolic syndrome.




4.4.3 Tranilast

Tranilast is a tryptophan metabolite analogue. It can inhibit the production of prostaglandin D2 and angiotensin II, has anti-inflammatory and immunomodulatory effects, and is used as an anti-inflammatory agent for the treatment of inflammation-related diseases. Studies have shown that tranilast can directly bind to the NACHT domain of NLRP3 and block NLRP3 oligomerization to inhibit NLRP3 inflammasome assembly (171). Cao et al. (172) revealed that tranilast improves hyperglycemia, insulin deficiency, glucose intolerance, IR, and other symptoms of gestational diabetes by reducing the high expression of NLRP3 inflammasome and pro-inflammatory factors. At present, tranilast is not used routinely in the treatment of diabetes, and more studies are needed to prove its safety and stability.




4.4.4 Compound C

Compound C is a pyrazolopyrimidine that is widely used as a competitive inhibitor of cell permeability to ATP of AMPK. Compound C significantly reduces IR in high fat-induced obese mice by downregulating expression of the NLRP3 inflammatory body components and pro-inflammatory markers (173). Compound C can be used as a therapeutic agent for the treatment of metabolic diseases, such as T2DM and NAFLD, but the current research is insufficient and further research is needed.





4.5 Gene editing

As a third-generation gene editing tool, CRISPR/Cas9 can specifically and effectively destroy or repair pathogenic genes with a single guide RNA (gRNA)-directed Cas9 nuclease. Xu et al. (199) utilized CRISPR/Cas9 to directly destroy NLRP3 at the genomic level, not only completely inhibiting the activation of NLRP3 inflammasome but also avoiding the potential risk of inhibiting anti-inflammatory biological agents and the off-target pathways of inhibitors. Subsequently, screening an optimized cationic lipid-assisted nanoparticle (CLAN) to deliver Cas9mRNA (mCas9) and gRNA into macrophages is developed. By using CLAN encapsulating mCas9 and gRNA-targeting NLRP3 (gNLRP3) (CLANmCas9/gNLRP3), disrupting NLRP3 of macrophages, inhibiting the activation of the NLRP3 inflammasome in response to diverse stimuli. CLANmCas9/gNLRP3 treatment improves insulin sensitivity and reduces adipose inflammation of high-fat-diet (HFD)-induced T2DM. CLANmCas9/gNLRP3 provides a new treatment strategy for NLRP3-dependent inflammatory diseases.





5 Concluding remarks

T2DM, as the most common metabolic disease in the world, is pathologically characterized by IR, which subsequently leads to glucolipid metabolism disorder. T2DM is affected by lifestyle factors such as age, pregnancy and obesity, and has a strong genetic component (200). In recent years, the number of patients with metabolic syndrome accompanied by IR is increasing. With the deepening of research on T2DM, the concept of T2DM as a chronic inflammatory disease has gradually been widely accepted (41, 201, 202). Although there are many influencing factors for IR, such as abnormal glucolipid metabolism, hypoxia, and endoplasmic reticulum stress, a common pathway is ultimately mediated by the inflammatory response (203, 204).

The enhanced inflammatory trait of the adipose tissue during obesity instigates the production of cytokines that contribute to the development of IR (43). As an important part of the innate immune system, inflammasomes play an important role in IR-induced metabolic diseases. With the serious imbalance of metabolic disorder, increase of ROS and damage of mitochondria caused by chronic inflammation, the activation of NLRP3 inflammasome is activated. A large number of studies have shown that the activation of NRLP3 inflammasome affects the interaction of glucose tolerance, insulin sensitivity and intestinal microorganisms, leading to the occurrence and development of T2DM (205–207). On the contrary, with the development of T2DM, multiple organ dysfunctions occurs, leading to inflammation, further activating the activation of NLRP3 inflammasome. In short, T2DM leads to inflammasome activation or vice versa and there is a vicious circle. With extensive research on the structure, assembly, activation, regulation, and the mechanisms of action of inflammasomes, an in-depth and scientific understanding of the relationship between inflammasomes and IR has been obtained. NLRP3 inflammasome is an excellent target for IR and T2DM treatment. Current strategies against NLRP3 inflammasome mainly include anti-inflammatory biological agents against IL-1β signaling or blocking partial upstream and downstream signals of NLRP3 inflammasome.

In addition, the treatment and intervention for T2DM mainly rely on the maintenance of drugs to control blood glucose, which cannot fundamentally reverse the process of T2DM. In fact, whether it is based on insulin sensitization and the use of first-line treatment drugs for T2DM, such as glitazones and metformin, or GLP-1 analogues and dipeptidyl peptidase inhibitors, which have been approved and marketed by the FDA in recent years, there are different degrees of toxic and side effects and blood sugar control failure in clinical practice. Therefore, it is urgent to explore the pathogenesis and intervention strategies of T2DM from a new perspective. Although NLRP3 inflammasomes are closely related to IR and T2DM, research on the treatment of T2DM targeting NLRP3 inflammasomes is still in its infancy. There are three promising therapeutic agents for T2DM that target IL-1β and Caspase-1: (1) IL-1 receptor antagonist Anakinra (208), (2) human anti-IL-1β monoclonal antibody Canakinumab (209), (3) Caspase-1 inhibitor Pralnacasan. Anakinra and Canakinumab are currently in the Phase II clinical trials and have not been officially widely used in clinical practice. Clinical trials of Pralnacasan have been discontinued due to its safety and tolerability (210). In addition, inhibitors of NLRP3, such as MCC950 and CY09, have achieved good results in animal models, but have not been applied to clinical trials.

Although the more detailed molecular mechanism of activation of NLRP3 inflammasomes remains to be clarified until now, and the research on the treatment of T2DM targeting NLRP3 inflammasomes is filled with a large number of unknown challenges, we still believe that challenges are often accompanied by opportunities. Moreover, there are still many questions that require further exploration, for example, in addition to the NLRP3 inflammasome, other inflammasomes have shown the specific relations with IR and T2DM. Furthermore, different inflammasomes exert different effects on IR in different tissues or cells. Meanwhile, they can also become a therapeutic target. Therefore, in the future, deeper and more comprehensive studies on inflammasomes are needed to provide new methods for the diagnosis and treatment of various IR-related metabolic diseases and new ideas for the targeted design of new drugs or regimens.
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Background

Although cellular and animal studies have reported that resolvin D1 (RvD1) and resolvin D2 (RvD2) are mechanisms involved in the development of type 2 diabetes mellitus (T2DM), the impact of RvD1 and RvD2 on the risk of T2DM at a population level remains unclear.





Methods

We included 2755 non-diabetic adults from a community-based cohort in China and followed them for seven years. Cox proportional hazards model was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association of RvD1 and RvD2 with T2DM probability. Time-dependent receiver operator characteristics (ROC) curve was used to evaluate the predictive performance of RvD1 and RvD2 for the risk of T2DM based on the Chinese CDC T2DM prediction model (CDRS).





Results

A total of 172 incident T2DM cases were identified. Multivariate-adjusted HRs (95% CI) for T2DM across quartiles of RvD1 levels (Q1, Q2, Q3 and Q4) were 1.00, 1.64 (1.03-2.63), 1.80 (1.13-2.86) and 1.61 (1.01-2.57), respectively. Additionally, body mass index (BMI) showed a significant effect modification in the association of RvD1 with incident T2DM (Pinteraction = 0.026). After multivariate adjustment, the HR (95% CI) for T2DM in the fourth compared with the first quartile of RvD2 was 1.94 (95% CI: 1.24-3.03). Time-dependent ROC analysis showed that the area under time-dependent ROC curves of the “CDRS+RvD1+RvD2” model for the 3-, 5- and 7-year risk of T2DM were 0.842, 0.835 and 0.828, respectively.





Conclusions

Higher RvD1 and RvD2 levels are associated with a higher risk of T2DM at the population level.
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1 Introduction

Despite the efforts to combat type 2 diabetes mellitus (T2DM), the rapid growth in its prevalence remains a massive challenge worldwide. According to the report by the International Diabetes Federation, the number of T2DM patients will increase to about 744 million worldwide by 2045 (1). It is now widely recognized that chronic low-grade inflammation plays a critical role in the development, progression and long-term complications of T2DM (2–4). Compared to the healthy controls, T2DM patients have significantly elevated levels of inflammation markers such as interleukin-6 (IL-6) and high-sensitivity C-reactive protein (hs-CRP) (5–7). In general, the inflammatory response of an organism is maintained by a balance between the occurrence and resolution of inflammation in physiological conditions (8, 9). Therefore, there is an increasing interest in the potential role of inflammation resolution in T2DM development.

The resolution of inflammation is a critical endogenous process that protects host tissues from prolonged or excessive inflammation that can become chronic (10). Resolvin D1 (RvD1) and resolvin D2 (RvD2), two important members of the family of specialized pro-resolving mediators (SPMs), are generated from the n-3 polyunsaturated fatty acids docosahexaenoic acid (DHA) (11, 12). Over the past decade, more and more studies have suggested that both RvD1 and RvD2 exert potent counter-regulatory effects on pro-inflammatory signaling pathways, acting as “brakes” on the persistent vicious cycle leading to unremitting inflammation (13, 14). For example, Claria et al. reported that RvD1 and RvD2 are potent pro-resolving mediators in counteracting local adipokine production and monocyte accumulation in obesity-induced adipose inflammation (15). RvD1 and RvD2 have the ability not only to rescue impaired expression and secretion of adiponectin in inflamed obese adipose tissue, but also to reduce the production of pro-inflammatory adipokine such as leptin. Moreover, the results from cellular studies and animal model have found that the production of RvD1 and RvD2 is significantly reduced under diabetes or high glucose culture conditions (16, 17).

Although cellular and animal studies showed that RvD1 and RvD2 have a beneficial effects on the T2DM development (18, 19), the prospective impact of RvD1 and RvD2 on the risk of T2DM at the population level has not been reported to date. In an effort to address this issue, this study aims to examine the association of plasma RvD1 and RvD2 concentrations with future T2DM probability based on a community-based Chinese cohort.




2 Materials and methods



2.1 Study population

“The prevention of MS and multi-metabolic disorders in Jiangsu province of China II (PMMJS-II)” is a community-based prospective cohort study in Soochow, China. The details of the study have been previously described (20, 21). Briefly, 3700 participants aged 35-60 years were recruited from Soochow (China) by a multistage sampling method between 06/2014 and 05/2015. Follow-up examination was performed every two years. To characterize the plasma RvD1 and RvD2 levels at baseline and to test their effects on the subsequent 7-year risk of T2DM, individuals who had the following conditions were excluded: 1) type 1 and 2 diabetes mellitus diagnosed before 2015 (639); 2) chronic hepatitis B and hepatitis C, schistosomiasis, tuberculosis, acquired immune deficiency syndrome and other severe chronic communicable diseases (189); 3) severe psychological disorders, physical disabilities, and cancer within 6 months (18). After further excluding 99 individuals whose plasma sample is not enough, 2755 participants were ultimately included in the current analysis. This study was approved by the ethics committee of Suzhou Industrial Park Centers for Disease Control and Prevention in accordance with the Declaration of Helsinki. All participants gave written informed consent.




2.2 Plasma RvD1 and RvD2 measurement

Blood sample was drawn from each participant after fasting at least 8 hours and the serum and plasma samples were separated immediately. RvD1 and RvD2 concentration were assessed in plasma sample using the human RvD1 and RvD2 enzyme linked immunosorbent assay (ELISA) kits according to the standard protocol (Cayman Chemical Co., Ann Arbor, MI, United States), respectively. The optical density was recorded with a plate reader (Bio-Tek) and the RvD1 and RvD2 levels were calculated using the standard curve. Based on manufacturing criteria, the detection sensitivity of the RvD1 assay was 15 pg/ml, as did RvD2 assay.

Participants were divided by quartiles (Q1-4) of the baseline level of RvD1 and RvD2, with < 32.16 pg/mL, 32.17-51.76 pg/mL, 51.77-91.92 pg/mL and ≥ 91.93 pg/mL for RvD1, and < 45.83 pg/mL, 45.84-82.67 pg/mL, 82.68-130.10 pg/mL and ≥ 130.11 pg/mL for RvD2, respectively. The optimal cutoff values of RvD1 and RvD2 were respectively 33.27 and 110.75 pg/mL for predicting T2DM, determined by the receiver operating characteristic (ROC) curve.




2.3 Assessment of T2DM

Diagnosis of T2DM was made based on established criteria (ICD-10 code E11; http://apps.who.int/classifications/icd10/browse/2016/en) as following: (a) FPG ≥ 7.0 mmol/L or HbA1c ≥ 6.5%; (b) 2-hour oral glucose tolerance test ≥ 11.1 mmol/L; (c) Use of antidiabetic drugs; (d) Self-report of T2DM diagnosed by physician. All cases that were diagnosed as type 1 diabetes, secondary diabetes, or others types of diabetes were excluded. The cohort was followed from the baseline date in 2014-2015 to the date of incidence of T2DM, death, or until the end of the observation (31 December 2021), whichever came first.




2.4 Covariates

Based on the previous studies, several risk factors that could potentially confound the association of RvD1 and RvD2 with T2DM risk were collected by trained interviewers and assumed to be covariates, including demographic variables (age, gender, body weight, height and etc.), life style factors (smoking and alcohol consumption), disease history (hypertension, dyslipidemia and etc.), and medical history (antihypertensive medication and lipid-lowering drug). Height, weight, and blood pressure were measure and recorded according to standard procedures. Fasting serum total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-c) and fasting plasma glucose (FPG) were measured using an automated analyzer. The low-density lipoprotein cholesterol (LDL-c) level was calculated using the Friedewald equation. Plasma level of hs-CRP was determined using a chemiluminescent immunoassay. Hypertension was defined as systolic blood pressure (SBP) ≥140 mmHg, diastolic blood pressure (DBP) ≥90 mmHg, or use of antihypertensive medications. Dyslipidemia was defined as TG ≥ 1.7 mmol/L and/or TC ≥ 5.18 mmol/L and/or LDL-c ≥ 3.37 mmol/L and/or HDL-c ≤1.04 mmol/L, or use of lipid-lowering drug.




2.5 Statistical analysis

Data were presented as mean ± standard deviation (SD) or median (interquartile range) for continuous variables and as number (percentage) for categorical variables. The unpaired t-test, χ2 test or Fisher’s exact test was used to compare differences of continuous variables and categorical variables, as appropriate. Multivariable linear regression analyses were used to test the correlation of RvD1 or RvD2 with the baseline variables including age, body mass index (BMI), SBP, DBP, FPG, TC, TG, LDL-c, HDL-c and hs-CRP, and the correlation between RvD1 and RvD2 concentrations.

Cumulative incidences of T2DM were visualized using Kaplan-Meier plots stratified by quartiles of RvD1 and RvD2 concentrations, respectively. Differences between cumulative incidences for RvD1 and RvD2 quartiles were tested for statistical significance using the log-rank test. The linearity of RvD1 or RvD2 for the risk of T2DM was examined using the restricted cubic splines Cox model. Analyses were multivariable-adjusted using 5 knots (located at the 5th, 25th, 50th, 75th, and 95th percentiles) that could provide an adequate fit of the model (22). In this study, Cox proportional hazards models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association of RvD1 and RvD2 with future T2DM probability, regarding the first quartile of RvD1 or RvD2 as reference. In addition, we also analyzed the association of RvD1 and RvD2 with incident T2DM by comparing RvD1 ≥33.27 pg/mL to < 33.27 pg/mL, and RvD2 ≥110.57 pg/mL to < 110.57 pg/mL, respectively. Covariates of the models were selected as described above. In addition to the unadjusted model, results for the minor adjustment model (model 1, adjustment for age, gender, BMI, smoking, alcohol consumption and family history of diabetes) and full adjustment model (model 2, model 1 plus adjustment for dyslipidemia, and hs-CRP) were presented. A series of sensitivity analyses based on model 2 were performed to test the robustness of the results: 1) exclude the population whose BMI ≥ 28 kg/m2; 2) exclude people who using lipid-lowering drug; 3) To avoid the reverse effect of T2DM on the production of RvD1 and RvD2, the participants who developed T2DM in the first year of follow-up (2016) were excluded; 4) To avoid the interaction between RvD1 and RvD2, we additionally adjusted RvD1 for the association of RvD2 with T2DM, and additionally adjusted RvD2 for the association of RvD1 with T2DM, respectively.

To detect effect modification, we performed subgroup analyses according to baseline characteristics (age, gender, BMI, smoking status, alcohol consumption, dyslipidaemia and family history of diabetes). Possible interactions between RvD1 or RvD2 and risk factors, with respect to T2DM incidence, were tested by introducing interaction terms into the multivariate model (one at a time). To quantify the RvD1 or RvD2 for the future T2DM prediction, we drew time-dependent ROC curves and calculated the area under the time-dependent ROC curves (AUROCs) for the 3-year, 5-year, and 7-year risk of T2DM based on the traditional risk factors described in the Chinese Centre for Disease Control and Prevention (CDC) T2DM prediction model (CDRS), and calculated the corresponding best threshold. SAS version 9.4 (SAS Institute, Cary, NC, USA) and R 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) were used for the data analysis. All P-values are two-tailed and statistical significance was set at P<0.05.





3 Results

Table 1 showed the baseline characteristics of the study population stratified by quartiles of plasma RvD1 and RvD2 concentrations, respectively. The prevalence of males, smokers and alcohol consumers were increased with RvD1 concentration. In addition, individuals with higher RvD1 levels were more likely to have higher levels of SBP and DBP, as well as elevated TG, TC and LDL-c concentrations. As the results shown, participants with higher RvD2 levels were more likely to be older, to drink alcohol, and to have higher levels of FPG, TG, TC, LDL-c and lower HDL-c concentrations.


Table 1 | Baseline characteristics of the study population stratified according to the quartiles of RvD1 and RvD2.



As shown in Figure 1, the baseline levels of plasma RvD1 and RvD2 in the study population were 119.70 ± 899.76 pg/mL and 152.44 ± 271.40 pg/mL, respectively. The plasma RvD1 concentration was significantly correlated with SBP and DBP levels, as well as serum TC, TG and LDL-c concentrations (all P < 0.05) (Figure 2). The plasma concentration of RvD2 was positively correlated with age, and serum levels of TC, TG, LDL-c and FPG concentration, but negatively correlated with HDL-c concentration (all P < 0.05) (Figure 3). In addition, the plasma RvD1 concentration was significantly correlated with the RvD2 concentration (r = 0.28, P < 0.001). Of note, baseline hs-CRP levels were positively correlated with plasma RvD2 levels (r = 0.06, P = 0.003).




Figure 1 | The baseline levels of plasma RvD1 and RvD2 in the study population.






Figure 2 | Analysis on the correlations between plasma RvD1 levels and the characteristics of study population.






Figure 3 | Analysis on the correlations between plasma RvD2 levels and the characteristics of study population.



During the seven-year follow-up period, 172 new cases of T2DM were documented (incidence density: 10.09 per 1,000 person-years). Cumulative incidences of T2DM stratified by quartiles of RvD1 and RvD2 concentrations were visualized using Kaplan–Meier plots (Supplemental Figure 1). Compared to those with lower plasma RvD1 levels, participants with higher RvD1 levels exhibited a higher risk of T2DM development (P = 0.046). Similarly, those with higher levels of RvD2 had an increased risk of developing T2DM (P = 0.015).

After adjustment for the potential confounders, the multivariate-adjusted HRs (95% CI) for T2DM across quartiles of RvD1 levels (Q1, Q2, Q3 and Q4) were 1.00, 1.64 (1.03-2.63), 1.80 (1.13-2.86) and 1.61 (1.01-2.57), respectively. As the results shown in Supplemental Figure 2A, there was a linear association between RvD1 concentrations and T2DM incidence (Plinearity= 0.028). In model 1-2, RvD1 ≥ 33.27 pg/mL significantly increased the risk of T2DM compared with RvD1 < 33.27 pg/mL (HR: 1.79, 95% CI: 1.19-2.69) (Table 2). Results from sensitivity analyses showed that the association remained significant in the participants with RvD1 ≥ 33.27 pg/mL, even after excluding obese individuals, participants using lipid-lowering medications, new-onset T2DM in 2016, and additional adjustment for the baseline RvD2 (Table 2).


Table 2 | Associations between the quartiles of RvD1 and the risk of T2DM.



Compared with participants in the lowest RvD2 quartile (quartile 1, Q1), those in the highest RvD2 quartile (quartile 4, Q4) had a higher risk of developing T2DM (HR: 1.94, 95% CI: 1.24-3.03) after adjustment for the potential confounders. Similarly, the participant with RvD2 ≥ 110.57 pg/mL had a higher risk of T2DM compared to those with RvD2 < 110.57 pg/mL (HR: 1.69, 95% CI: 1.25-2.28) (Table 3). The restricted cubic splines suggested a linear association between RvD2 concentrations and incident T2DM (Plinearity= 0.003) (Supplemental Figure 2B). After excluding the participants with obesity, use of lipid-lowering medications, new-onset T2DM in 2016, or additional adjustment for the baseline RvD1, sensitivity analyses showed that plasma RvD2 remained significantly associated with the probability of future T2DM (Table 3).


Table 3 | Associations between the quartiles of RvD2 and the risk of T2DM.



As the results shown in Figure 4, the association between RvD1 and T2DM was significant in the subgroups of ≥ 50 years, female, BMI <24 kg/m2, smokers, non-alcoholic consumers and dyslipidemia. Furthermore, a significant interaction was observed between RvD1 and BMI in relation to incident T2DM (Pinteraction = 0.026). As shown in Figure 5, a significant association between RvD2 and T2DM risk was found in males (HR: 2.03, 95% CI: 1.29-3.19), participants with lower BMI (<24 kg/m2) (HR: 2.30, 95% CI: 1.41-3.74), non-alcoholic consumers (HR:1.68, 95%CI:1.19-2.35), and those without a family history of diabetes (HR:1.66, 95%CI: 1.17-2.36). However, none of the covariates modified in the association between RvD2 and the risk of T2DM.




Figure 4 | Subgroup analysis of associations between RvD1 and incident T2DM.






Figure 5 | Subgroup analysis of associations between RvD2 and incident T2DM.



Table 4 showed the time-dependent ROC curve indicating the predictive values of RvD1 and RvD2 for the risk of T2DM based on the CDRS model. Although the predictive values of four models for T2DM risk decreased over time, the AUROCs of four models for predicting future T2DM risk fluctuated only within a narrow range over 3- to 7-year of follow-up period (CDRS: 0.836-0.824; CDRS+RvD1: 0.840-0.826; CDRS+RvD2: 0.839-0.827; CDRS+RvD1+RvD2: 0.842-0.828). Among them, the “CDRS+RvD1+RvD2” model exhibited the best predictive value for predicting the 3-year, 5-year and 7-year risk of T2DM probability.


Table 4 | Best threshold and areas under the time-dependent receiver operating characteristic curves for different models predicting future T2DM risk.






4 Discussion

To the best of our knowledge, this study is the first work to assess the prospective association of D-series resolvins (RvD1 and RvD2) with subsequent 7-year risk of T2DM at the population level. The following key findings were identified: 1) higher concentrations of RvD1 and RvD2 are associated with a higher risk of developing T2DM; 2) BMI has a significant effect modification in the association between RvD1 and future T2DM probability; 3) the “CDRS+RvD1+RvD2” model has a better ability to predict the 3-year, 5-year and 7-year risk of T2DM. These findings fill a critical gap by providing evidence for the influences of RvD1 and RvD2 on the subsequent risk of T2DM at the population level.

While most cellular studies and animal models have reported protective effects of RvD1 and RvD2 on T2DM development and insulin resistance (23–25), several previous studies partially support our present findings (26–28). First, in non-obese diabetic mouse models, Parashar et al. observed that both plasma RvD1 and RvD2 were elevated in female mice after disease onset (27). Possible mechanisms for increased RvD1 and RvD2 in T2DM include increased expression of the enzymes 5-lipoxygenase, which is involved in the synthesis of the E- and D- series resolvins (28). Moreover, Barden et al. found that the levels of the SPMs of 18-HEPE, 17-HDHA, RvD1 and 17R-RvD1 were all significantly elevated in T2DM patients compared with healthy controls, even after adjustment for age and gender (26). Second, a number of studies have reported that the anti-inflammatory molecules may have different effects on the development of T2DM at different stages of the disease, which may partially explain our findings. For example, Moustafa et al. reported that IL-10 levels were higher in the prediabetes individuals than in healthy controls (29). However, Bashir et al. suggested that serum levels of IL-10 were lower in T2DM cases compared with healthy controls (30). Last, our present results showed that both plasma RvD1 and RvD2 concentrations were positively correlated with plasma hs-CRP levels at baseline. It is therefore reasonable to speculate that elevated RvD1 and RvD2 levels may be a homeostatic response to an ongoing inflammation, which should be a feedback regulation that would contribute to the balance between the onset and resolution of inflammation.

In this study, the results of subgroup analysis showed that RvD1 and RvD2 were significantly associated with incident T2DM in the participants with BMI < 24 kg/m2. Moreover, there was a significant effect modification of BMI on the association between RvD1 and future T2DM probability. In animal models, Echeverría et al. reported that high-fat diet-fed mice induced body weight gain, liver steatosis, TG accumulation, up-regulation of pro-inflammatory markers, and accompanied by increased hepatic levels of RvD1 and RvD2 and resolvins E1/2, suggesting resolvins synthesis was enhanced and constituted a possible adaptive mechanism to counteract inflammation expansion in obesity animals (31). Indeed, our present results also showed a positive correlation between plasma RvD1 and BMI, and between plasma RvD2 and BMI. Moreover, the HRs of the RvD1 and RvD2 associations with T2DM were lower in the overweight/obese participants than in those with BMI less than 24 kg/m2 (1.24 vs 3.79 for RvD1; 1.41 vs 2.30 for RvD2). On the other hand, Mas et al. have reported that inadequate SPM in chronically inflamed obese white adipose tissue (WAT) of patients might be due to a lower intake of DHA and EPA (32). In addition, the upregulation levels of SPM metabolizing enzymes such as 15-PGDH and eicosanoid oxidoreductases in obese WAT was also associated with the inadequate SPM levels (15, 33). Therefore, the findings of our study and of previous studies suggest that the effects of RvD1 and RvD2 on T2DM risk should be further investigated in overweight/obese populations.

Until now, the complicated interplay between RvD1 and RvD2 and traditional T2DM risk factors remains unclear. In this study, we observed that RvD1 and RvD2 were significantly associated with T2DM risk in females and males, respectively. Several previous studies have suggested that there may be gender differences in the production of RvD1 and RvD2 (27, 34–37). For example, results from animal models suggested that RvD1 levels were significantly reduced in aged male mice, but less so in aged female mice (34). In addition, Rathod et al. suggested that female sex protects against the endothelial dysfunction induced by a mild systemic inflammatory response and that this protection likely relates to an accelerated resolution of inflammation (35). However, other studies have shown that plasma RvD1 levels are relatively lower in females than in males, but there is no difference in plasma RvD2 between the sexes (36). For example, Shum M et al. reported that cystic fibrosis airway epithelium in the abnormal resolution of inflammation and with worse pulmonary outcomes in women (37). In addition to gender difference, we also found that RvD1 and RvD2 were significantly associated with incident T2DM in non-alcoholic consumers. Therefore, additional epidemiological studies are needed to investigate the complex synergistic effects between RvD1 and RvD2 and traditional T2DM risk factors.

Time-dependent ROC curves have been widely used to assess the predictive power of diagnostic markers for time-dependent disease outcomes (38). In the current study, we also evaluated the predictive value of RvD1 and RvD2 for predicting 3-year, 5-year and 7-year T2DM risk based on the traditional CDRS model. As expected, the model of “CDRS+RvD1+RvD2” exhibited a higher AUROC throughout the follow-up period, as compared to the other three models. Of noted, although the AUROCs of “CDRS+RvD1+RvD2” used for T2DM prediction fluctuated only within a narrow range, time-dependent ROC analysis showed that the predictive value of “CDRS+RvD1+RvD2” model for T2DM risk decreased over time. Given that the balance between the occurrence and resolution of inflammation is dynamic and a steady state is maintained through a complex continuum of feedback, future work should explore the trajectories of RvD1 and RvD2 during follow-up and their impact on the risk of T2DM development.

The strength of the prospective design is that it enables the collection of information on exposure variables prior to disease onset, which reduces the potential recall bias and the risk of reverse causation. Moreover, we investigated the predictive value of RvD1 and RvD2 for predicting 3-year, 5-year and 7-year T2DM risk using the time-dependent ROC. However, our study has several limitations that warrant discussion. First, considering that the different results observed in our population study and the previous study based on cell and animal models, the effects of RvD1 and RvD2 on the development of T2DM should be further elucidated in the future. Second, the plasma levels of RvD1 and RvD2 were measured only at the baseline. The levels may have changed over time before the incidence of the disease. Therefore, it should be examined in the future whether fluctuations in the RvD1 and RvD2 levels might be associated with T2DM risk. Third, it would be interesting to investigate the effect of diet (e.g., fish oil or omega-3 fatty acids) on the association of RvD1 and RvD2 with T2DM risk; however, we did not have any data on diet in the current work. Fourth, hs-CRP was selected as the inflammatory marker in this study. Given that hs-CRP is a downstream marker of inflammation, further studies are required involving a wider spectrum of inflammatory biomarkers such as fibrinogen, IL-6, and tumor necrosis factor-alpha. In addition, the levels of resolvins precursors and their effects on the development of T2DM need to be further analyzed. Fifth, the relatively small sample size of the subgroup, particularly the number of the participants with elevated hs-CRP levels, limited the ability of our analysis to identify traditional T2DM-related factors with small effect modification. Last, this was not a nationally representative sample, and all participants were over 35 years of age. Therefore, caution should be exercised when interpreting our findings in younger and other ethnic populations.

In summary, we examined the D-series resolvins (RvD1 and RvD2) and the risk of T2DM in a community-based prospective cohort study. We are the first to report that higher plasma RvD1 and RvD2 concentrations are associated with a higher risk of T2DM at the population level. The findings will broaden our understanding of the pathobiology and mechanisms of T2DM development. Future studies are warranted to investigate the effect of RvD1 and RvD2 fluctuations on T2DM risk during long-term follow-up.
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Supplementary Figure 1 | Kaplan-Meier analysis on the cumulative incidences for T2DM stratified by quartiles of the concentrations of RvD1 (A) and RvD2 (B), respectively. Differences between cumulative incidences for RvD1 and RvD2 quartiles were tested using the log-rank test.


Supplementary Figure 2 | Restricted cubic splines analysis on the linearity of RvD1 (A) or RvD2 (B) for the risk of T2DM. Analyses were multivariable-adjusted using 5 knots (located at the 5th, 25th, 50th, 75th, and 95th percentiles).
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Background

The etiology of benign prostatic hyperplasia (BPH) is still elusive. The aim of this study was to provide preventive and prognostic parameters associated with diabetes mellitus with benign prostatic enlargement (BPE).





Methods

Diabetic patients were collected retrospectively from February 2021 to December 2022, including monocyte-to-lymphocyte ratio (MLR). Diabetic patients were divided into two groups by whether the prostate volume was greater than or equal to 30 ml, which were diabetes mellitus without BPE (DM) and diabetes mellitus with BPE (DM+BPE). The baseline characteristics were compared, the risk and protective factors associated with DM+BPE were determined using univariate and multivariate logistic regression, and the parameters associated with prostate volume were determined using correlation analysis.





Results

Of the 671 patients collected, age and prostate volume were significantly higher in the DM+BPE than in the DM; MLR was higher in the DM+BPE than in the DM; and platelet was significantly lower in the DM+BPE than in the DM. Univariate logistic regression showed that age was a risk factor, while protective factors for DM+BPE were lymphocytes and platelet. Multifactorial logistic regression showed that age was a risk factor, while platelet was the protective factor for DM+BPE. In the total overall (n=671), prostate volume was positively correlated with age. Prostate volume was negatively correlated with lymphocytes and platelet. In DM+BPE (n=142), prostate volume was positively correlated with age and MLR.





Conclusion

Platelet was a protective factor for DM+BPE and was negatively correlated with prostate volume, whereas MLR was positively correlated with prostate volume in DM+BPE.
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Introduction

Globally, approximately 537 million adults have diabetes mellitus, 90% of which are type 2, and this number is expected to rise to 783 million by 2045 (1). In China, a research study from 2013 to 2018 showed that the estimated prevalence of diabetes mellitus increased from 10.9% to 12.4% and wasn’t significant improvement in treatment (2). The hyperglycemic state of diabetes mellitus promotes the production of intracellular mitochondrial reactive oxygen species, causing oxidative stress and inflammatory interactions leading to immune dysfunction (3, 4). In addition, it causes diabetes-related macrovascular and microvascular damage due to diabetic hypoxic response (5) as well as chronic hypoxic effects (6), which leads to various complications (7).

Benign prostatic hyperplasia (BPH) is a proliferative prostate gland disease in middle-aged and older men, increasing prostate volume (8). A common symptom is the development of lower urinary tract symptoms (9, 10), and acute urinary retention is a serious complication of BPH (11). It severely reduces the quality of life of middle-aged and older men (12). In recent years, although there has been a slight decline in the number of BPH patients with disability injury and healthy life years, due to the increasing number and advancing age, various urological complications resulting from the enlarged prostate gland have become a high burden worldwide (13, 14). The etiology of BPH is not well understood, but inflammation plays a significant role in it (15). In mouse experiments, five botanicals——Flavonoids, Dihydroartemisinin, Neferine, Curcumin, and Carica papaya leaf extract——have been shown to reduce prostate volume due to their anti-inflammatory properties to alleviate or treat prostate enlargement (16–20). Clinical guidelines state that choosing the appropriate surgical procedure according to the prostate size can reduce complications and is vital to improving patients’ quality of life (21–23). Although hyperglycemia has been reported to increase prostate volume (24, 25), and lymphocytes, free/total prostate-specific antigen (26), neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and lymphocyte-to-monocyte ratio have been associated with BPH (27), these did not analyze in detail or separately the relationship between prostate volume and hematological parameters. An analysis of platelet and monocyte-to-lymphocyte ratio and diabetes mellitus with benign prostatic enlargement is not reported in related article.

So far, this is the first article to analyze the relationship between prostate volume and hematological parameters in diabetic patients. Therefore, we performed this clinical study to provide clinicians with aid in judgment and to provide new ideas to study the etiology of BPH.





Patients and methods




Study population

Diabetic patients were collected retrospectively from February 2021 to December 2022 in the Department of Endocrinology with diabetes mellitus from a query on the laboratory information system at the First Affiliated Hospital of Harbin Medical University.





Data collection

The patients’ age, fasting blood glucose (FBG), glycated hemoglobin A1c (HbA1c), high-density lipoprotein (HDL), neutrophils, lymphocytes, monocytes, and platelet were recorded, and the patients’ anterior-posterior diameter, upper-lower diameter, and left-right diameter of the prostate were examined by abdominal ultrasound.





Calculation of MLR, LHR, and prostate volume

MLR= monocytes/lymphocytes (MLR), LHR = lymphocytes/high-density lipoprotein, and prostate volume (PV) = 0.52 × anterior-posterior diameter × upper-lower diameter × left-right diameter.





Patient selection

We set inclusion criteria and exclusion criteria. Inclusion criteria :(1) males older than or equal to 40 years of age;(2) diabetes mellitus diagnosis;(3) complete test data; and (4) no serious infectious diseases. Exclusion criteria:(1) diabetes mellitus complicated by eye disease;(2) acute complications of diabetes mellitus, such as diabetic ketoacidosis and hyperosmolar hyperglycemic syndrome;(3) diagnosis of prostate cancer;(4) history of prostatectomy; and (5) history of hepatitis.





Study grouping

The collected diabetic group was divided into two groups according to whether the prostate volume was more significant than or equal to 30 ml, which were divided into the group with diabetes mellitus without benign prostatic enlargement (DM) and the group with diabetes mellitus with benign prostatic enlargement (DM+BPE).





Statistical analysis

SPSS 25.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. All measures were tested for normality by the Kolmogorov-Smirnov normality test, and the mean ± standard deviation (SD) was used for data that conformed to a normal distribution. The median and quartiles IQR(Q3-Q1) was used for data that did not work to a normal distribution. If the chi-square test was satisfied between the two groups, the two independent samples t-test was used for the means of the two samples, and when data didn’t conform to normal distribution or didn’t satisfy the chi-square, the two independent samples’ Mann-Whitney U test was used for comparison between the two groups. The binary logistic regression model was established with DM+BPE assigned to 0 and DM set to 1. Univariate logistic regression was performed first, after which statistically significant ones were included in the multifactorial logistic regression to control for confounding factors.

Both variables were normally distributed using Pearson for linear correlation analysis, and didn’t meet normal distribution using Spearman for linear correlation analysis. A two-sided test was used, and P<0.05 was considered statistically significant.






Results

A total of 671 patients were collected. In the comparison between DM and DM+BPE, age 64.00 [57.75-69.00] was significantly higher in the DM+BPE than in the DM 55.00 [48.50-61.50] (P<0.001); prostate volume 39.96 [34.31-51.62] was significantly higher in DM+BPE than in DM 20.37 [17.22 -24.13] (P<0.001); and MLR 0.24 [0.19-0.31] was higher in the DM+BPE than in the DM 0.22 [0.17-0.28] (P=0.029). Lymphocytes 1.82 [1.50-2.21] were lower in the DM+BPE than in the DM 1.97 [1.58-2.41] (P=0.011); platelet 201.63 ± 44.68 was significantly lower in the DM+BPE than in the DM 218.36 ± 52.64 (P<0.001); and LHR 1.84 [1.40-2.28] was lower in the DM+BPE was lower than in the DM 1.91 [1.45-2.57] (P=0.040). All other clinical parameters were not statistically significant (P>0.05), and the results were shown in Table 1.


Table 1 | Baseline characteristics of diabetes mellitus with or without benign prostatic enlargement.



A univariate logistic regression analysis of age, FBG, HbA1c, HDL, leukocytes, neutrophils, lymphocytes, monocytes, platelet, MLR, and LHR, which were parameters associated with DM+BPE, showed that the risk factor for DM+BPE was age (OR=1.113, 95% CI=1.086~1.140, P<0.001), while the protective factors for DM+BPE were lymphocytes (OR=0.657, 95% CI=0.482~0.896, P=0.008); platelet (OR=0.093, 95% CI=0.990~0.997, P=0.001); and LHR (OR=0.742, 95% CI=0.582~0.947, P=0.016). All other clinical parameters were not statistically significant (P>0.05), and the results were manifested in Table 2.


Table 2 | Univariate logistic regression analysis of diabetes mellitus with and without benign prostatic enlargement.



Age, lymphocytes, platelet, and LHR were statistically significant in univariate logistic regression. Considering age as a confounding factor for BPH, we performed multifactorial logistic regression analysis for the above parameters. The results showed that the risk factor for DM+BPE was age (OR=1.109, 95% CI=1.082~1.137, P<0.001), and the protective factor for DM+BPE was platelet (OR=0.995, 95% CI=0.991~0.999, P=0.017). All other clinical parameters were not statistically significant (P>0.05), and the results were exhibited in Table 3.


Table 3 | Multifactorial logistic regression analysis of diabetes mellitus with and without benign prostatic enlargement.



In the correlation analysis, we subjected the total overall (n=671) to Spearman correlation analysis, and the positive correlation identified in this analysis was prostate volume with age (r=0.309, P<0.001). The negative correlations were prostate volume with lymphocytes (r=-0.091, P=0.018) and platelet (r=-0.098, P=0.011). In the DM+BPE (n=142) Spearman correlation analysis, the positive correlations identified in this analysis were prostate volume with age (r=0.182, P=0.030), MLR (r=0.236, P=0.005), and no other clinical parameters were statistically significant (P>0.05), as demonstrated in Table 4.


Table 4 | Correlation between prostate volume and other parameters.







Discussion

The hyperglycemic state of diabetes mellitus may affect BPH (28). The systemic chronic low-grade inflammation of diabetes mellitus promotes the development of prostatic enlargement (29). The inflammation increases the size of the prostate (30), which leads to bladder outlet obstruction (31). It severely reduces sleep quality in middle-aged and older men (32) and sometimes causes depression (33). Lower urinary tract symptoms are caused by prostatic enlargement blocking the bladder outlet (34). If not properly managed, it causes the development of urinary tract infections (35, 36). Increasing age is one of the risk factors for BPH (37). The increase in prostate volume with increasing age in our present analysis is consistent with previous reports in the literature (38). This confounding factor must be controlled for in our current study.

Lymphocytes have a scavenging effect on foreign antigens, and the LHR reflects the body’s inflammatory status. Increased HDL is negatively associated with the risk of developing BPH (39). Lipid-lowering drugs have a therapeutic effect on BPH (40). Thus, in this study, lymphocytes and LHR levels were reduced in Table 1 but not statistically significant in the analysis of Tables 2, 3, probably because age was among the confounding factors. Platelet and MLR parameters have been shown to have a prognostic role in idiopathic pulmonary fibrosis (41), acute ischemic stroke (42), and immunoglobulin A nephropathy (43). However, there need to be more reports on DM+BPE. In our study, platelet was a protective factor for BPE, and prostate volume was negatively correlated with platelet counts. Some substances secreted by platelet may have an imbalance that positively regulates cell proliferation in the prostate. Although MLR wasn’t statistically significant in Tables 2, 3, in Tables 1, 4, there was a positive correlation between prostate volume and MLR in DM+BPE, probably due to an inflammatory response caused by monocyte infiltration leading to an increase in prostate volume (44, 45).

Our study has some advantages: On the one hand, this study provides valuable parameters for prevention, treatment, and determination of prognosis valid for patients with DM+BPE. On the other hand, because platelet and MLR are readily available in the physical blood test, they have a relatively low price and are more suitable for widespread use. However, some shortcomings must be addressed: Firstly, because this was a retrospective study, data were collected without specimens corresponding to all patients, lacking the indicator of prostate-specific antigen, which is associated with prostate volume (46, 47). An increased prostate-specific antigen concentration is a risk for enlarged prostate volume (48). Secondly, this single-center clinical study may influence ethnicity, geography, and social and economic conditions. Finally, this study could not prove causality because it was retrospective. Therefore, prostate-specific antigen parameters should be increased in the future, and prospective and multicenter studies should be conducted to provide evidence-based surgical treatment for patients with BPH.





Conclusion

Platelet was a protective factor for DM+BPE and was negatively correlated with prostate volume in the overall patient analysis. In DM+BPE, MLR was positively correlated with prostate volume.
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3-years 5-years 7-years

AUC (best threshold) AUC (best threshold) AUC (best threshold)
CDRS 0.836 (0.532) 0.830 (0.524) 0.824 (0.514)
Model 1 0.840 (0.547) 0.833 (0.527) 0.826 (0.510)
Model 2 0.839 (0.548) 0.833 (0.518) 0.827 (0.505)
Model 3 0.842 (0.547) 0.835 (0.524) 0.828 (0.509)

CDRS includes age, BMI, waist circumference, dyslipidemia, hypertension, FPG and family history of diabetes.

Model 1 includes age, BMI, waist circumference, dyslipidemia, hypertension, FPG, family history of diabetes and RvDI.
Model 2 includes age, BMI, waist circumference, dyslipidemia, hypertension, FPG, family history of diabetes and RvD2.
Model 3 includes age, BMI, waist circumference, dyslipidemia, hypertension, FPG, family history of diabetes, RvD1 and RvD2.
AUC, area under the curve; CDRS, Chinese CDC T2DM prediction model; T2DM, type 2 diabetes mellitus.
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Unadjusted HR Adjusted HR (95% Cl) in Adjusted HR (95% Cl) in

(95% Cl) model 1 model 2

Quartiles of RvD2

QI (<45.83 pg/ml) 688 (30)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (45.83-82.67 1.40 (0.87-2.25) 0163 143 (0.89-2.29) 0.145 142 (0.88-2.28) 0.153
pg/ml) 689 (40)

Q3 (82.68-130.10 1.60 (1.01-2.54) 0045 159 (1.00-2.52) 0050 1.58 (0.99-2.50) 0.054
pg/ml) 689 (46)

Q4 (2130.11 pg/ 2,01 (1.29-3.14) 0002 1.98 (1.27-3.09) 0003 1.94 (1.24-3.03) 0.004
ml) 689 (56)

Prrend 0019 0.026 0.033

RvD2 >110.57 pg/ 1.76 (1.30-2.38) <0001 171 (1.27-2.32) 0001 | 1.69 (1.25-2.28) 0.001
ml 924 (79)

Sensitivity analysis
Exclusion of people taking lipid-lowering drugs

Ql (<45.95 pg/ml) 684 (29) | 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (45.95-82.59 1.46 (0.90-2.35) 0.124 1.48 (0.92-2.40) 0108 1.48 (0.91-2.39) 0.113
pg/ml) 684 (40)

Q3 (82.60-130.18 1.63 (1.02-2.59) 0.042 1.62 (1.01-2.59) 0.044 1.62 (1.01-2.58) 0.045
pg/ml) 684 (45)

Q4 (2130.19 pg/ 1.98 (1.26-3.11) 0.003 1.95 (1.24-3.07) 0004  1.91 (1.21-3.02) 0.005
ml) 684 (53)

Prsni 0.030 0.038 0.047

RvD2 2110.57 pg/ 1.73 (1.27-2.34) 0.001 1.69 (1.24-2.29) 0.001 1.66 (1.22-2.25) 0.001
ml 919 (76)

Exclusion of obese people

QI (<45.35 pg/ml) 629 (24)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (45.35-82.50 1.44 (0.85-2.43) 0179 145 (0.86-2.46) 0.167  1.45 (0.85-2.46) 0.169
pg/ml) 629 (33)

Q3 (82.51-130.26 1.61 (0.96-2.69) 0070 1.60 (095-2.67) 0075 1.61 (0.96-2.70) 0.072
pg/ml) 628 (37)

Q4 (2130.27 pg/ 2.18 (1.34-3.56) 0002 2.06 (1.26-3.37) 0004 2,05 (1.25-3.36) 0.004
ml) 631 (49)

Prend 0016 0034 0.038

RvD2 2102.82 pg/ 1.76 (1.27-2.45) 0001 172 (1.24-2.39) 0001 171 (1.23-2.38) 0.001
ml 942 (72)

Exclusion of new cases of diabetes in 2016

QI (<45.60 pg/ml) 680 (22)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (45.60-82.68 1.45 (0.84-2.51) 0188 151 (0.87-2.62) 0145  1.51 (0.87-2.62) 0.147
pg/ml) 680 (30)

Q3 (82.69-130.09 1.92 (1.14-3.24) 0014 1.95 (1.16-3.28) 0012 1.94 (1.15-3.27) 0.013
pg/ml) 681 (40)

Q4 (2130.10 pg/ 225 (1.35-3.75) 0002 225 (135-3.76) 0002 2.21 (1.33-3.70) 0.002
ml) 679 (45)

Prrend 0012 0013 0.016

RvD2 294.10 pg/ 1151 1.84 (1.31-2.58) <0001 1.82 (1.30-2.55) 0001 1.79 (1.28-2.51) 0.001
ml (77)

Additional adjustments for baseline RvD1*

QI (<45.83 pg/ml) 688 (30)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (45.83-82.67 1.40 (0.87-2.25) 0163 143 (0.89-2.29) 0.144 142 (0.88-2.28) 0.153
pg/ml) 689 (40)

Q3 (82.68-130.10 1.60 (1.01-2.54) 0045 159 (1.00-2.52) 0050 1.58 (0.99-2.50) 0.054
pg/ml) 689 (46)

Q4 (2130.11 pg/ 2.02 (1.29-3.15) 0002 1.98 (1.26-3.09) 0.003 | 1.94 (1.24-3.03) 0.004
ml) 689 (56)

Prrend 0019 0027 0.034

RvD2 >110.57 pg/ 1.76 (1.30-2.39) <0001 171 (1.27-2.32) 0001 1.69 (1.25-2.29) 0.001
ml 924 (79)

Model 1: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes.
Model 2: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, dyslipidemia, hs-CRP.

“Unadjusted model: adjusted for RvD1.

“Model 1: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, RvDI.

“Model 2: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, dyslipidemia, hs-CRP, RvD1.

RvD1, resolvin D1; RvD2, resolvin D2; T2DM, type 2 diabetes mellitus; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; HR, hazard ratio; CI, confidence interval.
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Unadjusted HR Adjusted HR (95% Cl) in Adjusted HR (95% Cl) in

(95% Cl) model 1 model 2

Quartiles of RvD1

Q1 (<32.16 pg/ml) = 691 (28) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (32.16-51.76 1.76 (1.10-2.82) 0.018 163 (1.02-2.61) 0.040 164 (1.03-2.63) 0.038
pg/ml) 687 (47)

Q3 (51.77-91.92 1.81 (1.14-2.88) 0012 1.82 (1.14-2.89) 0012  1.80 (1.13-2.86) 0.014
pg/ml) 689 (49)

Q4 (291.93 pg/ml) | 688 (48) | 1.72 (1.08-2.75) 0.022 166 (1.04-2.65) 0.034 | 161 (1.01-2.57) 0.047

Prrena 0.054 0.075 0.084

RvDI1 233.27 pg/ 2035 1.87 (1.25-2.80) 0.003  1.82(1.21-2.74) 0.004 = 1.79 (1.19-2.69) 0.005
ml (144)

Sensitivity analysis

Exclusion of people taking lipid-lowering drugs

QI (<32.10 pg/ml) | 684 (27)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (3210-51.73 1.78 (1.11-2.87) 0017 164 (1.02-2.64) 0042 166 (1.03-2.67) 0.038
pg/ml) 684 (46)

Q3 (51.74-91.64 1.8 (1.17-3.00) 0.009 186 (1.16-2.98) 0010 1.84 (1.15-2.94) 0.011
pg/ml) 684 (49)

Q4 (29165 pg/ml) | 684 (45)  1.67 (1.03-2.68) 0.036 159 (0.98-2.57) 0.058  1.54 (0.95-2.49) 0.077

Pirend 0.051 0.074 0.080

RvDI 23327 pg/ | 2020 1.89 (1.25-2.85) 0.003 183 (121-2.77) 0.004 = 181 (1.19-2.73) 0.005
ml (140)

Exclusion of obese people

Q1 (<31.96 pg/ml) | 631 (21)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (31.96-52.07 1.93 (1.13-3.27) 0.016 184 (1.08-3.14) 0025 185 (1.09-3.16) 0.023
pg/ml) 633 (39)

Q3 (52.08-92.94 192 (1.13-3.27) 0016 197 (1.16-3.36) 0012 1.96 (1.15-3.34) 0.013
pg/ml) 624 (39)

Q4 (29295 pg/ml) | 629 (44) 211 (1.26-3.55) 0.005 2,05 (1.21-3.46) 0.007 198 (1.17-3.35) 0.011

Pria 0.033 0.042 0.051

RvD1 259.93 pg/ 1077 1.64 (1.18-2.28) 0.003 164 (1.18-2.28) 0.004 160 (1.15-2.23) 0.006
ml 79)

Exclusion of new cases of diabetes in 2016

QI (<32.10 pg/ml) | 680 (20)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (32.10-51.79 1.95 (1.13-3.36) 0.016 179 (1.04-3.08) 0037 1.80 (1.04-3.10) 0.035
pg/ml) 680 (37)

Q3 (51.80-91.52 224 (1.32-3.81) 0.003 | 222 (130-3.77) 0.003 | 220 (1.29-3.74) 0.004
pg/ml) 680 (43)

Q4 (29153 pg/ml) | 680 (37)  1.85 (1.07-3.18) 0.027 | 1.73 (1.00-2.99) 0.050 167 (0.97-2.89) 0.065

Piina 0.027 0.035 0.037

RvD1 26123 pg/ | 1130 1.63 (1.16-2.28) 0.005 = 161 (1.15-2.25) 0.006 157 (1.12-2.20) 0.009
ml (74)

Additional adjustments for baseline RvD2*

QI (<32.16 pg/ml) | 691 (28)  1.00 (ref) 1.00 (ref) 1.00 (ref)

Q2 (32.16-51.76 1.76 (1.10-2.81) 0018 163 (1.02-2.61) 0042 164 (1.03-2.62) 0.039
pg/ml) 687 (47)

Q3 (51.77-91.92 1.80 (1.13-2.87) 0.013 | 181 (1.13-2.87) 0013 | 179 (1.12-2.85) 0.015
pg/ml) 689 (49)

Q4 (291.93 pg/ml) | 688 (48)  1.65 (1.01-2.70) 0.045 | 157 (0.95-2.57) 0076 153 (0.93-2.51) 0.094

Pogia 0.062 0.088 0.093

RvDI 23327 pg/ | 2035 1.85 (1.23-2.78) 0.003 179 (1.19-2.70) 0.005 177 (1.18-2.67) 0.006
ml (144)

Model 1: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes.
Model 2: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, dyslipidemia, hs-CRP.

“Unadjusted model: adjusted for RvD2.

“Model 1: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, RvD2.

“Model 2: adjusted for age, gender, BMI, smoking, alcohol consumption, family history of diabetes, dyslipidemia, hs-CRP, RvD2.

RvD1, resolvin D1; RvD2, resolvin D2; T2DM, type 2 diabetes mellitus; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; HR, hazard ratio; CI, confidence interval.
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RvD1 subgroup, pg/ml RvD2 subgroup, pg/ml

1 4
Variables Q2 (32.16-51.76) Q3 (51.77-91.92) (Q<45483D Q2 (4583-82.67) Q3 (82.68-130.10) ?2130.11)
N (case) 691 (28) 687 (47) 689 (19) 688 (18) 688 (30) 689 (40) 689 (46) 689 (56)
Age (years) 1992+633 5001 £ 6.1 1983 £588 4990 £ 5.67 0941 | 4932+561 4990 £6.34 5006 +6.24 5038573 0020
Male, n (%) 229 (33.14) 272 (39.59) 256 (37.16) 302 (43.90) 0001 | 285 (41.42) 257 (37.30) 258 (37.45) 259 (37.59) 0325
BMI (kg/m®) 2368 + 292 2395313 2382 +3.03 2391 £274 0148 | 2375+302 2379 £3.03 2396 +2.90 23854288 0478
Smoking, n (%) 152 (22.00) 177 (2576) 169 (24.53) 200 (29.07) 0024 192 27.9) 168 (24.38) 165 (23.95) 173 (25.11) 0327
Alcohol consumption, n (%) 104 (15.05) 119 (1732) 124 (18.00) 157 (22.82) 0002 | 141 (2049) 106 (1538) 116 (16:84) 141 (2046) 0026
Family history of diabetes, n (%) | 89 (1288) 90 (13.10) 74 (10.74) 88 (1279) 0512 | 96(13.95) 75 (1089) 83 (1205) 87 (1263) 0377
SBP (mmHg) 1223741456 | 12273+ 1614 12477 %1509 1256841492 | <0001 | 1237041523 | 12303 + 1483 12385 £ 14.64 124981620 0175
DBP (mmHg) 76391119 7674+ 1193 78112 1114 786241090 | <0001 | 7740%1139 | 7685%1L13 7747 £1090 78171186 0259
HIN, n (%) 237 (34.30) 249 (3624) 277 (40.20) 299 (43.46) 0002 | 251 (36.48) 250 (36.28) 263 (38.17) 298 (43.25) 0.027
Lipid-lowering drug, n (%) 4(058) 3(044) 6(0.87) 6(0.87) 069 | 6(087) 3(0.44) 6(0.87) 4(058) 0.698
FPG (mmol/L) 545036 545042 548 £0.44 549 £0.38 0362 | 545£033 546 £ 041 5484041 550 £ 044 0.024
TG (mmol/L) 122£065 140 £ 086 1522109 170 £ 1.30 <0001 | 132£088 134£085 146 £093 170 £128 <0.001
TC (mmol/L) 478+ 089 486 +0.94 480 £085 4972091 0001 | 476+084 484 +0.90 485 £ 090 496 £ 095 0.005
LDL-c (mmol/L) 297071 307 £078 297 £0.70 309078 0004 | 288067 3042071 3024074 315+ 082 <0.001
HDL-c (mmol/L) 125033 120 £029 122£026 124£029 0053 | 125£028 1224031 1242029 120 £028 0.006
Dyslipidemia, n (%) 420 (6078) 441 (64.19) 438 (63.57) 487 (70.78) 0001 | 427 (6206) 442 (64.15) 443 (6430) 474 (68.80) 0.063
hs-CRP (mg/L) 180 £ 210 1.6+ 157 176 £2.18 182£2.39 0086 | 174%241 1814228 172+ 166 176 £ 190 0.049

RVDI, resolvin DI; RyD2, resolvin D2; QL quartle 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein.

N, hypertension; FPG, fasting plasma glucose; TG, triglycerides;

total cholesterol;
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Subgroup
Age

<50

250

Gender

Male

Female

BMI

<24

224
Smoking
Yes

No

Alcohol consumption
Yes

No

Family history of diabetes
Yes

No
Dyslipidemia
Yes

No

N(case)

442(31)
482(48)

344(38)
580(41)

510(36)
414(43)

230(26)
694(53)

175(17)
749(62)

116(21)
808(58)

627(61)
297(18)

HR(95%Cl)

2.12 (1.29-3.48)
1.51 (1.03-2.22)

2.03 (1.29-3.19)
1.46 (0.97-2.19)

2.30 (1.41-3.74)
1.41 (0.95-2.08)

2.14 (1.23-3.73)
1.53 (1.06-2.19)

1.67 (0.86-3.24)
1.68 (1.19-2.35)

1.80 (0.98-3.29)
1.66 (1.17-2.36)

1.63 (1.16-2.30)
1.90 (1.02-3.55)

P

0.003
0.033

0.002
0.07

0.001
0.084

0.007
0.022

0.133
0.003

0.058
0.004

0.005
0.045

P, inferaction

0.341

0.286

0.085

0.336

0.861

0.797

0.62
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Age

<50

250
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Male
Female
BMI

<24

Alcohol consumption

Yes

No

Family history of diabetes
Yes

No

Dyslipidemia

Yes

No

N(case)

989(54)
1046(90)

822(68)
1213(76)

1089(60)
946(84)

542(47)
1493(97)

396(33)
1639(111)

248(38)
1787(106)

1350(113)
685(31)

HR(95%Cl)

1.81 (0.91-3.59)
1.69 (1.01-2.81)

2.00 (0.99-4.02)
1.67 (1.01-2.77)

3.79 (1.63-8.79)
1.24 (0.77-1.99)

3.45 (1.25-9.59)
1.53 (0.98-2.40)

2.61 (0.80-8.54)
1.66 (1.07-2.57)

2.70 (1.05-6.94)
1.63 (1.04-2.56)

1.95 (1.20-3.18)
1.48 (0.70-3.13)

P

0.091
0.045

0.052
0.047

0.002
0.375

0.017
0.064

0.114
0.023

0.039
0.035

0.007
0.302

P inferaction

0.836

0.674

0.026

0.215

0.441

0.376

0.507
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Heavy proteinuria

Diabetes history (years) 7.00 +3.95 8.71+ 674 0.3954
Age 47.69 + 8.48 5150 + 11.69 0.3110
BMI (kg/m?) 27.08 £ 4.23 27.23 £3.52 0.9391
FBG (nmol/L) 8.20 +3.48 10.17 £ 5.61 0.2617
SBP (mmHg) 143.56 + 22.46 152.57 + 23.58 0.2934
DBP (mmHg) 91.44 +13.76 92.36 + 17.52 0.8733
Urea nitrogen (mmol/L) 771 +242 9.69 + 4.36 0.1070
24-h urinary protein 327 £ 461 6.87 + 1.83 0.0002
HbAlc (%) 8.20 + 1.86 9.53 + 2.58 0.1131
Hb (g/L) 126.13 +20.82 103.86 + 26.04 0.0147
Alb (g/L) 36.81 £ 6.97 [ 28.23 + 6.64 0.0121
Ser (umol/L) 129.00 + 113.20 185.86 + 141.16 0.0393
eGFR (ml/min/1.73 m?) 66.81 + 26.15 41.81 + 18.62 0.0060
UA (mmol/L) 387.38 £ 95.61 406.14 £ 90.01 0.5859
TC (mmol/L) 471 £ 1.52 5.78 + 1.59 0.0698
TG (mmol/L) ‘ 1.79 £ 0.55 2.70 + 1.37 0.0198
LDL (mmol/L) 32£137 3.86+ 1.75 0.2627

m, male; f, female; kg, kilogram; BMI, Body Mass Index; FBG, fasting blood glucose; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbAlc, glycosylated hemoglobin; Alb, serum
albumin; Scr, serum creatinine; eGFR: estimated glomerular filtration rate; UA, uric acid; TC, total cholesterol; TG, total triglyceride; LDL, low-density lipoprotein.
Bold values represent P <0.05.
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database.

Series accession Platform
GSE30529 GPL571

GSE47184 GPL11670, GPL14663
GSE104954 GPL22945, GPL24120

DN, diabetic nephropathy; NC, normal control.

Sample size

DN: 10, NC: 12
DN: 18, NC: 6
DN: 17,NC: 5
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Pathway

Focal adhesion

Cell adhesion molecules
ECM-receptor interaction
Type I diabetes mellitus

Viral myocarditis
Leishmaniasis

Asthma*

Systemic lupus erythematosus*
Graft-versus-host disease®

Allograft rejection*
Autoimmune thyroid disease*

Intestinal immune network for IgA production*

Complement and coagulation cascades*

*These pathways are associated with immune processes.

Major category

Cellular process

Environmental information processing

Human diseases

Organismal systems

Minor category

Cellular community-eukaryotes

Signaling molecule and interaction

Endocrine and metabolic disease
Cardiovascular disease
Infectious disease: parasitic

Immune disease*

Immune system*
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cel idL><XXTITITET D pyme description median_tau_score
[ ] tetrabenazine vesicular monoamine transporter inhibitor -98.35
dilazep adenosine reuptake inhibitor, calcium channel antagonist, platelet aggregation inhibitor -96.84
tomelukast leukotriene receptor antagonist -96.16
KIN001-220 Aurora kinase inhibitor -95.00
azacitidine DNA methyltransferase inhibitor, antimetabolite, DNA methylase inhibitor, DNA synthesis inhibitor, RNA synthesis inhibitor -94 .58
umbelliferone carbonic anhydrase inhibitor, cyclooxygenase inhibitor -94.17
lysylphenylalanyl-tyrosine heparin activation inhibitor -94.10
memantine glutamate receptor antagonist, glutamate release inhibitor -92.63
phensuximide anticonvulsant -93.95
BIBU-1361 EGFR inhibitor -92.04
phentolamine adrenergic receptor antagonist -91.53
albendazole tubulin inhibitor, acetylcholinesterase inhibitor, microtubule inhibitor -91.44
ascorbyl-palmitate antioxidant -91.30
fluticasone glucocorticoid receptor agonist -91.19
betamethasone corticosteroid agonist, glucocorticoid receptor agonist -91.02
pirlindole monoamine oxidase inhibitor -90.83
levonorgestrel estrogen receptor agonist, glucocorticoid receptor antagonist, progesterone receptor agonist, progesterone receptor antagonist -90.21
BRD-K28452084 opioid receptor agonist -89.27
3-matida glutamate receptor antagonist -89.09

LY-344864 serotonin receptor agonist -88.82
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Liver
transplantation

Recipient demographics
Age (years)
Gender
Blood type
Primary disease
MELD score
Child-Pugh score
BMIkg/m®
ICU stay
post-transplantation

Donor demographics
Age
Gender
Blood type
Primary disease
Donor type

ICU stay before
procurement

Donor liver steatosis
Virology and fungal
check

Immunosuppressive
regimen

During transplantation
After transplantation

During opportunistic

infection
Intracerebral infection

Organism

Infection time

Clinical presentation

Diagnosis

Treatment

Patient 1 (P1)

56 years old
Male
Blood type B
HBV-associated liver cirrhosis
20
9
20.2

3 days

29 years old
Male
Blood type B
Craniocerebral trauma
DBD
1 day

Mild steatosis (10%)
Negative

Methylprednisolone +
Basiliximah
Tacrolimus + Mycophenolate mofetil + Corticosteroid; Basiliximab
20mg on POD 4

Corticosteroid 100mg/day alone

HHV-6B

OnPOD 18
Encephalitis
NGS of CSF

Ganciclovir

Patient 2 (P2)

44 years old
Male
Blood type AB
HBV-associated ACLF

29
13

TET

14 days

54 years old
Male
Blood type AB
Cerebral hemorrhage
DCD
1 day

Normal

Negative

Methylprednisolone + Basiliximab

Tacrolimus + Mycophenolate mofetil + Corticosteroid; Basiliximab

20mg on POD4

Tacrolimus+Sirolimus

Aspergillus
On POD 7
Brain abscess
NGS of CSF

Voriconazole + Fluconazole

ACLF, Acute-on-chronic liver failure (ACLE); BMI, Body mass index (BMI); CNS, Central nervous system (CNS); CSF, Cerebrospinal fluid (CSF); DBD, Donation after brain death (DBD);
DCD, Donation after circalatory death (DCD); HBV, Hepatitis B virus (HBV); HHV-6B, Human herpesvirus 6 B (HHV-6B); ICU, Intensive care unit (ICU); NGS, Next-generation
sequencing (NGS);POD, Postoperative day (POD); MELD, Model for end-stage liver disease (MELD).
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Type

Bacterial

Fungi

Viruses

Parasites

CMV, cytomegalovirus (CMV); EBV, Epstein-Barr virus (EBV); HSV, herpes simplex virus (HSV); HHV-6, human herpesvirus 6 (HHV-6); PML, Progressive multi-focal
leukoencephalopathy (PML), CNS, Central nervous system (CNS)

Organism

Listeria monocytogenes
Nocardia asteroides
Mycobacterium tuberculosis

Cryptococcus
Aspergillus

Candida

Blastomyces

Histoplasma
Coccidiomycosis
Mucormycosis

CMV

EBV

HSV-1/HSV-2

HHV-6

JC virus (JCV)

Varicella zoster virus (VZV)

Toxoplasmosis

Clinical Presentation

Rhomboencephalitis, meningitis
Meningitis, cerebritis, mass lesion
Basilar meningitis, tuberculoma

Meningitis, mass lesion
Brain abscess, hemorrhage
Meningitis, abscess

Brain abscess

Meningitis

Basilar meningitis
Rhinocerebral infection
Encephalitis

Encephalitis

Encephalitis

Limbic encephalitis

PML

Shingles, GuillainBarre syndrome

Space-oceupying lesion

Treatment

Ampicillin, gentamicin
Trimethoprim-sulfamethazole

Rifampin-+isoniazid+pyrazinamide-ethambutol+pyridoxine

Amphotericin

Voriconazole

Amphotericin

Amphotericin + itraconazole
Amphotericin

Amphotericin

Amphotericin

Ganciclovir, foscarnet, CMV [mmunoglobulin
Acydovir, ganciclovir

Acyclovir

Gangiclovir, foscarnet

No medical therapy

Acydlovit, VZV immunoglobulin

Pyrimethamine+sulfadiazine+folinic acid
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Gene symbol

METTL3
METTL14
WTAP

RBM15

RBM15B
VIRMA/KIAA1429

METTL16
CBLL1/
HAKAI

ZC3H13

ZCCHC4
ALKBH5
FTO/ALKBH9
YTHDF1
YTHDF2
YTHDF3

YTHDC1

YTHDC2
IGF2BP1
IGF2BP2

IGF2BP3
HNRNPA2B1

HNRNPC

HNRNPG

Transcript ID

ENST00000298717
ENST00000388822
ENST00000631126
ENST00000337387
ENST00000618772
ENST00000487146
ENST00000563281
ENST00000421249
ENST00000297591
ENST00000263092
ENST00000440859
ENST00000222597
NM_001330564

NM_001330566

ENST00000242848
ENST00000399138
ENST00000471389
ENST00000370339
ENST00000541996
ENST00000517371
ENST00000621413
ENST00000623280
ENST00000579690
ENST00000344157
ENST00000355665
ENST00000161863
ENST00000421047
ENST00000346192
NM_001291872

ENST00000457616
ENST00000354667
ENST00000356674
ENST00000553300
ENST00000554969
ENST00000554455
ENST00000430246
ENST00000557201

Fold change

0.43
1.87
1.46
1.00
1.66
1.26
1.55
0.78
1.35
0.94
0.68
123
1.36
115
142

0.89
097
1.68
1.08
133
1.61
1.74
1.56
1.78
2.06
115

022
1.05
1.38
1.30

245
248
230
2.09
1.53
0.98
1.55

Regulation

Down
Up
Up
Up
Up
Up
Up

Down
Up

Down

Down
Up
Up
Up
Up

Down
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up

Down
Up
Up
Up
Up
Up
Up
Up
Up

Down
Up

p value

0.0000
0.0193
0.2122
0.9982
0.0507
0.2850
0.1211
0.0067
0.2041
0.6107
0.0317
0.5672
0.0115
0.4082
0.0168

0.4627
0.7877
0.0005
0.5172
0.1926
0.0834
0.0566
0.1666
0.2168
0.0307
0.6308

0.0000
0.8094
0.0758
0.2540

0.0010
0.0007
0.0001
0.0048
0.1876
0.7724
0.0002

METTL3/14/16, methyltransferase-like 3/14/16; WTAP, Wilms tumor 1-associated protein; RBM15/15B, RNA binding motif protein 15/15B; VIRMA, Vir-like m6A methyltransferase
associated; CBLLI, Casitas B-lineage lymphoma-transforming sequence-like protein 1; ZC3H13, zinc finger CCCH domain-containing protein 13; ZCCHC4, zinc finger CCHC-type
containing 4; ALKBH5, ALKB homolog 5; FTO, fat mass and obesity-associated protein; ALKBH9, ALKB homolog 9; YTHDF1/2/3, YTH domain-containing family protein 1/2/3;
YTHDC1/2, YTH domain-containing protein 1/2; IGF2BPs, insulin-like growth factor 2 binding proteins; HNRNPA2B1/C/G, heterogeneous nuclear ribonucleoprotein A2B1/C/G.
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Gene symbol

EBNA1BP2
DGAT1
SOX9

SP4
MYD88

Transcript ID

uc001cio.3

ENST00000528718
ENST00000245479
ENST00000222584
ENST00000417037

Fold change

0.01
0.08
0.06
0.40
2.73

Regulation

Down
Down
Down
Down

Up

p value

0.0000
0.0001
0.0000
0.0002
0.0119

EBNA1BP2, EBNA1-binding protein 2; DGAT1, diacylglycerol O-acyltransferase-1; SOX9, sex determining region Y-box 9; MYD88, upregulated myeloid differentiation factor 88.
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Gene symbol Transcript ID Fold change Regulation p value

EBNA1BP2 uc001cio.3 0.01 Hypo 0.0006
DGAT1 ENST00000528718 0.03 Hypo 0.0000
SOX9 ENST00000245479 0.04 Hypo 0.0000
SP4 ENST00000222584 0.18 Hypo 0.0000
MYD88 ENST00000417037 227 Hyper 0.0223

ENST00000443433 2.62 Hyper 0.0241

ENST00000396334 0.46 Hypo 0.0147
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Characteristics

Sex (male/female)
Age (year)

BMI (kg/m2)

FBG (mmol/L)
PBG (mmol/L)
HbAlc (%)

FCP (pmol/L)
PCP (pmol/L)

TG (mmol/L)

TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
GADA postive (%)
[A-2A postive (%)
ZnT8A postive (%)

Type 1 diabetes

4/2
15.50(14.00-20.75)
20.99+3.40
9.66+3.65
17.265.63
6.70 (6.58-8.30)
35.05 (16.50-230.45)
57.90 (16.50-348.53)
0.710.23
3.7420.51
1.320.12
1.97+0.44
100.00 (6/6)
50.00 (3/6)
33.33 (2/6)

Healthy controls

3/3
22.00(20.75-25.25)
22.13+3.28
4.52+0.40
4.88+0.87
5.35 (4.95-5.50)
387.70 (303.25-531.43)
1194.95 (930.83-1759.38)
1.25+0.62
4.67+0.83
1.51+0.27
2.73+0.79

p value

1.000
0.058
0.568
0.018*
0.003**
0.002*%
0.004**
0.002*%
0.075
0.042*
0.160
0.072

BMI, body mass index; FBG, fasting blood glucose; PBG, 2-hour postprandial blood glucose; FCP, fasting C-peptide; PCP, 2-hour postprandial C-peptide; TG, triglyceride; TC, total
cholesterol; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; GADA, glutamic acid decarboxylase antibody; IA-2A, protein tyrosine phosphatase

antibo

nT8A, zinc transporter 8 antibody. *p < 0.05, *p < 0.01.
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Intervention

Metabolic control (Hypoglycemic
Agents, Fenofibrate, Aliskiren)

Ruboxistaurin

Bevacizumab, Ranibizumab,
Aflibercept, Conbercept,
Pegaptanib Sodium

Intravitreal steroids(Triamcinolone
acetonide, Dexamethasone);
NSAID; Antibiotics(doxycycline
monohydrate);
Immunosuppressants

Emixustat Hydrochloride

Pathways

Insulin signaling,
RAAS

PKCB signaling
VEGF signaling

Inflammation

Visual cycle
isomerohydrolase

Completed clinical trials
NCT00542178 (141), NCT00768040, NCT00252733 (142), NCT00252720 (142)

NCT00266695, NCT00090519, NCT00604383 (143)

NCT01100307, NCT01270542, NCT01908816, NCT01363440, NCT00682539, NCT01661946, NCT00548197,
NCT02834663, NCT01988246, NCT01594281, NCT00996437, NCT02366468, NCT02816710, NCT01854593,
NCT02718326 (144), NCT01069341, NCT02858076, NCT01805297, NCT00606138, NCT00445003,
NCT00745498, NCT01189461, NCT03126786, NCT02949024, NCT03917472, NCT02863354, NCT05414149

NCT01853072 (145), NCT00444600, NCT01571232, NCT00917553, NCT00511875, NCT00711490,
NCT00782717, NCT01872611 (145), NCT00105404, NCT00367133, NCT02443012, NCT03608839,
NCT00229931, NCT00369486, NCT01892163, NCT02511067, NCT02842541 (146), NCT01609881

NCT02753400 (147), NCT00412451
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In on me m Ref:
Interaction with Erol-L; Promote AMPK phosphorylation (164, 165)
SIRT2 Deacetylation of NLRP3 (166)
‘ HIF20. Promotion of H3K27me3 modification and inhibition of CPT1A expression (167)

CWA Regulate the expression of TXNIP and the activation of p65 (168)
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PN

Tilianin

Resveratrol

BBR

Swertiamarin

Salidroside

Ginsenoside

Inhibition mechanism

Inhibition of ROS production and TXNIP expression
NACHT ATPase inhibitor and Caspase-1 inhibitor
Regulation of the Nrf2/TXNIP/NLRP3 inflammasome pathway
By regulating the combined effects of Sirtl and Sirt6
' Inhibition of NLRP3 inflammasome activation
Inhibition of NOXs/ROS/NLRP3 signaling pathway
Inhibition of P2X7 receptor expression and regulation of AMPK/NLRP3 axis

Inhibition of oxidative stress

Ref:

(155)
(156)
(157)
(158)
(159)
(160)
(161, 162)

(163)
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Clinical Drugs Type Inhibition mechanism Ref:

Metformin Biguanides Activation the AMPK pathway inhibits Caspase-1 and IL-1 B (139, 140)
Dapagliflozin SGLT-2 inhibitors Activate the AMPK and mTORC2 signaling pathways (141)
Empagliflozin SGLT-2 inhibitors Activate the AMPK and mTORC?2 signaling pathways (142)
Pioglitazone Thiazolidinediones Inhibit AGE/RAG signaling pathway and local ROS release (143)
Acarbose a- Glycosidase inhibitors Inhibit Nox4 oxidase (144)
Liraglutide GLP-1 receptor agonists Inhibition of NLRP3 inflammasome activation (145)
Saxagliptin DPP-4 inhibitors Inhibition of NLRP3 inflammasome activation (146)
Glibenclamide Sulfonylureas Inhibits ATP-sensitive K* channels (147, 148)
Verapamil Ca®* channel blockers Enhance Trx-R activity and inhibit TLR4 (149, 150)
Fenofibrate PPAR0 agonists Regulation of Nrf2 signaling (151)
Vitamin D Vitamin Inhibition of ROS/TXNIP pathway and activation of AMPK pathway (152, 153)
Vitamin E Vitamin Inhibit TRAF6/NF-kB pathway and activate AMPK/autophagy axis (154)
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