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Excessive dietary cholesterol is preferentially stored in the liver, favoring the development of nonalcoholic steatohepatitis (NASH), characterized by progressive hepatic inflammation and fibrosis. Emerging evidence indicates a critical contribution of hepatic macrophages to NASH severity. However, the impact of cholesterol on these cells in the setting of NASH remains elusive. Here, we demonstrate that the dietary cholesterol content directly affects hepatic macrophage global gene expression. Our findings suggest that the modifications triggered by prolonged high cholesterol intake induce long-lasting hepatic damage and support the expansion of a dysfunctional pro-fibrotic restorative macrophage population even after cholesterol reduction. The present work expands the understanding of the modulatory effects of cholesterol on innate immune cell transcriptome and may help identify novel therapeutic targets for NASH intervention.
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Introduction

The liver is a crucial metabolic organ for lipid biosynthesis, processing, and elimination. Abnormal hepatic lipid accumulation is a hallmark of steatosis, a conditional part of the nonalcoholic fatty liver disease (NAFLD) spectrum. These lipids typically derive from diet, de novo lipogenesis, or adipose tissue lipolysis (1). Hepatic steatosis is frequently benign but can progress to nonalcoholic steatohepatitis (NASH), characterized by hepatic cellular injury and necroinflammation (2). NASH may progress to cirrhosis, end-stage liver failure, and hepatocellular carcinoma, representing the most common reason for terminal hepatic failure in western societies (3).

A significant change in lipid metabolism is also evident in NAFLD. A marked growth in free cholesterol (FC) levels occurs during the progression of steatosis to NASH, and total plasma cholesterol correlates to the presence of hepatic inflammation (4, 5). Increased cholesterol synthesis combined with a decrease in cholesterol elimination or the excessive intake of dietary cholesterol results in FC accumulation in the liver (6, 7). FC accumulation impacts several hepatic cells. FC accumulation in hepatocytes often triggers mitochondrial oxidative stress, sensitizes hepatocytes to pro-inflammatory cytokines, and later leads to cell death (8, 9). Hepatic stellate cells loaded with FC become sensitive to transforming growth factor (TGF) β-induced activation, which accelerates liver fibrosis (10), while FC exposure and accumulation in liver resident macrophages, termed Kupffer cells (KCs), contribute to liver inflammation (11).

KCs are part of a large family of innate immune effector cells known as macrophages. Hepatic macrophages fall into two categories: resident macrophages, the KCs, and infiltrating macrophages (IMs), derived from circulating monocytes that arrive at the liver during inflammation. Hepatic macrophages represent the first line of defense against products coming from the gastrointestinal tract and can play both pro- and anti-inflammatory roles in chronic liver diseases and directly contribute to fibrosis progression and resolution (12). Expansion of hepatic macrophages is a marker for NAFLD severity, and, in general, their participation is described as pro-inflammatory (13–15). Hepatic macrophage depletion prevents steatosis development and decreases hepatic levels of fibrosis (16). However, macrophage depletion during the NASH recovery phase accentuates liver fibrosis, suggesting a broader involvement of macrophages in liver homeostasis during NAFLD (14).

Although several studies support the participation of hepatic macrophages in NAFLD progression, the impact of dietary cholesterol on hepatic macrophage transcriptome and function in the setting of NASH remains elusive. Animal models of NASH based on long-term high-fat and high-fructose diets display the highest similarity to human NAFLD, not only phenotypically but also at the transcriptomic level (17). Therefore, we have selected an established prolonged fructose, palmitate, cholesterol, and trans-fat (FPC) diet to develop murine NASH and fed mice with different contents of cholesterol in two stages of our dietary intervention, starting with medium (0.2%) or high (1.25%) cholesterol content, and later reducing cholesterol to low levels (0.05%) (18). Our findings suggest that a decrease in cholesterol intake silences the inflammatory signal detected in macrophages from mice initially fed with medium cholesterol FPC diet. However, the effect of a long-term diet fueled by high cholesterol content is more harmful to the liver homeostasis since the hepatic macrophages do not completely deactivate after cholesterol reduction and further display a dysfunctional restorative macrophage phenotype.



Materials and methods


Murine model of diet-induced NASH

To evaluate the contribution of dietary cholesterol to NASH progression, we selected the well-established Fructose, Palmitate, Cholesterol, and Trans-Fat (FPC) diet (Envigo) to induce NASH as this model recapitulates human disease (17, 18). Seven-week-old male wild type C57BL/6J mice (Jackson Laboratory) were allowed to acclimate to housing in our facility for two weeks before the dietary intervention, which was subdivided into two phases: 1) Progression: mice received the FPC diet for 20 weeks and were divided into three groups according to the dietary cholesterol content - low (FPC + 0.05% cholesterol), medium (FPC + 0.2% cholesterol) and high (FPC + 1.25% cholesterol). 2) Regression: Cholesterol was reduced to 0.05% in all the FPC diet subgroups for additional ten weeks. The animal study was reviewed and approved by the University of Southern California Institutional Animal Care and Use Committee.



Liver non-parenchymal cell isolation

Hepatic non-parenchymal cells (NPCs) were isolated using liver perfusion. Livers were perfused with calcium/magnesium-free HBSS containing 3mg/mL of Liberase™ (Roche), excised, and then mechanically dissociated in calcium/magnesium-free HBSS containing 0.5% BSA and 2mM EDTA. The cell suspension was centrifuged at 20 x g for 2 minutes to remove hepatocytes and then transferred to a new tube and centrifuged at 365 x g for 8 minutes. Red blood cells were removed by lysis (RBC lysis buffer - BD Pharmlyse), and NPCs were isolated by density gradient centrifugation with 20% OptiPrep™ (StemCell Technologies). The NPC layer was collected and stained for cell sorting.



Hepatic macrophage sorting

To identify hepatic macrophages, we selected several markers that could identify hepatic macrophages with different phenotypes (19–21). We stained NPCs with anti-mouse CD45 (BD Horizon; 30-F11), MertK (eBio; DS5MMER), CD64 (BioLegend; X54-5/7.1), F4/80 (eBio; BM8), and CD11b (eBio; M1/70) antibodies. Cell incubation took place on ice in the dark for 25 minutes. Sorting was performed on a BD FACSAria™ Fusion Flow Cytometer, with 100µm nozzle, into 90% FBS media at 4˚C. After sorting, we checked population purity and centrifuged cells at 400 x g for 5min at 4°C. Cells were resuspended in RLT buffer (Qiagen) containing 2-mercaptoethanol, passed through QIAshredder (Qiagen), and stored at -80°C for subsequent processing.



Macrophage bulk mRNAseq

Macrophage RNA was isolated using the RNeasy kit (Qiagen) following the manufacturer’s protocol. RNA quality and concentration were assessed by the 2100 Expert Bioanalyzer System (Agilent), using the RNA 6000 Pico Kit (Agilent). Transcriptome RNA sequencing was performed at the Norris Cancer Molecular Genomics Core. Library quality control was perform using Agilent BioAnalyzer 2100 and libraries were simultaneously prepared using Kapa mRNA Hyper kit (cat#08098123702, Roche Diagnostics) following the manufacturer’s protocol. RNAseq libraries were sequenced on the Illumina Nextseq500 platform at a read length of 2x75 at 25 million reads per sample.

Raw sequencing reads were checked for overall quality and adapter contamination using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) prior to downstream analysis. Reads were then used to quantifying transcript abundances with Salmon (22) using the GENCODE version M25 mouse reference. The resulting transcript abundances were summarized to gene level counts using functions in the Bioconductor package tximport (23). Significantly differentially expressed genes were identified using the Bioconductor package DESeq2 (24) with a significance threshold of FDR < 0.1. Volcano plots were generated using the Enhanced Volcano Bioconductor package (https://github.com/kevinblighe/EnhancedVolcano). Ingenuity Pathway Analysis (IPA) software (v01-20-04, Qiagen) was used to determine the hepatic biological processes altered by cholesterol intake level (25). Gene Set Enrichment analysis (GSEA) software v4.1.0 was used to identify relevant pathways and biological processes (26). The Gene Ontology Resource platform was used to identify the biological processes triggered by the commonly expressed genes during the progression phase of the dietary intervention (27).



Hepatic inflammation and fibrosis histological assessment

Liver fragments from each lobe were kept in 10% buffered neutral formalin overnight and dehydrated in 70% ethanol at 4°C. Fragments were then embedded in paraffin and cut into sections of 5µm thickness, deparaffinized, and hydrated. The serial sections were then stained for H&E and Sirius Red as per standard protocols at the USC Research Center for Liver Diseases (RCLD) Liver Histology Core.

Liver biopsies from 4 lobules from each mouse used in this study was evaluated and graded histologically as follows: Steatosis grades: “0” =none, “<1” = less than 5% of hepatocytes, “1” = 5-25%, “2” = 26-50%, “3” = 51-75%, “4” = >75%; Lobular inflammation grades (20x field): “0” = none, “1” = < 2 per field, “2” = 2-4 per field, “3” = > 4 per field; Fibrosis grades: “0” = None, “1” = Perisinusoidal or periportal, “2” = Perisinusoidal and portal/periportal, “3” = Bridging fibrosis, “4” = Cirrhosis. The scoring was performed by a pathologist (G.K) in coded fashion without knowledge of the treatment.



Statistical analyses

All statistical analyses, graphs, and heatmaps were generated using GraphPad Prism version 9 for macOS (GraphPad Software, www.graphpad.com). We used the non-parametrical Kruskal-Wallis test to evaluate hepatic inflammation and fibrosis scores.





Results


High dietary cholesterol intake exacerbates hepatic inflammation and fibrosis

To evaluate the contribution of dietary cholesterol to the progression of nonalcoholic steatohepatitis (NASH) induced by high-fat and high-fructose diet, we used the FPC diet as an established model mimicking human NASH (18). We combined the FPC diet with different cholesterol concentrations into two distinct phases. In the first phase (progression), mice were fed the FPC diet for 20 weeks with high (1.25%), medium (0.2%), or low (0.05%) cholesterol. In the second phase (regression), we reduced the cholesterol content of all FPC diets to 0.05% and fed all the groups for a further ten weeks. We euthanized six mice from each group at the end of the progression phase and four at the end of the regression phase, harvesting their livers to evaluate steatosis, inflammation, and fibrosis. We also isolated hepatic macrophages for transcriptomic analysis (Figure 1A).




Figure 1 | Experimental design and dietary cholesterol impact on murine NASH model. (A) For our NASH model, we selected the Fructose, Palmitate, Cholesterol, and Trans-Fat (FPC) diet. We evaluated the mice in two distinct phases. During the first 20 weeks (progression phase), we fed male C57BL/6J mice with the FPC diet containing different concentrations of cholesterol: 1.25% (high, purple), 0.2% (medium, orange), and 0.05% (low, green). At week 20, we reduced the dietary cholesterol intake for the 1.25% and 0.2% groups, keeping all mice on the FPC diet with 0.05% cholesterol for additional ten weeks (regression phase). At the end of each phase, we harvested mice livers, sorted hepatic macrophages, and processed them for RNA-seq analysis. NASH was assessed on the liver specimens based on histologic findings (Created with BioRender.com). (B) Lobular inflammation and Fibrosis (C) were exacerbated in mice fed with high cholesterol FPC diet during the progression phase (n = 6 for progression and n = 4 for regression phases). Statistical test used: Kruskal-Wallis, **P value < 0.01. Prog, Progression phase; Regr, Regression phase; CTR, control.



As expected, all FPC diet groups showed advanced steatosis (grade 4, Supplementary Figure 1A) without differences related to cholesterol intake. We observed a significant increase in lobular inflammation and fibrosis in the livers of mice fed with high cholesterol during the progression phase (Figures 1B, C; Supplementary Figures 1B, C). While inflammation slightly improved after cholesterol reduction (not significantly), fibrosis remained unchanged. In fact, the fibrosis scores of all groups became very similar by the end of the regression phase (Figure 1C).

Our findings suggest that high cholesterol intake combined with a high-fat and high-fructose diet aggravates hepatic inflammation and accelerates fibrosis.



Cholesterol intake affects hepatic macrophages transcriptome

Considering the significance of hepatic macrophages for NASH development, we evaluated the impact of dietary cholesterol on total hepatic macrophage transcriptome in a high-fat and high-fructose diet background. For this purpose, we sorted hepatic macrophages from the non-parenchymal cells obtained from mice livers, acquiring an average of 400,000 hepatic macrophages from each mouse. Cells were immediately preserved in RLT lysis buffer (Qiagen™) and later processed for RNAseq. Our findings revealed that cholesterol addition to the FPC diet significantly changed hepatic macrophage global gene expression (Figures 2A, B). We compared the medium and high cholesterol groups to the low cholesterol group in the different dietary phases to identify genes regulated by cholesterol. In macrophages from mice fed with medium cholesterol, we identified 1,774 differentially expressed (DE) genes (1,019 up and 755 down) during the progression phase and 229 genes (90 up and 139 down) during the regression phase. The most remarkable changes were observed in macrophages from the high cholesterol group, with 2,880 DE genes (1,373 up and 1,507 down) during the progression phase and 3,902 DE genes after cholesterol reduction (1,918 up and 1,984 down). Principal component analysis (PCA) indicated that macrophages’ transcriptomes from mice fed with high and medium cholesterol are similar during the progression phase, fully separating from the low cholesterol group. However, during the regression phase, macrophages from the medium cholesterol group normalized their gene expression, becoming similar to macrophages from the low cholesterol group (Figure 2C). These results suggested that the transcriptomic modifications triggered by a high cholesterol diet are more robust and not as easily reversed as those resulting from medium cholesterol intake.




Figure 2 | High cholesterol intake changes the global gene expression of hepatic macrophages. (A) Volcano plots show the hepatic macrophages’ differentially expressed genes (DEGs) in the different dietary groups, emphasizing the cholesterol effect. DEG lists were acquired by normalizing the transcriptome from the high and medium cholesterol groups using the age-matched low cholesterol group. (B) Comparing the medium to the low cholesterol group, we found 1,774 genes modified during the progression phase (1,019 up and 755 down) and 229 genes in the regression phase (90 up and 139 down). The comparison between the high to the low cholesterol group revealed 2,880 genes differentially expressed during the progression phase (1,373 up and 1,507 down), and 3,902 DE genes in the regression phase (1,918 up and 1,984 down). (C) PCA plots clearly show that during the progression phase, the medium cholesterol (n = 3) and the high cholesterol (n = 3) groups differed from the low cholesterol group (n = 4) and that after cholesterol reduction (regression phase), the medium cholesterol group (n = 4) became comparable to the low cholesterol group (n = 3), while the high cholesterol group (n = 3) maintain the original difference. NS, non-significant; Log2FC, log2-foldchange based on low cholesterol age-matched group; Prog, Progression phase; Regr, Regression phase.





Identification of genes modulated by dietary cholesterol in hepatic macrophages

We analyzed the relationship among the DE genes from the high and medium cholesterol groups in both dietary phases and identified 32 genes commonly expressed, which were also strongly connected as a network (Figure 3A; Supplementary Figure 2; Supplementary Table 1). The biological processes enriched by those genes were related to differentiation and transformation of connective tissue cells, cell cycle, viability and activation, cell movement, and vasculogenesis. These processes were stimulated by cholesterol intake and inhibited by cholesterol reduction. Other processes also enriched by these genes were cell death, liver damage, and weight loss, downregulated by cholesterol ingestion and upregulated by cholesterol intake reduction (Figure 3B).




Figure 3 | Genes modulated by dietary cholesterol in hepatic macrophages. (A) Venn diagram shows the overlapping differentially expressed genes among the comparison groups. The high and medium cholesterol groups were compared to the low cholesterol group during progression (Prog) and regression (Regr) phases. Thirty-two genes were commonly expressed by the four comparison groups. (B) Bubble plot shows the biological processes derived from the 32 genes commonly expressed genes by the four groups. Analysis performed using Ingenuity Pathway Analysis (IPA). (C) Expression of six genes with immunological significance were highlighted are shown in all six dietary groups included in this study. Prog, Progression phase; Regr, Regression phase.



We highlighted genes with immune relevance in Figure 3C. Cholesterol intake upregulates the expression of Ccl3, Cclr2, Dusp1, Osm, and Cd163. Cholesterol reduction normalized the expression of Ccl3, Cclr2, Dusp1, and Osm in both medium and high cholesterol groups, while Cd163 expression only decreased in the medium cholesterol macrophages. Conversely, Cxcr5 expression was downregulated by cholesterol intake, recovering its levels after cholesterol reduction in the medium but not in the high cholesterol group.

We found 424 genes uniquely modified by cholesterol intake, regardless of its concentration, which included Cnr2, Col4a3, Csf1, Cxcr2, Cxcr6, Gzma, Hbegf, Il16, Il1f9, Il33, Lamc1, Ncf1, Osmr, Prf1, Tnf, and Vegfa (Figure 4A and Supplementary Table 1). Cholesterol reduction exclusively affected the expression of 55 genes, including Ccl17, Cxcl12, Cd63, Clec7a, Tspan3, Erg1, Klf6, Ltc4s, and Mbl2 (Figure 4B and Supplementary Table 1). We applied the Gene Ontology enrichment test to these two sets of genes and observed that only genes from the progression phase could enrich relevant biological processes, such as wound healing, cytotoxic cell differentiation, neutrophil chemotaxis, and immune response (Figure 4C).




Figure 4 | Genes uniquely modified by inclusion or reduction of dietary cholesterol can contribute to NASH. Venn diagram with the overlapping differentially expressed genes from the four groups. High and medium cholesterol groups commonly expressed 424 genes during the progression phase, while only 55 genes uniquely were commonly found during the regression phase. (A) Heatmap with 16 genes from the 424 genes upregulated by cholesterol introduction. The selected genes are previously correlated to NAFLD severity. Overall, these genes followed a similar expression pattern during the progression phase of medium and high cholesterol groups, with reversal of expression pattern on cholesterol reduction. (B) Heatmap showing 9 of the 55 genes commonly expressed in medium and high cholesterol groups after cholesterol reduction. The genes of interest are involved in NASH inflammation. (C) Gene Ontology (GO) terms enrichment using the differentially expressed genes (DEG) induced by cholesterol during the progression phase. Most of the biological functions were related to immune response. No significant results were found using the 55 genes commonly modified during the regression phase. Log2FC, log2-foldchange based on low cholesterol age-matched group. Prog, Progression phase; Regr, Regression phase.





Dietary cholesterol induces macrophage genes related to extracellular matrix organization, inflammation and affects macrophage polarization

We identified the top 25 upregulated DE genes from the high and medium cholesterol groups during both the progression and regression phases, clustered the gene expression values of all six groups, and observed that the samples clustered into two main branches (Figure 5A and Supplementary Table 2). The first branch grouped all samples from the low cholesterol groups and the samples of the medium cholesterol group during the regression phase. The other branch comprised samples from the medium cholesterol group during the progression phase and all the samples from the high cholesterol group. The samples of the high and medium cholesterol groups from the progression phase clustered together. The top upregulated genes related to cell migration (Kdr, Il1r1, Flt4, Adamts1, Sele, Aqp1, Sema6a, Hspb1, Sema3f), angiogenesis (Kdr, Flt4, Hspb1, Col4a1, Col4a2, Sema6a) and extracellular matrix organization (Lama4, Col4a1, Col4a2, Pxdn, Adamts1, Adamts4, Adamts7, Hmcn1) (Figure 5A).




Figure 5 | Cholesterol triggers expression of pro-fibrotic and pro-inflammatory genes. (A) Heatmap shows the standardized gene expression values of the 25 top upregulated genes found in each group. The highlighted genes commonly upregulated in the medium and high cholesterol groups during progression phase (Prog) and in the high cholesterol groups during regression phase (Regr) are mainly related to extracellular matrix organization, angiogenesis, and cell migration. (B) Expression of several cytokines relevant to NASH are affected by dietary cholesterol. In general, these cytokines were upregulated due to increased cholesterol dietary content and show an attenuated expression pattern after cholesterol reduction. (C) Cytokines upregulated during progression phase in both cholesterol groups and that maintained high expression in the high cholesterol groups after cholesterol reduction. Genes normalized in the medium cholesterol group during regression phase. (D) Gene Set Enrichment Analysis results, based on Hallmark and Reactome databases, highlighted the upregulation of TNF-α, TGF-β, and IL-6 signaling pathways during the progression phase of both cholesterol groups with subsequent downregulation/normalization after cholesterol reduction. The pathways for IL-10, IL-4/IL-13 signaling were downregulated by cholesterol reduction in both groups. Lipid metabolism, FC-γ receptor activation and PD-1 signaling are inhibited in both groups in the progression phase. The high cholesterol group showed continuous upregulation of collagen formation in both progression and regression phases. (E) Heatmap showing the fold changes in the expression of fibrillar collagens, fibrillin, type IV collagen and laminin, other basement membrane components, and pro-fibrotic proteases. Gene expression was upregulated in medium and high cholesterol groups during progression phase and stayed elevated in the high cholesterol after cholesterol reduction. P or Prog, Progression phase; R or Regr, Regression phase; Log2FC, log2-foldchange based on low cholesterol age-matched group.



Considering the participation of macrophages in tissue immune homeostasis, we specifically looked at genes for cytokines that shifted their expression pattern after cholesterol reduction. Dietary cholesterol upregulated the expression of Ccl2, Ccl3, Ccl4, Ccl17, Csf1, Cxcl2, Hbegf, Il10, Il1a, Il33, Tnf, Trail, and Vegfa, which normalized after cholesterol reduction (Figure 5B). Additionally, we searched for the cytokines that were not “turned off” by cholesterol reduction and found that Bmp2, Bmp6, Fgf1, Il27, Il6st, and Tgfa remained upregulated in the high cholesterol group but normalized their expression in the medium cholesterol group (Figure 5C).

We examined the pathways modified by dietary cholesterol and detected the upregulation of TNF-α, TGF-β, and IL-6 signaling during the progression phase and the downregulation of cholesterol and fatty acid metabolisms, FC-γ receptor activation, and PD-1 signaling pathways. Cholesterol reduction normalized most of these pathways (Figure 5D). Notably, the high cholesterol group showed a non-reversible upregulation of collagen formation and extracellular matrix organization processes. Cholesterol intake enhanced the expression of several genes encoding fibrillar collagen, fibrillin, and basement membrane components during the progression phase of medium and high cholesterol groups (Figure 5E). While most of these genes normalized their expression after cholesterol reduction in the medium cholesterol group, several genes were still highly expressed in the high cholesterol group. Matrix and disintegrin metalloproteinases genes (MMPs and ADAMs, respectively) followed a similar expression pattern, except for Mmp12, Mmp13, and Mmp19, which were downregulated during the regression phase in both groups. Timp3 was the only metalloproteinase inhibitor significantly expressed, displaying high levels in the medium and high cholesterol groups during the progression stage and the high cholesterol group in the regression phase.

Noticing the upregulation of pro-inflammatory pathways, we decided to evaluate the expression of macrophage polarization markers in both dietary intervention phases (Figure 6A). We found that hepatic macrophages from both cholesterol groups expressed mixed M1 and M2 polarization markers during the progression phase. After cholesterol reduction, these markers lowered their expression. Surprisingly, macrophages from the high cholesterol group displayed a more significant enrichment of genes that characterize restorative macrophages after cholesterol reduction (Figure 6B). These findings suggest that high cholesterol intake may promote more substantial hepatic damage with a further expansion of the restorative macrophage population after cholesterol reduction.




Figure 6 | Hepatic macrophages from mice fed with high cholesterol FPC diet shift polarization towards a restorative phenotype after cholesterol reduction. (A) Heatmap with macrophage polarization markers shows enrichment of M1 and M2-like polarization markers during the progression of the FPC diet, and enrichment of restorative macrophages markers during the regression phase in the high cholesterol group. (B) Fisher’s exact test confirmed the enrichment of polarization markers in hepatic macrophages during the different phases of the dietary intervention. Prog, Progression phase; Regr, Regression phase; Log2FC, log2-foldchange based on low cholesterol age-matched group.



Additionally, we analyzed the FACS sorting data for the presence of Kupffer cells (KCs: F4/80hi CD11blow) and infiltrating macrophages (IMs: F4/80low CD11bhi) to verify if the results we observed would relate to the infiltrating macrophage influx rates. We did not find any significant change in the IMs/KCs ratios among the different groups during the dietary intervention (Supplementary Figure 3), which suggests that the phenotypic changes detected in our dataset are not linked to the reduction of recruited macrophages.



High cholesterol intake triggers NASH-associated pathways in hepatic macrophages

We evaluated the most significant hepatotoxic pathways triggered in hepatic macrophages and identified upregulation of steatohepatitis, liver inflammation, and carcinoma in the high cholesterol group during the progression phase. Cholesterol reduction inhibited those processes (Figure 7A). Figure 7B shows the genes related to steatohepatitis significantly modified in macrophages of the high cholesterol group. We observed a shift in the expression pattern of anti-NASH genes, with upregulation of Acox1, Nr1h3 (Lxr-a), Gnmt, and Mat1 expressions after cholesterol reduction. Genes controlling liver inflammation were also affected by cholesterol intake and following reduction (Figure 7C). The pro-inflammatory genes Jun, Ccl3L3, Tnf, and Ccl2, initially upregulated during the progression phase, were inhibited in the regression phase. The most notable change is related to the anti-inflammatory genes Pten, Atg5, Il6r, Pafah1b1, and Ptpn11, which presented a low gene expression due to cholesterol intake, with further normalization after cholesterol reduction.




Figure 7 | High cholesterol intake induces NASH-associated pathways in hepatic macrophages. (A) Hepatic macrophages from mice fed with high cholesterol displayed upregulation of steatohepatitis and liver inflammation processes during the progression phase and show inhibition of the same processes after cholesterol reduction. (B) Heatmap of the most variable genes involved in steatohepatitis in the high cholesterol group. During the progression phase, there is a strong downregulation of genes that can prevent NASH, such as Methionine adenosyltransferase (Mat1) and glycine N-methyltransferase (Gnmt), which were upregulated after cholesterol reduction. (C) Heatmap displaying the most variable genes related to liver inflammation in the high cholesterol group. Several pro-inflammatory genes triggered by high and medium cholesterol intake were normalized after cholesterol reduction, particularly Jun, Ccl3l3, Tnf, Ccl2, and Cnr2. The downregulation of the anti-inflammatory genes Pten, Ptpn11, Cyb5b, Atg5, Il6r, and Pafah1b1 only in the high cholesterol group suggests their importance for NASH pathogenesis. Prog, Progression phase; Regr, Regression phase; Log2FC, log2-foldchange based on low cholesterol age-matched group.






Discussion

Increasing evidence support the substantial contribution of innate and adaptive immunity in NASH progression. Among the innate immune cells, the hepatic macrophages play a pivotal role: they can cross-communicate with neutrophils, natural killer cells, innate lymphoid cells, and lymphocytes, coordinating cell recruitment, activation, and subsequent fate of hepatic inflammation (29–32).

By analyzing the impact of the dietary cholesterol reduction on NASH progression and on hepatic macrophage transcriptome, this work expands the understanding of the modulatory effects of cholesterol on the innate immune system, identifying potential new therapeutic targets for NASH intervention. High cholesterol intake combined with a high-fat diet contributes to hepatic lipid accumulation, liver oxidative stress, and consequent steatohepatitis development (6, 33). In our study, all animals on the FPC diet displayed high steatosis scores, regardless of cholesterol intake, indicating that cholesterol per se did not directly influence hepatic lipid accumulation. Instead, the cholesterol effect was related to tissue inflammation and scarring. Mice on high cholesterol diet displayed more lobular inflammation and fibrosis than mice fed with low cholesterol, corroborating our previous study (34). In the cholesterol reduction phase, we observed a slight decrease in lobular inflammation in the high cholesterol group, but fibrosis scores remained unchanged. The fact that we do not observe a reversion of fibrosis after reducing cholesterol may be due to the long-term high-fat and high-fructose diet that also culminates in fibrosis, even without cholesterol. The high cholesterol levels likely accelerate fibrosis progression. Alternatively, fibrosis may be irreversible at this stage.

Hepatic accumulation of free cholesterol during steatosis disturbs Kupffer cells and triggers a sterile inflammatory response (11, 35). Our findings demonstrate that prolonged medium or high cholesterol intake modifies total hepatic macrophage global gene expression. When we reduced cholesterol content in the FPC diet, the gene expression of macrophages from the medium and low cholesterol groups became very similar. However, cholesterol reduction did not normalize the gene expression in macrophages from mice fed high cholesterol diet, suggesting that the liver injury mediated by high cholesterol intake persists for longer. We also found that genes commonly affected by cholesterol intake and withdrawal, regardless of the initial cholesterol input, positively enriched biological processes linked to fibrosis during the progression stage and enhanced processes related to tissue repair during the regression phase. Of note, cholesterol upregulated the expression of some immunological genes in hepatic macrophages, which decreased after cholesterol reduction. Genes of interest include Ccrl2, an atypical chemokine receptor rapidly upregulated during inflammation (36); Osm, a cytokine that contributes to hepatic insulin resistance, fibrosis, development of NASH, and hepatocellular carcinoma (37–39); and Ccl3, a chemokine that favors the progression of steatohepatitis via macrophage recruitment (40).

Several pro-inflammatory and pro-fibrotic genes were exclusively induced in macrophages by medium and high cholesterol intake: Osmr, the receptor for Oncostatin M, is involved in macrophage recruitment and infiltration (41); Il33, a pro-inflammatory and pro-fibrotic cytokine that can activate hepatic stellate cells and macrophages (42, 43); Tnf, known to contribute to liver inflammation and strongly correlated to NASH severity (44); Cnr2, which participates in obesity-induced hepatic inflammation, macrophage infiltration, and TNF and CCL2 expression (45); and Csf1, highly expressed in NASH (46). Cholesterol reduction significantly inhibited the genes Cxcl2 and Ccl17, known for neutrophil, macrophage, and Treg cell recruitment (47, 48). These findings support the significant impact of dietary cholesterol on macrophage-mediated hepatic inflammation in NASH.

We identified the most dramatic pathway changes in hepatic macrophage from mice fed with high cholesterol, with the upregulation of TNF-α, TGF-β, IFN-α, IL-6, and PDGF signaling pathways, all previously correlated to NASH progression. TNF-α signaling cross-regulates type I IFN signaling by eliciting interferon-stimulated gene expression and increasing inflammation, and IFN-α signaling would, in turn, favor steatosis (49, 50). IL-6 signaling also can contribute to NASH progression by increasing reactive oxygen species production and hepatocyte apoptosis (51). TGF-β and PDGF signaling pathways are well known to drive fibrosis progression, mainly by inducing hepatic stellate cell activation (52). In addition, these cells also upregulated steatohepatitis, inflammation, and cancer pathways during the progression phase, with their further silencing after cholesterol reduction.

Studies have shown that hypercholesterolemia impairs macrophage cholesterol efflux, driving their polarization into a pro-inflammatory phenotype (53). Our dataset showed a shift in macrophage polarization markers from the progression to the regression phase. Both medium and high cholesterol groups displayed M1 and M2-like markers enrichment during the progression phase. Intriguingly, macrophages from the high cholesterol group strongly expressed restorative macrophage markers after cholesterol reduction. Pro-restorative macrophages promote inflammation resolution and tissue repair, showing a distinct phenotype from the M1/M2 cells. Low expression of Ly6C and high expression of Igf1, Cd81, Cd5l, Mertk, and Lxr (54–56) characterize the pro-restorative phenotype. We also observed that the cholesterol intake or withdrawal does not influence the influx rates of infiltrating macrophages (IMs), suggesting that the polarization changes detected do not depend on the tissue ratios of KCs and IMs. Moreover, the increase of resident macrophages markers during the regression phase, such as Cd163, Marco, and Timd4, indicates that the restorative macrophage population expansion contributes to the repopulation of the resident macrophage pool during the late resolution stage of liver repair, as already implied by other authors (54). Upregulation of Lxr and Mertk gene expression also supports inflammation suppression since the Lxr-Mertk axis in macrophages promotes cholesterol efflux and efferocytosis (53). Our findings suggest that reducing high cholesterol intake is enough to establish a restorative macrophage subset in the liver, even on the background of high-fat and high-fructose diets.

Other remarkable events triggered by cholesterol intake in the hepatic macrophages were collagen formation and extracellular matrix organization, with the upregulation of genes codifying several types of collagens, including those part of the basement membrane, fibrillar collagen, and pro-fibrotic proteases. The increase of type IV collagen and laminin deposition on the perisinusoidal areas is a hallmark of fibrotic livers from alcoholic fatty liver, hepatitis, and cirrhosis patients (57). Since hepatic sinusoids typically lack a basement membrane, the increase of type IV collagen and laminin in the sinusoids would favor the formation of a new basement membrane. Basement membrane formation in the sinusoids is associated with liver sinusoidal endothelial cells (LSEC) defenestration, which precedes the activation of hepatic stellate cells and fibrosis (58). These events, however, were not normalized in macrophages from the high cholesterol groups during the regression phase. Therefore, the presence of macrophages expressing high levels of type IV collagen and laminin could continuously drive hepatic sinusoid capillarization and favor fibrosis progression even after the reduction of cholesterol.

Additional pro-fibrogenic factors continuously expressed by macrophages from the high cholesterol group were the Il6st (gp130), which regulates collagen and laminin expression; Fgf1, Tgfa, and Pdgfd, which activates hepatic stellate cells; and Il13ra2, which participates of TGF-β transcription (59–64). In addition, the expression of genes that favor steatosis, such as Bmp2 and Bmp6, remained high after cholesterol reduction in this group (65, 66). Furthermore, hepatic macrophages from mice fed with high cholesterol diet did not restore the expression of the anti-fibrotic proteases Mmp9, Mmp12, and Mmp13, suggesting an aberrant tissue repair mechanism favoring fibrosis progression.

A limitation of our study is the use of RNAseq as the only method to evaluate the hepatic macrophages. We were able to use only this technique due to the small number of macrophages recovered from each mouse and the need to include the significant variations carried by the biological replicates. RNAseq is a valuable tool for quantifying the gene expression of the whole transcriptome. However, further studies should be performed to evaluate the functional capacity of hepatic macrophages in the different stages of NASH induced by cholesterol and validate all pathways described in our results.

In conclusion, our data shed light on the immunological mechanisms behind the contribution of dietary cholesterol to NASH progression. Here we demonstrated that cholesterol intake levels directly contribute to hepatic injury and that prolonged high cholesterol intake damages are long-lasting and persistent, further promoting the expansion of a dysfunctional pro-fibrotic hepatic restorative macrophage phenotype which continues even after cholesterol reduction.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has a global prevalence of 25% of the population and is a leading cause of cirrhosis and hepatocellular carcinoma. NAFLD ranges from simple steatosis (non-alcoholic fatty liver) to non-alcoholic steatohepatitis (NASH). Hepatic macrophages, specifically Kupffer cells (KCs) and monocyte-derived macrophages, act as key players in the progression of NAFLD. Caspases are a family of endoproteases that provide critical connections to cell regulatory networks that sense disease risk factors, control inflammation, and mediate inflammatory cell death (pyroptosis). Caspase-11 can cleave gasdermin D (GSDMD) to induce pyroptosis and specifically defends against bacterial pathogens that invade the cytosol. However, it’s still unknown whether high fat diet (HFD)-facilitated gut microbiota-generated cytoplasmic lipopolysaccharides (LPS) activate caspase-11 and promote NAFLD.



Methods

To examine this hypothesis, we performed liver pathological analysis, RNA-seq, FACS, Western blots, Seahorse mitochondrial stress analyses of macrophages and bone marrow transplantation on HFD-induced NAFLD in WT and Casp11–/– mice.



Results and Discussion

Our results showed that 1) HFD increases body wight, liver wight, plasma cholesterol levels, liver fat deposition, and NAFLD activity score (NAS score) in wild-type (WT) mice; 2) HFD increases the expression of caspase-11, GSDMD, interleukin-1β, and guanylate-binding proteins in WT mice; 3) Caspase-11 deficiency decreases fat liver deposition and NAS score; 4) Caspase-11 deficiency decreases bone marrow monocyte-derived macrophage (MDM) pyroptosis (inflammatory cell death) and inflammatory monocyte (IM) surface GSDMD expression; 5) Caspase-11 deficiency re-programs liver transcriptomes and reduces HFD-induced NAFLD; 6) Caspase-11 deficiency decreases extracellular acidification rates (glycolysis) and oxidative phosphorylation (OXPHOS) in inflammatory fatty acid palmitic acid-stimulated macrophages, indicating that caspase-11 significantly contributes to maintain dual fuel bioenergetics—glycolysis and OXPHOS for promoting pyroptosis in macrophages. These results provide novel insights on the roles of the caspase-11-GSDMD pathway in promoting hepatic macrophage inflammation and pyroptosis and novel targets for future therapeutic interventions involving the transition of NAFLD to NASH, hyperlipidemia, type II diabetes, metabolic syndrome, metabolically healthy obesity, atherosclerotic cardiovascular diseases, autoimmune diseases, liver transplantation, and hepatic cancers.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease in the Western world. 10% to 40% of adults in the United States are estimated to have some form of NAFLD (1–3). NAFLD is an umbrella term referring to two underlying conditions: nonalcoholic fatty liver (NAFL; also known as hepatic steatosis) and nonalcoholic steatohepatitis (NASH) (4), the inflammatory phase of the disease. Inflammatory liver damage associated with NASH can lead to liver cirrhosis, liver failure, and hepatocellular carcinoma (1, 5–8). NAFLD is considered the hepatic manifestation of metabolic syndrome and metabolically healthy obesity (9–12). In addition, NAFLD is associated with adverse cardiovascular events and contributes to subclinical atherosclerosis (13, 14). Histologically, NAFLD is different from the alcoholic liver disease in at least 11 histologic features results from lipid metabolism imbalance leading to the accumulation of fatty acids in hepatocytes (15, 16). Changes in fatty acid uptake, fatty acid synthesis, lipolysis, β-oxidation and circulating lipoprotein result in hepatocytes exceeding their capacity to safely store lipids (16). These changes lead to the accumulation of toxic lipid species (ceramides, diacylglycerol, lipid peroxides, and oxidized phospholipids) and the subsequent proinflammatory, lipotoxicity-induced hepatocyte cell death (17).

The liver has the highest number of macrophages of any solid organ, which are classified as Kupffer cells (KCs) and monocyte derived macrophages (MDMs) (18–20). Macrophages play a critical role in the initiation and propagation of inflammation in both patients and animal models of NAFLD/NASH (21–25). This is illustrated by the fact that the depletion of KCs is sufficient in halting the NAFL to NASH transitions and preventing the recruitment of bone marrow generated MDMs significantly decreases inflammation associated with NASH (21, 26). Microenvironmental stimuli ultimately determine the function and phenotypic characteristics of the two macrophage subsets and both populations are involved in the development of NAFLD (27–30). Both KCs and MDMs can further differentiate into proinflammatory type 1 (M1) macrophages, which are the primary sources of proinflammatory cytokine secretion and generators of reactive oxygen species (ROS) (31–36) or anti-inflammatory and inflammation resolution type 2 (M2) macrophages (26). True differentiation/polarization of these populations requires single cell transcriptomic analysis of key mediators (22, 23). Therefore, this study will focus on both populations and referred to them collectively as “hepatic macrophages (HMΦs)”. KCs are liver tissue-resident macrophages and reside within liver acinus zone 1 (22, 23). Activated KCs in NAFLD/NASH patients are F4/80+, CD14+, CD16+ and CD68+ (21, 27, 37–40) and in NAFLD mouse models are F4/80+, CD11blow, CD68+ and Clec4f+ (21, 27, 38). KCs have several homeostatic functions including clearance of damaged red blood cells, iron metabolism, bilirubin metabolism, and cholesterol metabolism (18, 19, 31, 41–43).

MDMs arise from Ly6C+/high bone marrow (BM)-derived monocytes recruited to the liver in response to liver inflammation (21–23). Upon maturation, MDMs transition to a Ly6C-/low status and reside in hepatic acinus zones 2 and zone 3 (22, 23, 44, 45). These MDMs repopulate the liver macrophage niche in hepatic acinus zone 1, with the microenvironment and secretomes from liver sinusoidal endothelial cells (LSECs) allowing for the development of a “KC-like” phenotype and functionality (27, 29, 30, 38). Recent studies have added more context to this binary system (46). Hepatic macrophages play a significant role in NAFLD (21, 47–50). MDMs are a population of HMΦs capable of repopulating the liver when KCs are depleted in chronic liver diseases. Furthermore, clinical trials have demonstrated that preventing MDM infiltration decreases inflammatory liver damages (21, 23, 27, 29, 30, 38, 50–54).

Inflammasomes and inflammatory caspases, such as caspase-1 and caspase-4 (humans)/caspase-11 (mice), have two coupled functions: 1) serve as sensors for danger associated molecular patterns (DAMPs) and viral and bacterial infections-related pathogen associated molecular patterns (PAMPs) and 2) initiate inflammation signaling and promote inflammatory cell death (pyroptosis) (55–70), which specifically antagonize infection but can cause detrimental inflammation as well (71). Recent studies have shown promise in treating NAFLD with therapeutics targeting the nucleotide-binding domain (NOD)-, leucine-rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) inflammasome, suggesting that targeting pyroptosis is a viable option for treating the disease (72, 73). While current pyroptosis targeting therapeutics focus on the inflammasomes that activate caspase-1, the caspase-11-dependent pathway presents a novel therapeutic target. Our group and others have demonstrated that caspase-1 deficiency is protective against HFD-induced NAFLD to NASH progression (57, 74). However, the roles of caspase-11-dependent pathway have not been defined in HFD-induced NAFLD (75, 76).

As we recently published in our novel data mining analysis of 4249 genes in 27 mouse models of NAFLD, caspase-11 mediates liver pyroptosis in both patients and mouse models of NASH via lipid peroxidation and trained immunity (innate immune memory) pathways (77). Other studies have demonstrated that lipid peroxidation can generate endogenous ligand for caspase-11, which impacts animal models of sepsis (78–80).

Endotoxin levels and gut-derived Gram-negative bacteria are elevated in patients with NAFLD (81). A previous study involving two obese individuals showed that the nonvirulent endotoxin-producing strains of pathogenic species that were overgrowing in obese people’s guts can cause NAFLD and related metabolic problems. The most upstream and crucial biological process that causes all phenotypes in NAFLD and other related metabolic disorders is the host’s TLR4 receptor (82). Another study involved Nine hundred and twenty adults randomly selected from the government’s census database and underwent proton-magnetic resonance spectroscopy to assess hepatic steatosis showed that NAFLD patients had slightly higher lipopolysaccharide-binding protein (LBP) endotoxin markers associated with insulin resistance and dyslipidemia and that people with modest alcohol consumption have lower serum endotoxin (83). Similarly, another study involving one hundred and fifty-five patients with NAFLD and twenty-three control individuals showed that endotoxin levels were significantly higher in NAFLD patients than in controls, with particularly noticeable increases in early-stage fibrosis (84). However, several important questions remain to be addressed: 1) Why NAFLD cannot be developed in germ-free mice; and why LPS-containing Gram-negative bacteria overgrowing in human gut microbiota are linked to NAFLD (82). 2) Why NAFLD can be a significant proinflammatory driver for second wave of atherosclerosis (11, 12). We previously reported a novel metabolically healthy obesity mouse model, in which atherosclerosis is decreased due to proinflammatory microRNA-155 (miR155) deficiency in apolipoprotein E deficient (ApoE–/–) mice but NAFLD development is sustained (10). 3) Why HFD model becomes an essential component for all 27 models of NAFLD. Here we sought to determine whether caspase-11 plays a role in promoting HFD-induced NAFLD. We found that HFD feeding for 12 weeks drives NAFLD in WT mice, which are transcriptionally distinct from WT liver fed with normal chow diet (NCD). HFD increased gene expressions of caspase-11, gasdermin D (GSDMD), interleukin-1β (IL-1β), and guanylate-binding proteins (GBPs) in liver. However, caspase-11 deficiency significantly decreased liver IL-1β concentrations, reduced N-terminal GSDMD expression on plasma membrane, significantly re-programed liver transcriptomes, and attenuated hepatic monocyte/macrophage pyroptosis in HFD-induced NAFLD. BM-derived monocytes/macrophages play more significant roles than liver resident monocytes/macrophages in developing pyroptosis. To determine the underlying mechanisms, we performed a set of experiments and found that caspase-11 deficiency significantly decreased extracellular acidification rate (ECAR) from glycolysis and oxidative phosphorylation (OXPHOS), indicating that caspase-11 significantly contributes to maintain dual fuel bioenergetics — glycolysis and OXPHOS in proinflammatory fatty acid palmitic acid-stimulated macrophages, and potentially promotes transition of M2 macrophages into M1 macrophages. These results provide novel insights on the roles of caspase-11-GSDMD pathway in promoting hepatic macrophage inflammation and novel targets for future therapeutic interventions involving transition of NAFLD to NASH, hyperlipidemia, type-II diabetes, metabolic syndrome, atherosclerotic cardiovascular diseases, autoimmune diseases, liver transplantation, and hepatic cancers.



2 Materials and methods


2.1 Animal care

All animal experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines and were approved by the IACUC of Lewis Katz School of Medicine (LKSOM) at Temple University. Wild-type (WT) mice were of a C57BL/6J background, and caspase-11 knockout (Casp11–/–) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were housed under controlled conditions in the LKSOM Animal Facility, where they had ad libitum access to standard chow diet control/HFD, water, and were subject to a 12-hour light-dark cycle. Mice were age-matched and gender-specific in all experiment groups. At eight to ten weeks old, male mice either remained on normal chow diet (10.7% fat, 23.9% protein, 5.1% fiber, 58.7% carbohydrate/other, 200ppm cholesterol; Labdiet 5001) or switched to HFD [20% (w/w) fat, 17.4% protein, 5% fiber, 49.9% carbohydrate/other, 2027 ppm cholesterol (0.15% (w/w) cholesterol); AIN-76A] (Research Diets, NJ).



2.2 Histological NAFLD activity score analysis

There are different parameters used to histologically grade NAFLD/NASH progression including: macrovesicular steatosis, microvesicular steatosis, lobular inflammation, Mallory Body occurrence, hepatocellular iron, KC activation, and hepatocyte ballooning (1, 85, 86). The most common NAFLD/NASH grading rubric is the “NAFLD Activity (NAS) Score” which combines (macrovesicular) steatosis, lobular inflammation, and hepatocyte ballooning on a scale from 0 (no NAFLD) to 8 (severe disease) (1, 85, 86). Mice were sacrificed via ketamine overdose and cervical dislocation. Body weight was measured then mice were affixed to a Styrofoam surface. Blood was collected via cardiac puncture and the liver was perfused via the portal vein with 10 ml of phosphate buffered saline (PBS). Isolated liver was weight, washed with PBS. A liver sample was collected and preserved in 10% formalin for 8 – 10 hours at room temperature (RT), washed with PBS then stored in 75% ethanol. Hematoxylin and eosin staining was carried out by AML Laboratories (St. Augustine, FL). NAFLD Activity Score (NAS) was determined by Dr. Nirag Jhala, MD (Professor, Pathology and Laboratory Medicine) from Temple University Hospital (Philadelphia, PA).



2.3 Plasma cholesterol measurement

Blood was collected in 5% coated tubes via from the cardiac puncture of anesthetized animals. Plasma was collected by low-speed centrifugation for 20 minutes at 4°C. Plasma cholesterol levels in each sample were analyzed at the Mouse Metabolic Phenotyping Center at the University of Cincinnati (C1052-lipid Profiles) by colorimetric assays using Cholesterol Reagent Set. Reactions were run in microtiter plates and analyzed on a plate reader (https://med.uc.edu/institutes/mmpc/select-a-test/lipid-metabolism).



2.4 Bone marrow transplantation

Six to eight weeks old recipient (male, CD45.2+) mice were irradiated with 750 to 950 cGy (RS-2000 Biological Irradiator, Buford, GA). Eight to ten weeks old donor (male, CD45.1+) mice were sacrificed as described above. After euthanasia, femur and tibia were amputated and stored in PBS on ice. Marrow was flushed from the bone, passed through a 70-um filter. Red blood cells were eliminated using erythrocyte lysis buffer (8.29 g/L NH4Cl, 1 g/L KHCO3, 37.2 mg/L EDTA, double-distilled H2O, pHed to pH 7.2). 1x106 cells from donor mice were transplanted by retro-orbital injection into recipient mice.



2.5 Liver single cell suspension and immune cell fractionation

Mice were sacrificed, and liver was perfused via the portal vein with 10 ml of PBS. Isolated liver was weight, cut into 1-1.5 mm pieces and stored in 5 ml Liver Digestion Medium (ThermoFisher, 17703034) on ice until ready for digestion. Liver suspensions were incubated in a 37 °C water bath for 20-30 minutes on an orbital shaker. Digestion medium was collected in 5.0 ml Eppendorf tubes for cytokine analysis. Liver suspensions were filtered through a 70-um filter. Red blood cells were eliminated using erythrocyte lysis buffer. HMΦs were separated from hepatocytes using 33% Percoll solution (Sigma-Aldrich, P1644).



2.6 Western blot and ELISA analysis

Immune cell fraction was prepared from mouse liver as described above. Fractionated immune cells were lysed and protein isolated using an acid-guanidinium-phenol based reagent TRIzol (ThermoFisher, GE17-0891-01) according to manufacturer’s instructions. Protein was concentrated using Protein Concentrator polyethersulfone (PES), 10K molecular weight cutoff (MWCO) (ThermoFisher, 88503). Protein was quantified using colorimetric Pierce BCA Protein Assay Kit (ThermoFisher 23225). Protein was run on 12.5% gel and transferred to polyvinylidene difluoride (PVDF) membrane. Membranes were blocked using 5% bovine serum albumin (BSA) for 1 hour. Primary antibodies were diluted in Tris-buffered saline (TBS) (0.2% Tween-20) buffer and incubated at 4°C overnight. Primary antibodies used: caspase-11 (ThermoFisher, 14-9935-82), GSDMD (Abcam, ab209845), and β-Actin (Sigma-Aldrich, ab6276). Secondary antibodies were diluted in TBS (0.2% Tween-20, 0.01% SDS) and incubated for 30 minutes to 1 hour at RT. Secondary antibody used: IRDye 680RD (LI-COR), IRDye 800CW (LI-COR). Membranes were scanned using LI-COR Odyssey Crx (Li-Cor Biosciences, Lincoln, NE). Image processing was performed using Image Studio Analysis (LI-COR). Liver IL-1β levels were assessed using the Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit (R&D Systems, MLB003) following the manufacturer’s instruction.



2.7 Flow cytometric quantification of hepatic macrophages and noncanonical pyroptosis

Animals were sacrificed and livers were collected as described above. Fractionated immune cells were collected. Cells were incubated with CD16/CD32 FcR-blocking antibody (BD Bioscience, 553142) on ice for 20 minutes. Live/Dead staining was performed using Zombie Aqua (Biolegend, 423101) with a 30-minute incubation on ice. HMΦ surface staining was performed using the following panel: APC-Cy7_CD45 (BioLegend, 103116), FITC_I-A/I-E (MHCII) (BioLegend, 107605), PerCP-Cy5.5_CD11b (BioLegend, 101228), BV510_Ly6G (BioLegend, 127633), BUV395_F4/80 (BD Biosciences, 565614), BV421_CCR2 (BioLegend, 150605), APC_Ly6C (BioLegend, 128016), PE-Cy7_CD206 (ThermoFisher, 25-2061-82), BV785_CD86 (BioLegend, 105043). HMΦ pyroptosis was performed using the following panel: FAM-LEHD-FMK (caspase-11 activity assay), APC-Cy7_CD45 (BioLegend, 103116), BV510_Ly6G (BioLegend, 127633), PerCP-Cy5.5_CD11b (BioLegend, 101228), Ly-6C_AF700 (BioLegend, 128024), BUV395_F4/80 (BD Biosciences, 565614), GSDMDC1_AF674 (Santa Cruz Biotechnology, sc-393581 AF647). Flow cytometric data was acquired using LSR-II Flow Cytometer (BD Bioscience). Mean fluorescent intensity (MFI) and population percentages were analyzed using FlowJo (Ashland, OR).



2.8 RNA-sequencing

RNA-seq was performed using the immune cell fraction from male WT and Casp11–/– mice fed 12-week HFD. Animals were sacrificed and livers were collected. Fractionated immune cells were lysed and RNA isolated using TRIzol (ThermoFisher, GE17-0891-01) according to manufacturer’s instructions. RNA was quantified using Nanodrop (ThermoFisher). Frozen RNA samples were sent to Genewiz (South Plainfield, NJ) for RNA-seq analysis. Total RNA libraries were prepared by using Pico Input SMARTer Stranded Total RNA-seq Kit (Takara). In short, 10 ng total RNA from each sample was reverse transcribed via random priming and reverse transcriptase. Full-length cDNA was obtained with SMART (Switching Mechanism At 5′ end of RNA Template) technology. The template-switching reaction was used to keep the strand orientation of the RNA. The ribosomal cDNA was hybridized to mammalian-specific R-Probes and then cleaved by ZapR. Libraries containing Illumina adapter with TruSeq HT indexes were subsequently pooled and loaded to the Hiseq 2500. Single end reads at 75 bp with 30 million reads per sample were generated for bioinformatic analysis FASTQ files were mapped to the mouse mm10 genome using STAR Aligner and BAM alignment files were imported into Qlucore Omics Explorer and used to generate expression data (transcripts per million, TPM). All original RNA-seq data were deposited in the NCBI’s Gene Expression Omnibus database (GSE221005).



2.9 Measurement of extracellular acidification rate and mitochondrial parameters in palmitic acid stimulated bone marrow-derived macrophages

Bone marrow-derived macrophages were isolated from tibias and femurs of WT and Casp11–/– as we previously reported (12). Briefly, femurs and tibias were sprayed with 75% alcohol in Petri dish containing Roswell Park Memorial Institute medium (RPMI) 1640 (Gibco, Grand Island, NY) with 2% FBS. The bones were cut off at both ends and elute morrow into 50-mL conical tubes with RPMI-1640 with 2% FBS and penicillin/streptomycin (p/s) (Gibco, Grand Island, NY) using 10-mL syringes and 25-G needles. The cell suspension was filtered through a 70-μm cell strainer (BD Biosciences, San Jose, CA) into a sterile conical tube and centrifuged (500 g for 5 minutes). The pellet was resuspended well in 5 to 10 mL ACK red blood cell lysis buffer (Sigma-Aldrich, St Louis, MO) for 1 minute followed by the addition of RPMI-1640 and centrifugation (600 g for 7 minutes) to terminate the lysis. The pellet was washed using RPMI-1640 with 10% FBS once more, resuspended in differentiation medium (RPMI-1640, 10% FBS, 20% L929 conditional medium, p/s), and cultured at 37℃ in a 5% CO2 incubator. At day 3, the supernatant was carefully removed, and the medium was replaced. At day 7, cells were harvested and transferred to 96-well plate for seahorse assay. Seahorse XF96 analyzer (Seahorse Bioscience, Agilent, Santa Clara, CA) was used to measure the extracellular acidification rate (glycolysis) and six mitochondrial parameters (Mito Stress Test) in bone marrow-derived macrophages, including basal respiration, maximal respiration, proton leak, ATP production, spare respiratory capacity, and non-mitochondrial respiration as we previously reported (87, 88). Briefly, 100,000 cell/well were seeded in a 96-well plate and cultured overnight in XF assay medium supplemented with 10 mM glucose, 1 mM pyruvate and 2 mM L-glutamine. Cells were stimulated with palmitic acid 500 µM for 8 hours (89). Culturing media was changed to modified DMEM media and placed into a 37°C non-CO2 incubator for 1 hour. After preparation of drugs and XF Cell Mito Stress Test Kit and glycolytic rate kit (Seahorse Bioscience) into cartridge ports, the cartridge and cell culture plates were loaded into XF96 analyzer (Seahorse Bioscience). Experiments were performed in triplicates.



2.10 Statistical analysis

All data was reported as mean ± standard deviation (SD). Statistical analysis comparing genotype-diet groups (WT-HFD versus (vs) WT-NCD, Casp11–/–HFD vs Casp11–/–NCD, Casp11–/–NCD vs WT-NCD) were calculated by 1-way or 2-way ANOVA using Prism (GraphPad) or Qlucore Omics Explorer (Qlucore). Statistical significance was set at p ≤ 0.05.




3 Results


3.1 High-fat diet promotes nonalcoholic fatty liver disease, and lipid accumulation are temporally earlier than liver inflammation

HFD feeding is a commonly used rodent model of Western diet-induced obesity and NAFLD (90–92). The HFD not only increases intake of saturated fatty acid (SFA) but also induces metabolic endotoxemia, defined as an HFD-associated increase in circulating LPS (93). The 12- and 16-week HFD-feeding schemes have been shown to induce obesity and NAFLD in male C57BL/6 mice (94). Therefore, we compared WT mice fed either HFD or normal chow diet (NCD) (as controls) for 12 weeks (
Figure 1A
). We found that HFD significantly increased mouse body weight (
Figure 1B
), liver weigh (
Figure 1C
), and plasma cholesterol levels (
Figure 1D
). HFD for 12 weeks has been shown to discolor the liver and increase macrovesicular steatosis (1, 85, 86). Our results also showed that the liver color of the HFD group appeared light yellow compared to dark red in the NCD group (
Figure 1E
), consistent with the HFD promoted hepatic steatosis.





Figure 1 | 
High-fat diet (HFD) promotes non-alcoholic fatty liver disease (NAFLD) and Caspase-11 deficiency decreases lipid droplet, steatosis score, and NAS score in HFD-induced NAFLD but does not change liver weight or gross anatomic fatty liver pathology. (A) Experimental diet timeline. 8-10 weeks old Wild-type (WT) male mice and Caspase-11 deficient (Casp11–/–) mice were fed HFD or normal chow diet (NCD) for 12 weeks. (B) Body weight (n = 15). (C) Liver weight (n = 15). (D) Plasma cholesterol levels (n = 3). (E) Representative images showed that HFD feeding changed liver color to light yellow color. (F) Representative 20X images of hematoxylin and eosin (H&E) staining showing hepatic steatosis in 12-week HFD-fed WT and Casp11–/– male mice compared to 12-week NCD. Scale bar 100 µm. (G). Description and grades of NAS scare. NAFLD activity score analysis indicated that lipids accumulation as judged by liver steatosis and ballooning is precedent to liver inflammation. In grade 1, when steatosis reaches 5-33%, and ballooning reaches mild, inflammation is minimal. Steatosis was in the graded section as: are 0, steatotic; 0% to 1, 5% greater than 5% to 33% of hepatocytes are steatotic; 2, greater than 33% to as: 66%; 0, absent; and 3, 1, greater mild (focal; than 66%. involving Ballooning fewer than 3 hepatocytes); 2, moderate (focal and involving 3 or more hepatocytes or multifocal); and 3, severe (multifocal, with more than 2 foci of 3 or more hepatocytes). (0 or 1 Inflammation focus per 20× was field); graded 2, as: mild 0, (2 absent; foci); 3, moderate (3 foci); and 4, severe (4 or more foci per 20× field). (H) Total NAS score for WT-NCD (n = 5), WT-HFD (n = 8), Casp11–/–NCD (n = 5) and Casp11–/–HFD (n = 8). (I) Hepatic steatosis score. (J) Hepatocyte ballooning. (K) Lobular inflammation. (L) Principal component analysis (PCA) demonstrating that WT-NCD, WT-HFD, Casp11–/–NCD, and Casp11–/–HFD mice are transcriptionally distinct (n = 3). (M) Volcano plot analysis showed the 3895 differentially expressed genes (DEGs) in the WT liver of 12-week HFD compared to12-week NCD control. Among 3895 DEGs, 2918 genes were significantly upregulated (red), and 977 genes downregulated (blue). (FC) > 1.5 and p < 0.05. Statistical Analysis: Bulk RNA-Seq analysis was performed using Qlucore Omics Explorer. PCA plot generated using significantly differentially regulated genes). Volcano plot generated using GraphPad Prism with significantly differentially regulated genes. Statistical Analysis: One-Way ANOVA. *p < 0.05, **p < 0.001, ***p < 0.0001 ****p < 0.0001. ns, Non-significant.






After 12 weeks of HFD, there was a NAFLD/NASH histological phenotype with deposits of fat determined by pathohistological staining (
Figure 1F
). The NAFLD activity score (NAS) is a pathological measure of grade and represent the sum of scores for steatosis (0-3), hepatocyte ballooning (0-3), and lobular inflammation (0-3). In grade 0, steatosis less than 5%, no hepatocyte ballooning, and no inflammation. Grade 1 showed mild steatosis (5-33%), mild hepatocyte ballooning, and minimal inflammation. Grade 2 has moderate steatosis (33-66%), moderate hepatocyte ballooning, and mild inflammation. Grade 3 has severe steatosis (> 66%), severe hepatocyte ballooning, and moderate inflammation. However, grade 4 has severe inflammation (4) (
Figure 1G
). In addition, HFD significantly increased NAS score (
Figure 1H
), steatosis score (
Figure 1I
), and slightly but not statistically significant increase in lobular inflammation (Figure 1K), and no change in hepatocyte ballooning (
Figure 1J
) compared to NCD controls.

Additionally, our new RNA-seq data indicated that the livers of HFD mice were transcriptionally distinct from that of NCD-fed mouse liver controls (
Figure 1L
). As shown in the Volcano plot analysis (
Figure 1M
), HFD modulated the expressions of 3895 genes, among them 2918 genes were significantly upregulated, and 977 gene downregulated (FC ≥ 1.5 and p value ≤ 0.01). Taken together, these results have demonstrated that HFD promotes NAFLD phenotypes, and induce gross pathological and transcriptomic changes in the liver characterized by deposits of fat that appear temporally earlier than liver inflammation.



3.2 HFD upregulates the expressions of proinflammatory, NASH-related hepatic macrophage markers, guanylate binding proteins, caspase-11, and increases N-terminal gasdermin D (GSDMD) cleavage

Hepatic acini form hexagonal structures with a central vein and portal triads at every other vertices. The hepatic acinus can be histologically divided into three zones (
Figures 2A, B
). Zone 1 represents the portal triad, which includes hepatic artery, portal vein, and bile duct. Zone 2 represents the parenchymal area, structurally consisting primarily of hepatocytes with a central vasculature composed of LSECs. Mature immune cells including B cells, T cells, innate-like lymphoid cells (ILCs), natural killer cells (NK cells), and KCs reside in hepatic acinus zone 1 and 2. Zone 3 represents the central vein, the innermost hepatocytes, and infiltrating immune cells. The portal vein contains nutrient-rich blood that is contaminated by microbial pathogen associated molecular patterns (PAMPs) such as LPS and bacteria, both arising from the intestines (95).





Figure 2 | 
HFD upregulates the expressions of proinflammatory, NASH-related hepatic macrophage markers, GBPs, caspase-11, and increases N-terminal GSDMD cleavage. (A, B) The structure of hepatic acinus suggests that the liver is the first organ exposed to endotoxins-rich and Gram bacteria-rich blood in the body. Liver parenchymal and nonparenchymal cells are organized into structures called “acinus”. Hepatic acini form hexagonal structures with a central vein and portal triad at the vertices. The hepatic acinus can be histologically divided into three zones. Zone 1 represents the portal triad which includes a hepatic artery, a portal vein, and a bile duct. Zone 2 represents the parenchymal area, structurally consisting primarily of hepatocytes with a central vasculature composed of liver sinusoidal endothelial cells (LSECs). Mature immune cells including B cells, T cells, innate-like lymphoid cells (ILCs), natural killer cells (NK cells), and tissue-resident macrophages (Kupffer cells) reside in hepatic acinus zone 1 and 2. Zone 3 represents the central vein, the innermost hepatocytes, and infiltrating immune cells. The portal vein contains nutrient-rich, endotoxins-rich, and gram bacteria-rich blood. (C) Noncanonical pyroptosis is caspase-4 (human), caspase-11 (mouse) dependent. Guanylate binding proteins (GBPs) promote the outer membrane vesicles from gram-bacteria to activate caspase-11. Intracellular sources of inflammation (including LPS and oxidized phospholipids) directly bind to caspase-4/-11. Caspase-4/-11 cleaves gasdermin-D to initiate noncanonical pyroptosis. (D) The expressions of caspase-11 in the liver were in an upregulation trend in high-fat diet-fed wild-type mice. The microarray data were achieved from the NIH-NCBI-Geo-Profiles database (GDS4811). (E) Caspase-4 expression in 27 human tissues. The expression of caspase-4 in the liver is at a medium level among all 27 human tissues. Caspase-4 RNA-Seq data were analyzed from the NIH-NCBI-Gene database (https://www.ncbi.nlm.nih.gov/gene/837). (F) Caspase-4 expression in 45 hepatic cell types. Caspase-4 is expressed in all 40 immune cell types, the single-cell RNA-Seq data were analyzed from the MIT Broad Institute Single Cell RNA-Seq (scRNA-Seq) Porter database (https://singlecell.broadinstitute.org/single_cell/study/SCP1845/cross-tissue-immune-cell-analysis-reveals-tissue-specific-features-in-humans?genes=casp4%26tab=distribution#study-visualize). Among 45 immune cell types identified in scRNA-Seq, 19 immune cell types are significantly enriched in the human liver including dendritic cell 1 (DC1), DC2, classical monocytes, non-classical monocytes, erythrophagocytic macrophages, mononuclear phagocytes (MNP)/B doublets, age-associated B cells (ABCs), plasma cells, Plasmablasts, MNP/B doublets, T/B doublets, mucosal-associated invariant T (MAIT), T_CD4/CD8, T effector memory (Tem)/effector memory re-expressing CD45RA (emra)_CD8, T resident memory cell/effector memory cell (Trm/em)_CD8, gamma-delta T cell (Tgd)_CRTAM+, Cycling T cell & natural killer cell (NK), NK_CD16+, and NK-CD56bright_CD16-. (G) 12-week HFD promotes expression of HMΦ activation mediators in the WT liver. 8-10 weeks old male WT mice were fed with HFD for 12 weeks. Heatmap of significant, differentially regulated macrophage (HMΦ) genes. (H) Bulk RNA-seq expression (mean transcripts per kilobase million, TPM) of macrophage mediators. (I) Schematic representing caspase-4/11 pathway genes. (J) Bulk RNA-seq expression (mean TPM) of noncanonical pyroptosis-associated mediators. (K) Western blot analysis showed that HFD feeding increased caspase-11 and N-terminal GSDMD cleavage. Statistical Analysis: Bulk RNAseq analysis was performed using Qlucore Omics Explorer. Heatmap was generated using significantly differentially regulated genes (p.adj < 0.01). Differential gene expression presented as Z-score calculated from log2 transformed TPM. *P < 0.05, **p < 0.01.






In the noncanonical pyroptosis pathway (
Figure 2C
), the guanylate binding proteins (GBPs) promote exposure of LPS from Gram-negative bacteria to activate caspase-11 (96, 97). Cytosolic LPS then directly binds to and activates caspase-4/11, leading to GSDMD cleavage to generate the N-terminal active fragment (GSDMD-NT). GSDMD-NT-mediated plasma membrane perforation triggers membrane rupture associated with release of proinflammatory cytokines such as IL-1β (type-I pyroptosis or secretome-dominant) and cell death (type-II pyroptosis or inflammatory cell death-dominant) (97–100). Previous studies have shown the role of inflammasomes and caspase-1 in NAFLD (101, 102), and the role of caspase-11 in methionine-, choline-deficient diet (MCD)-induced NASH was reported (76). However, the roles of caspase-11 in HFD-induced NAFLD have not been extensively studied. Therefore, we examined the expression levels of caspase-11 in the liver of HFD-fed WT mice from microarray data from the NIH-NCBI-Geo-Profiles database (GDS4811). The results showed that caspase-11 expression was increased in the liver of HFD fed mice (
Figure 2D
). We further checked the expression of caspase-4 in the normal human tissues from RNA-seq data performed on tissue samples from 95 human individuals representing 27 different tissues, data were analyzed from the NIH-NCBI-Gene database (https://www.ncbi.nlm.nih.gov/gene/837) (103). Our data analysis showed that caspase-4 expression in the liver is at a medium level among all 27 human tissues (
Figure 2E
). Furthermore, we analyzed the expression of caspase-4 in 45 immune cell types from single-cell RNA-seq data collected from the MIT Broad Institute Single Cell RNA-seq (scRNA-seq) Porter database (https://singlecell.broadinstitute.org/single_cell/study/SCP1845/cross-tissue-immune-cell-analysis-reveals-tissue-specific-features-in-humans?genes=casp4&tab=distribution#study-visualize) (104). Our data analysis showed that caspase-4 was expressed in all 45 immune cell types (
Figure 2F
). Among 45 immune cell types identified in scRNA-seq, 19 immune cell types are significantly enriched in the human liver including dendritic cell 1 (DC1), DC2, classical monocytes, non-classical monocytes, erythrophagocytic macrophages, mononuclear phagocytes (MNP)/B doublets, age-associated B cells (ABCs), plasma cells, plasmablasts, MNP/B doublets, T/B doublets, mucosal-associated invariant T (MAIT), T_CD4/CD8, T effector memory (Tem)/effector memory re-expressing CD45RA (emra)_CD8, T resident memory cell/effector memory cell (Trm/em)_CD8, gamma-delta T cell (Tgd)_CRTAM+, Cycling T cell & natural killer cell (NK), NK_CD16+, and NK-CD56bright_CD16.

Liver has the highest number of macrophages of any solid organ (18–20), therefore, we focused on inflammatory features of liver macrophages to determine the inflammatory pathways underlying HFD-driven NAFLD transition to NASH. Our RNA-seq data analysis of liver immune cells showed that HFD increased the expression of fifteen NASH-associated inflammatory macrophage markers including fatty acid binding protein 7 (Fabp7), C-C motif chemokine ligand 24 (Ccl24), lipoprotein lipase (Lpl), matrix metallopeptidase 12 (Mmp12), complement C1q B chain (C1qb), interleukin 18 binding protein (Il18bp), C-type lectin domain family 4 member F (Clec4f), CD5 molecule like (Cd5l), phospholipid transfer protein (Pltp), nuclear receptor subfamily 2 group F member 6 (NR2F6, Ear2), insulin like growth factor 1 (Igf1), apolipoprotein C1 (Apoc1), WAP four-disulfide core domain 17 (Wfdc17), membrane spanning 4-domains A7 (Ms4a7), and matrix metallopeptidase 12 (Mmp12) (
Figures 2G, H
). Ten healthy, inactivate HMΦ markers were also increased in HFD including macrophage receptor with collagenous structure (Marco), C-X-C motif chemokine ligand 13 (Cxcl13), CD163 molecule (Cd163), adhesion G protein-coupled receptor E4, pseudogene (Adgre4), progestin and adipoQ receptor family member 9 (Paqr9), solute carrier family 40 member 1 (Slc40a1), ficolin 3 (Fcna), mannose receptor C-type 1 (Mrc1), syndecan 3 (Sdc3), and heme oxygenase 1 (Hmox1), likely signifying an expansion of KCs in preparation for HFD-induced activation (
Figures 2G, H
). In addition, the expressions of other genes in the caspase-11 pathway, shown in schematic 
Figure 2I
 including signal transducer and activator of transcription 1 (Stat1), guanylate binding protein 2 (Gbp2), Gbp4, Gbp5, Gbp7, and interleukin-18 (IL-18) were significantly increased in the livers of HFD fed mice (
Figure 2J
). Western blot analysis also showed that caspase-11 and GSDMD-NT protein expressions were increased by HFD (
Figure 2K
). Tyrosine kinase 2 (Tyk2) as a part of Janus kinase (JAK)-signal transducer and activator of transcription (STAT) (JAK/STAT) signaling downstream of interferon-α/β receptor (IFNAR) has been shown to increase caspase-11 expression in splenic myeloid cells in response to LPS stimulations (105). IL-18 is the other IL-1 family cytokine cleaved by proinflammatory caspases in pyroptosis (102). The N-terminal of cleaved GSDMD is required for GSDMD-pore formation on plasma membrane and demonstrates caspase-11 activity. Guanylate-binding protein (GBP) expression have been shown to bind to cytosolic Gram-negative bacteria and expose LPS for sensing by caspase-11 (106). Taken together, these results have demonstrated that HFD upregulates the expressions of proinflammatory, NASH-related hepatic macrophage markers, GBPs, caspase-11, GSDMD, and increases GSDMD-NT cleavage and membrane expression.



3.3 Caspase-11 deficiency decreases lipid droplet, steatosis score, and non-alcoholic steatosis score in HFD-induced NAFLD but does not change liver weight or gross anatomic fatty liver pathology

To determine the roles of caspase-11 in NAFLD, we compared pathological progression of NAFLD in Casp11–/–mice with that of WT control mice (
Figure 1A
). We found that HFD significantly increased body weight for both Casp11–/– and WT mice (
Figure 1B
). While liver weight significantly increased in HFD fed WT mice, the liver weight of Casp11–/– mice did not increase significantly (
Figure 1C
). However, HFD promoted steatosis and significantly increased circulating cholesterol levels in both Casp11–/– and WT mice (
Figures 1D
). Along these lines, HFD increased lipid droplet formation (macrovesicular steatosis), NAS score and steatosis score (107) in WT mice. However, HFD in Casp11–/– mice dramatically reduced lipid droplet, NAS score, and steatosis score compared to WT mice on HFD (
Figures 1E, I
) and slightly but statistically non-significant decreased lobular inflammation (
Figure 1K
). Interestingly, caspase-11 deficiency led to slightly but statistically non-significant increases in hepatocyte ballooning (swollen hepatocytes with rarefied cytoplasm) (108), which was not seen in any of the other groups (
Figure 1J
). Decreased steatosis and increased hepatocyte ballooning suggest differential roles for caspase-11 in both hepatocytes and HMΦs, respectively. Our principal component analysis (PCA) of liver RNA-seq data showed that liver transcriptomes of WT and Casp11–/– mice on HFD were transcriptionally distinct from the respective NCD controls (
Figure 1L
). In summary, our results have demonstrated that although slightly increasing hepatocyte ballooning, caspase-11 deficiency decreases NAFLD progression and lobular inflammation in HFD-induced NAFLD.



3.4 Caspase-11 deficiency reprograms liver transcriptomes and attenuates hepatic macrophage pyroptosis in HFD-induced NAFLD; caspase-11 cleaves N-terminal GSDMD in normal chow diet livers more than that in HFD-induced NAFLD; and bone marrow-derived macrophages play more significant roles than liver resident macrophages in facilitating pyroptosis

The results so far demonstrated that HFD promotes fatty liver in WT mice, however, caspase-11 deficiency decreases macrovesicular steatosis and lobular inflammation, which were well correlated with a report showing decreased macrophage recruitment into atherosclerotic lesion in Casp11–/–/ApoE–/– atherogenic mice (109). Studies have shown that HMΦs drive inflammation and canonical pyroptosis in NAFLD, however, the role of noncanonical pyroptosis has not been well studied. Therefore, we next sought out to evaluate HMΦ pyroptosis. The transcripts of six NASH-associated activated macrophage markers including Cd5l, Clec4f, C1qb, Lpl, Folr2, and Il18bp were upregulated in both WT and Casp11–/– mice (
Figure 3A
). Furthermore, we used flow cytometry analysis to examine liver macrophages (
Figure 3B
) and found that HFD promoted F4/80+ expression in HMΦs in both Casp11–/– and WT mice (Figures 3C), indicating that HFD-induced NAFLD drives the increase of NASH-related F4/80+ HMΦs in WT mice, which are caspase-11 independent.





Figure 3 | 
High-fat diet (HFD)-induced non-alcoholic fatty liver disease (NAFLD) drives the increase of NASH-related F4/80+ hepatic macrophages (HMΦs) in WT mice, which are caspase-11 activation-independent. 8-10 weeks old male WT and Casp11–/– mice were fed HFD for 12 weeks. (A) Bulk RNA-seq expression (TPM) of NASH-associated activated HMΦ genes. (B) Representative flow cytometry gating of HMΦ. Gated on CD45+ > CD11b+ Ly6G- > Ly6Clow MHCIIhigh. (C) F4/80+ mean fluorescence intensity (MFI) for HMΦ populations. Statistical Analysis: Bulk RNAseq analysis was performed using Qlucore Omics Explorer. PCA generated using significantly differentially regulated genes (p.adj < 0.01). Included genes were significant (p < 0.05) in multi-variant analysis (Two-Way ANOVA). Marked significance (*) determined by One-Way ANOVA. *p < 0.05, **p < 0.001, ***p < 0.0001 ****p < 0.0001. Flow cytometry data was analyzed with FlowJo, and statistical analysis was performed using Prism. One-Way ANOVA.






We examined caspase-11 and GSDMD expression in WT and Casp11–/– HMΦs. We found that HFD increased caspase-11 and GSDMD expression in the inflammatory monocyte (IM) of WT mice while there were no significant changes in Casp11–/– mice (
Figure 4A
). Liver expressions of IL-1β were significantly increased in WT mice upon HFD-feeding but the trending increase in IL-1β concentrations did not reach statistical significance in Casp11–/– mice fed with HFD compared to Casp11–/– mice fed with NCD (
Figure 4B
), suggesting that although caspase-1, other caspases (110), and neutrophil elastase (111) that are also capable of cleaving pro-IL1β are not deficient, HFD feeding induced IL-1β generation is mostly attributed by caspase-11 function. These results have demonstrated that HFD induced cytokine responses requires caspase-11.





Figure 4 | 
Hepatic inflammatory monocyte (IM) and monocyte-derived macrophage (MDM) caspase-11 deficiency protective against pyroptosis, WT bone marrow transplantation to Casp11–/– mice restored IM and MDM pyroptosis. 8-10 weeks old male WT and Casp11–/– mice were fed HFD for 12 weeks. (A) Western blot for noncanonical pyroptosis mediators. (B) Liver IL-1β concentrations. (C) Experimental design for bone marrow transplantation (BMT). (D) Representative flow cytometry gating of hepatic macrophages (HMΦ, Green, CD45+ > CD11b+ Ly6G- > Ly6Clow MHCIIhigh) inflammatory monocytes (IM, Red, CD45+ > CD11b+ Ly6G- > Ly6Chigh MHCIIlow). (E) Gating strategy for designing pyroptosis populations. HMΦs and IMs gated on GSDMD MFI vs. Casp11-Inhibitor MFI. RED: GSDMD MFI for IM (CD45+ > CD11b+ Ly6G- > Ly6Chigh MHCIIlow). GREEN: Percentage of the parent for HMΦ pyroptosis gating CD45+ > CD11b+ Ly6G- > Ly6Chigh MHCIIlow > Casp11 Activity vs GSDMD). (F) Schematic diagram showed that WT mice had more monocyte migration and more hepatic pyroptosis, however, Casp11–/– had less monocyte migration and hepatic pyroptosis resulting in an unchanged total number of hepatic macrophages. Statistical Analysis: Flow cytometry data was analyzed with FlowJo, and statistical analysis was performed using Prism. One-Way ANOVA. One-Way ANOVA. *p < 0.05, **p < 0.001, ***p < 0.0001 ****p < 0.0001. ns, Non-significant.






Since 60% of mouse liver macrophages in disease conditions are derived from the bone marrow (25), to determine whether these changes were due to caspase-11 activity in bone marrow-derived macrophages, we performed bone marrow transplantation (BMT) (36). Bone marrow cells from WT donor mice (CD45.1) were transplanted into either WT recipient mice (CD45.2+) or Casp11–/– mice after irradiation (
Figure 4C
). WT recipient mice (CD45.2+) that received BM from WT mice (CD45.1+) maintained significantly elevated GSDMD+ inflammatory monocytes (IMs) and noncanonical pyroptosis mature HMΦs (
Figures 4D, E
). Conversely, Casp11–/– recipient mice (CD45.2+) that received bone marrow from WT mice (CD45.1+) had significantly regained GSDMD+ IM’s and noncanonical pyroptosis mature HMΦs (
Figures 4D, E
). These data indicate that WT mice had more monocyte migration and more hepatic pyroptosis, however, Casp11–/– mice had less monocyte migration and hepatic pyroptosis presumably resulting in an unchanged total number of hepatic macrophages (
Figure 4F
). Taken together, our results have demonstrated that 1) caspase-11 deficiency significantly reprograms liver transcriptomes in NCD and HFD livers; 2) caspase-11 deficiency attenuates hepatic macrophage pyroptosis in HFD-induced NAFLD; 3) caspase-11 cleaves GSDMD-NT in NCD livers more than that in HFD-induced NAFLD; and 4) BM-derived macrophages play more significant roles than liver resident macrophages in developing and facilitating pyroptosis.



3.5 Caspase-11 deficiency significantly reduced extracellular acidification rates from glycolysis and mitochondrial electron transport chain functions suggesting that caspase-11 contributes to maintain dual fuel bioenergetics — glycolysis and oxidative phosphorylation in macrophages potentially for cholesterol biosynthesis

Our recent paper reported that two pathways such as fatty acid β-oxidation (112) and stearate biosynthesis are upregulated and shared by human NASH, NAFLD mouse models with glycine N-methyltransferase deficiency (GNMT-KO), and high-fat-cholesterol diet (HFCD) models (77). Our Casp11–/– mice showed significant inhibition of NAFLD (
Figure 1
), implying that caspase-11 promotes cholesterol biosynthesis and fatty acid β-oxidation. We and others reported that increased acetyl-CoA promotes innate immune memory (trained immunity) (65, 88, 113–116); and fatty acid β-oxidation provides acetyl-CoA to fuel mitochondrial tricarboxylic acid (TCA) cycle and ATP production, which thus may not be limited to M2 macrophages (117). Previous reports showed that proinflammatory fatty acid palmitic acid induces hepatocellular lipotoxicity, endoplasmic reticulum (ER) stress, pyroptosis, and upregulate NLRP3 inflammasome, caspase-1 and IL-1β (118); and that caspase-11 deficiency leads to reduced activations of procaspase-1, IL-1β and caspase-7 and reduced production of glycolysis-promoted CXCL1 (119). In addition, caspase-11 may promote metabolic reprogramming and trained immunity (persistent hyperactivation of inflammation) (65, 113, 114, 120) as our transcriptomic data mining report suggested (77). One report supported this argument and showed that caspase-11 deficiency increases antimycin A-induced mitochondrial reactive oxygen species (mitoROS) (121–126) generation in macrophages (127), implying that caspase-11 inhibits mitochondrial electron transport chain (ETC) dysfunction and contributes the maintenance of mitochondrial ETC functions. We hypothesized that caspase-11 promote mitochondrial ETC functions in macrophages stimulated by palmitic acid. To examine the differences in the operation of mitochondrial energy pathways between WT and Casp11–/– macrophages stimulated by NAFLD, gut derived endotoxins LPS, related (93, 128) proinflammatory saturated fatty acid palmitic acid using the method reported (93), we performed extracellular metabolic flux analysis. The extracellular acidification rates (ECAR) or proton efflux rate (PER), considered a proxy for glycolysis (129), were decreased in Casp11–/– macrophages (
Figure 5A
). In addition, using the method we reported (87, 124–126), mitochondrial stress test results showed that six mitochondrial electron transport chain (ETC) functions including ATP production, maximal respiration, spare respiratory capacity (uncoupling of OXPHOS induced by carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, FCCP), basal, proton leak and non-mitochondrial oxygen consumption were decreased in Casp11–/– macrophages in comparison to that of WT macrophages in response to palmitic acid stimulation, especially ATP production, basal respiration, maximal respiration, and spare respiratory capacity (
Figure 5B
). Caspase-11 functions in maintaining both glycolysis and OXPHOS in macrophages stimulated by proinflammatory fatty acid palmitic acid are the same as that unique metabolic activation identified in adipose tissue macrophages (ATM) (130). The significance of the dual fuel bioenergetics in macrophages stimulated by hyperlipidemia and in adipose tissues may be related to an intermediate polarization status, their buffering capacity, or the result of a mixed population of distinctly polarized ATMs (131) and unique functions of caspase-11 in promoting HFD-induced NAFLD potentially by switching/transdifferentiating fatty acid β-oxidation -fueled OXPHOS in M2 macrophages into proinflammatory glycolysis-dominance in M1 macrophages (46). Taken together, these results have demonstrated that caspase-11 contributes significantly to the maintenance of glycolysis and mitochondrial electron transport chain functions in macrophages, in which acetyl-coenzyme A (acetyl-CoA) production is shared between glycolysis (acetyl-CoA transport into mitochondria) and TCA cycle (transport from mitochondria into cytosol for cholesterol synthesis); and both acetyl-CoA generation and cholesterol biosynthesis (132) are the key metabolic pathways for establishing trained immunity (69, 77, 114, 120), which are well correlated with our report on downregulation of 45.6% of 101 trained immunity pathway enzymes (71 glycolysis enzymes, 23 acetyl-CoA generation enzymes and 7 mevalonate synthesis enzymes) in Casp11–/– transcriptome (GSE115094) (133) (77, 114).





Figure 5 | 
Caspase-11 significantly contributes to maintaining dual fuel bioenergetics- glycolysis and OXPHOS in macrophages potentially for cholesterol synthesis and trained immunity. Bone marrow macrophages were isolated from 3 WT and 3 Casp11–/– mice and treated with palmitic acid (500 µM) for 8 hours then pulled for seahorse analysis. (A) Seahorse XF96 Extracellular Flux Analyzer to measure extracellular acidification rate (glycolysis) of Casp11–/– vs WT BMDMs in palmitic acid supplemented medium. (B) Seahorse mitochondrial function assay of Casp11–/– vs WT BMDMs in palmitic acid supplemented medium.*P < 0.0, ****p < 0.0001.








4 Discussion

Nonalcoholic fatty liver disease (NAFLD) is the second leading cause of liver transplantation in the United States, and with obesity driven NAFLD on the rise worldwide, there is a great need for NAFLD research and therapeutic development (134, 135). Hepatic macrophage (HMΦ) activation and recruitment are important factors in driving the inflammatory phase of NAFLD and NASH (21, 47–50). While inhibition of macrophage activation and recruitment significantly decreases liver inflammation in NAFLD animal models, this may have unintended side effects due to the prevention of the physiological roles of HMΦs (18, 19, 31, 41–43). Therefore, a more targeted approach is required. Anti-inflammasome therapeutics have been shown to be a viable treatment option for inflammatory metabolic disease (72). While these therapies focus on the canonical pyroptotic pathway, the caspase11-dependent pyroptosis pathway provides a novel target and pathway for the treatment of NAFLD.

Based on our and other’s previous publications (77, 114, 136), HFD is one of the major drivers of innate immune memory (trained immunity). Glycolysis, Acetyl CoA generation (cytosolic and OXPHOS generated), increased mevalonate pathway, increased glutaminolysis, TCA cycle metabolite accumulation such as fumarate, and the epigenetic modification have all been identified as critical pathways for establishing trained immunity in trained immune cells. Furthermore, the proinflammatory cytokines including tumor necrosis factor-α (TNF- α), IL-1β, and IL-16 are the major read outs for trained immunity. In addition, inflammasomes control the maturation and secretion of proinflammatory IL-1β and IL-18 through GSDMD pores on the cell membrane and induce an inflammatory cell death (pyroptosis) (137). Therefore, the metabolic reprograming such as glycolysis in trained immune cells enhanced the release of IL1β through N-terminal GSDMD pores and promotes pyroptosis”.

The role of caspase-11 in driving pyroptosis in the pathogenesis of NAFLD in methionine- and choline-deficient diet (MCD)-induced NAFLD mouse model has been demonstrated (76). However, the role of caspase-11 in driving pyroptosis in HFD-induced NAFLD mice model have not been studied which we reported in this manuscript. Our team previously examined the expression changes of macrophage markers, macrophage proinflammatory cytokines, and macrophage metabolism genes in 10 macrophage subsets in liver inflammatory diseases, digestive inflammatory diseases, type-1 and type-2 diabetes, metabolic syndrome, and familial hypercholesterolemia and demonstrated that liver inflammatory diseases have predominant M1 macrophage status. In addition, M1 macrophage status have a significant upregulation of proinflammatory cytokine IL-1β, which secreted during pyroptosis mechanisms (138) and also reported in our recent papers (77, 139). We also found that M1 macrophages related to metabolic diseases have a significant increase in glycolysis while M2 macrophages related to TCA cycle metabolites (46). Therefore, ECAR and OXPHOS are related to cholesterol biosynthesis via increasing M1 macrophage glycolysis and increased generation of acetyl CoA which is the initial and key molecule for cholesterol biosynthesis as well as M2 macrophages which increases TCA cycle metabolites. IL-1 β is a major driver and regulator for innate immune memory (trained immunity) which characterized by increased glycolysis, increased acetyl CoA generation, and increased cholesterol biosynthesis (88, 140, 141).

Given the central role of HMΦs in the progression of NAFLD (21, 47, 49, 50) and the significance of pyroptosis in both patients and animal models of NAFLD outlined in our recent publication (77), we hypothesize that caspase-11-dependent pyroptosis promotes NAFLD via glycolysis and OXPHOS dual fuel bioenergetics and bone marrow-derived macrophage pyroptosis. We performed histopathological analysis, RNA-seq and scRNA-seq data analysis, FACS, Western blots, Seahorse mitochondrial stress analyses of macrophages and bone marrow transplantation on HFD-induced NAFLD in WT and Casp11–/– mice, we made the following findings: 1) HFD feeding for 12 weeks drives increases NAFLD in WT mice, which are transcriptionally distinct from NCD control mouse livers; 2) Noncanonical pyroptosis mediators including caspase-11, GSDMD, IL-1β, and GBPs are increased in response to HFD; 3) HFD promotes type-I, secretome dominant, caspase-11-GSDMD pyroptosis other than type-II, inflammatory cell death-dominant, caspase-11-GSDMD pyroptosis; 4) Casp11–/– mice have decreased NAFLD (reduced NAS score, steatosis score and lobular inflammation) with no significant liver weight changes; 5) Caspase-11 deficiency significantly decreases liver IL-1β concentrations and GSDMD expression; 6) Caspase-11 deficiency significantly reprogram liver transcriptomes in NCD and HFD livers, attenuates hepatic macrophage pyroptosis in HFD-induced NAFLD; 7) caspase-11 cleaves GSDMD-NT in NCD livers more than that in HFD-induced NAFLD; 8) bone marrow-derived macrophages play more significant roles than liver resident monocytes/macrophages in facilitating pyroptosis; and 9) Caspase-11 significantly contributes to maintain dual fuel bioenergetics — glycolysis and OXPHOS in palmitic acid-stimulated macrophages potentially via promoting transition of M2 macrophages into M1 macrophages.

Based on our results, we propose a new working model; as shown in 
Figure 6
, HFD increased hepatic lipid accumulation (steatosis). In addition, HFD promotes increase of gut microbiota Gram-negative bacteria-generated endotoxin LPS, leading to elevations in circulating LPS and metabolic endotoxemia (142), and increased LPS endocytosis (143) and cytosolic LPS. Furthermore, Gram-negative bacteria promoted by HFD enter the blood stream and enter cells, which are mediated by GBPs (144, 145) to increase intracellular bacteria and LPS to activate caspase-11. Caspase-11 activation is triggered by its interaction with LPS from Gram-negative bacteria. Being an initiator caspase, activated caspase-11 functions primarily through its cleavage of key substrates. GSDMD is the primary substrate of caspase-11, and the N-terminal GSDMD cleavage fragment generated (GSDMD-NT) leads to the formation of pores (protein channels) in the plasma membrane and secretion of caspase-1 produced IL-1β and other caspase-1 dependent secretomes and caspase-11-dependent secretomes (139, 146) into the extracellular space to promote liver inflammation (NASH), and subsequently increased hepatic pyroptosis and promotes NAFLD. Thus, caspase-11 functions as an intracellular sensor for LPS and an innate immune effector. Palmitic acid produced by lipolysis in HFD-fed mice activates caspase-11 and GSDMD cleavage. Furthermore, LPS-induced caspase-11 activation and GSDMD cleavage also maintain dual fuel bioenergetics — glycolysis and OXPHOS. Casp11–/– decreases GSMDM cleavage and IL-1β secretion, reduces liver inflammation, and hepatic pyroptosis. These results provide novel insights on the roles of caspase-11-GSDMD pathway in promoting hepatic macrophage inflammation and pyroptosis and novel targets for future therapeutic interventions involving transition of NAFLD to NASH, hyperlipidemia, type-II diabetes, metabolic syndrome, atherosclerotic cardiovascular diseases, autoimmune diseases, liver transplantation, and hepatic cancers.





Figure 6 | 
The working model showed that HFD increased hepatic lipid accumulation (steatosis). HFD promotes increased gut microbiota Gram-negative bacteria-generated endotoxin LPS leading to elevations in circulating LPS and metabolic endotoxemia and increased LPS endocytosis and intracellular LPS. Gram-negative bacteria promoted by HFD enter the bloodstream and enter cells which are mediated by GBPs to increase intracellular bacteria and LPS to activate caspase-11. Caspase-11 activation is triggered by its interaction with LPS from Gram-negative bacteria. Being an initiator caspase, activated caspase-11 functions primarily through its cleavage of key substrates. GSDMD is the primary substrate of caspase-11, and the GSDMD cleavage fragment generated (GSDMD-NT) leads to the formation of pores in the plasma membrane and secretion of caspase-1 produced IL-1B into the extracellular space to promote liver inflammation (NASH) and subsequently increased hepatic pyroptosis and promotes NAFLD. Thus, caspase-11 functions as an intracellular sensor for LPS and an immune effector. Palmitic acid produced by lipolysis in HFD-fed mice caspase-11 activation and GSDMD cleavage. Furthermore, LPS-induced caspase-11 activation and GSDMD cleavage also maintain dual fuel bioenergetics-glycolysis and OXPHOS and. Casp11–/– decreased GSMDM cleavage and IL-1β secretion, reduced liver inflammation, and hepatic pyroptosis.
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Introduction

The risk of alcoholic cirrhosis increases in a dose- and time-dependent manner with alcohol consumption and ethanol metabolism in the liver. Currently, no effective antifibrotic therapies are available. We aimed to obtain a better understanding of the cellular and molecular mechanisms involved in the pathogenesis of liver cirrhosis. 



Methods

We performed single-cell RNA-sequencing to analyze immune cells from the liver tissue and peripheral blood form patients with alcoholic cirrhosis and healthy controls to profile the transcriptomes of more than 100,000 single human cells and yield molecular definitions for non-parenchymal cell types. In addition, we performed single-cell RNA-sequencing analysis to reveal the immune microenvironment related to alcoholic liver cirrhosis. Hematoxylin and eosin, Immunofluorescence staining and Flow cytometric analysis were employed to study the difference between tissues and cells with or without alcoholic cirrhosis.



Results

We identified a fibrosis-associated M1 subpopulation of macrophages that expands in liver fibrosis, differentiates from circulating monocytes, and is pro-fibrogenic. We also define mucosal-associated invariant T (MAIT) cells that expand in alcoholic cirrhosis and are topographically restricted to the fibrotic niche. Multilineage modeling of ligand and receptor interactions between the fibrosis-associated macrophages, MAIT, and NK cells revealed the intra-fibrotic activity of several pro-fibrogenic pathways, including responses to cytokines and antigen processing and presentation, natural killer cell-mediated cytotoxicity, cell adhesion molecules, Th1/Th2/Th17 cell differentiation, IL-17 signaling pathway, and Toll-like receptor signaling pathway.



Discussion

Our work dissects unanticipated aspects of the cellular and molecular basis of human organ alcoholic fibrosis at the single-cell level and provides a conceptual framework for the discovery of rational therapeutic targets in liver alcoholic cirrhosis.





Keywords: scRNA-seq, MAIT cells, NKT cells, macrophages, fibrosis



Introduction

Liver cirrhosis is a morbid, multisystem disease associated with frequent hospitalizations and high mortality rates, accounting for 1.2 million annual deaths worldwide and ranking as the 14th and 10th leading cause of death in the world and most developed countries, respectively (1–3). The risk of alcoholic cirrhosis increases in a dose- and time-dependent manner with alcohol consumption, and is related to one’s ethanol metabolism ability (4, 5). With continued alcohol consumption, the alcoholic liver disease progresses to a stage of severely damaged liver cells known as “alcoholic cirrhosis”, which is characterized by progressive hepatic fibrosis and nodules (6). Hence, effective antifibrotic therapies are urgently needed for patients with alcoholic liver cirrhosis (7).

The liver hosts a complex range of immunocompetent cells under physiological and pathological conditions, which may interact with other non-parenchymal cell (NPC) lineages, such as endothelial and mesenchymal cells, to promote the progression of liver fibrosis (8, 9). Gao et al. reviewed inflammatory pathways in alcoholic steatohepatitis and showed that natural killer (NK) T cells may promote alcoholic liver injury via the activation of macrophages and that mucosa-associated invariant T cells (MAIT) cells are reduced in patients with alcohol-related liver disease (ALD) (10–12). These immune cells might be associated with the pathogenesis of alcoholic liver cirrhosis and may provide a target for future treatments. Therefore, understanding the functional heterogeneity and interactome of cell lineages that contribute to the fibrotic niche of alcoholic cirrhosis is necessary.

Single-cell RNA sequencing (scRNA-seq) allows us to explore disease mechanisms and individual cell populations at an unprecedented resolution. In this study, using scRNA-seq, we profiled mononuclear immune cells from the liver and blood of patients with alcoholic cirrhosis and healthy patients.



Methods

Three patients were pathologically diagnosed with alcoholic cirrhosis, and two donors of liver transplantation as healthy controls at The First Affiliated Hospital, Sun Yat sen University. The available clinicopathological features of these patients were summarized in Supplementary Tables 1. Admission criteria: onset of jaundice within prior 8weeks; ongoing consumption of>40(female) or 60(male)g alcohol/day for ≥6 months, with<60 days of abstinence before the onset of jaundice; AST>50, AST/ALT>1.5, and both values<400IU/L; serum total bilirubin>3.0 mg/dL; pathological findings confirmed cirrhosis. Exclusion criteria: hepatic failure;hepatitis virus, nonalcoholic fatty and autoimmune liver disease. Informed consent for the sample collection for single-cell RNA sequencing was obtained from the donor’s family delegate. Organs were managed according to organ procurement guidelines. This study was approved by the Ethics Committee for Clinical Research and Animal Trials of the First Affiliated Hospital of Sun Yat-sen University (permit no. [2021]113) and was conducted in accordance with the Declaration of Helsinki principles.


Hematoxylin and eosin and immunofluorescence analyses

Small pieces of freshly dissected liver were fixed with 10% formalin, embedded in paraffin, cut into 3–5 µm thick sections, and stained with anti-CD80, anti-68, and anti-CD206 monoclonal antibodies (mAbs), according to the manufacturer’s protocols. M1 macrophages were defined as CD68+CD80+, while M2 macrophages were defined as CD68+CD206+.



Flow cytometric analysis

Liver cells were stained with the indicated fluorescent mAbs and analyzed on a flow cytometer (BD LSRFortessa, USA). MAIT cells were defined as CD3+CD161+TCRVα7.2+. With respect to macrophages analysis, liver cells were stained with the indicated fluorescent conjugated mAbs and analyzed on a full spectrum flow cytometer (Cytek Aurora, USA). M1 macrophages were defined as CD45+CD68+CD86+CD80+, and M2 macrophages were defined as CD45+CD68+CD163+CD206+. Data were analyzed using the FlowJo software (v10.5.3).



Single-cell RNA statistical analysis

Single-cell RNA (scRNA-seq) data analysis was performed by NovelBio Co., Ltd. with NovelBrain Cloud Analysis Platform (www.novelbrain.com). We applied fastp (13) with default parameters, filtered the adapter sequence, and removed low-quality reads to achieve clean data. Then, the feature-barcode matrices were obtained by aligning reads to the human genome (GRCh38 Ensemble: version 100) using CellRanger v5.0.1. We performed the downsample analysis among samples sequenced according to the mapped barcoded reads per cell of each sample and finally achieved the aggregated matrix. Cells containing over 200 expressed genes and mitochondrial UMI rates below 20% passed the cell quality filtering, and mitochondrial genes were removed from the expression table.

The Seurat package (version: 3.1.4, https://satijalab.org/seurat/) was used for cell normalization and regression based on the expression table, UMI counts of each sample, and percentage of mitochondrial rate to obtain the scaled data. Principal component analysis (PCA) was constructed based on the scaled data with the top 2000 highly variable genes, and the top 10 principals were used for UMAP construction. Using the graph-based cluster method, we acquired the unsupervised cell cluster result based on the PCA top 10 principal, and we calculated the marker genes using the FindAllMarkers function with the Wilcoxon rank-sum test algorithm under the following criteria:1. lnFC > 0.25; 2. P< 0.05; 3. min.pct > 0.1. To identify the cell type in detail, clusters of the same cell type were selected for re-tSNE analysis, graph-based clustering, and marker analysis.



Pseudotime analysis

Single-cell trajectory analysis was performed using Monocle2 (http://cole-trapnell-lab.github.io/monocle-release) using DDR-Tree and default parameters. Before Monocle analysis, we selected marker genes based on the Seurat clustering results and raw expression counts of the filtered cells. Based on the pseudotime analysis, branch expression analysis modeling (BEAM analysis) was applied for branch fate-determined gene analysis.



Differential gene expression analysis

To identify differentially expressed genes (DEG) among samples, the function FindMarkers with the Wilcoxon rank-sum test algorithm was used under the following criteria:1. lnFC > 0.25; 2. P< 0.05; 3. min.pct>0.1.



Cell communication analysis

To enable a systematic analysis of cell-cell communication molecules, we applied cell communication analysis based on the Cell Phone DB toolset (14), a public repository of ligands, receptors, and their interactions. The membrane, secreted, and peripheral proteins of the cluster at different time points were annotated. Significant mean and cell communication significance (P < 0.05) were calculated based on the interaction and the normalized cell-matrix achieved by Seurat normalization.



Gene enrichment and co-regulated gene analyses

To characterize the relative activation of a given gene set, such as pathway activation, we performed QuSAGE (2.16.1) analysis (15). To characterize the relative activation of a given gene set, such as the KEGG PATHWAY gene set, we performed GSVA (1.32.0) to calculate it for each cell. To discover the gene co-regulation network, the “find gene modules” function of monocle3 was used with the default parameters (16).



Data-driven regression discontinuity plot

To display the expression levels of chemokine genes, cytokine genes, and anti-tags in cell species, we used the Seurat package (version: 3.1.4, https://satijalab.org/seurat/) to draw feature, bubble, and violin plots.



Statistical analyses

Statistical analyses of zonation figures were performed using GraphPad Prism v5.0. Data are expressed as mean ± standard deviation, and the statistical test used is listed in each figure caption. Statistical significance was evaluated using ANOVA with a Bonferroni post-test∗∗∗ P < 0.001, ∗∗ P < 0.01, ∗ P < 0.05.




Results


A single-cell atlas of human Liver NPCs

Non-parenchymal cells (NPCs) were isolated from the livers of patients with alcoholic cirrhosis and healthy controls. CD45+ leukocytes and other CD45- NPCs were screened by flow cytometry before scRNA-seq analysis. To better understand the pathogenesis of alcoholic cirrhosis and discriminate between liver-resident and circulating leukocytes, we also collected CD45+ peripheral blood mononuclear cells (PBMCs) to perform scRNA-seq analysis (Figure 1A). The combined liver NPC and PBMC datasets were partitioned into clusters and annotated using signatures of known lineage markers. The datasets were divided into 19 clusters.




Figure 1 | Single-cell atlas of human liver non-parenchymal cells (NPCs). (A) An overview of the isolation, FACS, and single-cell sequencing (scRNA-seq) analyses of NPC fractions from liver tissue and peripheral blood mononuclear cells (PBMCs). (B) Clustering of 21638 liver-resident cells and PBMCs from five liver tissue and peripheral blood samples (n = 2 healthy and n = 3 alcoholic cirrhosis) (C) Annotation of the conditions of the patients. (D) Heatmap of cluster marker genes. (E) Scaled gene expression of NPCs cells. (F) Fraction of cells from NPCs. (*P < 0.05, **P < 0.01, ***P < 0.001).



Re-clustering of the 21638 liver-resident cells and PBMCs from five livers and peripheral blood (n = 2 healthy; n = 3 alcoholic cirrhosis) revealed 19 populations, across 12 cell lineages, including T, B, plasma, endothelial, dendritic, erythroid, plasmacytoid dendritic, and stellate cells, as well as macrophages and monocytes (Figures 1B, C). And patient demographics and clinical information were shown in Supplementary Table 1. Subpopulations and markers were identified across all clusters and lineages, and the top differentially expressed genes (DEGs) for the cellular subclusters are presented in the heatmap (Figure 1D). Notably, we identified several distinct types of immune cells: T cells characterized with high expression of the cell markers CD3D and CD3G; monocytes, macrophages, and dendritic cells specifically expressing the cell markers CD1C, C1QA, and S100A9; plasmacytoid dendritic cells highly expressing joining chain of multimeric IgA and IgM (JCHAIN) and major histocompatibility complex class II DR alpha (HLA-DRA); erythroid cells with high beta-globin (HBB) expression; cholangiocytes specifically expressing the markers EPCAM and KRT18; endothelial cells highly expressing fms related receptor tyrosine kinase 1 (FLT1) and platelet endothelial cell adhesion molecule-1 (PECAM1); B cells and plasma cells expressing CD79A and MS4; stellate and smooth muscle cells with high decorin (DCN), actin alpha 2 (ACTA2), and transgelin (TAGLN) expression; and hepatocytes highly expressing albumin (ALB) and haptoglobin (HP). The expression patterns of cluster-specific marker genes in cellular populations are shown in Figure 1E. T cells, monocytes, and macrophages accounted for approximately 57%, 18%, and 2%, respectively in the A and AP groups, and approximately 53%, 32%, and 1%, respectively in the H and HP groups (Figure 1F) (A: Liver tissue of patients with alcoholic cirrhosis; AP: PBMC of patients with alcoholic cirrhosis; H: Liver tissue of healthy patients; HP: PBMC of healthy patients). Therefore, T cells, macrophages, and monocytes accounted for the largest proportion of immune cells. Additionally, the proportion of T cells was higher in the liver tissues of healthy individuals than in PBMCs, while that in patients with alcoholic cirrhosis was higher in liver tissue. Macrophages were more abundant in the liver tissues than in the PBMCS in both healthy individuals and patients with alcoholic liver cirrhosis (Supplementary Table 2). There is no consensus regarding which immune cells are responsible for the progression of alcoholic cirrhosis; we hypothesized that it is caused by the interaction of multiple immune cells. Therefore, we analyzed the effects of related immune cells on the progression of alcoholic liver cirrhosis.



Role of monocytes and macrophages in alcoholic cirrhosis

Monocytes and macrophages have been shown to play an important role in liver cirrhosis (17). We identified a total of 5176 monocytes and macrophages from five liver and peripheral blood samples (n = 2 healthy and n = 3 alcoholic cirrhosis). Monocytes and macrophages clustered into 11 clusters: IRF1 mono, RNASE2 mono, IL1R2 mono, SERPINB2 mono, CCL20 mono, H1-4 mono, CD52 mono, FCGR3A mono, C1QC macro, SLC40A1 macro, and CD163 macro (Figures 2A, B). Subpopulations and markers were identified across all clusters and lineages. The top DEGs for the cellular subclusters are presented in a heatmap in Figure 2C, and the expression patterns of the cluster-specific marker genes in the cellular populations are shown in Figure 2D. Quantification of monocytes and macrophages revealed that clusters CD52 mono, IRF1 mono, SERPINB2 mono, C1QC macro, and SLC40A1 macro were expanded in liver tissues and PBMCs of patients with alcoholic cirrhotic livers (P < 0.05) (Figures 2B, E). In particular, clusters CD52 mono, C1QC macro, and SLC40A1 macro were more enriched in the PBMCs than in the liver tissues of patients with alcoholic liver cirrhosis. SERPINB2 mono was more enriched in the PBMCs than in the liver of patients with alcoholic liver cirrhosis. All the above mentioned clusters were more enriched in patients with alcoholic liver cirrhosis than in healthy individuals. IRF1 mono was more enriched in PBMCs than in the liver tissues of patients with alcoholic liver cirrhosis; however, it was generally more enriched in healthy individuals (Supplementary Table 3). Histological analysis confirmed the presence of characteristic pathological changes of cirrhosis, such as destruction of the liver lobule destroyed, fibrous tissue hyperplasia, and pseudolobuli formation, in the liver tissue samples of patients with alcoholic cirrhosis but not in those of healthy individuals (Figure 2F). Immunofluorescence analysis showed that M1 macrophages and M2 macrophages (CD206CD68 and CD80CD68, respectively) were more abundant in patients with alcoholic liver cirrhosis than in healthy individuals (Figure 2G). Flow cytometric analysis showed that M1 macrophages and M2 macrophages accounted for 54.25 ± 3.35% (mean ± SEM) and 65 ± 6.76% (mean ± SEM) in CD68+macrophages, respectively. (Supplementary Figure 1) Furthermore, proteomic analysis revealed that CD80, CD52, CD163, and CD206 were more expressed in the A and AP groups (Figure 2H).




Figure 2 | The monocyte and macrophage subpopulations. (A) Clustering of 5176 monocytes and macrophages from five liver tissue and peripheral blood samples (n = 2 healthy and n = 3 alcoholic cirrhosis) (B) Annotation of monocytes and macrophages by patient’s condition. (C) Heatmap of MP cluster marker genes. (D) Scaled gene expression of monocytes and macrophages. (E) Fraction of monocyte and macrophage cells. (F) Pathological changes in the liver tissues of patients with alcoholic cirrhosis (10×). (G) Representative immunofluorescent images of CD80 (red), CD206 (white), CD68 (green), and DAPI (blue) in alcoholic cirrhotic livers (10×), and the distribution of M1 and M2 in healthy and alcoholic cirrhotic livers. (H) Proteomic analysis of CD80, CD52, CD163, and CD206. (*P < 0.05, **P < 0.01, ***P < 0.001).



To determine the origin of macrophages, we performed an in silico pseudo-trajectory analysis on a combined dataset of peripheral blood monocytes and liver-resident macrophages (Figure 3A). The R package monocle was then used to sort single cells and construct a tree-like structure of the entire lineage differentiation trajectory. Along with trajectory progression, cells experienced three states: the starting point of branching (pre-branch) and the two other branches (Fate1 and Fate2). RNASE2 mono, IRF1 mono, IL1R2 mono, and H1-4 mono were mainly observed at the beginning of the trajectory. CD163 macro, C1QC macro, CCL20 mono, SERPINB2 mono, and SLC40A1 macro were mostly observed at the end of trajectory branch 1. Therefore, our findings suggest that RNASE2 mono, IRF1 mono, IL1R2 mono, and H1-4 mono could be the origin of macrophages and may transform into two distinct types of monocytes and macrophages during the progression of alcoholic cirrhosis. Moreover, the gene expression patterns in the cell state transition along with the progression trajectory were dissected, and 100 dynamic genes with significant expression changes were determined (Figure 3B). Our results showed that several crucial drivers, including regulators that are potentially associated with the progression of cirrhosis, such as SLC40A1, DAB2, FOLR2, GPAT3, and CDA, were upregulated during fibrosis. In contrast, transcriptional factors involved in immune cell differentiation and proliferation, such as CD52, CAMK1, HLA-DMB, and CD48, were remarkably downregulated in the trajectory transition process.




Figure 3 | (A) Pseudotime analysis of monocyte and macrophage subpopulations. (B) Heatmap displaying the expressions of selected marker genes in monocytes and macrophages that are arranged along the pseudotime trajectory.





Role of MAIT cells in alcoholic cirrhosis

MAIT cells are present in peripheral blood and are highly abundant in mucosal tissues and the liver. Clustering of human MAIT cells identified seven subpopulations: FTH1-MAIT, STAT1-MAIT, IFNr-MAIT, CD69-MAIT, GZMB-MAIT, LTB-MAIT, and GNLY-MAIT (Figures 4A, B). Subpopulations and markers were identified across all clusters and lineages. The DEGs for the cellular subclusters were presented in a heatmap in Figure 4C, and the expression patterns of the cluster-specific marker genes in the cellular populations are presented in Figure 4D. Quantification of MAIT cells revealed that clusters of GZMB-MAIT cells and LTB-MAIT cells were expanded in the livers and PBMCs of patients with alcoholic cirrhosis (P < 0.05) (Figures 4B, E).




Figure 4 | Identifying MAIT cell subpopulations. (A) Clustering of 969 mucosal-associated invariant T (MAIT) cells from five liver tissue and peripheral blood samples (n = 2 healthy and n = 3 alcoholic cirrhosis) (B) Annotation of MAIT cells by patient’s condition. (C) Heatmap of MAIT cell cluster marker genes. (D) Scaled gene expression in MAIT cells. (E) Fraction of MAIT cells. (F) Flow analysis of MAIT cells in each group. (G) QuSAGE analysis of MAIT cells in the A, AP, and H groups. (H) Single-sample GSEA (ssGSEA) analysis of MAIT cells in the A, AP, H, and HP groups. (I) Cytokine and chemokine analyses of MAIT cells in the A, AP, H, and HP groups. (J) Proteomic analysis of KLRG1, CD69, and TCR. (*P < 0.05, **P < 0.01, ***P < 0.001).



GZMB-MAIT cluster was more enriched in the liver than in the PBMCs of patients with alcoholic liver cirrhosis and were more enriched than that in healthy individuals. LTB-MAIT was more enriched in the PBMCs than in the liver of patients with alcoholic liver cirrhosis and less enriched than that in healthy individuals. (Supplementary Table 4). Additionally, flow cytometry analysis revealed that MAIT cells were more abundant in healthy individuals than in patients with alcoholic liver cirrhosis (Figure 4F).

Furthermore, we performed a quantitative gene set enrichment (QuSAGE) analysis to characterize the relative activation of a given gene set. The patients in the HP group had fewer MAIT cells; thus, they were not included in the analysis. QuSAGE analysis revealed that the most enriched terms in the alcoholic cirrhosis group included antigen processing and presentation, the intestinal immune network for IgA production, glycosaminoglycan biosynthesis, Th17 cell differentiation, ferroptosis, and glycolysis/gluconeogenesis (Figure 4G). Moreover, single-sample GSEA (ssGSEA) analysis, an extension of gene set enrichment analysis (GSEA), revealed that the Foxo signaling pathway and glycolysis/gluconeogenesis were significantly upregulated in the A and AP groups (Figure 4H). The chemokine analysis, revealed that CCL5, XCL1, CXCL2, CCL2, and CXCL8 were significantly upregulated in the A and AP, groups whereas the cytokine analysis showed that EBI3, GDF5, GPI, IL21, TNFSF10, and IL1A, were significantly upregulated in the A and AP groups (Figure 4I). Moreover, the proteomic analysis revealed that CD69 and TCR Vα24-Jα18 were more expressed in the A and AP groups (Figure 4J).



Role of NK cells in alcoholic cirrhosis

NK cells are thought to be involved in controlling the development and progression of liver fibrosis. Clustering of 3578 NK cells from five livers and peripheral blood (n = 2 healthy and n = 3 alcoholic cirrhosis) was performed and five subpopulations were identified: GNLY NK, GZMK NK, SELL-NK, LAG3 NK, and XCL2 NK (Figures 5A, B). Subpopulations and markers were identified across all clusters and lineages. The DEGs for the cellular subclusters are presented in a heatmap in Figure 5C, and the expression patterns of the cluster-specific marker genes in the cellular populations are presented in Figure 5D. Clusters of SELL-NK were expanded in the livers and PBMCS of patients with alcoholic liver cirrhosis (Figure 5E) (P < 0.05) and were more enriched in healthy individuals (Supplementary Table 5).




Figure 5 | Identifying NK cell subpopulations. (A) Clustering of 3578 natural killer (NK) cells from five liver tissue and peripheral blood samples (n = 2 healthy and n = 3 alcoholic cirrhosis). (B) Annotation of NK cells by patient’s condition. (C) Heatmap of NK cell cluster marker genes. (D) Scaled gene expression in NK cells. (E) Fraction of NK cells. (F) QuSAGE analysis of NK cells in the A, AP, H, and HP groups. (G) Single-sample GSEA (ssGSEA) analysis of NK cells in the A, AP, H, and HP groups. (H) Cytokine and chemokine analyses of NK cells in the A, AP, H, and HP groups. (I) Proteomic analysis of CD62L and CD44. (*P < 0.05, **P < 0.01, ***P < 0.001).



Furthermore, QuSAGE analysis revealed that the most enriched terms in the alcoholic cirrhosis group included antigen processing and presentation, natural killer cell-mediated cytotoxicity, cell adhesion molecules, Th1/Th2/Th17 cell differentiation, IL-17 signaling pathway, and toll-like receptor (TLR) signaling pathway (Figure 5F). The HP group was not included in the analysis because they presented a low number of NK cells. Additionally, ssGSEA showed that antigen processing and presentation, IL-17 signaling pathway, and Th1 and Th2 cell differentiation were significantly enhanced in the A and AP groups (Figure 5G). In the chemokine analysis, CCL13, CXCL12, CXCL8, CXCL3, and CXCL2 were significantly enhanced in the A and AP groups. The cytokine analysis revealed that BMP6, CCL3, CCL3L1, CNTF, CSF3, CXCL6, IL13, IL17RB, and TNFSF10, among others, were significantly activated in the A and AP groups (Figure 5H). The proteomic analysis revealed that CD62L and CD44 were more highly expressed in the A and AP groups (Figure 5I).



Multilineage interactome in the fibrotic niche

Having defined the populations of monocytes, macrophages, MAIT cells, and NK cells, we confirmed the close topographical association of these cells with alcoholic cirrhosis. To characterize the immune microenvironment of alcoholic cirrhosis, the Cell Phone toolset was used to detect intercellular communication among immune cells. In the output of the results of the ligand–receptor, the heatmap plot function was used to analyze the interactions among immune cells, which showed that macrophages and monocytes were significantly activated and interacted with MAIT and NK cells (Figures 6A, B).




Figure 6 | The interactions among NK cells, macrophages, and MAIT cells in the A, AP, H, and HP groups. (A) Venn diagram comparing different groups. (B) Heatmap showing the interactions among NK cells, macrophages, and MAIT cells in the A, AP, H, and HP groups. (C) Dot plot of ligand–receptor interactions among macrophages, MAIT, and NK cells in the A and AP groups.



Numerous statistically significant interactions were detected between ligands and cognate receptors expressed by macrophages, MAIT cells, and NK cells. In group A, macrophages, as ligands, interact with NK and MAIT cells. C1QC macro and SLC40A1 as ligands mainly interact with GNLY N, GZMB-MAIT, and LTB-MAIT. In the AP group, the C1QC macro, as a ligand, mainly interacts with GZMK-NK, SELL-NK, GNLY-NK, and LTB-MAIT (Figure 6B). In group A, C1QC macro expressed CCL3 and CCL4 signaling to cognate receptors CCR5 on LTB-MAIT and GZMB-MAIT cells, and SLC40A1 macro expressed CXCL8 signaling to cognate receptors CXCR2 on GNLY NK cells. In the AP group, C1QC macro expressed CXCL2 signaling to cognate receptors DPP4 on STAT1 MAIT, CD69 MAIT, and LTB-MAIT cells, and expressed CXCL16 signaling to cognate receptors CXCR6 on GZMK NK cells (Figure 6C). Therefore, our unbiased dissection of the key ligand-receptor interactions between fibrosis-associated NPCs highlights macrophages, MAIT, and NK cells as important regulators within the human liver alcoholic fibrotic niche.




Discussion

The pathogenesis of alcoholic liver cirrhosis remains unknown. Only a few heavy drinkers develop alcoholic cirrhosis, which indicates that there are other factors other than alcohol contributing to the progression of alcoholic cirrhosis (18). Alcoholic cirrhosis is a complex and multifactorial ALD that is affected by the interactions of environmental or host factors, which partly explains the large inter-individual variability in the likelihood of developing cirrhosis and affected by ethanol metabolism.

The deficiency of certain enzymes related to alcohol metabolism could result in alcohol intolerance (18). For instance, there is a clear dose relationship between the amount of alcohol, an environmental factor, and the development of alcoholic cirrhosis (19, 20), whereas coffee seems to protect against ALD (21). Other environmental factors, such as obesity, smoking, and viral hepatitis infections, are recognized as important promoters of ALD (22–25). Several studies have shown that the genetic background, a host factor, might affect the progression of ALD; women are at greater risk of alcohol-related cirrhosis, and race may affect the individual’s alcohol sensitivity, since Hispanic men and women have a higher risk for developing alcoholic cirrhosis than black men and women in the United States (26–28). Additionally, some studies have found that certain variants are associated with the risk of developing ALD, such as PNPLA3, which was found to modulate the evolution of steatosis, necroinflammation, fibrosis, and HCC in alcoholics (29). The pathogenesis of ALD can also be conceptually divided into i) ethanol-mediated liver injury, ii) inflammatory immune response to injury, and iii) intestinal permeability and microbiome changes (30). The inflammatory immune response plays an important role in ALD. The interferon regulatory factor 3 is phosphorylated upon alcohol response, leading to the activation of an inflammatory response, which is required for the intrinsic (mitochondrial) apoptosis pathway in hepatocytes (31, 32). Bacteria-derived LPS interacts with TLR4 of the Kupffer cells, leading to the production of proinflammatory cytokines through the IRF-3 signaling pathway (30). Murine studies identified Interleukin-1 receptor-associated kinase 4 (IRAK4), the master kinase of Toll-like receptor (TLR)/IL-1R-mediated signalling activation, inhibiting IRAK4 kinase activity improves ethanol-induced liver injury in mice (10). Therefore, the immune and inflammatory responses play important roles in the progression of ALD and alcoholic cirrhosis. Here, we explored the relationship between immune cells and alcoholic liver cirrhosis using scRNA-seq.

Inflammatory processes are the primary contributors to the development and progression of ALD (10). A variety of cells in the liver and PBMCs are involved in inflammation, including macrophages, monocytes, NK cells, MAIT cells, which may be contribute to disease severity in patients with severe alcoholic hepatitis (10, 33).. In mild and chronic alcoholic steatohepatitis (ASH), the number of hepatic macrophages is increased, possibly due to infiltrating monocyte-derived macrophages, which also contributes to the pathogenesis of ASH (34). Kupffer cells become sensitized to TLR4-induced signaling after chronic ethanol exposure. These proinflammatory macrophages, together with infiltrating macrophages dictated by LPS, interferon-γ, and granulocyte-macrophage colony stimulatory factor (GM-CSF) signaling, are commonly classified as M1 macrophages as opposed to M2 macrophages that usually arise in Th2 responses in allergy, granuloma formation, and wound healing (10). It is generally believed that activated M1 macrophages produce high amounts of cytokines, such as IL-1β, TNFα, IL-12, IL-18, and IL-23, which help to induce antigen-specific Th1 and Th17 cell inflammatory responses, thereby promoting inflammation. In contrast, activated M2 macrophages secrete large amounts of IL-10, IL-1R antagonist, and TGF-β and subsequently suppress inflammation and promote tissue repair (10). Infiltrating monocytes develop into M1-like hepatic macrophages via Notch-1 dependent mitochondrial reprogramming in ASH (35). However, the role of macrophages in the development of alcoholic cirrhosis and the specific underlying mechanisms of the disease remain to be studied.

Patients with ALD have significant infiltration and activation of CD4+ and CD8+ T cells in the liver (36). Studies have shown that NKT cells promote ALD via activation of Kupffer cells and macrophages in mice (11). However, the number of NK T cells in humans is low; hence, NKT cells likely play a less important role in the pathogenesis of alcoholic cirrhosis. In contrast, the liver contains MAIT cells, representing 20%–50% of intrahepatic T cells, which play a key role in controlling bacterial infections (10). Patients with ALD exhibit a marked reduction in MAIT cells, possibly contributing to the increased risk of bacterial infections (37). In conclusion, macrophages, NK T cells, and MAIT cells ​may play a role in the development of ALD; however, their role in the progression of alcoholic cirrhosis remains unknown.

Here, using scRNA-seq, we dissected the fibrotic niche of human alcoholic cirrhosis, identifying pathogenic subpopulations of macrophages, NK cells, and MAIT cells producing fibroblasts. Several studies have shown that C1QC and SLC40A1 macrophages are associated with the tumor microenvironment, and patients with high C1QC TAM gene signatures have the best prognosis (38–40). Through Cell Phone analysis, we found that C1QC and SLC40A1 macrophages were also associated with liver fibrosis and cirrhosis, which might act by interacting with NK and MAIT cells. These macrophages might have originated from RNASE2 mono, IRF1 mono, IL1R2 mono, and H1-4 mono. Among CD8+ T lymphocytes, GZMB+ effector cells, which express high levels of cytotoxic molecules, and LTB has been reported to play an important role in fibrosis (41, 42). The SELL gene encodes a cell surface adhesion molecule, L-selectin, which belongs to the adhesion/homing receptor family and plays a role in promoting the migration of leukocytes to lymphoid organs, which plays an important role in the immune response (43, 44).

We dissected a complex, profibrotic interactome among multiple fibrosis-associated cell lineages and identified highly relevant intra-fibrosis pathways that can potentially be therapeutic targets for the treatment of alcoholic liver cirrhosis. In this era of precision medicine, this unbiased multilineage approach can help design highly targeted combination therapies that are necessary for an effective antifibrotic potency. The application of our novel fibrosis-associated cell markers could also potentially inform molecular pathology-based patient stratification, which is fundamental to the prosecution of successful antifibrotic clinical trials. Our study has several limitations: the limited number of samples might bias the results. Also, we confirmed that the interaction between MAIT, NK and macrophage lead to the progression of alcoholic cirrhosis, but its specific mechanism requires further study. Our work illustrates the power of single-cell transcriptomics to determine the cellular and molecular basis of human organ fibrosis, providing a conceptual framework for the discovery of relevant therapeutic targets to treat patients with a broad range of alcoholic fibrotic diseases.
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The liver is a vital metabolic organ that also performs important immune-regulatory functions. In the context of infections, the liver represents a target site for various pathogens, while also having an outstanding capacity to filter the blood from pathogens and to contain infections. Pathogen scavenging by the liver is primarily performed by its large and heterogeneous macrophage population. The major liver-resident macrophage population is located within the hepatic microcirculation and is known as Kupffer cells (KCs). Although other minor macrophages reside in the liver as well, KCs remain the best characterized and are the best well-known hepatic macrophage population to be functionally involved in the clearance of infections. The response of KCs to pathogenic insults often governs the overall severity and outcome of infections on the host. Moreover, infections also impart long-lasting, and rarely studied changes to the KC pool. In this review, we discuss current knowledge on the biology and the various roles of liver macrophages during infections. In addition, we reflect on the potential of infection history to imprint long-lasting effects on macrophages, in particular liver macrophages.
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Liver macrophage heterogeneity and functions during homeostasis




Ontogeny of Kupffer cells

The liver harbors a large and heterogeneous population of resident macrophages (Figure 1). Work on mouse models has generated extensive information on the major resident macrophage population in the liver, known as KCs, which resides in the sinusoidal vessels and reaches into the perisinusoidal space of Disse towards hepatic stellate cells and hepatocytes (2). KCs are established embryonically and originate from yolk sac erythro-myeloid progenitors that seed the fetal liver by E10.5, later becoming heavily diluted by fetal liver monocytes (3–6), while also receiving a minor contribution from blood monocytes during the post-natal period (7). Studies have highlighted the importance of the transcription factors Id3 and Nr1h3 (coding for LXRα) for normal KC development and maintenance of identity, respectively (8, 9).




Figure 1 | Hepatic macrophage subsets. A) The structure of the liver lobule. B) A cross section of liver sinusoids illustrating the different resident-macrophage populations. KC, Kupffer cell; LAM, lipid-associated macrophage; LSEC, liver sinusoidal endothelial cell; HSC, hepatic stellate cell. Marker details adapted from (1). Figure created with BioRender.com.



During homeostatic conditions, KCs self-maintain and are only marginally replenished by adult bone marrow-derived monocytes (3, 5, 10). However, as will be discussed in later sections, bone marrow contribution to KCs increases dramatically in response to certain liver insults that trigger KC depletion. An important question is whether ontogeny is important for KC functionality. Work utilizing a murine model of diphtheria toxin-mediated specific KC depletion (Clec4f-DTR mice), demonstrated that circulating monocytes engraft in the liver upon KC depletion and give rise to monocyte-derived KCs (moKCs) that are highly reminiscent of their embryonic KC (emKCs) predecessors, at least at the transcriptome level (7). Monocyte engraftment as moKCs is orchestrated by the cellular niche of KCs, comprised of hepatocytes, liver sinusoidal endothelial cells (LSECs), and hepatic stellate cells and mediated via niche-derived signals such as DLL4, bone morphogenetic proteins (BMPs), TGFβ and desmosterol (2, 11). In particular, the ALK1-BMP9/10 axis, involving ALK1 (KCs) and BMP9/10 (stellate cells), is of critical importance for KC homeostasis, as ALK1 loss leads to defects in KC development and maintenance (12, 13).

Phenotypically, murine KCs can be readily identified by their unique surface expression of the endocytic C-type lectin receptor CLEC4F (7, 14). Additionally, KCs can be distinguished from other liver macrophages by TIM4, CLEC1B and VSIG4 expression, although these markers can also be expressed by other tissue-resident macrophages outside the liver (14, 15). One outstanding current challenge is to phenotypically distinguish between moKCs and emKCs. Given that TIM4 is acquired in the late stages of KC development, several studies relied on the lack of TIM4 expression to define moKCs in models of non-alcoholic steatohepatitis and irradiation-induced liver injury (7, 16–18). However, it is likely that the temporal regulation of TIM4 acquisition is model-dependent. Indeed, in the context of natural KC development during embryogenesis, Timd4 expression occurs relatively early and precedes the upregulation of other KC marker genes such as Clec4f (2). Likewise, Cd163 mRNA has been shown to be mainly enriched in emKCs (7, 17). However, in situ translatome analysis using a Cre-driven RiboTag reporter revealed that emKCs and moKCs express similar levels of CD163 (19). One marker that appears to be highly enriched in emKCs, and lowly expressed by moKCs across models is MARCO (17, 19). However, whether MARCO expression by itself enables a clear distinction between the two subsets has not been tested. Consequently, genetic fate-mapping, using transgenic mouse strains that report bone marrow ontogeny, remains the most reliable and non-invasive method for separating em- and moKCs.





Functions of Kupffer cells

KCs perform a wide array of homeostatic functions that support liver functionality and limit tissue injury. KCs play a key role in maintaining immunological tolerance in the liver under baseline conditions. For instance, human KCs secrete IL-10 in response to LPS stimulation in vitro (20). Murine KCs scavenge circulating particles, promote the expansion of Foxp3+IL-10+ T regulatory cells (21) and suppress dendritic cell-induced T-cell activation by the action of prostaglandins (22). Moreover, the liver is a major site for iron metabolism (23) and murine KCs are implicated in regulating iron homeostasis as they express key genes involved in macrophage heme-iron metabolism, such as Spi-c and Nfe2l2 (24). Murine KCs scavenge damaged and aged red blood cells and are strategically located to deliver iron to hepatocytes (2, 24, 25). Murine KCs are also thought to control body iron levels by regulating hepcidin expression (26), although this remains controversial (27). In addition to their erythro-phagocytic capacity, murine KCs are implicated in maintaining hemostasis by contributing to the clearance of aged platelets (28, 29). This is mediated by the Ashwell-Morell receptor and macrophage galactose lectin, as well as CLEC4F (28, 29). As such, KC depletion in mice via clodronate liposomes was associated with adverse platelet dysfunctions, as manifested by increased bleeding following wounding (29). Furthermore, murine KCs participate in the efferocytosis of apoptotic cells (30), and are also thought to regulate circulating neutrophil numbers by mediating the clearance of apoptotic neutrophils (31, 32). KCs are also implicated in lipid metabolism as they are enriched in the expression of liver X-family of receptors (LXRs) and peroxisome proliferator-activated family of receptors (PPARs), involved in various aspects of cholesterol transport and metabolism (reviewed in (33)). Murine KCs are abundantly equipped with low density lipoprotein (LDL) receptor, and appear to serve as gatekeepers for LDL cholesterol transport to hepatocytes (34). In line with this, in Csf1r knockout rats, which exhibit major deficiencies in many tissue-resident macrophages including KCs, the liver shows a vast dysregulation of genes related to lipid metabolism, liver growth and function, and endures extensive age-progressive steatosis (35). Additionally, murine KCs have recently been shown to be the major source of miR-690 within the liver, a microRNA that negatively regulates hepatocyte lipogenesis and hepatic stellate cell fibrogenic activation (36). Deletion of miR-690 shifts KCs towards a pro-inflammatory polarization, suggesting that this microRNA regulates some KC functions in the steady state liver (36). Consistent with this, treatment with miR-690 can reverse the impaired erythro-phagocytic capacity of KCs associated with non-alcoholic steatohepatitis (36).





Liver macrophage heterogeneity

A recent study has identified two distinct subpopulations of embryonically-derived KCs in mice: a major CD206lowESAM– population (KC1) and a minor CD206highESAM+ population (KC2) (37). Although they share the expression of core KC genes, KC1 mainly expresses genes associated with immune functions, while KC2 exhibits a higher expression of endothelial markers and genes associated with metabolic pathways such as lipid metabolism. Accordingly, the depletion of KC2 has been shown to prevent diet-induced obesity (37). Subsequent reports argued that the KC2 might represent endothelial cell-KC doublets, hence, these populations are still a current subject of debate (12, 38, 39).

Although KCs represent the major population of liver-resident macrophages, the steady state liver also hosts other macrophage populations that are spatially segregated (Figure 1) (12). These include bile duct-associated macrophages, which show transcriptional similarities to lipid-associated macrophages, expressing genes such as Gpnmb, Spp1 and Trem2 (12). Notably, a similar counterpart is also present in human livers (12). Moreover, another population of Cd207-expressing macrophages has been detected around the central veins of the murine liver (12). Apart from some data suggesting that murine bile duct macrophages exhibit a lower pro-inflammatory response to LPS stimulation than KCs, these newly identified macrophages generally lack functional characterization (12). Finally, the murine liver also harbors another population of macrophages residing in its capsule (40). These CX3CR1-expressing capsular macrophages are derived from monocytes, and accumulate after weaning in a microbiota-dependent manner and perform defensive functions against peritoneal pathogens (40).





Human Kupffer cells

A number of studies sought to characterize KCs in human livers (1) and we hereby review notable findings. Single cell RNA-sequencing (scRNA-seq) of CD163+VSIG4+ cells from human livers has revealed subpopulations with distinct gene expression signatures, including MARCO+LILRB5+ and CD1C+FCER1A+ populations, enriched in metabolic/immunoregulatory and antigen presentation pathways, respectively (41). Another study also reported a VSIG4+MARCO+ population based on scRNA-seq of human livers and has histologically shown that these cells are concentrated in periportal areas (42). Moreover, analysis of healthy and cirrhotic human livers identified two KC-like populations that were commonly enriched in CD163, MARCO and CD5L, while differing in TIMD4 expression. Noteworthy, the MARCO+TIMD4- population was less present in the cirrhotic livers. Immunohistochemistry showed that while TIMD4+ cells were equally present in both the healthy and cirrhotic livers, MARCO+ cells were reduced during cirrhosis (43). A recent analysis of healthy human livers, using spatial proteo-genomics and single-cell sequencing approaches, identified a macrophage population that resembles murine KCs (12). The human KC-like population highly expressed core murine KC markers, including CD5L, VSIG4, SLC1A3, CD163, FOLR2, TIMD4, MARCO, GFRA2, ADRB1, TMEM26, SLC4OA1, HMOX1, SLC16A9 and VCAM1 (Figure 1), and appears to be localized in the mid zones of the liver lobules. Additionally, the same study detected a moKC-like hepatic macrophage subset in human livers, which expresses many of the core KC genes but lacks TIMD4 expression (12). It is noteworthy that human KCs lack the expression of the specific murine KC marker CLEC4F, and in contrast to murine counterparts, express SUCNR1 (12) (discrepancies in KC markers between species and studies were recently reviewed in (1)). Although delineating the ontogeny of KCs in humans is difficult to achieve, it is clear that humans generally endure a variety of pathological insults that affect the liver throughout life. Several insults that are known to alter KC ontogeny in mice, such as infections, a high-fat diet and alcohol consumption, are highly relevant for humans. It is therefore likely that the ontogeny of human KCs varies across individuals, and may possibly be a mixture of bone marrow-derived as well as embryonic KCs. Variability likely also exists at the level of the activation status of human KCs since exposure to inflammatory episodes can imprint prolonged changes on macrophages, as elaborated later in this review.






Liver macrophages in the context of infections




Bacterial infections

The liver has an outstanding capacity to filter circulating bacteria (44, 45). This superior microbial scavenging property is underlined by the presence of KCs in the hepatic vasculature (44, 46). Due to their remarkable pattern of zonation around the periportal tracts of the liver blood vessels (47), KCs are among the first cells to encounter the incoming antigen-rich portal blood. KCs form an extensive scavenger network that actively monitors sinusoidal blood and captures circulating bacteria (48–50). KCs are equipped with a large repertoire of phagocytic receptors that facilitates the clearance of bacterial pathogens (49–51). A well characterized KC receptor that plays an essential role in bacterial clearance is VSIG4 (48–50). In addition to serving as a complement receptor for C3-opsonized bacteria (50), VSIG4 can directly bind the lipoteichoic acid component of the gram-positive bacterial cell wall, enabling their phagocytosis by KCs (48). Indeed, loss of Vsig4 results in enhanced bacterial dissemination and increased mortality in mice infected with Listeria monocytogenes (50). Deletion of Vsig4 in a mouse model of alcoholic liver disease hinders the phagocytosis of Enterococcus faecalis by KCs, and associates with increased systemic dissemination of gut-translocated bacteria as well as exacerbated pathology (52). Noteworthy, decreased Vsig4 expression and a reduced percentage of VSIG4+ macrophages is seen in the livers of patients with alcohol-related liver disease (52). Aside from the direct role in bacterial clearance via phagocytosis, KCs can indirectly instruct other innate immune cells to launch anti-microbial responses. For example, during Borrelia burgdorferi infection, murine KCs present antigen to invariant natural killer T cells (iNKT) in a CD1d-dependent manner, leading to iNKT cell activation and interferon-γ production (46). Activated iNKT cells in turn restrict the extra-hepatic dissemination of bacteria (46). Furthermore, the capture of certain bacterial pathogens such as Bacillus cereus and Methicillin-resistant Staphylococcus aureus (MRSA) by murine KCs has been shown to induce platelet aggregation on KCs (53). This process requires interactions between GPIb and GPIIb on platelets with von Willebrand factor (vWF) on KCs. Platelet aggregation appears to serve an important protective function in response to B. cereus infection in mice as GPIbα deficiency leads to increased mortality, impaired bacterial clearance, exacerbated liver damage and vascular injury (53). Interestingly, murine KCs possess dual-track mechanisms to remove bacteria that permit either the slow or fast clearance of bacterial pathogens (49). The former clearance route is regulated by time-dependent opsonization of bacteria by platelets via interaction with complement proteins. These bacteria-platelet complexes exhibit a relatively increased half-life in the circulation and are subsequently captured by VSIG4 on KCs. Conversely, the fast clearance route is mediated by scavenger receptors in a platelet-independent manner, hence allowing the rapid removal of bacteria (49). This dual-track clearance mechanism ensures the balance between rapid removal of bacteria while also maintaining antigen availability for the priming of adaptive immune responses (49). Interestingly, the anti-bacterial properties of murine KCs are strongly regulated by the gut microbiome (particularly the bacterial microbiome), and depletion of the gut microbiota associates with defective KC responses and results in higher vulnerability to infection (47, 54). Remarkably, the spatial distribution of KCs around the periportal tracts in the liver is in itself microbiota-dependent (47). Mechanistically, microbiome-derived signals regulate the composition of the extracellular matrix of LSECs in a MyD88-dependent manner, causing CXCL9 retention on periportal LSECs, hence allowing interaction with CXCR3 on KCs (47). Moreover, continuous crosstalk with gut commensals can directly shape the bacterial killing properties of KCs in a microbiome-derived, D-lactate-dependent manner (54). In addition, murine KCs exhibit a loss of their typical phenotype, gene signature and spatial zonation upon the deletion of Alk1, and this associates with impaired bacterial clearance and ultimately increased mortality in response to bacterial infection (13).

Intriguingly, encounter with some bacterial pathogens seems to compromise KC viability, resulting in the death and transient depletion of KCs. For instance, the facultative intracellular bacterial pathogens L. monocytogenes, as well as Salmonella enterica serovar Typhimurium, are known to infect murine liver macrophages leading to macrophage death (55). KCs respond to L. monocytogenes infection by undergoing necroptosis (55), a form of programmed lytic cell death via Receptor-Interacting Protein Kinase 3 (RIPK3) activation of Mixed Lineage Kinase Domain-like (MLKL) (56). Dying KCs become massively replaced by CCR2-dependent, monocyte-derived macrophages that proliferate intrahepatically, driven by signals including CSF1, hepatocyte-derived IL-33 and basophil-derived IL-4 (55). Interestingly, L. monocytogenes-induced KC necroptosis is thought to serve a beneficial host response by orchestrating a type 2 inflammation that limits excessive liver injury. Mechanistically, the necroptosis of KCs promotes hepatocyte production of IL-33, which presumably induces IL-4 production by basophils and thereby the alternative activation of liver macrophages (55). Paradoxically, another study reported that L. monocytogenes induces rapid cell death in murine liver macrophages in an IRF3-dependent manner, and showed that Irf3 deletion rescues KC death and reduces hepatic bacterial burden (57), suggesting a pathogenic consequence associated with KC death in this context. Notably, no restoration of emKCs is observed following L. monocytogenes infection, and instead, recruited moKCs appear to dominate and engraft durably in the liver after the clearance of infection (55). Whether this change alters KC responses to subsequent bacterial infections is unknown. However, murine moKCs have been shown to exhibit a markedly superior phagocytosis of a number of bacterial pathogens, including L. monocytogenes (17), suggesting that the modulation of KC ontogeny might lead to functional consequences. In contrast, in vitro examination has shown that moKCs generated in the Clec4f-DTR mouse model are equally phagocytic as emKCs (7). Nevertheless, the latter finding might reflect functional changes associated with the loss of the natural KC microenvironment, or even the artificial, non-physiological method of moKCs generation. Noteworthy, the phagocytic capacity of KCs can be altered by exposure to environmental factors. For instance, certain clinical drugs have been shown to negatively modulate the scavenging properties of murine KCs (58, 59). For example, tacrolimus, a commonly used drug to prevent graft rejection after solid organ transplantation and to treat graft-versus-host disease after bone marrow transplantation, has been shown to inhibit bacterial uptake and killing by KCs in mice (59). In humans, the risk of Staphylococcus aureus infection is associated with higher tacrolimus concentrations in liver transplant recipients (59). An overdose of acetaminophen has also been shown to imprint an immune-suppressive profile on murine KCs by upregulating PD1 at the cell surface, and to impair their phagocytic properties (58). Intriguingly, contrasting the negative effect of the aforementioned drugs on KCs, physical exercise has been shown to boost the phagocytic capacity of murine KCs, and to increase their expression of the phagocytic receptors MARCO and SR-A, which associates with enhanced endotoxin clearance from the blood circulation (60). Moreover, exercise training imprints a long-lasting anti-inflammatory profile on murine KCs, manifested in a lowered production of pro-inflammatory cytokines and an enhanced secretion of IL-10 and IL-1Ra in response to an LPS challenge (61). This exercise-induced anti-inflammatory reprogramming of KCs is regulated by itaconate metabolism, and can be recapitulated by KC treatment with itaconate, whereas the deletion of Irg1 (which codes for cis-aconitate decarboxylase) abrogates this beneficial effect of exercise in mice (61). Importantly, the livers of exercised mice undergo less injury and necrosis following an LPS challenge (61), thus highlighting the effects of physical exercise in modulating the response to infectious inflammation in the liver. Aside from the various roles played by KCs during microbial infections, murine liver capsular macrophages are also implicated in the response to bacteria. They are thought to limit peritoneal pathogen dissemination to the liver by recruiting neutrophils, although the underlying mechanism remains vague (40).

In summary, in addition to their typical scavenging role, KCs regulate complex processes that facilitate the containment of bacterial infections and tissue injury. Moreover, the bactericidal properties of KCs are subject to regulation by environmental factors.





Viral infections

Hepato-tropic viruses, such as hepatitis B virus (HBV), can establish life-long persistent infections (62) and KCs seem to be implicated in the different aspects of HBV pathogenesis. Mouse experiments utilizing clodronate liposome-mediated KC depletion have suggested that KCs exhibit suppressive effects on CD8+ T cells during HBV infection (63). As such, KC depletion lessens HBV persistence and associates with enhanced numbers and activation of CD8+ T cells (63). Interestingly, KC-mediated suppression of CD8+ T cells has been shown to be TLR2-dependent, as KCs from WT but not TLR2 KO mice abundantly produced the CD8+ T cell-suppressive cytokine IL10 following in vitro stimulation with the hepatitis B core antigen (63). Murine KCs have also been reported to use an IL-10-dependent mechanism to promote systemic specific humoral tolerance to HBV (64). Recent work further explored the cellular and molecular mechanisms responsible for CD8+ T cell dysfunction during HBV infection. To dissect the consequences of hepatocellular-mediated priming versus KC-mediated priming of CD8+ T cells, a recent study performed cell-selective HBV targeting to either hepatocytes (natural target of HBV) or KCs (non-natural targets of HBV) in mice. This approach revealed that hepatocellular priming of virus-specific CD8+ T cells generates dysfunctional CD8+ T cells with impaired antiviral capacity (65). Conversely, KC-mediated priming leads to CD8+ T-cell differentiation into effector cells endowed with potent antiviral functions (65). KC-primed CD8+ T cells exhibit higher expression of activation markers such as Gzma, Gzmb and Ifng and show increased expression of Il2, the critical T-cell growth factor (65, 66). In line with these observations, treatment with recombinant IL-2 (IL-2-c) rescues and restores the antiviral functions of hepatocellularly-primed murine CD8+ T cells (65). Follow-up work has shown that the ability of IL-2-c treatment to rejuvenate dysfunctional CD8+ T cells during HBV infection is mediated by the KC2 subset, that is enriched in the expression of IL-2 signaling components (67). As such, the depletion of KC2 significantly impairs the efficacy of IL-2-c treatment (67).

Viral infections are also known to elicit dynamic compositional changes in the liver macrophage pool (68, 69). For instance, rapid IRF3-dependent KC death is seen in mice following infection with human adenovirus (57). Intriguingly, KC death during these settings appears functionally relevant. Indeed, although KC death was spared in IRF3 knockout mice, these mice exhibited higher hepatic viral loads. These data suggested either a pathogenic role for KCs during adenovirus infection, or an IRF3-mediated macrophage death pathway that serves a protective role during this infection (57). KC death also occurs after intravenous delivery of adenovirus vectors in mice (70). This was shown to be complement C3-dependent and to require VSIG4 expression, given that KC death is rescued in VSIG4- or C3-deficient mice (71). The process of KC death and replenishment by monocytes has also been explored in the context of vaccinia virus (VACV)-induced acute hepatitis in mice (69). During VACV infection, IFNAR triggering in myeloid cells, including KCs, contributes to the early control of the infection (69). In these settings, KCs are depleted and become replenished by infiltrating monocytes that differentiate into moKCs. Interestingly, bone marrow chimera experiments revealed that IFNAR signaling in monocytes delays their differentiation into moKCs (69). Hence, IFNAR-knockout monocytes engrafted more efficiently in the livers of VACV-infected mice than WT monocytes. This appeared to be a result of a direct IFNAR triggering of monocytes in the liver, as both WT and IFNAR knockout moKCs became equally engrafted in the KC population upon cessation of hepatic IFNAR triggering (69).

In conclusion, KCs clearly perform various and occasionally contrasting roles during viral infections.





Parasitic and fungal infections

KCs are implicated in the pathology of several parasitic infections, and their contribution ranges from beneficial to detrimental. For instance, during experimental trypanosome infections, KCs perform an essential role in parasite clearance, as KC depletion by clodronate liposomes results in uncontrolled parasitemia and rapid mortality (72). In fact, VSIG4 is critical for the anti-trypanosomal response of KCs as it contributes to parasite clearance in a complement C3-dependent manner (72). Furthermore, murine hepatic macrophages, including KCs, are thought to be a source of CXCL16 during Trypanosoma brucei infection, and are hence suspected to be implicated in the recruitment of pathogenic CXCR6+ CD4+ T cells that promote aggravated liver damage and increased mortality during infection (73). Noteworthy, VSIG4-complement interactions seem of crucial importance to universal KC defense responses, since KCs utilize a similar mechanism to contain fungal infections (74). This is highlighted by impaired blood clearance and heightened infection burden in clodronate liposome-treated, as well as VSIG4 knockout or C3 knockout mice following Cryptococcus neoformans infection (74).

Remarkably, some parasites manage to circumvent the clearance by KCs. In case of Plasmodium infection, sporozoites rapidly target the liver to establish hepatocyte infection (75). Strikingly, experimental work has shown that sporozoites traverse through KCs to cross the endothelial barrier and infect hepatocytes (76–78). It has been illustrated that sporozoite crossing of KCs induces extensive KC death, with only a small fraction of KCs appearing to survive the crossing event (78). Although sporozoites can also traverse through LSECs, this process appears less common than KC traversal (78). Consistent with this, in vitro work showed that LSECs are less permissive to sporozoite traversal relative to KCs (76), overall suggesting that sporozoites utilize and favor KC crossing to overcome the sinusoidal lining and establish hepatocyte infection. Furthermore, it appears that sporozoites modulate KC functionalities to favor their intracellular survival, as illustrated by in vitro work showing that sporozoites can suppress the respiratory burst in KCs by increasing intracellular cAMP (79). This mechanism is mediated by the parasite circumsporozoite protein, and is inhibited by the blockade of CD91 or the removal of surface proteoglycans on KCs (79). By altering intracellular levels of cAMP, sporozoites are also thought to inhibit inflammatory cytokine production by KCs, instead favoring IL-10 secretion (80). Additionally, the phagocytic capacity of murine KCs towards bacteria has been shown to be substantially impaired during Plasmodium infection (81), further highlighting the compromising effects of malarial infection on KCs. The notion that KCs might exhibit pathogenic features during malarial infection is further supported by the finding that osteopetrotic (op/op) mice, which show a severe deficiency of mononuclear phagocytes including KCs, exhibit reduced hepatic infection (82). Paradoxically, depletion of KCs by clodronate liposomes augments parasitemia and hepatic infection (78, 82). Notably, clodronate liposome-mediated depletion of KCs is thought to compromise the structural integrity of the hepatic sinusoids, particularly by inducing gaps in the sinusoidal wall (82). Although this has been speculated to be the reason for the contradiction between the infection outcome following the aforementioned methods of KC-depletion, the authors provide no data to indicate that the integrity of the sinusoidal lining is unaltered in op/op mice (82).

Moreover, in a murine model of self-resolving Plasmodium infection invoked by the injection of parasitized erythrocytes, KCs are partially lost and replaced by infiltrating monocytes that in turn gave rise to long-lasting moKCs (83). In this model, KC loss occurs prior to the peak of blood parasitemia and coincides with an increase in the infiltration of monocytic cells (83). Notably, in vitro work has also suggested a role for ferroptosis and the deposition of hemozoin (81), a crystallized by-product of hemoglobin catabolism that is released in the circulation during malarial infection (84), as a trigger of KC death during Plasmodium infection (81). It is worth mentioning that a common feature in the pathology of many parasitic infections, including those invoked by Plasmodium and Trypanosoma, is the occurrence of anemia. In such settings, erythrocytes exhibit surface alterations resulting in enhanced erythro-phagocytosis by phagocytic cells (85, 86). As they are implicated in the clearance of damaged erythrocytes (24, 25), the erythro-phagocytic functions of KCs might also contribute to their response to parasitic infections. In this regard, erythro-phagocytosis has been shown to imprint an anti-inflammatory signature on KCs that is manifested in a lower expression of Ifng, Tnf, Il12b, Cxcl9 and Cxcl10 and MHCII-related genes in a mouse model of hemolytic anemia (87). Whether reprogramming due to erythro-phagocytosis functionally contributes to the response to parasitic infections is unclear.

During schistosomiasis, the main pathology results from the host type 2 immune response to the parasite eggs deposited in the liver. The eggs become surrounded by a granulomatous reaction encompassing mononuclear cells, eosinophils, neutrophils and fibroblasts, ultimately resulting in fibrosis (88). Alternatively activated macrophages, including KCs and monocyte-derived macrophages, are implicated in mediating the type 2 immune response and pathology in this context. Murine Schistosoma mansoni infection leads to the accumulation of Ly6Chi monocytes in the liver, which proliferate and differentiate into CD11bhi macrophages that gradually become the predominant hepatic macrophage population during the infection (89). KCs are steadily ablated as the infection proceeds, and although they showed little, if any, proliferative activity, they remain mainly of embryonic origin up to 10 weeks post-infection. Nevertheless, at this time-point, a minor but significant bone marrow contribution to the KC pool was observed (89). CD11bhi macrophages are alternatively activated in the infected livers and exhibit an IL4Ra-dependent upregulation of Ym1 and Relm-α. Although granuloma size was increased upon the deletion of Il4ra in myeloid cells (Lyz2Cre), this did not alter the survival kinetics (89). A recent scRNA-seq of Schistosoma japonica-infected murine livers also provided insights into macrophage heterogeneity during schistosomiasis (90). This study reported the presence of two major macrophage populations in the infected liver, a KC population (Timd4, Cd163, Marco), and a Ccr2+ population that lacked the expression of KC markers, and might hence represent infiltrating monocyte-derived macrophages (90). Noteworthy, the two populations were enriched in Chil3 expression, although KCs were notably more enriched in Arg1 and Retnla, suggesting a general alternative activation of macrophages in this context (90). Moreover, hepatic macrophages from S. mansoni-infected mice produce IL-6, IL-10, IL-4 and IL-13 in response to stimulation with soluble worm antigens and are thought to present worm antigens to hepatic T cells, promoting their type 2 differentiation (91). KCs are also implicated in tapeworm infection, particularly in cystic echinococcosis, as they uptake, via CLEC4F, the mucins of the laminated layer that protect the larval stages (hydatids) of Echinococcus granulosus parasites (92).

Overall, while KCs mount protective responses in some types of parasitic infections, they seem to be overwhelmed and even hijacked in other cases of parasitic insults. Notably, most experimental work investigating the roles of KCs in parasitic infection models has been done using non-specific KC targeting and identification methods that complicates the interpretation of the results. Hence, the recent advances in KC targeting and identification techniques might help resolve ambiguous aspects of KC biology during parasitic infections.






Perspectives: infection history and reprogramming of Kupffer cell function

As detailed previously, KCs are highly implicated in the response to pathogens. Given the wide range of pathogens that directly or indirectly target the liver, KC-pathogen interactions are probably a recurrent phenomenon during infections. In this regard, an increasing number of studies have shown that exposure to infections can alter tissue macrophage properties in the long-term. This effect can be mediated by ontogenic shifts, transcriptional and epigenetic reprogramming as well as alteration of the macrophage microenvironment (93–95). It is therefore likely that KCs are similarly subject to such modulation and that their functional properties are continuously shaped by infection history. For instance, although monocytes replenish KCs during almost all types of infectious diseases, it is unknown whether moKCs generated under these inflammatory scenarios are functionally distinct from emKCs. Although several studies report that moKCs generated following artificial KC-depletion during steady-state adopt the emKC identity and share some functional properties (7, 11, 17), this might not necessarily apply to situations where moKCs are generated in an inflammatory context. In support of this notion, it has been shown that monocyte-derived alveolar macrophages (moAMs), generated during influenza infection, are transcriptionally and epigenetically distinct from their embryonic counterparts and exhibit superior antibacterial functions (94). However, these enhanced antibacterial properties fail to develop when moAMs are generated following clodronate liposome-induced depletion of alveolar macrophages (94), confirming the need of inflammation to confer distinctive properties on monocyte-derived macrophages. In line with this, studies have highlighted some functional differences between emKCs and the moKCs generated during inflammatory contexts (17, 96). For instance, irradiation-generated moKCs are clearly superior to emKCs in the phagocytosis of a number of bacterial pathogens in vivo (17). In contrast, moKCs generated under lipemic conditions appear inferior to emKCs in their capacity to load and process lipids (96). Likewise, emKCs are more efficient in scavenging acetylated low density lipoprotein than irradiation-generated moKCs (17), indicating differences in the context of lipid metabolism. Moreover, emKCs are relatively radio-resistant as they upregulate the expression of Cdkna1 to resist and survive irradiation, whereas moKCs seem to lack this property (19). Importantly, although some of the distinctions between moKCs and emKCs might readily be made on the basis of the transcriptome, some may be represented in forms of “hidden” alterations at the level of the epigenome. In this context, despite several weeks of intrahepatic residency after irradiation, moKCs only recover less than half of the tissue-specific enhancer regions found in emKCs (14), further supporting the idea that ontogeny or the timing of moKC generation associates with differential functionality.

In addition to ontogeny-related effects, pathogens may directly alter macrophages, or their microenvironment. For instance, exposure to pathogens or their components is well documented to drive a persistent remodelling of the epigenomic landscapes of macrophages (95, 97). For instance, peripheral LPS administration can reprogram murine microglia and associates with altered responses to neurological disease (97). Likewise, exposure to inflammatory signals commonly encountered during infections, such as interferon-γ (paradigm of type 1 inflammation) or IL-4 (paradigm of type 2 inflammation), reshapes the macrophage epigenome and triggers the generation of latent enhancers associated with faster and more robust responses upon secondary stimulation (98, 99). Although this concept is rarely studied in KCs, a recent study has shown that in vitro treatment of KCs with β-glucan induces trained immunity, promoting an anti-inflammatory response to a secondary stimulation with LPS (61), confirming that KCs are amenable to reprogramming. Tissue macrophages, including KCs, rely on local signals provided by stromal cells in their tissue of residence in order to maintain their identity (2, 100–103). It is therefore logical that changes to the KC niche as a result of infections might subsequently reprogram KC identity and functions. This concept is exemplified in the lung, where changes in the microenvironment resulting from a previous exposure to experimental pneumonia can epigenetically reprogram embryonically-derived alveolar macrophages, leading to long-term impairment of their phagocytic function (95). In conclusion, despite the fact that KCs frequently and dynamically respond to infections, studies exploring whether a past exposure to infectious inflammation alters the KC phenotype are largely lacking. Major questions include whether infection history alters KC biology, and if so, for how long that lasts, and whether such effects are reversible. Importantly, what is the physiological consequence of such changes on the overall response to secondary inflammation? Given the frequent exposure of humans to infections and the important roles played by liver macrophages during infections, this topic warrants further investigation.





Author contributions

The manuscript was written by MM and revised by PB, KM and JG. All authors contributed to the article and approved the submitted version.





Funding

MM, KM and JG are supported by FWO (MM: 1157718N). KM holds an ERC Consolidator Grant.





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. Guilliams, M, and Scott, CL. Liver macrophages in health and disease. Immunity (2022) 55(9):1515–29. doi: 10.1016/j.immuni.2022.08.002

2. Bonnardel, J, T’Jonck, W, Gaublomme, D, Browaeys, R, Scott, CL, Martens, L, et al. Stellate cells, hepatocytes, and endothelial cells imprint the kupffer cell identity on monocytes colonizing the liver macrophage niche. Immunity (2019) 51(4):638–54.e9. doi: 10.1016/j.immuni.2019.08.017

3. Schulz, C, Perdiguero, EG, Chorro, L, Szabo-Rogers, H, Cagnard, N, Kierdorf, K, et al. A lineage of myeloid cells independent of myb and hematopoietic stem cells. Science (2012) 336(6077):86. doi: 10.1126/science.1219179

4. Hoeffel, G, Chen, J, Lavin, Y, Low, D, Almeida Francisca, F, See, P, et al. C-myb+ Erythro-myeloid progenitor-derived fetal monocytes give rise to adult tissue-resident macrophages. Immunity (2015) 42(4):665–78. doi: 10.1016/j.immuni.2015.03.011

5. Gomez Perdiguero, E, Klapproth, K, Schulz, C, Busch, K, Azzoni, E, Crozet, L, et al. Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors. Nature (2015) 518(7540):547–51. doi: 10.1038/nature13989

6. Sheng, J, Ruedl, C, and Karjalainen, K. Most tissue-resident macrophages except microglia are derived from fetal hematopoietic stem cells. Immunity (2015) 43(2):382–93. doi: 10.1016/j.immuni.2015.07.016

7. Scott, CL, Zheng, F, De Baetselier, P, Martens, L, Saeys, Y, De Prijck, S, et al. Bone marrow-derived monocytes give rise to self-renewing and fully differentiated kupffer cells. Nat Commun (2016) 7(1):10321. doi: 10.1038/ncomms10321

8. Mass, E, Ballesteros, I, Farlik, M, Halbritter, F, Günther, P, Crozet, L, et al. Specification of tissue-resident macrophages during organogenesis. Science (2016) 353(6304):aaf4238. doi: 10.1126/science.aaf4238

9. Scott, CL, T’Jonck, W, Martens, L, Todorov, H, Sichien, D, Soen, B, et al. The transcription factor zeb2 is required to maintain the tissue-specific identities of macrophages. Immunity (2018) 49(2):312–25.e5. doi: 10.1016/j.immuni.2018.07.004

10. Hagemeyer, N, Kierdorf, K, Frenzel, K, Xue, J, Ringelhan, M, Abdullah, Z, et al. Transcriptome-based profiling of yolk sac-derived macrophages reveals a role for irf8 in macrophage maturation. EMBO J (2016) 35(16):1730–44. doi: 10.15252/embj.201693801

11. Sakai, M, Troutman, TD, Seidman, JS, Ouyang, Z, Spann, NJ, Abe, Y, et al. Liver-derived signals sequentially reprogram myeloid enhancers to initiate and maintain kupffer cell identity. Immunity (2019) 51(4):655–70.e8. doi: 10.1016/j.immuni.2019.09.002

12. Guilliams, M, Bonnardel, J, Haest, B, Vanderborght, B, Wagner, C, Remmerie, A, et al. Spatial proteogenomics reveals distinct and evolutionarily conserved hepatic macrophage niches. Cell (2022) 185(2):379–96.e38. doi: 10.1016/j.cell.2021.12.018

13. Zhao, D, Yang, F, Wang, Y, Li, S, Li, Y, Hou, F, et al. Alk1 signaling is required for the homeostasis of kupffer cells and prevention of bacterial infection. J Clin Invest (2022) 132(3). doi: 10.1172/JCI150489

14. Lavin, Y, Winter, D, Blecher-Gonen, R, David, E, Keren-Shaul, H, Merad, M, et al. Tissue-resident macrophage enhancer landscapes are shaped by the local microenvironment. Cell (2014) 159(6):1312–26. doi: 10.1016/j.cell.2014.11.018

15. Gautier, EL, Shay, T, Miller, J, Greter, M, Jakubzick, C, Ivanov, S, et al. Gene-expression profiles and transcriptional regulatory pathways that underlie the identity and diversity of mouse tissue macrophages. Nat Immunol (2012) 13(11):1118–28. doi: 10.1038/ni.2419

16. Remmerie, A, Martens, L, Thoné, T, Castoldi, A, Seurinck, R, Pavie, B, et al. Osteopontin expression identifies a subset of recruited macrophages distinct from kupffer cells in the fatty liver. Immunity (2020) 53(3):641–57.e14. doi: 10.1016/j.immuni.2020.08.004

17. Beattie, L, Sawtell, A, Mann, J, Frame, TCM, Teal, B, de Labastida Rivera, F, et al. Bone marrow-derived and resident liver macrophages display unique transcriptomic signatures but similar biological functions. J Hepatol (2016) 65(4):758–68. doi: 10.1016/j.jhep.2016.05.037

18. Daemen, S, Gainullina, A, Kalugotla, G, He, L, Chan, MM, Beals, JW, et al. Dynamic shifts in the composition of resident and recruited macrophages influence tissue remodeling in nash. Cell Rep (2021) 34(2). doi: 10.1016/j.celrep.2020.108626

19. Soysa, R, Lampert, S, Yuen, S, Douglass, AN, Li, W, Pfeffer, K, et al. Fetal origin confers radioresistance on liver macrophages via P21cip1/waf1. J Hepatol (2019) 71(3):553–62. doi: 10.1016/j.jhep.2019.04.015

20. Knoll, P, Schlaak, J, Uhrig, A, Kempf, P, zum Büschenfelde, K-HM, and Gerken, G. Human kupffer cells secrete il-10 in response to lipopolysaccharide (Lps) challenge. J Hepatol (1995) 22(2):226–9. doi: 10.1016/0168-8278(95)80433-1

21. Heymann, F, Peusquens, J, Ludwig-Portugall, I, Kohlhepp, M, Ergen, C, Niemietz, P, et al. Liver inflammation abrogates immunological tolerance induced by kupffer cells. Hepatol (Baltimore Md) (2015) 62(1):279–91. doi: 10.1002/hep.27793

22. You, Q, Cheng, L, Kedl, RM, and Ju, C. Mechanism of T cell tolerance induction by murine hepatic kupffer cells. Hepatol (Baltimore Md) (2008) 48(3):978–90. doi: 10.1002/hep.22395

23. Nairz, M, Theurl, I, Swirski, FK, and Weiss, G. "Pumping iron"-how macrophages handle iron at the systemic, microenvironmental, and cellular levels. Pflugers Arch (2017) 469(3-4):397–418. doi: 10.1007/s00424-017-1944-8

24. Theurl, I, Hilgendorf, I, Nairz, M, Tymoszuk, P, Haschka, D, Asshoff, M, et al. On-demand erythrocyte disposal and iron recycling requires transient macrophages in the liver. Nat Med (2016) 22(8):945–51. doi: 10.1038/nm.4146

25. Terpstra, V, and van Berkel, TJC. Scavenger receptors on liver kupffer cells mediate the in vivo uptake of oxidatively damaged red blood cells in mice. Blood (2000) 95(6):2157–63. doi: 10.1182/blood.V95.6.2157

26. Theurl, M, Theurl, I, Hochegger, K, Obrist, P, Subramaniam, N, van Rooijen, N, et al. Kupffer cells modulate iron homeostasis in mice via regulation of hepcidin expression. J Mol Med (2008) 86(7):825. doi: 10.1007/s00109-008-0346-y

27. Lou, D-Q, Lesbordes, J-C, Nicolas, G, Viatte, L, Bennoun, M, Van Rooijen, N, et al. Iron- and inflammation-induced hepcidin gene expression in mice is not mediated by kupffer cells in vivo. Hepatol (Baltimore Md) (2005) 41(5):1056–64. doi: 10.1002/hep.20663

28. Li, Y, Fu, J, Ling, Y, Yago, T, McDaniel, JM, Song, J, et al. Sialylation on O-glycans protects platelets from clearance by liver kupffer cells. Proc Natl Acad Sci (2017) 114(31):8360. doi: 10.1073/pnas.1707662114

29. Deppermann, C, Kratofil, RM, Peiseler, M, David, BA, Zindel, J, Castanheira, FVES, et al. Macrophage galactose lectin is critical for kupffer cells to clear aged platelets. J Exp Med (2020) 217(4). doi: 10.1084/jem.20190723

30. Roberts, AW, Lee, BL, Deguine, J, John, S, Shlomchik, MJ, and Barton, GM. Tissue-resident macrophages are locally programmed for silent clearance of apoptotic cells. Immunity (2017) 47(5):913–27.e6. doi: 10.1016/j.immuni.2017.10.006

31. Shi, J, Fujieda, H, Kokubo, Y, and Wake, K. Apoptosis of neutrophils and their elimination by kupffer cells in rat liver. Hepatol (Baltimore Md) (1996) 24(5):1256–63. doi: 10.1002/hep.510240545

32. Shi, J, Gilbert, GE, Kokubo, Y, and Ohashi, T. Role of the liver in regulating numbers of circulating neutrophils. Blood (2001) 98(4):1226–30. doi: 10.1182/blood.V98.4.1226

33. Remmerie, A, and Scott, CL. Macrophages and lipid metabolism. Cell Immunol (2018) 330:27–42. doi: 10.1016/j.cellimm.2018.01.020

34. Demetz, E, Tymoszuk, P, Hilbe, R, Volani, C, Haschka, D, Heim, C, et al. The haemochromatosis gene hfe and kupffer cells control ldl cholesterol homeostasis and impact on atherosclerosis development. Eur Heart J (2020) 41(40):3949–59. doi: 10.1093/eurheartj/ehaa140

35. Keshvari, S, Caruso, M, Teakle, N, Batoon, L, Sehgal, A, Patkar, OL, et al. Csf1r-dependent macrophages control postnatal somatic growth and organ maturation. PloS Genet (2021) 17(6):e1009605. doi: 10.1371/journal.pgen.1009605

36. Gao, H, Jin, Z, Bandyopadhyay, G, Cunha e Rocha, K, Liu, X, Zhao, H, et al. Mir-690 treatment causes decreased fibrosis and steatosis and restores specific kupffer cell functions in Nash. Cell Metab (2022) 34(7):978–90.e4. doi: 10.1016/j.cmet.2022.05.008

37. Blériot, C, Barreby, E, Dunsmore, G, Ballaire, R, Chakarov, S, Ficht, X, et al. A subset of kupffer cells regulates metabolism through the expression of cd36. Immunity (2021) 54(9):2101–16.e6. doi: 10.1016/j.immuni.2021.08.006

38. Hume, DA, Offermanns, S, and Bonnavion, R. Contamination of isolated mouse kupffer cells with liver sinusoidal endothelial cells. Immunity (2022) 55(7):1139–40. doi: 10.1016/j.immuni.2022.06.010

39. Iannacone, M, Blériot, C, Andreata, F, Ficht, X, Laura, C, Garcia-Manteiga, JM, et al. Response to contamination of isolated mouse kupffer cells with liver sinusoidal endothelial cells. Immunity (2022) 55(7):1141–2. doi: 10.1016/j.immuni.2022.06.012

40. Sierro, F, Evrard, M, Rizzetto, S, Melino, M, Mitchell, AJ, Florido, M, et al. A liver capsular network of monocyte-derived macrophages restricts hepatic dissemination of intraperitoneal bacteria by neutrophil recruitment. Immunity (2017) 47(2):374–88.e6. doi: 10.1016/j.immuni.2017.07.018

41. Aizarani, N, Saviano, A, Sagar,, Mailly, L, Durand, S, Herman, JS, et al. A human liver cell atlas reveals heterogeneity and epithelial progenitors. Nature (2019) 572(7768):199–204. doi: 10.1038/s41586-019-1373-2

42. MacParland, SA, Liu, JC, Ma, X-Z, Innes, BT, Bartczak, AM, Gage, BK, et al. Single cell rna sequencing of human liver reveals distinct intrahepatic macrophage populations. Nat Commun (2018) 9(1):4383. doi: 10.1038/s41467-018-06318-7

43. Ramachandran, P, Dobie, R, Wilson-Kanamori, JR, Dora, EF, Henderson, BEP, Luu, NT, et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell level. Nature (2019) 575(7783):512–8. doi: 10.1038/s41586-019-1631-3

44. Balmer, ML, Slack, E, de Gottardi, A, Lawson, MAE, Hapfelmeier, S, Miele, L, et al. The liver may act as a firewall mediating mutualism between the host and its gut commensal microbiota. Sci Trans Med (2014) 6(237):237ra66–ra66. doi: 10.1126/scitranslmed.3008618

45. David, BA, Rezende, RM, Antunes, MM, Santos, MM, Freitas Lopes, MA, Diniz, AB, et al. Combination of Mass Cytometry and Imaging Analysis Reveals origin, Location, and Functional Repopulation Of liver myeloid Cells in Mice. Gastroenterology (2016) 151(6):1176–91. doi: 10.1053/j.gastro.2016.08.024

46. Lee, W-Y, Moriarty, TJ, Wong, CHY, Zhou, H, Strieter, RM, van Rooijen, N, et al. An intravascular immune response to borrelia burgdorferi involves kupffer cells and inkt cells. Nat Immunol (2010) 11(4):295–302. doi: 10.1038/ni.1855

47. Gola, A, Dorrington, MG, Speranza, E, Sala, C, Shih, RM, Radtke, AJ, et al. Commensal-driven immune zonation of the liver promotes host defence. Nature (2021) 589(7840):131–6. doi: 10.1038/s41586-020-2977-2

48. Zeng, Z, Surewaard, BG, Wong, CH, Geoghegan, JA, Jenne, CN, and Kubes, P. Crig functions as a macrophage pattern recognition receptor to directly bind and capture blood-borne gram-positive bacteria. Cell Host Microbe (2016) 20(1):99–106. doi: 10.1016/j.chom.2016.06.002

49. Broadley Steven, P, Plaumann, A, Coletti, R, Lehmann, C, Wanisch, A, Seidlmeier, A, et al. Dual-track clearance of circulating bacteria balances rapid restoration of blood sterility with induction of adaptive immunity. Cell Host Microbe (2016) 20(1):36–48. doi: 10.1016/j.chom.2016.05.023

50. Helmy, KY, Katschke, KJ, Gorgani, NN, Kljavin, NM, Elliott, JM, Diehl, L, et al. Crig: A macrophage complement receptor required for phagocytosis of circulating pathogens. Cell (2006) 124(5):915–27. doi: 10.1016/j.cell.2005.12.039

51. Min, C, Park, J, Kim, G, Moon, H, Lee, S-A, Kim, D, et al. Tim-4 functions as a scavenger receptor for phagocytosis of exogenous particles. Cell Death Dis (2020) 11(7):561. doi: 10.1038/s41419-020-02773-7

52. Duan, Y, Chu, H, Brandl, K, Jiang, L, Zeng, S, Meshgin, N, et al. Crig on liver macrophages clears pathobionts and protects against alcoholic liver disease. Nat Commun (2021) 12(1):7172. doi: 10.1038/s41467-021-27385-3

53. Wong, CHY, Jenne, CN, Petri, B, Chrobok, NL, and Kubes, P. Nucleation of platelets with blood-borne pathogens on kupffer cells precedes other innate immunity and contributes to bacterial clearance. Nat Immunol (2013) 14(8):785–92. doi: 10.1038/ni.2631

54. McDonald, B, Zucoloto, AZ, Yu, I-L, Burkhard, R, Brown, K, Geuking, MB, et al. Programing of an intravascular immune firewall by the gut microbiota protects against pathogen dissemination during infection. Cell Host Microbe (2020) 28(5):660–8.e4. doi: 10.1016/j.chom.2020.07.014

55. Bleriot, C, Dupuis, T, Jouvion, G, Eberl, G, Disson, O, and Lecuit, M. Liver-resident macrophage necroptosis orchestrates type 1 microbicidal inflammation and type-2-mediated tissue repair during bacterial infection. Immunity (2015) 42(1):145–58. doi: 10.1016/j.immuni.2014.12.020

56. Jorgensen, I, Rayamajhi, M, and Miao, EA. Programmed cell death as a defence against infection. Nat Rev Immunol (2017) 17(3):151. doi: 10.1038/nri.2016.147

57. Di Paolo Nelson, C, Doronin, K, Baldwin Lisa, K, Papayannopoulou, T, and Shayakhmetov Dmitry, M. The transcription factor irf3 triggers “Defensive suicide” necrosis in response to viral and bacterial pathogens. Cell Rep (2013) 3(6):1840–6. doi: 10.1016/j.celrep.2013.05.025

58. Triantafyllou, E, Gudd, CLC, Mawhin, M-A, Husbyn, HC, Trovato, FM, Siggins, MK, et al. Pd-1 blockade improves kupffer cell bacterial clearance in acute liver injury. J Clin Invest (2021) 131(4). doi: 10.1172/JCI140196

59. Deppermann, C, Peiseler, M, Zindel, J, Zbytnuik, L, Lee, W-Y, Pasini, E, et al. Tacrolimus impairs kupffer cell capacity to control bacteremia: why transplant recipients are susceptible to infection. Hepatol (Baltimore Md) (2021) 73(5):1967–84. doi: 10.1002/hep.31499

60. Komine, S, Akiyama, K, Warabi, E, Oh, S, Kuga, K, Ishige, K, et al. Exercise training enhances in vivo clearance of endotoxin and attenuates inflammatory responses by potentiating kupffer cell phagocytosis. Sci Rep (2017) 7(1):11977. doi: 10.1038/s41598-017-12358-8

61. Zhang, H, Chen, T, Ren, J, Xia, Y, Onuma, A, Wang, Y, et al. Pre-operative exercise therapy triggers anti-inflammatory trained immunity of kupffer cells through metabolic reprogramming. Nat Metab (2021) 3(6):843–58. doi: 10.1038/s42255-021-00402-x

62. Wong, YC, Tay, SS, McCaughan, GW, Bowen, DG, and Bertolino, P. Immune outcomes in the liver: is cd8 T cell fate determined by the environment? J Hepatol (2015) 63(4):1005–14. doi: 10.1016/j.jhep.2015.05.033

63. Li, M, Sun, R, Xu, L, Yin, W, Chen, Y, Zheng, X, et al. Kupffer cells support hepatitis B virus–mediated cd8+ T cell exhaustion via hepatitis B core antigen–tlr2 interactions in mice. J Immunol (2015) 195(7):3100–9. doi: 10.4049/jimmunol.1500839

64. Xu, L, Yin, W, Sun, R, Wei, H, and Tian, Z. Kupffer cell-derived il-10 plays a key role in maintaining humoral immune tolerance in hepatitis B virus-persistent mice. Hepatol (Baltimore Md) (2014) 59(2):443–52. doi: 10.1002/hep.26668

65. Bénéchet, AP, De Simone, G, Di Lucia, P, Cilenti, F, Barbiera, G, Le Bert, N, et al. Dynamics and genomic landscape of cd8+ T cells undergoing hepatic priming. Nature (2019) 574(7777):200–5. doi: 10.1038/s41586-019-1620-6

66. Spolski, R, Li, P, and Leonard, WJ. Biology and regulation of il-2: from molecular mechanisms to human therapy. Nat Rev Immunol (2018) 18(10):648–59. doi: 10.1038/s41577-018-0046-y

67. De Simone, G, Andreata, F, Bleriot, C, Fumagalli, V, Laura, C, Garcia-Manteiga, JM, et al. Identification of a kupffer cell subset capable of reverting the T Cell dysfunction induced by hepatocellular priming. Immunity (2021) 54(9):2089–100.e8. doi: 10.1016/j.immuni.2021.05.005

68. Wu, LL, Peng, WH, Wu, HL, Miaw, SC, Yeh, SH, Yang, HC, et al. Lymphocyte antigen 6 complex, locus C+ Monocytes and kupffer cells orchestrate liver immune responses against hepatitis B virus in mice. Hepatol (Baltimore Md) (2019) 69(6):2364–80. doi: 10.1002/hep.30510

69. Borst, K, Frenz, T, Spanier, J, Tegtmeyer, P-K, Chhatbar, C, Skerra, J, et al. Type I interferon receptor signaling delays kupffer cell replenishment during acute fulminant viral hepatitis. J Hepatol (2018) 68(4):682–90. doi: 10.1016/j.jhep.2017.11.029

70. Manickan, E, Smith, JS, Tian, J, Eggerman, TL, Lozier, JN, Muller, J, et al. Rapid kupffer cell death after intravenous injection of adenovirus vectors. Mol Ther (2006) 13(1):108–17. doi: 10.1016/j.ymthe.2005.08.007

71. He, JQ, Katschke, KJ Jr., Gribling, P, Suto, E, Lee, WP, Diehl, L, et al. Crig mediates early kupffer cell responses to adenovirus. J leukocyte Biol (2013) 93(2):301–6. doi: 10.1189/jlb.0612311

72. Liu, G, Fu, Y, Yosri, M, Chen, Y, Sun, P, Xu, J, et al. Crig plays an essential role in intravascular clearance of bloodborne parasites by interacting with complement. Proc Natl Acad Sci (2019) 116(48):24214–20. doi: 10.1073/pnas.1913443116

73. Liu, G, Abas, O, Strickland, AB, Chen, Y, and Shi, M. Cxcr6+Cd4+ T cells promote mortality during trypanosoma brucei infection. PloS Pathog (2021) 17(10):e1009968. doi: 10.1371/journal.ppat.1009968

74. Sun, D, Sun, P, Li, H, Zhang, M, Liu, G, Strickland, AB, et al. Fungal dissemination is limited by liver macrophage filtration of the blood. Nat Commun (2019) 10(1):4566. doi: 10.1038/s41467-019-12381-5

75. Schofield, L, and Grau, GE. Immunological processes in malaria pathogenesis. Nat Rev Immunol (2005) 5(9):722–35. doi: 10.1038/nri1686

76. Pradel, G, and Frevert, U. Malaria sporozoites actively enter and pass through rat kupffer cells prior to hepatocyte invasion. Hepatol (Baltimore Md) (2001) 33(5):1154–65. doi: 10.1053/jhep.2001.24237

77. Frevert, U, Engelmann, S, Zougbédé, S, Stange, J, Ng, B, Matuschewski, K, et al. Intravital observation of plasmodium berghei sporozoite infection of the liver. PloS Biol (2005) 3(6):e192. doi: 10.1371/journal.pbio.0030192

78. Tavares, J, Formaglio, P, Thiberge, S, Mordelet, E, Van Rooijen, N, Medvinsky, A, et al. Role of host cell traversal by the malaria sporozoite during liver infection. J Exp Med (2013) 210(5):905–15. doi: 10.1084/jem.20121130

79. Usynin, I, Klotz, C, and Frevert, U. Malaria circumsporozoite protein inhibits the respiratory burst in kupffer cells. Cell Microbiol (2007) 9(11):2610–28. doi: 10.1111/j.1462-5822.2007.00982.x

80. Klotz, C, and Frevert, U. Plasmodium yoelii sporozoites modulate cytokine profile and induce apoptosis in murine kupffer cells. Int J Parasitol (2008) 38(14):1639–50. doi: 10.1016/j.ijpara.2008.05.018

81. Hirako, IC, Antunes, MM, Rezende, RM, Hojo-Souza, NS, Figueiredo, MM, Dias, T, et al. Uptake of plasmodium chabaudi hemozoin drives kupffer cell death and fuels superinfections. Sci Rep (2022) 12(1):19805. doi: 10.1038/s41598-022-23858-7

82. Baer, K, Roosevelt, M, Clarkson, AB Jr., Van Rooijen, N, Schnieder, T, and Frevert, U. Kupffer cells are obligatory for plasmodium yoelii sporozoite infection of the liver. Cell Microbiol (2007) 9(2):397–412. doi: 10.1111/j.1462-5822.2006.00798.x

83. Lai, SM, Sheng, J, Gupta, P, Renia, L, Duan, K, Zolezzi, F, et al. Organ-specific fate, recruitment, and refilling dynamics of tissue-resident macrophages during blood-stage malaria. Cell Rep (2018) 25(11):3099–109. doi: 10.1016/j.celrep.2018.11.059

84. Olivier, M, Van Den Ham, K, Shio, M, Kassa, F, and Fougeray, S. Malarial pigment hemozoin and the innate inflammatory response. Front Immunol (2014) 5. doi: 10.3389/fimmu.2014.00025

85. Stijlemans, B, Cnops, J, Naniima, P, Vaast, A, Bockstal, V, De Baetselier, P, et al. Development of a phrodo-based assay for the assessment of in vitro and in vivo erythrophagocytosis during experimental trypanosomosis. PloS Negl Trop Dis (2015) 9(3):e0003561. doi: 10.1371/journal.pntd.0003561

86. Waitumbi, JN, Opollo, MO, Muga, RO, Misore, AO, and Stoute, JA. Red cell surface changes and erythrophagocytosis in children with severe plasmodium falciparum anemia. Blood (2000) 95(4):1481–6. doi: 10.1182/blood.V95.4.1481.004k15_1481_1486

87. Pfefferlé, M, Ingoglia, G, Schaer, CA, Yalamanoglu, A, Buzzi, R, Dubach, IL, et al. Hemolysis transforms liver macrophages into antiinflammatory erythrophagocytes. J Clin Invest (2020) 130(10):5576–90. doi: 10.1172/JCI137282

88. Anthony, BJ, Ramm, GA, and McManus, DP. Role of resident liver cells in the pathogenesis of schistosomiasis. Trends Parasitol (2012) 28(12):572–9. doi: 10.1016/j.pt.2012.09.005

89. Rolot, M, Dougall, AM, Javaux, J, Lallemand, F, Machiels, B, Martinive, P, et al. Recruitment of hepatic macrophages from monocytes is independent of il-4rα but is associated with ablation of resident macrophages in schistosomiasis. Eur J Immunol (2019) 49(7):1067–81. doi: 10.1002/eji.201847796

90. Zhang, Y, Li, J, Li, H, Jiang, J, Guo, C, Zhou, C, et al. Single-cell rna sequencing to dissect the immunological network of liver fibrosis in schistosoma japonicum-infected mice. Front Immunol (2022) 13:980872. doi: 10.3389/fimmu.2022.980872

91. Hayashi, N, Matsui, K, Tsutsui, H, Osada, Y, Mohamed, RT, Nakano, H, et al. Kupffer cells from schistosoma mansoni-infected mice participate in the prompt type 2 differentiation of hepatic T cells in response to worm antigens1. J Immunol (1999) 163(12):6702–11. doi: 10.4049/jimmunol.163.12.6702

92. Barrios, AA, Mouhape, C, Schreiber, L, Zhang, L, Nell, J, Suárez-Martins, M, et al. Mucins shed from the laminated layer in cystic echinococcosis are captured by kupffer cells via the lectin receptor clec4f. Infection Immun (2023) 91(6):e00031–23. doi: 10.1128/iai.00031-23

93. Rua, R, Lee, JY, Silva, AB, Swafford, IS, Maric, D, Johnson, KR, et al. Infection drives meningeal engraftment by inflammatory monocytes that impairs cns immunity. Nat Immunol (2019) 20(4):407–19. doi: 10.1038/s41590-019-0344-y

94. Aegerter, H, Kulikauskaite, J, Crotta, S, Patel, H, Kelly, G, Hessel, EM, et al. Influenza-induced monocyte-derived alveolar macrophages confer prolonged antibacterial protection. Nat Immunol (2020) 21(2):145–57. doi: 10.1038/s41590-019-0568-x

95. Roquilly, A, Jacqueline, C, Davieau, M, Mollé, A, Sadek, A, Fourgeux, C, et al. Alveolar macrophages are epigenetically altered after inflammation, leading to long-term lung immunoparalysis. Nat Immunol (2020) 21(6):636–48. doi: 10.1038/s41590-020-0673-x

96. Tran, S, Baba, I, Poupel, L, Dussaud, S, Moreau, M, Gélineau, A, et al. Impaired kupffer cell self-renewal alters the liver response to lipid overload during non-alcoholic steatohepatitis. Immunity (2020) 53(3):627–40.e5. doi: 10.1016/j.immuni.2020.06.003

97. Wendeln, A-C, Degenhardt, K, Kaurani, L, Gertig, M, Ulas, T, Jain, G, et al. Innate immune memory in the brain shapes neurological disease hallmarks. Nature (2018) 556(7701):332–8. doi: 10.1038/s41586-018-0023-4

98. Ostuni, R, Piccolo, V, Barozzi, I, Polletti, S, Termanini, A, Bonifacio, S, et al. Latent enhancers activated by stimulation in differentiated cells. Cell (2013) 152(1):157–71. doi: 10.1016/j.cell.2012.12.018

99. Kang, K, Park, SH, Chen, J, Qiao, Y, Giannopoulou, E, Berg, K, et al. Interferon-Γ Represses M2 gene expression in human macrophages by disassembling enhancers bound by the transcription factor maf. Immunity (2017) 47(2):235–50.e4. doi: 10.1016/j.immuni.2017.07.017

100. Bellomo, A, Mondor, I, Spinelli, L, Lagueyrie, M, Stewart, BJ, Brouilly, N, et al. Reticular fibroblasts expressing the transcription factor wt1 define a stromal niche that maintains and replenishes splenic red pulp macrophages. Immunity (2020) 53(1):127–42.e7. doi: 10.1016/j.immuni.2020.06.008

101. Buechler, MB, Kim, K-W, Onufer, EJ, Williams, JW, Little, CC, Dominguez, CX, et al. A stromal niche defined by expression of the transcription factor wt1 mediates programming and homeostasis of cavity-resident macrophages. Immunity (2019) 51(1):119–30.e5. doi: 10.1016/j.immuni.2019.05.010

102. Masuda, T, Amann, L, Monaco, G, Sankowski, R, Staszewski, O, Krueger, M, et al. Specification of cns macrophage subsets occurs postnatally in defined niches. Nature (2022) 604(7907):740–8. doi: 10.1038/s41586-022-04596-2

103. Mondor, I, Baratin, M, Lagueyrie, M, Saro, L, Henri, S, Gentek, R, et al. Lymphatic endothelial cells are essential components of the subcapsular sinus macrophage niche. Immunity (2019) 50(6):1453–66.e4. doi: 10.1016/j.immuni.2019.04.002




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 Musrati, De Baetselier, Movahedi and Van Ginderachter. 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: 25 October 2023

doi: 10.3389/fimmu.2023.1238972

[image: image2]


Advances in Mesenchymal stem cells regulating macrophage polarization and treatment of sepsis-induced liver injury


Yuhao Chen 1,2, Lihong Yang 1,2 and Xihong Li 1,2*


1 Department of Emergency Medicine, West China Second Hospital of Sichuan University, Sichuan, China, 2 Key Laboratory of Birth Defects and Related Diseases of Women and Children, Sichuan University, Ministry of Education, Sichuan, China




Edited by: 

Perenlei Enkhbaatar, University of Texas Medical Branch at Galveston, United States

Reviewed by: 

Bin Guo, University of Houston, United States

Hamza Yazdani, University of Pittsburgh, United States

*Correspondence: 

Xihong Li
 hilixihong@163.com


Received: 23 July 2023

Accepted: 17 October 2023

Published: 25 October 2023

Citation:
Chen Y, Yang L and Li X (2023) Advances in Mesenchymal stem cells regulating macrophage polarization and treatment of sepsis-induced liver injury. Front. Immunol. 14:1238972. doi: 10.3389/fimmu.2023.1238972



Sepsis is a syndrome of dysregulated host response caused by infection, which leads to life-threatening organ dysfunction. It is a familiar reason of death in critically ill patients. Liver injury frequently occurs in septic patients, yet the development of targeted and effective treatment strategies remains a pressing challenge. Macrophages are essential parts of immunity system. M1 macrophages drive inflammation, whereas M2 macrophages possess anti-inflammatory properties and contribute to tissue repair processes. Mesenchymal stem cells (MSCs), known for their remarkable attributes including homing capabilities, immunomodulation, anti-inflammatory effects, and tissue regeneration potential, hold promise in enhancing the prognosis of sepsis-induced liver injury by harmonizing the delicate balance of M1/M2 macrophage polarization. This review discusses the mechanisms by which MSCs regulate macrophage polarization, alongside the signaling pathways involved, providing an idea for innovative directions in the treatment of sepsis-induced liver injury.
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1 Introduction



1.1 Sepsis-induced liver injury

In 2016, the Sepsis-3 Workgroup introduced revised definitions for sepsis and septic shock, aiming to enhance accuracy and clinical identification. Sepsis is now defined as a critical condition wherein organ dysfunction arises from a dysregulated host response to infection. Septic shock is identified by the clinical requirement of vasopressors to maintain a mean arterial pressure equal to or above 65 mmHg, accompanied by a serum lactate level exceeding 2 mmol/L, without evidence of hypovolemia (1). Liver injury is a familiar organ damaged in patients with sepsis. It can be viewed as a primary dysfunction that occurs within the first hour after the initial injury, which is usually associated with liver hypoperfusion. This can result in diffuse intravascular coagulation and multiple organ failure (2). Concurrently, sepsis can induce dysfunction in the intestinal microcirculation, facilitating the infiltration of intestinal toxins and bacteria into the liver through the portal vein, thereby initiating a cascade of hepatic inflammation. Within the context of sepsis, the liver becomes a hub of intensified oxidative stress reactions, generating byproducts that activate neutrophils and exacerbate hepatic damage (3). There is evidence that liver injury and failure, particularly as a severe complication of sepsis, contribute directly to disease progression and patients’ death (4).

Sepsis is most common in people with weakened immune systems, such as the elderly, infants and patients with certain underlying medical conditions. Sepsis will become more common as the number of elderly patients grows (5). The average annual increase percentage in sepsis incidence was 13%-13.3% (6). Currently, the main way to improve outcomes is to recognize sepsis early and treat it appropriately in the initial hours. However, targeted and effective treatment strategies are still lacking. As a result, it is urgent to investigate a treatment for sepsis-induced liver injury.




1.2 Macrophage

Kupffer cells, the specialized macrophages residing in the liver, distinguish themselves from monocyte-derived macrophages by their distinct localization and rapid accumulation within the damaged liver. As resident tissue macrophages, Kupffer cells exhibit a mature phenotype that demonstrates remarkable plasticity. Their functional activity dynamically evolves in response to the specific metabolic and local immune environment (7). Macrophages exhibit a classification into two distinct phenotypes: M1 and M2. M1 macrophages, also known as classically activated macrophages, possess the ability to release elevated levels of proinflammatory cytokines, including TNF-α, IL-6, IL-12, and inducible nitric oxide synthase (iNOS). In contrast, M2 macrophages, alternatively activated macrophages, display a different profile. They tend to release lower levels of proinflammatory cytokines and instead exhibit higher levels of anti-inflammatory mediators, such as IL-10 and transforming growth factor beta (TGF-β) (8). Therefore, inhibition of excess polarization of M1 macrophages and promotion of polarization of M2 macrophages in patients with sepsis may help improve the condition (9). Emerging data has revealed significant heterogeneity even within the traditional M1 and M2 macrophage classifications, underscoring the oversimplification of the M1/M2 categorization. In fact, the M2 phenotype has been further subdivided into distinct subtypes, namely M2a, M2b, M2c, and M2d, reflecting the diverse functional states and responses exhibited by these macrophages (Figure 1). The subtypes have unique cell surface marker proteins and distinct functions, and they are induced by various regulators (10). This refined categorization highlights the intricate and multifaceted nature of macrophage polarization, emphasizing the need for a more comprehensive understanding of the various subpopulations and their specific roles in immune regulation, inflammation, and tissue repair.




Figure 1 | Macrophages exhibit remarkable plasticity and can undergo polarization into either M1 macrophages or M2 macrophages in response to specific microenvironmental cues. M1 macrophages are characterized by the secretion of various pro-inflammatory cytokines and inflammatory mediators, contributing to tissue damage and robust inflammatory responses. M2 macrophages has been subdivided into distinct subtypes, including M2a, M2b, M2c, and M2d. Under certain conditions, M2a can be transformed into M2d. Activated M2a macrophages can be involved in type II inflammation. M2b macrophages can be involved in the supression of inflammation and immunity response. M2c macrophages can be involved in matrix deposition and tissue remodeling. M2d macrophages can be involved in tumor angiogenesis and immunosupression.






1.3 The role of macrophages in sepsis



1.3.1 Bacterial clearance

The liver is an essential component of the inflammatory response and is crucial for germ limitation and toxin elimination in sepsis (11). In animal models, more than 60% of the total number of bacteria can be eliminated from the blood and limited in the liver after 10 minutes, and more than 80% of them can be limited in the liver after 6 hours (12). In bacterial infections, lipopolysaccharide (LPS) serves as a crucial inflammatory trigger. Notably, the liver plays a pivotal role in eliminating LPS from the circulation (13). When the liver sustains damage, its capacity for efficient bacterial clearance becomes compromised. This impairment in bacterial clearance increases the risk of sepsis and systemic infection can spread unchecked. Thus, liver damage becomes a significant factor contributing to the heightened vulnerability to sepsis (14). The mediation of bacterial phagocytosis and clearance within the liver involves a diverse range of cells. These cells operate as the initial line of defense against the translocation of bacteria through the bloodstream. The active participation in this process is undertaken by Kupffer cells, liver sinusoidal endothelial cells (LSECs), and stellate cells (15). Kupffer cells, as resident macrophages inhabiting the hepatic sinusoids, are cells with an exceptional capacity for phagocytosis. These specialized cells play a crucial role in the liver’s immune defense system by efficiently removing bacteria and soluble bacterial products from the bloodstream (2, 16).

Platelets and neutrophils work along with Kupffer cells to remove bacteria from the blood. Platelets release many antimicrobial molecules and play a direct role in infection defense. Platelets can also enhance the killing capacity of Kupffer cells (16). By secreting Kupffer cell chemokines, neutrophils move and gather in the hepatic sinusoids during sepsis. Then, neutrophils and platelets interact to jointly promote the release of neutrophil extracellular traps to trap and clear pathogens (17). The impaired bacterial clearance observed in the liver during sepsis is attributed to a combination of factors, including the direct impact of reduced platelet count on immune responses, the damage inflicted on the reticuloendothelial system responsible for bacteria phagocytosis and clearance, and the compromised function of neutrophils, leading to reduced phagocytosis and intracellular killing capacity (18).




1.3.2 Liver-mediated pro-inflammatory response

In sepsis patients, the liver serves as a prominent site of inflammatory responses triggered by bacterial endotoxins. Additionally, the liver itself can contribute to the production and release of inflammatory mediators. Meanwhile, other organs may have significant and deadly inflammatory reactions because of the damaged liver (19).

Kupffer cells are in charge of generating inflammatory cytokines and mediating liver injury in the early stages of sepsis. Upon encountering harmful bacteria or endotoxins, Kupffer cells respond by augmenting the release of several early proinflammatory mediators. These include IL-1, IL-6, IL-8, TNF-α, IFN-γ, and monocyte chemotactic protein 1 (11). Studies have shown that inducing Kupffer cell exhaustion through the administration of gadolinium chloride before cecal ligation and puncture (CLP) can have beneficial effects during the early stages of sepsis in rats. This exhaustion of Kupffer cells leads to a reduction in the secretion of pro-inflammatory cytokines. Additionally, it helps improve hepatic microcirculation disorders, reduce hepatic cell apoptosis, and prevent the development of liver injury. However, hepatic bacterial clearance impaired due to Kupffer cells loss, finally the survival of septic rats was remarkably decreased (20). The modulation of Kupffer cell differentiation represents a novel strategy with the potential to suppress inflammation and protect organs from injury.

Inflammation and chemokine production are also mediated by hepatocytes, hepatic stellate cells, and LSECs. Pathogen proteins are identified by hepatic stellate cells and LSECs through pattern recognition receptors such as the Toll-like receptor (TLR), enabling them to assume the role of liver antigen-presenting cells. In collaboration with Kupffer cells, these cells orchestrate a series of immunological events in sepsis. They activate hepatic natural killer T cells, classical T cells (CD4+ and CD8+ T lymphocytes), recruit neutrophils to the liver, and initiate both local and systemic inflammatory responses (2).




1.3.3 Liver-mediated immunosuppression

Liver has a special innate immune microenvironment and plays a crucial part in surveillance for immune homeostasis (21, 22). Due to its unique dual blood supply, the liver is subjected to a constant exposure to circulating antigens, pathogens, and pathogen-associated toxins. These agents gain access to the liver through multiple routes, including the gastrointestinal tract, portal vein, and systemic circulation via arterial blood (23). Thus, liver cells act as gatekeepers to initiate or suppress immune responses as needed. The liver harbors a significant population of intra-tissue macrophages, primarily represented by Kupffer cells located within the hepatic sinusoids. These Kupffer cells serve as the predominant phagocytic cells in the liver and constitute more than 80% of the macrophage population in a healthy human liver. Additionally, it contains lymphoid (such as natural killer cells, T cells, or B cells) and myeloid (such as neutrophils or macrophages) immune cells, which collectively compose both innate and acquired immune responses (22).

The complexity of sepsis ranges from the initial stage of inflammatory response to the later stages of immunosuppression (24). The initial phase manifests as systemic inflammatory response syndrome, which include systemic inflammation, cytokine storm and multi-organ damage (25). When the body’s immune cells detect bacteria or endotoxins, a potent inflammatory response is triggered. If the process is not properly controlled, monocytes become unable to respond to further endotoxin attacks, and they begin to produce anti-inflammatory cytokines (TGF-β, IL-10), the spesis will enter a state of immunosuppression. Endotoxin tolerance is one of the main mechanisms of immunosuppression in sepsis. It is the diminished reactivity to endotoxin challenge following the initial exposure (26, 27). Endotoxin tolerance can protect body from lethal endotoxin attack and prevents infection and ischemia-reperfusion injury. In the meantime, endotoxin tolerance has a significant impact on patients’ vulnerability to reinfection, which in septic patients can be fatal (24). Uncontrolled inflammatory responses produce cytokine storms that lead to abroad tissue damage and pathological manifestations states such as sepsis (27).





1.4 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) possess an immense capacity for self-renewal and multi-differentiation. These remarkable cells can be sourced from various tissues, such as bone marrow, adipose tissue, umbilical cord, and placental tissue (28, 29). MSCs exhibit a variety of advantageous characteristics in inflammatory diseases, including the ability of homing, reduce inflammatory response, regulate immune homeostasis, mitigate organ damage, and stimulate tissue regeneration (30). Based on the characteristics, MSCs have widespread application in the fields of cell therapies and bioengineering (28, 29). As a result, MSCs appear to be promising as one of the treatments for sepsis (31).





2 How MSCs regulate macrophage polarization



2.1 Paracrine effects of MSCs

MSCs can reduce inflammatory response, promote tissue repair and regeneration through paracrine soluble factors (32). MSCs possess the capability to modulate the polarization of macrophages and regulate the secretion of inflammatory factors. Through the paracrine signaling of prostaglandin E2 (PGE2). PGE2 exerts inhibitory effects on the nucleotide-binding and oligomerization domain-like receptor 3 (NLRP3) inflammasome, resulting in the reduction of inflammatory cytokine secretion, including IL-1β, IL-6, and IL-18. By attenuating the activation of the NLRP3 inflammasome, MSCs can effectively mitigate acute liver inflammation, thereby contributing to the amelioration of liver injury and the restoration of immune homeostasis (33). MSCs control the Hippo-YAP pathway of macrophages in a mouse model of inflammatory liver injury by secreting PGE2 to prevent the phosphorylation of mammalian Ste20-like kinase 1/2 and large tumor suppressor 1, to boost the translocation of YAP from cytoplasm to nucleus. By directly interacting with YAP and β-catenin to activate NLRP3, the Hippo pathway then regulates XBP1 to reduce NLRP3/caspase-1 activity and IL-1 production, which in turn facilitate hepatic macrophages to polarize toward M2 phenotype (34). MSCs produce PGE2, which not only inhibits inflammatory cytokine secretion but also facilitates the polarization of hepatic macrophages towards the M2 phenotype (35, 36). This process is mediated by the activation and phosphorylation of the transcription factor signal transducers and activators of transcription 6 (STAT6). PGE2, through its interaction with specific receptors on macrophages, triggers the activation and phosphorylation of STAT6, a classical mechanism involved in M2 macrophage polarization. This shift towards the M2 phenotype promotes an anti-inflammatory environment and supports tissue repair processes in the liver, further contributing to the resolution of inflammation and the promotion of liver recovery (33, 35) (Figure 2).




Figure 2 | MSCs can paracrine PGE2 and affect the macrophages polarization through a variety of ways. PGE2 inhibits NLRP3 inflammasome to lessen the secretion of inflammatory cytokines. PGE2 control the Hippo-YAP pathway of macrophages and increase the expression of p-AMPK and SIRT1, then regulates XBP1 to reduce NLRP3 inflammasome activity, which promotes macrophages polarization toward M2 phenotype. In addition, PGE2 can stimulate the phosphorylation and activation of STAT6, induces macrophages to M2 polarization.



When the expression of MSCs-derived TSG-6 (TNF-α-stimulated gene 6) was inhibited, there was a notable impact on the macrophage population in the pancreatic and liver tissues of rats with severe acute pancreatitis. Specifically, the presence of iNOS+ M1 macrophages significantly increased, while the abundance of CD163+ M2 macrophages significantly decreased. Inhibition of TSG-6 expression disrupts this regulatory mechanism, leading to an imbalance in macrophage phenotypes and potentially exacerbating the inflammatory state associated with severe acute pancreatitis in the pancreatic and liver tissues of rats (37). Within the inflammatory state of the host, the generation and secretion of IL-4 by bone marrow-derived MSCs occur, triggering the activation of host liver macrophage reprogramming. Simultaneously, the upregulation of Wnt-3a expression is induced by MSCs. Facilitating the shift from the M1 pro-inflammatory phenotype to the M2 anti-inflammatory phenotype (38). Through the co-encapsulation of hepatocytes and human umbilical cord MSCs (HNF4α-UMSCs), a series of beneficial effects have been observed. This co-encapsulation approach has demonstrated the capacity to diminish liver damage induced by LPS/D-galactosamine, elevate the survival rate of mice with acute liver failure (ALF), and enhance the survival, proliferation, and metabolic function of hepatocytes. These positive outcomes are achieved by facilitating the polarization shift of macrophages from the M1 to the M2 phenotype, and leveraging paracrine mechanisms (39). Through the augmentation of HNF4α expression, an elevation in the transcriptional activity of IL-10 is achieved, consequently promoting the polarization of M2 macrophages via the activation of the IL-10/STAT3 pathway (40). Using paracrine soluble substances, especially through controlling macrophage activity, can help to reduce excessive inflammatory reactions (Figure 3).




Figure 3 | MSCs attenuate sepsis-induced liver injury through paracrine soluble factors. Immune cells, such as neutrophils and Kupffer cells, accumulates in the hepatic sinuses and produce a large number of cytokines, resulting in a cytokine storm. MSCs can play a pivotal role in attenuating sepsis-induced liver injury through the immunoregulation effects of paracrine soluble factor.






2.2 Exosomes of MSCs

The International Society for Extracellular Vesicles (ISEV) endorses the term “extracellular vesicle” (EV) as the universal terminology for naturally released particles originating from cells. These vesicles are characterized by a lipid bilayer membrane, lack the ability to replicate and do not possess a functional nucleus within their structure (41). EVs are commonly categorized into three subtypes based on their size and biogenesis: exosomes (Exos), microvesicles, and apoptotic bodies. Exos are generated through the fusion of multivesicular bodies with the plasma membrane, resulting in their release into the extracellular space (42). EVs can carry complex macromolecular substances such as proteins and nucleic acids, and introduced into recipient cells to take a variety of biological effects (8). Exos serve as both providers of biologically active molecules and essential carriers to protect the molecules and deliver them to the appropriate targets. Exos are preferentially endocytosed in the injured tissue because Exos uptake is reliant on the acidity of the intracellular and microenvironment and tissue injury is typically characterized by acidosis (43).

The immunomodulatory effects displayed by MSC-Exos, akin to those exerted by MSCs, have been demonstrated both in vitro and in vivo settings (44, 45). MSC-Exos were found to repair injured liver tissue in ALF model mice and reduce the expression of NLRP3 inflammasome and caspase-1, IL-1β and IL-6 in acute liver failure (46), thereby promoting macrophage polarization toward the M2 phenotype (34). MSC-Exos accumulated in the liver 6 hours after injection in the mouse model of partial hepatectomy and was primarily absorbed by liver macrophages, MSC-Exos exert their hepatoregenerative effects through the modulation of macrophage phenotypic transformations (45). Anti-inflammatory-related miRNA-299-3p had been found up-regulated in TNF-α pretreatment of umbilical cord MSC-derived Exos. Their high expression may contribute to the reduction of blood levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), pro-IL-1 and pro-IL-18, pro-inflammatory cytokines, attenuation of liver injury, and inhibition of NLRP3 inflammation-associated pathway proteins (47). The miRNA-17, abundant in MSC-Exo cargo, can also suppress NLRP3 inflammasome activation by targeting thioredoxin-interacting protein (TXNIP) in macrophages (48). The miRNA-182-5p was significantly enriched in MSC-Exos. By preventing the production of the forkhead box transcription factor 1 (FOXO1) in macrophages, the miRNA-182-5p of MSC-Exos reduced the expression of the TLR4 and triggered an anti-inflammatory response (45).

Experiments conducted in vitro have demonstrated that MSC-Exos decrease inflammatory responses and may control macrophage polarization by preventing hypoxia-inducible factor 1 (HIF-1) from mediating glycolysis, significantly inhibiting M1 polarization and promoting M2 polarization (49). It was discovered by Zhang Y et al. that Kupffer cell M2 polarization is dependent on the presence of IL-10 within MSC-EVs, as opposed to free IL-10. The EVs carrying IL-10 were collected by Kupffer cells, subsequently inducing the expression of PTPN22. This, in turn, facilitated macrophage polarization towards the M2 phenotype, leading to a reduction in liver inflammation and damage (50).

In the study conducted by Siyuan et al., it was demonstrated that miRNA-148a, which is enriched within the extracellular vesicles (Exos), exerts regulatory effects on Kruppel-like factor 6 (KLF6). Through this regulatory interaction, miRNA-148a exhibits the capability to suppress M1 macrophages while simultaneously promoting the polarization of M2 macrophages. This modulation is achieved by inhibiting the STAT3 pathway (51). However, Hui et al. found that MSC-Exos induced macrophage polarization toward M2 with arginase-1 high expression mainly through transporting the activated STAT3 (52). The mechanism of regulating STAT3 pathway affecting macrophage polarization needs to be further studied.




2.3 Homing

Stem cell homing refers to the process in which autologous or exogenous stem cells can migrate to target tissues and colonize under the action of various factors (53). In a mouse model of sepsis-induced liver injury, the use of iron oxide-based synthetic nanoparticles containing MSCs (SPION-MSCs) was found to facilitate the polarization of macrophages towards the M2 phenotype. The introduction of SPIONs did not compromise the fundamental characteristics of MSCs. Instead, it stimulated the expression of Haem oxygenase 1 within MSCs, allowing for the regulation of their activity within an inflammatory environment (9). Following infusion, SPION-MSCs exhibited a rapid homing to the lungs and subsequently became trapped in the liver for a period exceeding 10 days. In contrast, their residence in other organs was infrequently observed. Importantly, the promotion of M2 macrophage polarization was attributed to the phagocytosis of SPION-MSCs by these macrophages. This phenomenon suggests that the interaction between SPION-MSCs and M2 macrophages plays a significant role in facilitating the polarization of macrophages towards the M2 phenotype (54). Additionally, the expression of TNF receptor-associated factor 1 by SPION-MSCs was found to be crucial for the promotion of macrophage polarization and the subsequent reduction of sepsis in mice (9).

In conclusion, the regulation of macrophage polarization by MSCs can occur through various mechanisms, including the secretion of paracrine soluble factors, the release of Exos, and the process of homing (Table 1). Consequently, this regulatory capacity holds great promise as a therapeutic approach for addressing sepsis-induced liver injury.


Table 1 | The ways of MSCs regulate macrophage polarization.







3 MSCs-regulated signaling pathways of macrophage polarization



3.1 NF-κB signaling pathway

NF-κB is a universal transcription factor and a critical regulator of gene expression during severe infections, including sepsis (57). It is one of important transcription factor associated with the activation of M1 macrophages (58). Studies demonstrated that inhibition of NF-κB activation by MSCs can remarkably reduce sepsis-induced liver injury (59). Therefore, inhibition of NF-κB pathway by MSCs may be a significant molecular mechanism in the treatment of sepsis-induced liver injury. P50 NF-κB protein can inhibit NF-κB signaling pathway, and activate the M2 polarization (60). The miRNA-27b supplied by MSC-derived exos could decrease the inflammatory response and prevent sepsis by downregulating p65 NF-κB, which can activate the NF-κB signal pathway (61). Jie et al. found that small EVs from MSCs can limit the phosphorylation of the NF-κB pathway (62). Thus, EVs acting on the NF-κB pathway may be one of the effective ways to treat sepsis.




3.2 JAK/STAT signaling pathway

The Janus family of kinases (JAK) encompasses four major members, namely JAK1, JAK2, JAK3, and Tyk2. These proteins, belonging to the tyrosine kinase family, exhibit high homology and share similar structural characteristics (63). Many cellular functions are reliant upon the pivotal role played by the STAT (Signal Transducer and Activator of Transcription) family, consisting of essential members such as STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 (64). To regulate the expression of associated genes, the JAK enzymes are capable of phosphorylating STAT proteins, giving rise to what is commonly referred to as the JAK-STAT signaling pathway. This intricate pathway exerts significant control over immunological responses, cell growth, proliferation, and differentiation processes (63).

An investigation found that the potential functions of the JAK/STAT pathway in regulating the systemic inflammatory response elicited by septic challenge were examined in vivo. The researchers observed that JAK2 exhibited rapid activation in septic rats, with maximal activation occurring in hepatic tissues after 6 hours. Notably, in septic rats induced by CLP, they demonstrated that the JAK/STAT pathway could potentially exert control over the development of organ damage in various organs. These findings shed light on the role of the JAK/STAT pathway in the pathogenesis of sepsis and suggest its involvement in orchestrating the inflammatory response and subsequent organ injury during septic conditions (65). A study found that inhibiting the JAK2/STAT3 signaling pathway might diminish the production of proinflammatory cytokines including TNF-α and IL-6, as well as mitigate multiple organ failure in severe sepsis (66). Lentsch et al. made an intriguing discovery regarding the dysregulated activation of the transcription factor NF-κB in STAT6-deficient mice. This dysregulation led to an augmented production of pro-inflammatory cytokines and chemokines in the liver, including MIP-1, MIP-2, IP-10, and MCP-1. Additionally, upon endotoxin stimulation, STAT6-deficient animals exhibited a higher accumulation of neutrophils and leukocytes within the liver. This enhanced accumulation of immune cells may potentially contribute to organ damage (67).

Mesenchymal stem cells stimulate the phosphorylation and activation of STAT6 by paracrine PGE2, which in turn induces macrophages to M2 polarization. Increasing M2 macrophages by MSC treatment can activate the IL-4/STAT6 signaling pathway to control the acute-phase response in the liver (35).




3.3 AMPK/SIRT1 signaling pathway

AMP-activated protein kinase (AMPK) is an important regulator of energy metabolism at the cellular level. Sirtuin (SIRT) is a NAD+-dependent protein deacetylase, SIRT1 is one of the most concerned members, it plays a key role in the regulation of inflammation, immune response, metabolism and apoptosis/aging. In the aspect of maintaining energy homeostasis, AMPK and SIRT1 often show synergistic effect, and also interact to regulate each other’s expression. The target of AMPK/SIRT1 is a classical upstream signaling pathway of oxidative stress and crucial for maintaining metabolic homeostasis (68). Jagged1 treatment significantly raised the amount of PGE2 that MSCs secreted. PGE2 then increased the expression of p-AMPK and SIRT1, which in turn caused XBP1s to be deacetylated and the NLRP3 inflammasome to be inhibited in macrophages (69), thereby promoting macrophage polarization toward the M2 phenotype (34).




3.4 Notch signaling pathway

Recent studies have highlighted the participation of the Notch pathway in critical processes such as liver regeneration and repair, liver fibrosis, and metabolism. These findings suggest that the Notch signaling pathway plays a significant role in maintaining liver homeostasis and responding to physiological and pathological changes within the liver (70). Notch signaling pathway is crucial in macrophage polarization (71). It can up-regulate miRNA-148a-3p expression in macrophages, when miRNA-148a-3p can accelerate M1 polarization of macrophages (72). Through activation of NF-κB, activated Notch1 and expression of the Notch target genes remarkably regulate the production of TNF-α, IL-6, and IL-10 (71). MSC transplantation remarkably reduced Notch1 receptor in liver failure rats, suppressing the M1 polarization of macrophage. The impact of MSCs on hepatocyte regeneration may be influenced by the down-regulation of Notch signaling (73). Further investigations into the intricate mechanisms underlying Notch pathway regulation hold promise for developing novel therapeutic strategies targeting liver-related disorders.





4 MSCs treatment sepsis-induced liver injury

As the liver serves as the primary defense against infections and also plays a crucial role in drug metabolism, it is susceptible to injuries induced by both infections and drugs. In a study conducted, mice were intravenously administered with MSCs one hour before being subjected to a CLP challenge. Following the CLP challenge, there was a significant increase in the levels of AST and ALT. However, the intervention involving the administration of MSCs effectively mitigated the elevated levels of AST and ALT, alleviated pathological injury of the liver and enhanced the survival rate of mice in the sepsis model (74).

When MSCs were administered into a mouse model with CLP-induced sepsis, there was a notable attenuation in the expression of TNF-α and IL-6, while concurrently witnessing an upsurge in the expression of IL-4 and IL-10. This not only mitigated the pronounced hepatic swelling and necrosis observed in the liver but also led to a decline in the elevated levels of AST and ALT. Additionally, there was a discernible reduction in the presence of Bax- and Caspase-3-positive apoptosis cells, coupled with an enhanced glycogen deposition within the liver, ultimately contributing to an improved survival rate (59, 75). It’s noteworthy to mention that SPION-MSCs exhibited a more pronounced ameliorative effect on these pathological symptoms in both CLP and LPS sepsis mouse models in comparison to when MSCs were used in isolation (9).




5 Conclusion

In summary, the modulation of macrophage polarization by MSCs offers a promising therapeutic approach for sepsis-induced liver injury. The paracrine secretion of soluble factors, exosomes, and the ability of MSCs to home to the liver contribute to their beneficial effects in reducing liver injury and promoting tissue repair. Further understanding of the signaling pathways involved and optimization of MSC-based therapies will pave the way for their clinical application in treating sepsis-induced liver injury, offering new hope for patients facing this challenging condition.
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Acute liver failure (ALF) is a severe liver disease caused by disruptions in the body’s immune microenvironment. In the early stages of ALF, Kupffer cells (KCs) become depleted and recruit monocytes derived from the bone marrow or abdomen to replace the depleted macrophages entering the liver. These monocytes differentiate into mature macrophages, which are activated in the immune microenvironment of the liver and polarized to perform various functions. Macrophage polarization can occur in two directions: pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages. Controlling the ratio and direction of M1 and M2 in ALF can help reduce liver injury. However, the liver damage caused by pyroptosis should not be underestimated, as it is a caspase-dependent form of cell death. Inhibiting pyroptosis has been shown to effectively reduce liver damage induced by ALF. Furthermore, macrophage polarization and pyroptosis share common binding sites, signaling pathways, and outcomes. In the review, we describe the role of macrophage polarization and pyroptosis in the pathogenesis of ALF. Additionally, we preliminarily explore the relationship between macrophage polarization and pyroptosis, as well as their effects on ALF.
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1 Introduction

The liver plays a crucial role in the immune system by serving as a vital organ responsible for removing toxins, producing immune proteins, and maintaining metabolic homeostasis (1). The first point to note is that the liver contains a high concentration of both innate and adaptive immune cells. These cells have the ability to trigger inflammation and liver damage in response to disease, but also have the capability of maintaining a state of tolerance during homeostasis. The liver is home to a variety of T cell subsets, including regulatory T cells and cytotoxic T lymphocytes, which play an essential role in maintaining liver tolerance (2–4). Not only that, innate immune cells, particularly liver-resident macrophages known as Kupffer cells (KCs), work together with acquired immune cells to eliminate common pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in the body. Besides, KCs also have a crucial role in maintaining liver homeostasis by engaging in phagocytosis, eliminating dead and senescent cells, and promoting tissue repair (5–7). In addition, the liver has the highest concentration of macrophages, which are dispersed throughout a network of circulatory channels that can quickly detect pathogens in the hepatic portal system (8).

The liver has a unique anatomy because it receives blood from both the hepatic artery and portal vein. This dual blood supply nourishes to the diverse structures and cells within the liver (8). The hepatic arterial and portal circulation terminate in the liver sinusoidal endothelial cells (LSECs), which consist of a thin, porous network of special capillaries and complement KCs in the hepatic sinusoids to form a solid surveillance system (9, 10)(Figure 1). The blood flows in sinusoidal waves at a slow pace, which allows for prolonged exposure to antigens within the sinusoids. This facilitates the recognition and handling of antigens by both immune and non-immune cells. The portal vein supplies the liver with the majority of its blood supply (9). In addition to being rich in nutrients, the portal vein is also rich in pathogenic molecules such as lipopolysaccharide (LPS) (11). When intestinal epithelial damage or failure, it can lead to the entry of infections into the bloodstream. Then, these infections can travel from the portal vein to the liver, bypassing conventional immune organs such as the spleen and lymph nodes (8, 11, 12).




Figure 1 | The Unique Anatomy of the Liver. The liver has a unique anatomy in that it receives blood from both the hepatic artery and the portal vein. Both sets of blood supplies end in liver sinusoidal endothelial cells (LSEC) with a large number of Kupffer cells (KCs) attached to their surface. When the blood flows through this area, it moves slowly in sinusoidal waves at a slow pace. This allows for the effective absorption of nutrients and nourishment of the liver tissues. Additionally, it enables the attached KCs to remove disease-causing substances, thereby maintaining the body’s homeostasis.



Meanwhile, the liver conducts circulating immune surveillance by mobilizing immune cells (e.g., KCs) within the liver to eliminate pathogens or toxins and maintain immune homeostasis in the liver and throughout the body. A study found that KCs crawling within the hepatic vascular system were able to effectively capture blood-borne disseminating Borrelia burgdorferi, thus creating an efficient surveillance and filtering system. Additionally, KCs can induce the formation of chemokine receptor (CXCR)3-dependent clusters of activated invariant natural killer T cells (iNKT cells) after ingesting Borrelia burgdorferi. This clustering prevents the spread of pathogens to organs, such as the joints (13). Therefore, KCs in the liver are considered the body’s first line of defense against any pathogens that are transmitted (8). The effect was similarly demonstrated in animal experiments by depleting KCs following intravenous administration of liposome-entrapped clodronate or using CRISPR/Cas9-mediated genome editing to prepare lacking liver immune receptor models. It has been discovered that in a mouse model, the depletion of KCs or immune receptors in the liver leads to 100% mortality from a sub-lethal dose of Listeria monocytogenes. However, removing the spleen did not have any impact on host immunity or survival (8, 14, 15). In short, this suggests that the liver plays a crucial role in detecting pathogens and defending the host. When the function or structure of the liver is compromised, especially for KCs, it becomes vulnerable to systemic diseases and can cause damage to multiple organs, resulting in disruptions to the immune microenvironment.

The main pathophysiological features of acute liver failure (ALF) are massive hepatocyte death and immune-inflammatory response (16). Among these, immune-mediated liver injury starts early in ALF and is primarily caused by innate immunity followed by an adaptive immune response that leads to further injury. The early activation of the innate immune system is specific to the activating substances, such as PAMPs and DAMPs. PAMPs play a more significant role in ALF induced by liver pathogens, while DAMPs are released from damaged cells and are crucial in ALF caused by hepatotoxic substances (17, 18). Monocytes and macrophages are essential components of the innate and adaptive immune response because they possess receptors on their cell surface that recognize PAMPs and DAMPs. Upon activation, they can modulate the immune response by producing reactive oxygen radicals and either anti-inflammatory or pro-inflammatory cytokines (17–19). Based on the anatomy of the liver, KCs are located in the hepatic blood sinusoids as an important defense device within the liver. They have a scavenging and filtering effect on the incoming and outgoing blood, effectively identifying toxic substances or pathogens in the blood (20, 21). In the diseased state, mononuclear macrophages recruited from outside the liver differentiate into various subsets of macrophage, leading to different functions. This process, known as polarization, determines changes in the local hepatic immune microenvironment and even the systemic immune state, especially in cases of ALF (11, 22).

Another major cause of damage in ALF is the destruction of hepatocytes by toxic substances and their death. In addition to necrosis and apoptosis, which are the accepted modes of cell death, several new modes of cell death have been identified and confirmed over the past decade. These include pyroptosis, necroptosis, and ferroptosis, which are available for study (16, 23–25). Pyroptosis is a newly discovered form of programmed cell death that specifically targets the innate immune defenses of intracellular bacteria. It plays a crucial role in defending against pathogens and danger signals (26, 27). However, excessive pyroptosis can lead to the development of ALF, as demonstrated in LPS/D-galactosamine(D-GalN)-induced ALF mice models (28). Therefore, inhibiting cellular pyroptosis has also been used as a research hotspot for ALF treatment in recent years.

At the same time, there has been interest in the relationship between cell death and the immune-inflammatory response. In ALF, dying hepatocytes release DAMPs that bind to evolutionarily conserved pattern recognition receptors of the innate immune system. These receptors are found in both liver-resident cells (e.g., KCs, LSECs) and cells that are recruited in response to injury (e.g., monocytes, macrophages, NK cells). This binding triggers the release of inflammatory mediators, including cytokines and chemokines. In turn, inflammatory mediators lead to further cell death, establishing a highly hepatotoxic feedforward cycle of inflammation and cell death (29). As important intrinsic immune cells, macrophages and their polarization play a crucial role in this process. However, there is a lack of clear description and discussion regarding the novel cell death modality known as pyroptosis. Therefore, this paper will discuss the roles and molecular mechanisms of macrophage polarization and hepatocyte pyroptosis in ALF. It will further explore how these processes alter the immune microenvironment of the liver, leading to immune dysfunction in the liver or even the entire circulatory system. Additionally, this paper will delve into the crosstalk between macrophage polarization and hepatocyte pyroptosis to provide a new theoretical basis for the pathogenesis and immunotherapy of ALF in the future.




2 Macrophages



2.1 Macrophages in normal liver

As mentioned before, the liver is supplied by two blood supply systems: the hepatic artery and the portal vein. It has immune regulation and circulatory immune monitoring functions. The portal vein is rich in both nutrients and molecules that can cause diseases, such as LPS (11). The circulating blood flows through the portal system and directly into the liver, where it undergoes a detoxifying and removal process (30). The process is primarily carried out by immune cells in the liver, with hepatic macrophages playing a crucial role (21).

The source of macrophages in a healthy liver mainly consists of self-renewing tissue-resident macrophages, such as KCs. These cells are located in the hepatic sinusoids and account for 80% of systemic macrophages (22). They also make up 20-25% of non-parenchymal cells in the liver and are the largest population of innate immune cells in the liver. KCs maintain hepatic homeostasis by removing pathogens through the portal vein (31). This regulatory immune and clearance function plays a vital role in maintaining liver function and immune system balance. Firstly, the immunomodulatory function of macrophages is to regulate both innate and acquired immune responses by releasing pro- and anti-inflammatory mediators. This helps to maintain immune balance in the body. Secondly, macrophages are also able to function as antigen-presenting cells and regulate the adaptive immune response (32). Thirdly, macrophages also function to clear harmful substances from the blood and prevent infection. This includes the clearance of translocated gut microbiota (20). Particularly, KCs are capable of specifically phagocytosing particulate material larger than 200 nm (20, 33).

But, under normal circumstances, the intestinal flora also releases some LPS into the bloodstream. So, how does the liver maintain immune tolerance without causing local inflammation? This issue is closely intertwined with the LSECs to which KCs are attached. LSECs mainly form highly permeable capillaries without basement membranes in the hepatic sinusoids. They share similar functions with KCs as antigen-presenting cells and are involved in the process of phagocytosis. LSECs and KCs collaborate to phagocytose blood-borne pathogens and substances present in the hepatic arteries and portal veins, preventing their further systemic circulation and averting widespread inflammatory reactions. However, it is important to note that LSECs have a higher responsiveness to LPS compared to KCs. This is predominantly due to the presence of Toll-like receptor 4(TLR4) and cluster of differentiation 14 (CD14) on the surface of LSECs, which enables them to directly interact with LPS, a byproduct of bacterial degradation. This interaction triggers a decrease in the expression of CD54 molecules on the surface of LSECs, which in turn reduces the adherence of leukocytes to LSECs (34). Ultimately, this leads to a decrease in localized inflammatory responses and promotes immune tolerance. In addition, LSECs bind LPS and produce prostaglandins, including prostaglandin E2, which can inhibit downstream gene expression induced by TLR4 ligands through nuclear receptors (35). This mechanism promotes immunological tolerance to LPS in normal conditions by inhibiting leukocyte adhesion and local activation, thereby maintaining the integrity of the liver endothelial cell layer.

The regulation of LPS tolerance by LSECs is very delicate. Because LSECs can initially tolerate LPS at a certain concentration, but as the LPS concentration gradually increases, LSECs can overcome their initial tolerance and simultaneously activate KCs. This not only ensures immune tolerance within the physiological range, but also enables an accurate response to bacterial infection during this period (36). Mechanistically, when the concentration of LPS is too high, LSECs instead increase the expression level of CD54 on the surface. This leads to an increase in leukocyte adhesion and aggregation, facilitating the local clearance of toxic substances against pathogens. Meanwhile, it has been found that LSECs can directly respond to LPS stimulation in an inflammatory environment by altering the expression pattern of their chemokine genes, such as C-C motif chemokine ligand 2(CCL2), CCL3, CCL4, and CCL7 (37, 38). Specifically, CCL2 plays a role in recruiting inflammatory monocytes into the liver (37). Therefore, LSECs and KCs play a crucial role in maintaining local immune tolerance in the liver. They have a significant regulatory function in accurately detecting high levels of LPS and facilitating the recruitment of monocytes to enhance the initial signaling, thereby initiating the downstream inflammatory cascade response.




2.2 Macrophages in ALF

When a liver injury occurs, the macrophage population in the liver undergoes changes. This process is primarily caused by the release of pro-inflammatory mediators or chemokines from activated KCs into the bloodstream. This triggers the accumulation of peritoneal macrophages and monocyte-derived macrophages (MoMFs) in the liver and is implicated in the development of various liver diseases (21, 22, 39).

In the pathogenesis of ALF, hepatocytes are exposed to foreign toxic substances such as acetaminophen (APAP), pathogens, and LPS produced by bacteria, which can lead to a significant number of hepatocyte deaths in the liver (40, 41). The disease progression leads to the regeneration and repair of hepatocytes, but they may not be able to fully compensate for the damage caused by cell death. After that, the dead cells release DAMPs (39), which can bind to pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), cytoplasmic Nod-like receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), and C-type lectin receptors (CLRs) (42). PRRs are expressed on the surface of immune cells and upon binding cause the immune cells to transform their phenotype and become activated (43), which initiates an inflammatory response. This ultimately leads to changes in the immune microenvironment in the liver (44).

As the predominant intrinsic immune cells in the liver, activated KCs release inflammatory mediators and chemokines into the bloodstream, which recruit bone marrow-derived monocytes to develop into mature MoMFs. However, in the early stages of ALF, the liver-resident KCs are gradually depleted (22, 45–48). Recent research has found that the acute injury model induced by carbon tetrachloride (CCl4) in mice has three distinct phases: necroinflammation, early repair, and late repair. At the gene and protein level, the immune microenvironment of the liver was characterized by MoMFs-induced immune damage, with lower levels of KCs observed during the necroinflammation. This finding indicates a potential role for MoMFs in the phagocytosis of necrotic hepatocytes. However, the opposite cellular distribution was observed during the repair (48). Therefore, the majority of macrophages in ALF are replaced by MoMFs, which can perform either pro-inflammatory or anti-inflammatory functions.

The pro-inflammatory and anti-inflammatory effects described here are illustrated in two main ways. To begin with, the pro-inflammatory effect of MoMFs is due to their high expression of the C-C motif chemokine receptor 2(CCR2) and surface marker Ly-6C (CCR2+Ly-6Chigh MoMFs). Their main function is to clear toxic substances from the liver by releasing vasoactive and inflammatory mediators such as Term1 and S100 calcium binding protein A8 and A9 (S100A8/9) into the peripheral blood during the early phase of acute liver injury (11, 49). S100A8/9 is a novel molecule of DAMPs that can bind to TLR4 receptors, promoting inflammation propagation and activating other relevant immune cells (50, 51). During the disease’s repair phase, MoMFs and yolk sac-derived KCs undergo a transformation into anti-inflammatory MoMFs after being stimulated by macrophage-colony stimulating factor 1 (CSF1) (52, 53). The phenotypic transition from pro-inflammatory CCR2+Ly-6Chigh MoMFs to anti-inflammatory CCR2-Ly-6Clow MoMFs, which secrete anti-inflammatory factors, facilitate hepatic repair, suppresses inflammation, and maintain the stability of the hepatic immune microenvironment (11, 22, 49, 54). In addition, the release of anti-inflammatory factors from CCR2-Ly-6Clow MoMFs into the bloodstream contributes to the deactivation of functional monocytes and increases the risk of sepsis (22, 54). Briefly, it was observed that MoMFs had the ability to undergo differentiation towards either M1 macrophages, representing a classic proinflammatory phenotype, or M2 macrophages, representing an alternative anti-inflammatory phenotype in different phases of the disease (55, 56).

However, monocytes and other immune cells are recruited to the liver from the systemic circulation, resulting in a relative decrease in the number of immune cells and immunity in the systemic circulation. This can lead to an increased risk of systemic opportunistic infections (45, 57). In particular, the occurrence of bacterial translocation in the gut releases PAMPs, which can easily initiate systemic infections (43, 58) and enhances hepatocyte death by binding to TLRs (59). In conjunction with macrophage-derived mediators, they can also cause vascular endothelial dysfunction and microcirculatory disturbances. These disturbances can result in extrahepatic organ dysfunction (22), which is part of a larger process known as systemic inflammatory response syndrome (SIRS). If left untreated, SIRS can progress to sepsis, septicemia, or even multi-organ failure, ultimately leading to a poor prognosis for patients with ALF (60–62).

Therefore, there is a conflict regarding the role of macrophages in ALF. Some studies suggest that recruited monocytes develop into mature macrophages with an improved ability to clear hepatotoxic substances and alleviate liver damage. At the same time, some scholars believe that the pro-inflammatory capacity of macrophages in ALF will further exacerbate liver damage and induce SIRS. Moreover, simply eliminating or impairing the function of various immune cells will unavoidably cause a delay in the healing process of damaged tissue. This underscores the crucial role of the immune system in tissue repair. In general, liver macrophages cannot be restricted to a single role. Their phenotypes can change according to the altered immune microenvironment in the liver, and they perform different functions both in the liver and systemically to maintain the balance of the immune microenvironment. Such conflicting and mutually limiting roles also pose one of the main challenges in the development of ALF immunotherapies. This is because potential molecular targets may have varying local and systemic effects (22, 32, 54).





3 Macrophage polarization

In addition to regulating the immune system and performing phagocytosis, macrophages are also highly diverse and adaptable. They can exhibit various functions depending on the stimuli or proteins present in the immune microenvironment and can differentiate into different subtypes through a process known as polarization (63–67). Macrophages can be classified into two phenotypes: pro-inflammatory (M1) and anti-inflammatory (M2). These phenotypes are determined by various factors, including microorganisms, tissue microenvironment, and cytokine signals (64, 68, 69). M1 macrophages are induced by various stimuli, including LPS, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α), which are Th1 cytokines. Additionally, inducible nitric oxide synthase (iNOS) and granulocyte-macrophage colony-stimulating factor (GM-CSF) can also induce M1 macrophages (31, 70). Primitive macrophages differentiate into M1 macrophages, which produce a large number of pro-inflammatory factors, such as interleukin (IL)-1β, reactive oxygen species (ROS), and TNF-α. These factors mediate antimicrobial defense, tissue destruction, and antitumor resistance (31, 70, 71). In contrast, M2 macrophages are induced by anti-inflammatory factors such as IL-4, IL-13 (which are Th2 cytokines), IL-10, and transforming growth factor-β (TGF-β). These macrophages produce anti-inflammatory factors. M2 macrophages are primarily involved in wound repair, angiogenesis, resistance to parasites, and promotion of tumor growth (67, 70–72). The underlying mechanisms are even more complex, involving multiple signaling pathways and associated regulatory factors (Figure 2).




Figure 2 | The Phenotypes and Pathways of Macrophage Polarization. Primary macrophages can differentiate into pro-inflammatory (M1) and anti-inflammatory (M2) macrophages by activating various factors and pathways. Among them, factors such as LPS, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) can induce the differentiation of primitive macrophages into M1-type macrophages, i.e., classically activated macrophages (CAMs), through activation of the TLR/NF-κB, JAK1,2/STAT1, and Notch signaling pathways. These M1-type macrophages produce a large number of pro-inflammatory factors, such as interleukin (IL)-1β, reactive oxygen species (ROS), and TNF-α, further inducing a proinflammatory response. In contrast, when anti-inflammatory factors such as IL-4, IL-13, and IL-10 activate the JAK/STAT3, STAT6, and TGF-β/Smads signaling pathways, they induce the differentiation of M2-type macrophages, also known as alternatively activated macrophages (AAMs). These macrophages produce anti-inflammatory factors such as IL-10, TGF-β, and Arg-1, which initiate an anti-inflammatory response.





3.1 M1 macrophage

M1 macrophages, also known as classically activated macrophages (CAMs), are characterized by the release of large amounts of inflammatory cytokines, Th1 chemokines, and ROS/RNS products. They also act as positive feedback to unpolarized macrophages (70, 73, 74). The regulation of M1 polarization is primarily controlled by the TLR/nuclear factor-kB (NF-kB) signaling pathway, the Janus kinase 1, 2 (JAK1, 2)/signal transducer and activator of transcription 1 (STAT1), and the Notch signaling pathway. LPS is the main factor for the activation of the TLR/NF-κB signaling pathway (75). It promotes the polarization of CAMs by binding to TLR4 receptors on the surface of initial macrophages and activating NF-κB via the MyD88-dependent pathway or interferon regulatory factor 3 (IRF3). This activation leads to the production of IL-6 and iNOS (76, 77), while the level of IL-10 decreases. Ultimately, this process mediates the formation of the pro-inflammatory phenotype of CAMs (71, 78, 79). Activation of NF-κB p65 is a marker of CAM activation (79). However, the binding of IFN-γ to its receptor (IFN-γR) activates JAK1 and JAK2, which are members of the tyrosine kinase family. This activation leads to the phosphorylation of STAT1, which then translocates into the nucleus to bind the conserved Gamma interferon activation site (GAS) DNA element. This binding activates the transcription of interferon-stimulated genes (ISGs), resulting in the formation of CAMs and the promotion of chemokine and antigen-presenting molecule production (80, 81) (Figure 3). Moreover, the JAK1,2/STAT1 signaling pathway and TLR/NF-κB signaling pathway have synergistic effects (67, 81, 82).




Figure 3 | The Mechanisms of CAMs Formation. Notch receptors, which are expressed on the surface of macrophages, bind to neighboring cellular ligands. The ligand-receptor complex is formed and then exposed to hydrolysis site 2 (S2) in the extracellular proximal membrane region after endocytosis. After cleavage by tumor necrosis factor-α-converting enzyme (TACE) and hydrolysis of the γ-secretase complex (located at site S3 in the transmembrane region), a soluble Notch intracellular domain (NICD) is formed. This NICD then enters the cytoplasm and translocates to the nucleus, where it binds to the nuclear CSL transcription factor complex. This binding further activates Hes and Hey, induces the formation of CAMs, and mediates the release of inflammatory factors. On the other hand, the interferon-γ (IFN-γ) receptor (IFN-γR) on the surface of macrophages activates JAK1/JAK2 upon IFN-γ stimulation, which leads to the phosphorylation of intracellular STAT1. Phosphorylated STAT1 then enters the nucleus and binds to the Gamma interferon activation site (GAS) DNA element. This binding induces the transcription of interferon-stimulated genes (ISGs) and triggers the formation of CAMs.



Recently, the Notch signaling pathway has also received widespread attention in the polarization of CAMs. Macrophages stably express Notch ligands and Notch 1, 2, and 4 receptors on their surface, which can bind to ligands or receptors in adjacent cells. On the ligand cells, endocytosis of the ligand-receptor complexes leads to a change in the mechanical conformation of the endocytosed receptor. This change exposes the complexes to the hydrolysis site 2 (S2) in the extracellular near-membrane region. The complexes are cleaved by tumor necrosis factor-α-converting enzyme (TACE) and hydrolyzed by the γ-secretase complex (located at the S3 site in the transmembrane region). This process forms a soluble Notch intracellular domain (NICD) that enters the cytoplasm and translocates to the nucleus. NICD binds to the nuclear CSL transcription factor complex and activates the hairy enhancer of split (Hes) and Hes with YRPW motif (Hey) family members, which are classical Notch target genes. These genes induce CAMs and mediate the release of inflammatory factors (Figure 3). On the other hand, blocking Notch signaling could promote the polarization of M2 cells (66, 83–85). Not only that, but the Notch pathway regulates a variety of biological properties of macrophages that still need further exploration.




3.2 M2 macrophage

M2 macrophages are also known as alternatively activated macrophages (AAMs). AAMs are characterized by the production of large amounts of anti-inflammatory cytokines, Th2 chemokines, C-type lectins, clearance receptors, and polyamines (66, 78). It is mainly regulated by signaling pathways such as JAK/STAT3, STAT6, TGF-β/Smads, peroxisome proliferator-activated receptor γ (PPARγ), and certain miRNAs. Th2 cytokines IL-4 and IL-13 inhibit M1 polarization and promote AAM formation mainly through the corresponding receptors (IL-4Rα), which ultimately activate STAT6. Furthermore, STAT3 is equally important for the formation of AAMs, in addition to IL-4 and IL-13, other cytokines such as IL-10 are also activated (67, 78, 86, 87). Similarly, TGF-β induces phosphorylation of type I receptors by binding to type II receptors on the macrophage surface. This leads to the activation of Smad2 and Smad3 (88), which promotes the formation of AAMs and suppresses CAMs (67, 89). PPARγ is an essential transcription factor for cell differentiation (67, 90). It coordinates M1/M2 cell homeostasis with NF-κB and promotes the polarization of M2 cells (91). Activation of NF-κB p50 is critically important for the polarization of AAMs in vitro and in vivo (79). In recent years, the development of stem cell transplantation technology has raised significant interest in the immunomodulatory role of stem cells in various diseases, especially in the regulation of immune cells. Stem cells primarily exert their effects through the release of exosomes. It contains a large number of functional microRNAs (miRNAs) that regulate M1 and M2 macrophage polarization by targeting various transcription factors (74, 92, 93). Besides the classical signaling pathways mentioned above, the Wnt/β-catenin pathway and the PI3K/Akt/mTOR pathway have been demonstrated to have a significant impact on the regulation of macrophage polarization (94, 95). Nevertheless, M2 macrophage typing can be refined and further subdivided into M2a, M2b, M2c, and M2d subtypes, depending on their specific function and the genes they express (96).




3.3 Macrophage polarization in ALF

The pathogenesis of ALF is complex and involves interactions between pathogenic agents and the host immune system. This interaction leads to the disorganization of the hepatic immune microenvironment and the simultaneous apoptosis of hepatocytes. Therefore, polarization is a dynamic process in ALF, as the polarized CAMs and AAMs still retain their plasticity and can interconvert again depending on the changing environment (22, 46). In the early stage of ALF, liver damage predominates due to immune injury. When the liver is invaded by foreign toxins or bacteria, or exposed to hepatotoxic substances, it can result in the death of hepatocytes. This, in turn, triggers the release of PAMPs by pathogens and DAMPs by dying hepatocytes. These PAMPs and DAMPs activate macrophages by binding to PR receptors (e.g., TLRs, NLRs) on the surface of macrophages. This activation prompts macrophages to shift towards the M1 pro-inflammatory phenotype and release inflammatory mediators into the bloodstream. Consequently, this process recruits and activates numerous inflammatory cells in the liver in order to eliminate pathogenic bacteria from the liver (97). However, simultaneously, it leads to a substantial infiltration of inflammatory cells and the formation of an excessive release of cytokines in the liver, initiating a “cascade activation” that results in a detrimental cycle (22). This phenomenon has also been observed during the early stages of injury in the model of ALF induced by APAP (31). Such an excessive inflammatory response not only exacerbates liver necrosis and injury but also increases the risk of extrahepatic and systemic infections. Hence, during the middle and late stages of ALF, the immune system of the body is functionally suppressed as a consequence of macrophages being excessively activated. This in turn leads to the suppression of both the functions of presenting antigens and pro-inflammatory functions. Consequently, a state of functional depletion arises. Both intrahepatic and extrahepatic immune components exhibit signs of immune paralysis (98). Furthermore, the remaining macrophages undergo a shift in function from the inflammatory M1 phenotype to the anti-inflammatory M2 phenotype, which facilitates tissue repair (99, 100). This is an antagonistic effect of the body aimed at protecting against an early, excessive inflammatory response (101). However, as a result of premature over-activation and depletion, the immune cells and their function become compromised, elevating the vulnerability to opportunistic infections. Consequently, the immune function of the body is further weakened. It is important to note that the direction of macrophage polarization during ALF is not absolute and relies on the influence of various cytokines and mediators in the immune microenvironment on primitive macrophages (99). Therefore, macrophage M1/M2 regulation can significantly modulate the systemic immune microenvironment and initiate a cascade of immune responses.

The imbalance of M1/M2 macrophage polarization is a key factor in the pathogenesis of ALF and plays a central role in the imbalance of the immune microenvironment in ALF (102). In the thioacetamide (TAA)-induced acute liver injury (TAA-ALI) mice model, the expression of senescence-associated secretory phenotype (SASP) was significantly increased, inducing M1 macrophage polarization. This exacerbates liver injury in ALI through repression of autophagy-related gene 5 (ATG5) (103). Similarly, the CC-5013, a TNF-α inhibitor, was able to significantly ameliorate liver damage in ALF by reducing the proportion of CAMs through the inhibition of the TNF-α/HMGB1 signaling pathway (104). Overall, CAMs have a positive effect on liver injury, making them a potential strategy for ALF treatment. Upregulating STAT6 by mesenchymal stem cells (MSCs) can increase the proportion of AAMs and significantly alleviate liver injury in a study, which demonstrates a positive therapeutic effect in ALF (105). Similarly, the overexpression of hepatocyte nuclear factor 4α (HNF4α) increased the transcription of IL-10 and promoted the polarization of AAMs through the IL-10/STAT3 pathway. This novel therapy for ALF resulted in the alleviation of ALF (106). In the D-GalN/LPS-induced ALF mice model, treatment with JWH-13, a cannabinoid receptor 2 (CB2) agonist, attenuated alanine aminotransferase (ALT) levels and reduced the production of pro-inflammatory cytokines, thereby protecting against ALF-associated death. Not only that, pretreatment of macrophages in vitro with JWH-133 significantly increased the secretion of the anti-inflammatory cytokine IL-10 in CAMs. It also enhanced the expression of AAMs markers, such as Arg and IL-10. These findings suggest that JWH-133 promotes the transformation of M1 to M2 macrophage phenotype, thereby improving ALF (107). At the same time, exosomes derived from human umbilical cord MSCs inhibited macrophage activation and the production of inflammatory cytokines in vitro and in vivo when exposed to LPS. This was achieved by releasing miR-455-3p, which resulted in reduced levels of serum inflammatory factors and improved IL-6-induced acute liver injury in ALF (108). In addition, stem cells can also regulate the direction of macrophage polarization by releasing cytokines (74). A study reported that treatment with MSCs in a D-GalN-induced ALF model induces the MSCs to secrete IL-4 in a paracrine manner. This secretion promotes the phenotypic conversion of inflammatory CAMs to anti-inflammatory AAMs, leading to improved ALF (109). Therefore, adjusting the proportion of M1/M2 macrophages has become a hot topic in ALF therapy. However, it also presents a new challenge for clinical application, as CAMs are essential cells for the clearance of toxic substances in the liver. The timing of their application still requires further experimental validation. This validation should consider the benefits and adverse consequences of reducing initial immune activation and its harmful downstream effects.





4 Pyroptosis



4.1 The mechanisms of pyroptosis

Pyroptosis, as a novel mode of cell death, has received much attention in recent years, and its specific mechanisms have been well explained (26). There are two activation pathways for pyroptosis: the canonical pathway, which depends on Caspase-1, and the non-canonical pathway, which depends on Caspase-4/5/11 activations (26, 27). When damage mediators enter the tissue, they induce the release of pro-inflammatory factors and the activation of immune cells, further stimulating the formation of the intracellular inflammasome, which can be found in various cells, such as macrophages, neutrophils, and hepatocytes (110). Inflammasomes, intracellular multiprotein complexes, consist of three parts: a cytosolic sensor, a bridging adaptor, and an effector (27, 111). The cytosolic sensor of the inflammasome is formed by nucleotide-binding oligomerization domain NLRs, with NLRP3 predominantly mediating pyroptosis. Apoptosis-associated speck-like proteins containing caspase recruitment domains (ASCs) act as bridging junctions for the inflammasome, with pro-caspase-1 serving as the effector. Therefore, NLPR3 and pro-caspase-1 form an inflammasome by binding to ASCs (27, 112, 113). The canonical pathway is initiated by the recognition of different endogenous and exogenous damage factors, such as DAMPs and PAMPs, by the inflammasome. This recognition triggers the activation pro-caspase-1, leading to its maturation into caspase-1, the effector molecule. It is released into the cytoplasm act on the NF-κB signaling pathway and promotes the cleavage of pro-IL-1β and pro-IL-18 into mature cytokines (27, 113). Activated Caspase-1 cleaves the gasdermin D (GSDMD) protein into N- and C-terminal fragments (114, 115). The GSDMD-N-terminal protein folds on the cell surface, forming a membrane pore. This pore allows for the release of cell contents, including IL-1β and IL-18 pro-inflammatory cytokines, outside the cell. As a result, the cell becomes swollen and highly permeable to the plasma membrane due to an imbalance of intra- and extracellular fluids. Eventually, the cell rapidly lyses, a process known as pyroptosis (27, 114–116).

In the non-canonical pathway, LPS, which is the primary stimulus in the non-classical pathway, enters the cell directly. Its Lipid A portion then binds to the CARD structural domain on the pro-Caspase-4/5/11, promoting the activation of mature Caspase-4/5/11 (117, 118). Caspase-4/5/11 not only cleaves GSDMD to form pore membranes like the canonical pathway that leads to pyroptosis, but it can also activate pannexin-1, the membrane channel for ATP, which induces the extracellular release of ATP (27). In the extracellular space, ATP binds to the P2X7 receptor through an autocrine or paracrine mechanism, causing the opening of the P2X7 pore and resulting in pyroptosis (119, 120). At the same time, Caspase-4/5/11 induces the formation of the NLRP3 inflammasome by promoting K-ion efflux and activating the classical scorch pathway (27, 119). Therefore, there is a distinction and link between the non-canonical and canonical pathways (Figure 4). The nature of pyroptosis is an effective immune defense against bacteria-infected cells in the internal environment. And IL-1β and IL-18, released from the cleaved cell by pyroptosis, are potent pro-inflammatory cytokines that can recruit innate immune cells to the site of infection and regulate acquired immune cells, aiding in the capture and clearance of pathogens (121, 122). This immune response towards pathogens facilitates the elimination of foreign microorganisms. However, if not well regulated, this excessive pro-inflammatory cascade response and host cell pyroptosis can be harmful to healthy tissue (27, 120, 123). Moreover, mature IL-18 can promote the production of IFN-γ and enhance the cytolytic activity of NK cells and T cells. (121, 122).




Figure 4 | The Mechanisms of Pyroptosis. In the canonical pathway of pyroptosis, Toll-like receptors (TLRs) recognize extracellular pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), leading to the formation of inflammasomes. This, in turn, activates pro-caspase-1, causing it to mature into caspase-1. Caspase-1 is then released into the cytoplasm and acts on the NF-κB signaling pathway, promoting the maturation of IL-1β and IL-18. Secondly, activated caspase-1 cleaves the gasdermin D (GSDMD) protein into N-terminal and C-terminal fragments. The N-GSDMD fragments form pore membranes on the cell surface, allowing the release of IL-1β and IL-18 from the cell, thereby triggering inflammatory responses. Cell contents can also flow out through the pore membrane, resulting in an imbalance of intracellular and extracellular fluids and rapid cell lysis. In the non-canonical pathway, extracellular LPS can directly enter the cell and bind to the CARD domain on the intracellular Caspase-4/5/11 precursor, promoting the activation of mature Caspase-4/5/11. This activation leads to the formation of the N-GSDMD pore membrane, which triggers cellular pyroptosis. Additionally, it activates the ATP membrane channel, pannexin-1, which leads to the release of ATP from the cell. ATP binds to the P2X7 receptor through autocrine or paracrine mechanisms, resulting in the opening of the P2X7 pore. This leads to the release of cellular contents and ultimately triggers pyroptosis.






4.2 Pyroptosis in ALF

Inflammasome formation is also present in hepatocytes. Hepatocyte pyroptosis, induced by the activation of the specific NLRP3 inflammasome in hepatocytes, is considered to be a significant contributor to liver injury and liver fibrosis (27, 124). The production of NLRP3 inflammasome, cleavage of Caspase-1, and elevated levels of IL-1β factor have been observed in the concanavalin (ConA) and LPS/D-GalN induced liver failure models (27, 125, 126). In addition, the levels of proteins associated with pyroptosis, including caspase 1/4, GSDMD-N, IL-1β, IL-18, TNFα, and IFN-γ, were also detected in liver tissue from patients with ALF (127). Therefore, numerous studies have been conducted to alleviate liver damage in ALF by inhibiting key proteins or genes involved in pyroptosis. This is considered a potential therapeutic mechanism for treating ALF.

GSDMD, as a pyroptosis executioner (128), has been the primary focus of several studies. Using necrosulfonamide (NSA), an inhibitor of GSDMD, on the LPS/D-GalN-induced ALF mouse model resulted in a significant improvement in the pathophysiology and serology of liver damage. Additionally, it significantly decreased the levels of GSDMD, NLRP3, Caspase-1, and IL-1β (28). This study not only highlights the significance of pyroptosis in the progression of ALF but also demonstrates that inhibiting pyroptosis in vivo can effectively mitigate liver damage associated with ALF and yield therapeutic benefits. Similarly, limonin was able to inhibit LPS-induced pyroptosis by preventing cell membrane rupture and GSDMD activation. Additionally, limonin could prevent LPS-induced liver injury by primarily reducing the expression of NLRP3 and Caspase-1-related proteins, thereby inhibiting IL-1β (129). The 3,4-dihydroxyphenylethyl alcohol glycoside (DAG) isolated from Sargentodoxa cuneata has been shown to possess antioxidant, anti-apoptotic, and anti-inflammatory effects. Further studies have revealed that DAG reduces the levels of pyroptosis-related factors IL-1β, IL-18, and ROS. It also inhibits the expression of Caspase-1 and GSDMD in a dose-dependent manner, thereby inhibiting pyroptosis to treat APAP-induced ALF (130). The tyrosine-alanine (YA) peptide, which is a significant constituent of oyster (Crassostrea gigas) hydrolysate (OH), has demonstrated a hepatoprotective effect. It reduces the upregulation of GSDMD, the activation of caspase-1, and the cleavage of the C-terminus of GSDMD in mice injected with LPS/D-GalN (131).

Besides that, it has also been reported that PAMPs and DAMPs can directly or indirectly cause hepatocyte pyroptosis through cell-to-cell crosstalk (27). And it is not only hepatocyte pyroptosis, but macrophage pyroptosis also contributes to the development of liver disease (132, 133). In summary, pyroptosis is a promising therapeutic target for inflammatory diseases. This can be achieved by blocking related molecules such as NLRP3, Caspase-1, and GSDMD, which ultimately affects the progression of ALF. However, pyroptosis is an important defense mechanism against pathogenic invasion by its nature. Under physiological circumstances, moderate pyroptosis plays an important role in host defense against pathogenic microorganisms (134). Many pathogens have developed antimicrobial activity against macrophages, which are intrinsic immune cells. These pathogens can invade and replicate within macrophages, effectively isolating themselves from extracellular immune defenses and allowing them to escape the immune system. However, these pathogens cannot resist extracellular immunity (135). Bacteria, on the other hand, can activate the formation of various pyroptosis-associated inflammasomes, such as Listeriolysin released by Listeria monocytogenes, B. anthracis protease lethal factor (LF), Pneumolysin (PLY), and α-hemolysin released by Staphylococcus aureus. All of these are known to be activators of NLRP3 (136). LF was the first activator of pyroptosis to be identified and discovered. Mechanistically, LF is cleaved intracellularly and further degraded by the proteasome (137). The degradation product can then participate in the formation of CARD at the C-terminus of Caspase-1 (138, 139). This activation leads to the formation of inflammasomes and triggers the canonical pathway, inducing pyroptosis. As a result, infected cells rupture, releasing pathogens into the extracellular environment and initiating an immune response to eliminate the pathogens. In addition, the gene sequence of LPS released by Gram-negative bacteria, LipidA, is a highly conserved. LipidA binds to Caspase-11/4/5 and triggers the oligomerization and activation of caspases, leading to the induction of the non-canonical cellular pyroptosis (140, 141). Overall, this mechanism serves as a clearance mechanism for the organism to defend against invading pathogens and plays a crucial role in protecting the organism from such pathogens. Therefore, therapeutic interventions aimed at inhibiting pyroptosis may have inherent flaws. It can worsen the existing pathogenic invasion and increase the risk of opportunistic infections. Furthermore, when regulating the local signaling pathways or key proteins in the organism, it is necessary to consider the systemic response that it triggers. The pros and cons of this issue are unavoidable and will require extensive research before it can be translated into clinical treatment. It is indisputable that conducting comprehensive studies on pyroptosis is essential for understanding the pathogenesis of ALF and for the development of drugs targeting this process.





5 The crosstalk of pyroptosis and macrophage polarization in ALF

Macrophage polarization and pyroptosis are important for the development of ALF and share certain signaling pathways or regulatory mediators. Therefore, it is reasonable to speculate that there is an interaction between macrophage polarization and pyroptosis. However, there are fewer studies on the mutual regulation and crosstalk between macrophage polarization and pyroptosis. Cluster of Differentiation 38 (CD38) is a type II transmembrane protein that is widely expressed in immune cells. It controls the innate immune response and inflammatory pathways triggered by infection (122, 142). It was found that liver-injured mice with CD38 knockdown exhibited more severe pyroptosis and liver damage. By comparing protein expression in WT and CD38-deficient mice, researchers found elevated expression of M1 macrophage marker proteins such as TLR4, MyD88, and phosphorylated NF-κB p65 in CD38-deficient mice. Furthermore, the increased expression of pyroptosis-associated markers caused by CD38 knockdown could be reversed by TLR4 mutation. This suggests that the more severe liver damage and pyroptosis caused by CD38 deficiency are related to the TLR4 signaling pathway. However, further research is needed to elucidate the role of CD38 in M1 macrophages and pyroptosis through the TLR4 signaling pathway is not available (122). TLR receptor activation has been found to induce the production of the NLRP3 inflammasome and the development of pyroptosis (143). Therefore, we can speculate that CD38 inhibits pyroptosis by regulating the TLR4 signaling pathway. But it remains to be considered whether CD38 further regulates pyroptosis through the polarization of M1 macrophages.

High mobility group box protein 1 (HMGB1) is a nuclear DNA-binding protein that activates Caspase-1-dependent pyroptosis in hepatocytes, thereby exacerbating the inflammatory response and damage. This process can be ameliorated by HMGB1 inhibitors (144). In addition, HMGB1 also acts as a DAMP that easily translocates to the outside of cells in response to endogenous tissue damage or exogenous microbial invasion. It activates immune cells and releases pro-inflammatory factors, which cause an inflammatory response (145). When the DAMPs activate macrophages by binding to PRR on the surface of the macrophage, the activated macrophage will secrete the pro-inflammatory HMGB1 (22, 144). Once HMGB1 translocates to the outside of the cell membrane or is transported to target cells via extracellular vesicles, it binds to its receptor RAGE or TLR4 and initiates as a DAMP molecule. This leads to the activation of the NLRP3 inflammasome, inducing pyroptosis in recipient cells and provoking an inflammatory response (144, 146–148). Moreover, the HMGB1 outside the cell could activate the MyD88-dependent TLR4 signaling pathway and enhance NF-κB expression through TLR4 binding (122, 144). Therefore, macrophages following LPS induction will release HMGB1 to initiate hepatocyte pyroptosis. This process can also induce the formation of the NLRP3-inflammasome through activation of the TLR4/MyD88/NF-κB signaling pathway (144). As discussed in a previous paragraph, this pathway is also considered a classical pathway for M1 macrophage polarization. Although the role of macrophage polarization is not highlighted in this article, HMGB1 plays an important role in liver damage of ALF as a common mediator of both macrophage polarization and pyroptosis, and the therapeutic effect of HMGB1 inhibition on ALF has been demonstrated in several studies. Besides, in the LPS/D-GalN-induced ALF mouse model, it was discovered that lenalidomide (CC-5013) treatment significantly reduced the activation of the TNF-α/HMGB1 signaling pathway. This reduction resulted in a decrease in the number of M1 macrophages in both liver and kidney tissues, ultimately leading to a decrease in intra-tissue pyroptosis levels (104).

M2 macrophages play a crucial role in protecting the liver in ALF. They exhibit hepatoprotective effects by releasing the anti-inflammatory cytokine IL-10 and pro-fibrosis (149). Additionally, M2 macrophages exert hepatoprotective effects by expressing the Galectin-3 (GAL3) gene, which inhibits the expression of pyroptosis signaling proteins in ALF mice (150). Surely, the one-way regulatory mechanism is incomplete. Some studies have suggested that hepatocyte pyroptosis mediated by GSDMD can recruit macrophages to release inflammatory mediators through the upregulation of the monocyte chemotactic protein 1/CC chemokine receptor-2 (MCRP1/CCR2) signaling pathway, leading to the spread of the inflammatory response. Furthermore, immunohistochemistry of the liver showed a significant decrease in the expression of the macrophage-specific protein F4/80 in the D-GalN/LPS ALF mouse model with GSDMD knockout, compared to the wild type(WT) D-GalN/LPS ALF model (127). This phenomenon suggests that inhibiting GSDMD-induced pyroptosis can significantly decrease macrophage infiltration in ALF liver tissue. In a wore, all of this evidence suggests a positive feedback loop between macrophage polarization and hepatocyte pyroptosis, which can induce an inflammatory cascade response in ALF. Given these observations, further research is needed to understand the cellular crosstalk between macrophage polarization and hepatocyte pyroptosis and its contribution to the progression of ALF. Additionally, the complex signaling pathways between these two processes should be explored and confirmed through additional experiments (Figure 5).




Figure 5 | The Crosstalk of Pyroptosis and Macrophage Polarization in ALF. Macrophage polarization and hepatocyte pyroptosis play important roles in acute liver failure (ALF). The mutual crosstalk and regulation between these two processes can impact the progression of the disease. However, the specific mechanisms involved require further study and exploration. “?”: there are many unknown relationships between macrophage polarization and hepatocyte pyroptosis in ALF that need to be further explored and investigated in the future, including the impact of their mutual regulation and constraints on disease progression in ALF as well as the specific pathways of action.






6 Conclusion and future directions

The study of the hepatocyte pyroptosis pathway in ALF is still in its preliminary stage. All factors that induce liver injury led to pyroptosis, and the late stage of hepatocyte pyroptosis, accompanied by the release of inflammatory factors such as IL-1β and IL-18, is central to the exacerbation of ALF (132, 151). The inflammatory factors released from hepatocyte pyroptosis enhance the activation of the NF-κB signaling pathway in hepatocytes and macrophages, thereby further promoting the inflammatory response. At the same time, the release of pro-inflammatory factors can recruit mononuclear macrophages in the body, leading to a more severe inflammatory response and ultimately causing massive hepatocyte death (22, 152). The suggestion of improving liver damage and inflammatory response by inhibiting pyroptosis in ALF has also been the focus of several studies. However, inhibiting pyroptosis is equivalent to compromising the system’s ability to clear microorganisms, which can potentially lead to opportunistic infections and even the development of adverse outcomes like bacteremia and sepsis. Therefore, further exploration is needed in the therapeutic strategy of treating ALF by inhibiting pyroptosis. This is important to consider due to the local intrahepatic damage and the systemic state. The aim is to find more precise methods of targeting intrahepatic pyroptosis.

The role of hepatic macrophages in ALF has been controversial. It is mentioned in our paper that macrophage activation is influenced by various factors in the immune microenvironment and can polarize in either a pro-inflammatory or an anti-inflammatory direction. However, polarized macrophages can still switch their polarization depending on the cytokines and mediators present in the immune microenvironment. Depending on the stage of ALF disease, macrophages can either perpetuate inflammation or promote its remission. These contradictions and inconsistencies are attributed to the diversity of macrophage subtypes. For this reason, regulating the direction of macrophage polarization has become a therapeutic approach in the study of ALF. However, therapies targeted at macrophages for the treatment of ALF carry certain risks and challenges. Firstly. However, promoting the anti-inflammatory effects of macrophages, they can improve liver damage and disease progression in ALF, but at the same time, they can also facilitate the spread of pathogens in the system and increase susceptibility to infection. Secondly, by promoting the pro-inflammatory effects of macrophages, it can effectively inhibit opportunistic infections and remove foreign pathogens. However, it can also easily induce a severe inflammatory response, resulting in the release of inflammatory mediators that are dispersed throughout the system via the bloodstream. This can lead to multi-organ damage and even failure. The contradictions of the approaches described for macrophage-targeted therapy highlight the challenges of immunotherapeutic strategies in ALF. The local hepatic immune microenvironment and the systemic immune microenvironment mutually regulate and influence each other. Anti-inflammatory therapy in the local hepatic immune microenvironment is effective in alleviating liver damage and repairing tissue. However, it has the opposite effect in controlling systemic pathogen dissemination. The timing of targeting application to induce different macrophage polarization directions needs to be precisely controlled, especially in order to clarify the function and composition of macrophages at different stages of ALF in humans.

Combining the signaling pathways and mechanisms of macrophage polarization and pyroptosis mentioned above, it is clear that several signaling pathways are shared between the two. For example, the TLR/NF-κB pathway not only plays an important role in M1 polarization but also induces cell pyroptosis (27, 67). In addition, several studies have also implicitly suggested that there is a reciprocal regulation between macrophage polarization and pyroptosis. For example, the knockdown of CD38 promotes the expression of molecules related to M1 polarization and also triggers more severe cell pyroptosis. CD38 serves as a common regulatory mediator of both processes (122). The interaction between macrophage polarization and pyroptosis still requires further investigation and exploration. In particular, the roles of both factors are crucial to the development of the disease. However, it is unclear whether they are mutually independent, whether they regulate each other, or if they even trigger a more severe inflammatory response through positive feedback. This assessment cannot be made without further experiments and studies to confirm.

In summary, this paper describes the mechanisms and regulatory pathways of macrophage polarization and pyroptosis in ALF. It also explores the interplay between macrophage polarization and pyroptosis. Fundamentally, macrophage polarization and pyroptosis in ALF are significant factors that have been extensively studied in recent years. However, there are still numerous unanswered questions that require further exploration. It is hoped that future research will address these questions, leading to new insights into the pathogenesis and therapeutic strategies for ALF.
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Introduction

Systemic levels of the anti-inflammatory cytokine interleukin 10 (IL-10) are highest in acetaminophen (APAP)-induced acute liver failure (ALF) patients with the poorest prognosis. The mechanistic basis for this counterintuitive finding is not known, as induction of IL-10 is hypothesized to temper the pathological effects of immune cell activation. Aberrant production of IL-10 after severe liver injury could conceivably interfere with the beneficial, pro-reparative actions of immune cells, such as monocytes.





Methods

To test this possibility, we determined whether IL-10 levels are dysregulated in mice with APAP-induced ALF and further evaluated whether aberrant production of IL-10 prevents monocyte recruitment and/or the resolution of necrotic lesions by these cells.





Results

Our studies demonstrate that in mice challenged with 300 mg/kg acetaminophen (APAP), a hepatotoxic dose of APAP that fails to produce ALF (i.e., APAP-induced acute liver injury; AALI), Ly6Chi monocytes were recruited to the liver and infiltrated the necrotic lesions by 48 hours coincident with the clearance of dead cell debris. At 72 hours, IL-10 was upregulated, culminating in the resolution of hepatic inflammation. By contrast, in mice treated with 600 mg/kg APAP, a dose that produces clinical features of ALF (i.e., APAP-induced ALF; AALF), IL-10 levels were markedly elevated by 24 hours. Early induction of IL-10 was associated with a reduction in the hepatic numbers of Ly6Chi monocytes resulting in the persistence of dead cell debris. Inhibition of IL-10 in AALF mice, beginning at 24 hours after APAP treatment, increased the hepatic numbers of monocytes which coincided with a reduction in the necrotic area. Moreover, pharmacologic elevation of systemic IL-10 levels in AALI mice reduced hepatic myeloid cell numbers and increased the area of necrosis.





Discussion

Collectively, these results indicate that during ALF, aberrant production of IL-10 disrupts the hepatic recruitment of monocytes, which prevents the clearance of dead cell debris. These are the first studies to document a mechanistic basis for the link between high IL-10 levels and poor outcome in patients with ALF.
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Introduction

In severe cases of acetaminophen (APAP) overdose, acute liver injury rapidly progresses to acute liver failure (ALF), producing life threatening cardiac instability, hepatic encephalopathy, and multiorgan dysfunction syndrome (MODS) (1, 2). First line therapy for APAP overdose is N-acetyl cysteine (NAC), which is most efficacious when administered within 8 hours of APAP ingestion (3, 4). If NAC fails to limit the progression to ALF, supportive medical care and liver transplantation are the only remaining modes of therapy. Unfortunately, despite significant improvements to critical care medicine and emergency liver transplantation, mortality associated with ALF remains high (i.e., approximately 30%), underscoring the importance of identifying new therapeutic targets (2).

Components of innate immunity exacerbate early liver injury after APAP overdose in mice. Consequently, deficiency of the neutrophil chemokine, Cxcl1, or antibody-mediated depletion of neutrophils reduces blood biomarkers of hepatocyte injury in APAP-treated mice (5, 6). Moreover, deficiency in the anti-inflammatory cytokine, interleukin-10 (IL-10), enhances liver injury and inflammation in APAP-treated mice, whereas administration of recombinant IL-10 early after APAP overdose reduces liver injury (7–9). These findings have set current dogma that innate immunity is predominately detrimental to outcome after APAP overdose. As a result, it has been proposed that therapeutic intervention with exogenous IL-10 could improve outcomes in APAP overdose patients that have become refractory to standard care (9). Although this could be viewed as a game changer for critically ill patients, the prevailing belief that the innate immune system is solely harmful contrasts with findings from clinical studies where severe immune suppression is frequently observed in this patient population (10–12).

APAP-induced ALF patients with the poorest prognosis develop compensatory anti-inflammatory response syndrome (CARS), a condition characterized by severe systemic immune suppression (10, 13). Blood monocytes collected from ALF patients demonstrate a reduced capacity to phagocytose bacteria, produce lower levels of proinflammatory cytokines, and display features of myeloid-derived suppressor cells (MDSCs), including high level expression of the immune-suppressive, ligand-receptor pair, programmed death ligand 1 (PD-L1) and PD-1 (11, 14, 15). Moreover, high blood levels of the CARS-associated cytokine, IL-10, are an independent predictor of a poor outcome in these patients (10, 12). While the mechanistic basis for this seemingly paradoxical association is not known, these findings indicate that therapeutic intervention with IL-10 could be harmful to ALF patients. One mechanism by which high levels of IL-10 could negatively impact outcome in APAP overdose patients is by interfering with the beneficial, pro-reparative activities of innate immune cells.

Liver injury after APAP overdose stimulates the hepatic release of Ccl2, a chemokine that facilitates the recruitment of Ly6Chi monocytes to the damaged liver in a Ccr2-dependent manner (16, 17). Once in the liver, these cells traffic to the necrotic foci where they become stimulated to phagocytose dead cell debris (17, 18). This process, along with proliferation of hepatocytes and nonparenchymal cells, facilitates repair of the damaged liver resulting in the restoration of hepatic function. Interventions that prevent the hepatic recruitment of monocytes, such as blockade of Ccr2, inhibit the clearance of dead cell debris, a key component of liver repair (16, 17). Because IL-10 is a potent anti-inflammatory cytokine, it is conceivable that high levels of IL-10 could interfere with certain pro-repair activities of immune cells, including resolution of necrotic lesions by monocytes. Interestingly, Bhushan and colleagues recently reported that necrotic cells persist in the livers of mice treated with a dose of APAP that produces clinically relevant ALF, including evidence of a coagulopathy, hepatic encephalopathy, and renal injury, a frequent component of MODS (19–22). Whether this is the result of amplified IL-10 levels, similar to APAP-induced ALF patients, however, was not investigated. Accordingly, in the present studies we tested the hypothesis that high levels of IL-10 in mice with APAP-induced ALF prevent the clearance of dead cell debris by monocytes.





Materials and methods




Animals and treatments

12-16-week-old male C57BL/6J or IL-10 reporter mice (B6.129S6-Il10tm1/flv/J; Jackson Laboratories) were used for all studies. Mice were housed in a 12-hour light/dark cycle under controlled temperature (18-21°C) and humidity. Food (Rodent diet; Harlan-Teklad) and water were allowed ad libitum.

Mice were fasted for 16 hours prior to the administration of 300 mg/kg APAP (Sigma-Aldrich), 600 mg/kg APAP, or sterile saline vehicle by intraperitoneal injection, as described previously (20). Fasting was initiated at approximately 5:00 PM and APAP was injected at approximately 9:00 AM the following day. In all studies, rodent diet was returned immediately after APAP challenge.

For IL-10 neutralization studies, mice were injected with 0.5 mg InVivoMAb anti-mouse IL-10 antibody (Bio X Cell, clone JES5-2A5) or 0.5 mg isotype control antibody (Innovative Research, Rat IgG) both by intraperitoneal injection at 24 hours after APAP treatment. For recombinant IL-10 studies, mice were injected with 5 μg recombinant mouse IL-10 (Biolegend, San Diego, CA) or sterile saline both by intraperitoneal injection at 24 hours after APAP challenge. All studies were approved by the Michigan State University Institutional Animal Care and Use Committee.





Sample collection

Mice were anesthetized using Fatal-Plus Solution (Vortech Pharmaceuticals) or isoflurane. Blood was collected from the inferior vena cava and the livers were removed. A portion of each liver was fixed in 10% neutral-buffered formalin. The livers were embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The area of necrosis was quantified as described by us previously (23). Briefly, 10 randomly chosen images were collected per liver section (2 sections per mouse taken from separate liver lobes) using a 20X objective. The areas of necrosis were outlined, and Image J was used to calculate the percent area of necrosis. Additional portions of the liver were homogenized in TRIzol Reagent (Thermo-Fisher Scientific) for RNA isolation or were snap-frozen in liquid nitrogen for sectioning and immunofluorescence staining.





Immunofluorescence

Immunofluorescence was used to detect CD68 as described by us previously (23). Briefly, 8 μm sections were cut from frozen livers and fixed for 10 minutes in 4% formalin. The sections were then incubated in blocking buffer (10% goat serum in phosphate-buffered saline (PBS)) followed by incubation with rat anti-CD68 antibody (Bio-Rad) diluted 1:500. After washing, the sections were incubated with goat anti-rat secondary antibody conjugated to Alexa Fluor 594 (diluted 1:500, Thermo Fisher Scientific). To quantify the area of CD68 fluorescent staining, 10 randomly chosen images were collected per liver section using a 20X objective. The area of positive CD68 staining was then quantified using Image J. Proliferating cell nuclear antigen (PCNA) was detected by immunohistochemistry and used as a biomarker of hepatocyte proliferation. Hepatocytes were identified based upon their larger size relative to that of nonparenchymal cells and quantified as described by us previously (23).





Luminex immunoassay

IL-10 protein levels were measured in blood serum samples by using the Bio-Plex Pro assay kit (Bio-Rad) according to manufacturer’s instructions. Bead fluorescent readings were obtained using a Luminex 200 system.





Isolation of F4/80+ and LY6C+ cells from mouse livers

To isolate F4/80+ and Ly6C+ cells, livers from C57BL/6 mice were perfused and digested with collagenase (Collagenase H; Sigma-Aldrich), as described previously (24). After removal of hepatocytes by centrifugation, the nonparenchymal cells were centrifuged at 300 × g for 10 minutes. A total of 1 × 108 nonparenchymal cells was resuspended in 60 μL of MACS Buffer (2.5 g bovine serum albumin, 0.416 g EDTA, and 500 mL phosphate-buffered saline) containing 12 μL biotinylated anti-F4/80 antibody or biotinylated anti-Ly6C antibody (Miltenyi Biotec, Bergisch Gladbach, Germany). The cell suspension was incubated for 10 minutes at 4°C and then washed by adding 10 mL of MACS buffer and centrifugation (300 × g for 10 minutes). Streptavidin microbeads (Miltenyi Biotec), diluted 1:10 in 60 μL of MACs buffer, were added to the nonparenchymal pellet. Cells were resuspended and incubated at 4°C for 10 minutes and then washed by adding 10 mL of MACS buffer and centrifugation (300 × g for 10 minutes). The pellet was resuspended with 500 μL MACS buffer and applied to MACS LS columns (Miltenyi Biotec). The column was rinsed three times with 3 mL MACS buffer. F4/80+ or Ly6C+ cells were collected by removing the column from the midiMACS Separator (Miltenyi Biotec) and rinsing the column with 5 mL of MACS buffer. Cell purity was confirmed by flow cytometry and was routinely greater than 94% as reported by us previously (25). RNA was immediately isolated from the cells by using the E.Z.N.A. Total RNA Kit I (Omega, Bio-tek, Norcross, GA) and real-time PCR was performed as detailed below.





Flow cytometry

To isolate non-parenchymal cells, mouse livers were perfused and digested with collagenase (Collagenase H, Sigma Chemical Company) as described by us previously (26). Hepatocytes were removed by centrifugation (50 g for 2 minutes), and non-parenchymal cells were collected from the remaining solution by centrifugation at 300 g for 10 minutes. The non-parenchymal cells were washed and resuspended in FACs buffer (phosphate-buffered saline, 1% fetal bovine serum). The cells were then incubated with Fc blocking buffer (BD Biosciences; diluted 1:20) for 10 minutes at 4 °C, rinsed, and then pelleted by centrifugation at 300 g for 5 minutes. The cells were incubated with anti-F4/80 conjugated to Pacific Blue, anti-Ly6C conjugated to APC/Cy7, and anti-Ly6G conjugated to Percp/Cy5.5 for 30 minutes at 4°C. All antibodies were purchased from Biolegend. For studies with IL-10 GFP reporter mice, the following antibodies were used for flow cytometry: anti-Axl (APC), anti-CD45.1 (Alexa 488), anti-F4/80 (pacific blue), anti-Cx3cr1 (Alexa 700), anti-Ly6C (APC/Cy7), anti-Cd11b (PE), anti-Marco (APC), anti-Ccr2 (BV650), anti-PD-L1 (PerCp/Cy5.5), anti-CD3 (BV510), anti-CD4 (AF700), anti-NK1.1 (BV711), anti-CD8a (PerCP), and CD11c (BV711). All antibodies were purchased from Biolegend, except anti-Marco and anti-Axl, which were purchased from Invitrogen. The fixable dye, Zombie Aqua (Biolegend), was used to determine cell viability. Following incubation, cells were washed twice and fixed in formalin (Sigma) for 15 minutes at 4°C. The fixed cells were washed twice and resuspended in FACs buffer. Flow cytometry was conducted on an Attune NxT flow cytometer (Life Technologies). Attune NxT software (Life Technologies) was used to analyze the data.





Real-time PCR

Total RNA was isolated from liver samples using TRIzol Reagent (Thermo-Fisher) and reverse transcribed into cDNA as described previously(24). Real-time PCR was performed on a QuantStudio 7 Flex Real-Time PCR System (Thermo-Fisher) using the iTaq Universal SYBR green Supermix (Bio-Rad). The following primer sequences were used: TNF-α: Forward-5’-AGGGTCTGGGCCATAGAACT-3’, Reverse-5’-CCACCACGCTCTTCTGTCTAC-3’; Cxcl1: Forward-5’-TGGCTGGGATTCACCTCAAG-3’, Reverse-5’-GTGGCTATGACTTCGGTTTGG-3’; Ccl2: Forward- 5’-CCTGCTGTTCACAGTTGCC-3’, Reverse- 5’-ATTGGGATCATCTTGCTGGT-3’; Il-10: Forward- 5’-TGTCAAATTCATTCATGGCCT-3’, Reverse- 5’-ATCGATTTCTCCCCTGTGAA-3’: Rpl13a: Forward- 5’-GACCTCCTCCTTTCCCAGGC-3’, Reverse- 5’-AAGTACCTGCTTGGCCACAA-3’; urokinase plasminogen activator (uPA): Forward-5’-GGGCTTGTTTTTCTCTGCAC-3’, Reverse-5’-GCCCCACTACTATGGCTCTG-3’.





Microarray analysis

For reanalysis of microarray data from ALF patients, the.cel files were obtained from GEO database (accession number: GSE8075) and differential gene expression was determined using Transcriptome Analysis Console Software (ThermoFisher Scientific). Detailed patient information was reported previously (27). Upstream analysis was conducted using Ingenuity Pathway Analysis (Qiagen).





Statistical analysis

Results are presented as the mean + SEM. Data were analyzed by a one-way or two-way Analysis of Variance (ANOVA) where appropriate. Data expressed as a percentage were transformed by arcsine square root prior to analysis. Comparisons among group means were made using the Student-Newman-Keuls test. The criterion for significance was p < 0.05 for all studies.






Results




Persistence of necrotic cell debris in the livers of mice with APAP-induced ALF

Bhushan and colleagues previously reported that dead cells persist in the livers of mice with APAP-induced ALF (AALF) (20). Because monocytes are critical for the clearance of dead cells from the liver (28), these findings suggested a defect in monocyte recruitment and/or function in ALF. To examine this further, we treated groups of mice with 300 mg/kg APAP, a hepatotoxic dose of APAP that fails to produce ALF (i.e., APAP-induced acute liver injury; AALI), or with 600 mg/kg APAP, a dose that produces clinical features of AALF, including coagulopathy (22), renal injury (21), and hepatic encephalopathy (19).

As reported previously (20), liver necrosis peaked at approximately 24 hours in mice with AALI (Figures 1A, B). By 48 hours, extensive inflammatory infiltrates were evident within the necrotic foci (inset in Figure 1A, 24-hour AALI). The inflammatory cells, along with the necrotic cell debris, were largely cleared from the liver by 72 hours (Figures 1A, B). In mice with AALF, APAP produced a comparable initial hepatotoxic response (i.e., peak area of necrosis at 24 hours; Figures 1A, B), however, at this larger dose of APAP, the necrotic lesions were largely devoid of inflammatory cells (inset in Figure 1A, 24-hour AALF). Unlike AALI mice, the necrotic cells persisted in the liver at 72 hours, suggesting that the mechanisms driving dead cell clearance were impaired (Figure 1B) (17). While no deaths were noted in mice with AALI, in mice with AALF, 9 mice either died or were euthanized for humane reasons beyond 24 hours resulting in an overall mortality of 30% (n=30 mice with 9 deaths occurring at various times) by 72 hours. This mortality rate is similar to what was reported previously (20).




Figure 1 | Liver injury and inflammation in APAP-treated mice. Mice were treated with either 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF) for the indicated time. (A) Photomicrographs of H&E-stained liver sections. White arrows indicate areas of necrosis occurring in centrilobular regions. Higher power image of necrotic region in inset in 24 hour images. Arrows indicate evidence of inflammatory infiltrates. (B) Area of necrosis was quantified in sections of liver. *Significantly different from mice treated with 300 mg/kg APAP. All data are expressed as mean ± SEM; n = 5-10 mice per group.







Reduced numbers of myeloid cells in the livers of mice with AALF

Because myeloid cells clear dead cell debris from the APAP-injured liver (28), we determined whether the numbers of these cells were impacted in the livers of AALF mice. To accomplish this, immunofluorescent staining was used to detect CD68 in sections of liver. CD68 is expressed at high levels by Ly6Chi monocytes and Kupffer cells (29). Moreover, prior studies revealed that CD68+ myeloid cells accumulate in the livers of patients with APAP-induced ALF (18, 30, 31). By 24 hours in mice with AALI, CD68+ myeloid cells were present in the liver and more concentrated near centrilobular regions where liver injury occurred (Figure 2A, CD68 staining appears red; arrows indicate the location of central veins in centrilobular regions which were visible under conditions of overexposure). By 48 hours, CD68 staining was markedly increased in centrilobular regions which persisted at 72 hours (Figure 2A). In mice with AALF, fewer CD68+ myeloid cells were present in the livers at all time points examined (Figures 2A, B). Moreover, these cells were evenly distributed throughout the liver lobule and not concentrated within centrilobular regions (Figures 2A, B).




Figure 2 | Accumulation of myeloid cells in the livers of mice treated with APAP. Mice were treated with either 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF)for the indicated time. (A) Photomicrographs of CD68 immunofluorescent staining in liver sections. Positive staining appears red. Arrows indicate centrilobular regions. (B) The area of CD68 immunofluorescent staining was quantified in sections of liver. *Significantly different from mice treated with 300 mg/kg APAP. Data are expressed as mean ± SEM; n = 5 mice per group.



Next, flow cytometry was used to better define the myeloid cell type(s) that were reduced in numbers in AALF mice. Gating for flow cytometry is shown in Figure 3A. As shown in Figures 3B, C the absolute number of Ly6G+ cells (i.e., neutrophils) in the liver was not different between mice with AALI and AALF, however these cells did comprise a larger percentage of the CD45 population in AALF mice (Figure 3D). The number of Ly6C+ cells (i.e., recruited monocytes; (32)) was markedly reduced in mice with AALF, whereas the number of F4/80+ cells (i.e., Kupffer cells and monocytes that had differentiated into macrophages, monocyte-derived macrophages (MDMs)) was modestly higher (Figures 3B–D). Collectively, these findings demonstrate that recruited monocytes, which clear dead cell debris from the APAP-injured liver, were decreased in numbers in mice with AALF.




Figure 3 | Hepatic myeloid cell accumulation in APAP-treated mice. Mice were treated with either 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF)for the indicated time. (A) Gating for flow cytometry. (B) At 24 hours after APAP treatment, flow cytometry was used to detect F4/80+, Ly6C+, and Ly6G+ cells in the liver. Boxes indicate the positive gate. (C) Absolute cell counts and the percentage of each myeloid cell population within the larger CD45+ population by flow cytometry. *Significantly different from mice treated with 300 mg/kg APAP. All data are expressed as mean ± SEM; n = 5-10 mice per group.







Increased levels of IL-10 in mice with AALF

High levels of IL-10 are associated with a worse outcome in ALF patients (10). Similar to these clinical findings, in mice with AALF, hepatic mRNA levels of IL-10 were increased by 24 hours and remained elevated at 72 hours (Figure 4A). Importantly, elevated mRNA levels were matched by increased IL-10 protein in the serum (Figure 4B). By contrast, in mice with AALI, IL-10 mRNA levels were not elevated until 72 hours after APAP treatment (Figures 4A, B). To determine whether myeloid cells were a source of IL-10, we purified F4/80+ myeloid cells (i.e., Kupffer cells and MDMs) and Ly6C+ myeloid cells (i.e., recruited monocytes) from the livers of AALF mice at 24 hours after APAP treatment and IL-10 mRNA levels were quantified. As shown in Figure 4C, IL-10 mRNA levels were greater in F4/80+ cells isolated from AALF mice but were not different between Ly6C+ cells isolated AALI and AALF mice (Figure 4C). We next confirmed these findings by using IL-10 reporter mice that express green fluorescent protein (GFP) under control of the IL-10 promoter. As shown in Figures 4D, E, greater numbers of GFP-expressing F4/80+ cells were detected in the livers of IL-10 reporter mice with AALF.




Figure 4 | Hepatic and systemic levels of IL-10 in APAP-treated mice. Mice were treated with either 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF). (A) At the indicated time, IL-10 mRNA levels were measured in the liver. (B) IL-10 protein was measured in serum at 72 hours after APAP treatment. (C) F4/80+ and Ly6C+ myeloid cells were isolated from the liver at 24 hours after treatment of mice with either 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF), and IL-10 mRNA levels were measured. (D) Nonparenchymal cells were isolated from the livers of IL-10 reporter mice treated 24 hours earlier with 300 mg/kg APAP (AALI) or 600 mg/kg APAP (AALF). Flow cytometry was used to identify IL-10 expressing F4/80+ cells. Gate for F4/80+ cells indicated in the density plots. Representative histogram of IL-10 expression (i.e., GFP+) in F4/80+ cells. (E) Quantification of the number of F4/80+ cells expressing IL-10 in the liver from flow cytometry. *Significantly different from mice treated with 300 mg/kg APAP. Data are expressed as mean ± SEM; n = 4-5 mice per group.



Next, we determined whether other immune cell types express IL-10 in the livers of mice with AALF. As shown in Figure 5, IL-10 (GFP) was detected in all immune cell types evaluated. Compared to other immune cell populations, however, a larger fraction of NKT cells, NK cells, and F4/80+ cells were positive for IL-10 in AALF mice (Figure 5C).




Figure 5 | IL-10 expressing (GFP+) cells in the livers of mice with AALF. (A, B) Representative dot plots of the indicated cell types expressing IL-10. (C) Percentage of each immune cell type expressing IL-10 in AALF.







Immunophenotyping of IL-10+ F4/80+ cells in mice with AALF

Clinical studies have demonstrated that circulating monocytes express markers of MDSCs in ALF patients with the worst outcomes (11, 33). Therefore, we determined whether the hepatic, IL-10-expressing F4/80+ cells (i.e., GFP+) similarly expressed markers of MDSCs in AALF mice. Immunophenotyping by flow cytometry revealed that these cells expressed CD11b, PD-L1, Cx3Cr1, and Axl consistent with an MDSC-like phenotype (Figures 6A, B). Levels of additional markers commonly associated with MDSCs, however, including MARCO, Ly6C, Ccr2, and Ly6G, were only detected in a small percentage of IL-10-expressing F4/80+ cells (Figures 6A, B).




Figure 6 | Immune suppressive phenotype of myeloid cells in APAP induced ALF. (A) Mice were treated with 600 mg/kg APAP. After 24 hours, flow cytometry was used to detect IL-10 expressing F4/80+ cells, indicated by the blue box. Representative histograms of IL-10+ F4/80+ cells expressing the indicated marker (x-axis). Positive staining indicated by the blue shaded box. (B) Quantification of the flow cytometry in (A) Data are expressed as mean ± SEM; n = 4 mice per group. (C) Analysis of GEO dataset accession number GSE8075, containing gene array analysis of monocytes isolated from patients with APAP-induced ALF that survived and patients with APAP induced ALF that died. Fold change represents ALF patients that died relative to those that survived (e.g., IL-10 mRNA levels 2.43-fold higher in patients that died; indicated with a green arrow and highlighted green). (D) Ingenuity pathway analysis was used to identify upstream regulators in the GSE8075 GEO dataset. Regulators associated with MDSCs are highlighted in red. (n=6 patient samples per group).



Moore and colleagues previously performed gene array analysis on purified peripheral blood monocytes from patients with APAP-induced ALF (27). The analysis included 6 patients with AALF that spontaneously survived and 6 patients with AALF that either died or received a liver transplant (27). We reanalyzed this publicly available data set to determine whether IL-10 mRNA levels and levels of other MDSC-associated genes were differentially expressed between these two ALF patient populations.

As shown in Supplemental Table 1, 154 mRNAs were increased, while 37 mRNAs were decreased in blood monocytes from ALF patients that died when compared to those that survived. Many of these mRNAs, including IL-10 (indicated with a green arrow), have been associated with MDSCs (Figure 6C) (34, 35). Next, Ingenuity Pathway Analysis was used to identify potential upstream regulators that predict the observed mRNA changes. IPA identified several regulators as potential drivers of the observed transcriptional changes occurring in ALF patients that died (Figure 6D). Interestingly, many of these regulators have been linked to the differentiation, expansion, and/or activation of MDSCs (Figure 6D; MDSC drivers highlighted in red) (34, 35).





Modulation of IL-10 levels impact myeloid cell accumulation and necrotic lesion size in mice treated with APAP

Our findings indicate that myeloid cell accumulation in the liver is disrupted in mice with AALF (Figures 1-3). Because of the potent immune inhibitory properties of IL-10, we tested the hypothesis that IL-10 contributes to this defect. To examine this, we utilized a loss of function approach (i.e., IL-10 neutralization in AALF mice) and a gain of function approach (i.e., injection of recombinant IL-10 into AALI mice). Prior studies demonstrated that IL-10 knockout mice develop markedly greater liver injury after APAP overdose (7). Accordingly, to avoid impacts on APAP-induced liver injury, we treated mice with IL-10 neutralizing antibody or recombinant IL-10 protein beginning at 24 hours after APAP treatment, a time where hepatocyte injury is complete (i.e., no additional increase in necrosis; Figure 1) and levels of hepatic glutathione, which detoxify the toxic APAP metabolite, N-acetyl-p-benzoquinone imine (NAPQI), have been restored (36).

Treatment of AALF mice with IL-10 neutralizing antibody increased mRNA levels of the pro-inflammatory cytokines, Ccl2, TNF-α, and Cxcl1 when compared to AALF mice treated with isotype control, demonstrating the efficacy of the IL-10 neutralizing antibody (Figures 7A–C). We also evaluated the impact of IL-10 neutralization on the levels of urokinase plasminogen activator (uPA) which converts the zymogen plasminogen into the fibrinolytic enzyme, plasmin. The rationale for this is that we demonstrated previously that inhibition of plasmin activity reduced monocyte-dependent clearance of dead cells from the livers of AALI mice and it is conceivable that diminished levels of uPA may contribute to the defective clearance of dead cell debris (18). As shown in Figure 7D, neutralization of IL-10 increased uPA mRNA levels in the livers of AALF mice. IL-10 neutralizing antibody, however, did not affect ALT activity in the serum (Figure 7E) or the number of PCNA positive cells in the liver (Figures 7F–H). In AALF mice treated with isotype control antibody, CD68+ myeloid cells were distributed throughout the liver lobule similar to our earlier findings (Figure 8A). Treatment of these mice with IL-10 neutralizing antibody, however, increased the numbers of CD68+ myeloid cells with a greater concentration in centrilobular regions (Figures 8A, C). Notably, the pattern of CD68+ immunostaining observed in these mice resembled that in AALI (Figures 2A, 8B). Treatment of AALI mice with recombinant IL-10, on the other hand, reduced the numbers of CD68+ cells particularly in centrilobular regions (Figures 8B, D) producing a pattern of CD68 immunostaining similar to that observed in AALF mice (Figures 2A, 8A).




Figure 7 | Impact of IL-10 neutralization in mice with APAP-induced ALF. Mice were treated with 600 mg/kg APAP (AALF) followed by treatment with control IgG or anti-IL-10 antibody 24 hours later. Livers were collected 72 hours after APAP treatment. (A-D) mRNA levels of the indicated protein were quantified in the liver by real-time PCR. (E) Serum activity of ALT. (F) The number of PCNA positive cells was quantified in sections of liver. Representative photomicrographs of immunohistochemistry staining for PCNA in liver sections from AALF mice treated with (G) isotype control IgG or (H) anti-IL-10 antibody. Positive staining appears dark brown. *Significantly different from mice treated with 600 mg/kg APAP and control IgG. All data are expressed as mean ± SEM; n = 5 mice per group.






Figure 8 | Impact of IL-10 on inflammation in mice treated with APAP. (A) Mice were treated with 600 mg/kg APAP (AALF) followed by treatment with control IgG or anti-IL-10 antibody 24 hours later. Livers were collected 72 hours after APAP treatment. CD68 was detected by immunofluorescence (red staining) in sections of liver. Arrows indicate centrilobular regions. (B) Mice were treated with 300 mg/kg APAP (AALI) followed by treatment with either vehicle or 5 mg recombinant IL-10 24 hours later. Livers were collected 48 hours after APAP treatment. CD68 was detected by immunofluorescence (red staining) in sections of liver. Arrows indicate centrilobular regions. (A, B) Representative photomicrographs from an n = 5 mice per group. (C, D) The area of CD68 staining was quantified in whole liver sections. n = 5 mice per group. *Significantly different at p<0.05.



Next, because recruited monocytes clear dead cell debris from the APAP-injured liver, we determined whether increasing or decreasing IL-10 levels impacted lesion size. As in Figure 8, the indicated treatments (i.e., antibody or recombinant protein) were initiated at 24 hours, a time when peak injury had occurred (Figure 1B). Therefore, differences in the area of necrosis beyond 24 hours would result from changes to the mechanisms that clear dead cell debris. In AALF mice, neutralization of IL-10 increased histological evidence of inflammatory cells within the necrotic foci (Figures 9A, B) consistent with the CD68 immunostaining (Figure 8A). Further, IL-10 neutralizing antibody reduced the area of necrosis compared to isotype control treated mice (Figure 9C), suggesting that an increase in number of myeloid cells (Figure 8) resulted in an increase in the clearance of dead cell debris. Similar to these findings, pharmacological elevation of IL-10 in AALI mice decreased evidence of inflammatory cells within the necrotic lesions while increasing the area of necrosis (Figures 9D–F).




Figure 9 | Impact of IL-10 on liver histology in mice treated with APAP. (A–C) Mice were treated with 600 mg/kg APAP (AALF) followed by treatment with control IgG or anti-IL-10 antibody 24 hours later. Livers were collected 72 hours after APAP treatment. (D–F) Mice were treated with 300 mg/kg APAP (AALI) followed by treatment with vehicle or 5 mg recombinant IL-10 24 hours later. Livers were collected 48 hours after APAP treatment. Representative photomicrographs of hematoxylin and eosin-stained liver sections from mice treated with (A) 600 mg/kg APAP (AALF) and control IgG, (B) 600 mg/kg APAP (AALF) and anti-IL-10 antibody, (D) 300 mg/kg APAP (AALI) and vehicle or (E) 300 mg/kg APAP (AALI) and recombinant IL-10. (C, F) The area of necrosis was quantified in the indicated liver sections. n = 5 mice per group. *Significantly different at p<0.05.








Discussion

Toxicant-induced liver injury stimulates the synthesis and release of chemokines that recruit immune cells, including monocytes, to the liver. As the injury resolves, IL-10 is released to terminate the inflammatory response thereby preventing immune-mediated exacerbation of the injury. Evidence in support of this has demonstrated that deficiency of IL-10 (i.e., IL-10 knockout mice) exacerbates proinflammatory cytokine production and liver injury in APAP treated mice (7). More recently, it was reported that treatment of AALI mice with exogenous IL-10, beginning at 2 hours after APAP treatment, reduces liver injury (9). While these findings have driven current dogma that IL-10 is protective in experimental liver injury, they contrast with clinical findings where high levels of IL-10 are an independent predictor of a poor outcome in ALF patients (10). The mechanistic basis for this paradoxical association is not fully known, however, it has been proposed that high levels of IL-10 may prevent the clearance of nosocomial infections leading to sepsis (10). Investigations into this possibility, however, have been unable to demonstrate an association between high levels of IL-10 and increased risk of sepsis, suggesting that IL-10 impacts additional processes critical for recovery from ALF (10). Our current study provides an alternative explanation for these findings and reveals that high levels of IL-10 interfere with hepatic monocyte recruitment.

In mice with AALI, CD68+ myeloid cells began to concentrate within centrilobular regions of the liver where APAP produces injury (Figures 1, 2). Coincident with the accumulation of these cells, dead cell debris was cleared from the liver (Figures 1, 2) (17). By contrast, in mice with AALF, the numbers of CD68+ myeloid cells were markedly lower at all time-points examined, and these cells were largely restricted to uninjured regions (Figure 2). Immunophenotyping of the hepatic myeloid cell populations demonstrated a reduction in the numbers of Ly6C+ monocytes in the livers of AALF mice, indicating a defect in the recruitment of these cells from the systemic circulation (Figure 3). It was previously reported that manipulations which prevent the hepatic recruitment of monocytes (i.e., Ccr2 knockout mice) inhibit the clearance of necrotic cell debris from the APAP-injured liver (16, 17, 32). Consistent with these findings, our studies demonstrated that a paucity of Ly6C+ monocytes in the livers of AALF mice coincided with a persistence of dead cell debris (Figures 1, 2). Collectively, these findings suggest that a failure of monocyte recruitment to the liver during AALF may prevent the clearance of necrotic cells. While it could be argued that the persistence of necrosis resulted from ongoing hepatocyte death that was compensated for by hepatocyte proliferation, this is unlikely in light of findings by Bhushan and colleagues demonstrating that hepatocyte proliferation is also markedly reduced in mice with AALF (20). Therefore, the persistence of the necrotic foci most likely resulted from a failure in the mechanisms controlling the clearance of dead cells. It would be difficult to assess whether there is a similar reduction in the hepatic accumulation of monocytes in the livers of patients with ALF. Although, it has been reported that ALF patients with the worst outcomes have reduced numbers of circulating monocytes when compared to ALF patients that recover (27).

Mechanistically, our studies indicate that early induction of IL-10 (Figure 4A) contributes to the defect in hepatic monocyte recruitment in AALF mice. In support of this, treatment of AALF mice with IL-10 neutralizing antibody increased monocyte numbers in the liver (Figure 8A), which coincided with a decrease in the area of necrosis, suggesting that the recovery of monocyte recruitment restored, in part, dead cell clearance (Figures 9A, B). The reduction in necrotic area in AALF mice treated with IL-10 neutralizing antibody cannot be attributed to a decrease in the severity of liver injury, as the antibody treatments were not initiated until 24 hours after APAP overdose, a time where hepatocyte injury is complete (i.e., no additional increase in necrosis; Figure 1) and levels of hepatic glutathione, which detoxify APAP, have been fully restored (36). Moreover, as mentioned above, a complete loss of IL-10 (i.e., IL-10 knockout mice) enhances rather than reduces liver injury (7). In further confirmation of the impact of IL-10 on liver repair, we demonstrated that pharmacological elevation of IL-10 in AALI mice, beginning at 24 hours after APAP treatment, reduced hepatic monocyte recruitment while increasing the area of necrosis (Figures 8, 9). These findings indicate that high levels of IL-10 prevent the recruitment of monocytes to the liver which inhibits the clearance of dead cells. As discussed earlier, it was recently reported that treatment of AALI mice with exogenous IL-10, early after APAP overdose (i.e., 2 hours), attenuated liver injury. While this approach might similarly reduce liver injury in APAP overdose patients, it would require administration soon after the overdose which is a time where NAC is well established to be safe and highly efficacious. Moreover, our studies indicate that initiation of IL-10 therapy, after liver injury has occurred, could disrupt liver repair potentially resulting in a worse outcome.

Despite the reduction in necrotic area, AALF mice treated with either IL-10 neutralizing antibody or isotype control antibody were similarly moribund by 72 hours and were euthanized, indicating that the restoration of monocyte recruitment alone was insufficient to fully reverse the ALF pathology. One possible reason for this may be that neutralization of IL-10 failed to restore hepatocyte proliferation in AALF mice (Figure 7E). As discussed, Bhushan and colleagues reported previously that hepatocyte proliferation is markedly reduced in mice with AALF, and that this is reversed by pharmacological blockade of GSK-3β (37). Restoration of hepatocyte proliferation through GSK-3β inhibition, however, did not recover dead cell clearance and similar to our studies, was unable to improve survival (37). Therefore, it is possible that restoration of hepatocyte proliferation along with dead cell clearance mechanisms may be needed to promote a full recovery of liver function in ALF.

The mechanism by which neutralization of IL-10 enhanced monocyte recruitment to the liver was not fully uncovered from our studies, however, it may involve changes to the levels of the monocyte chemokine, Ccl2 or the fibrinolytic enzyme, uPA. Ccl2 is released after liver injury and binds to the Ccr2 receptor on circulating monocytes which triggers their recruitment towards sites of injury (16, 17). In our studies, neutralization of IL-10 increased hepatic Ccl2 levels (Figure 6A) which may have contributed to the enhanced recruitment of myeloid cells to the liver. A second mechanism by which IL-10 may prevent dead cell clearance from the liver is through inhibition of fibrinolysis. We previously showed that the fibrinolytic enzyme, plasmin, is critical for the clearance of dead cells from the livers of mice with AALI (18). The protease uPA cleaves the zymogen plasminogen to generate plasmin. Interestingly, prior studies demonstrated that IL-10 reduces uPA levels in cultured monocytes (38). Consistent with this in vitro finding, our studies show that neutralization of IL-10 in mice with AALF increased uPA levels suggesting that IL-10 may impact dead cell clearance by interfering with fibrinolysis. Additional studies are needed, however, to fully investigate these possibilities.

Increased numbers of circulating MDSCs have been reported in patients with ALF. Our studies complement these findings and indicate further that these cells are a potential source of IL-10 (Figure 5C). Notably, levels of IL-10 were greatest in circulating monocytes from patients with ALF that died or were referred for a liver transplant. Moreover, several mRNAs were increased in these cells that are associated with MDSCs, and ingenuity pathway analysis identified a number of upstream regulators that could contribute to the generation of these cells. Because of these findings, we determined whether the IL-10-expressing, F4/80+ macrophages in the livers of mice with AALF also expressed markers of MDSCs. Interestingly, these cells expressed several proteins frequently associated MDSCs, including PD-L1, CD11b, Axl, and Cx3Cr1 (Figure 5) (35). They did not, however, express Ly6C, a key marker associated with monocytic MDSCs (35). Therefore, the IL-10 producing cells are either Kupffer cells or may have arisen from circulating MDSCs. Studies have shown that MDSCs recruited to the tumor microenvironment mature into tumor-associated macrophages that lose expression of Ly6C, gain expression of F4/80 and Cx3Cr1, and maintain expression of IL-10 and PD-L1. Although additional studies are needed to investigate this, it is possible that in AALF, circulating MDSCs accumulate in the liver and mature into F4/80+ macrophages with an immune suppressive phenotype, similar to what occurs in solid tumors. Consistent with this possibility, our studies demonstrated that there were nearly twice as many F4/80+ myeloid cells in the livers of mice with AALF when compared to AALI mice (Figure 3C). Additional studies are needed, however, to better define the source of these immune suppressive cells. Similarly, additional follow up is needed to evaluate the importance of NKT and NK cells as a source of IL-10 in AALF, as our studies show that a high percentage of these cells produce IL-10 in the liver during AALF (Figure 5).

Collectively, our findings demonstrate that IL-10 dysregulation is effectively recapitulated in mice treated with a high dose APAP that produces ALF. As such, this experimental setting provides a novel platform to interrogate mechanisms of immune dysregulation in ALF and to identify new therapeutic interventions. Further, by using this approach, our studies identified IL-10 as a central player in monocyte dysregulation in ALF, challenging the long-held belief that IL-10 is only hepatoprotective in APAP-induced ALF and providing a mechanism to explain the paradoxical association between high levels of IL-10 and poor outcome in ALF patients.
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Background

Acute liver injury (ALI) is an important global health concern, primarily caused by widespread hepatocyte cell death, coupled with a complex immune response and a lack of effective remedies. This study explores the underlying mechanisms, immune infiltration patterns, and potential targets for intervention and treatment ALI.





Methods

The datasets of acetaminophen (APAP), carbon tetrachloride (CCl4), and lipopolysaccharide (LPS)-induced ALI were obtained from the GEO database. Differentially expressed genes (DEGs) were individually identified using the limma packages. Functional enrichment analysis was performed using KEGG, GO, and GSEA methods. The overlapping genes were extracted from the three datasets, and hub genes were identified using MCODE and CytoHubba algorithms. Additionally, PPI networks were constructed based on the String database. Immune cell infiltration analysis was conducted using ImmuCellAI, and the correlation between hub genes and immune cells was determined using the Spearman method. The relationship between hub genes, immune cells, and biochemical indicators of liver function (ALT, AST) was validated using APAP and triptolide (TP) -induced ALI mouse models.





Results

Functional enrichment analysis indicated that all three ALI models were enriched in pathways linked to fatty acid metabolism, drug metabolism, inflammatory response, and immune regulation. Immune analysis revealed a significant rise in macrophage infiltration. A total of 79 overlapping genes were obtained, and 10 hub genes were identified that were consistent with the results of the biological information analysis after screening and validation. Among them, Clec4n, Ms4a6d, and Lilrb4 exhibited strong associations with macrophage infiltration and ALI.
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1 Introduction

The liver, a vital metabolic organ in the human body, is primarily responsible for various physiological functions, including metabolism, detoxification, and protein synthesis. Unfortunately, liver damage often occurs due to factors such as drug abuse and alcohol consumption. Acute liver injury (ALI) is a condition characterized by dysfunction in innate immunity and damage to liver cell, and its high mortality rate has attracted clinical attention (1, 2). The mechanisms involved in ALI are intricate, encompassing multiple signaling pathways, including oxidative stress, inflammatory responses, and immune reactions, among others (3, 4). Although there is a deep understanding of the pathological features of ALI, the molecular characteristics that induce ALI is still not thorough enough (5). ALI progresses rapidly, and currently, there are no drugs available to reverse this deteriorative process (5, 6). Therefore, exploring the general mechanisms and targets associated with ALI is of great significance in formulating effective treatment strategies.

The diverse factors responsible for local sterile inflammation within innate immunity are the primary culprits of liver injury and failure (7). In various ALI models, immune cell infiltration in the liver, including neutrophils, NK/NKT cells, T cells, and macrophages, represents a critical pathological feature, each playing distinct roles (8–12). For example, the activation of macrophages during ALI can lead to the release of reactive oxygen species, IL-6, and TNF-α, thereby inducing apoptosis of liver cells (13, 14). In the case of APAP-induced ALI, eosinophils can be recruited to the liver, exerting hepatoprotective effects (15). Therefore, understanding the immune response in ALI and identifying its potential regulatory targets is paramount.

Bioinformatics provides an efficient method to predict potential regulatory targets and associated mechanisms for diseases. It may be a new attempt to obtain the general regulatory characteristics of ALI by combining the open database to obtain the data sets of different liver injury models as predictive models, which may be a new attempt to explore potential strategies for addressing ALI.

In light of this, the present study employed a dataset encompassing acetaminophen (APAP), carbon tetrachloride (CCl4), and lipopolysaccharide (LPS)-induced ALI to investigate potential pathways, immune response mechanisms, and regulatory targets of ALI. The APAP and triptolide (TP)-induced ALI models were selected for validation of the predictive results. The ALI models induced by APAP, CCl4, and LPS have been widely used for exploring the mechanisms of ALI and validating drug efficacy. Previous studies have indicated that these models cover mechanisms of inflammation response, mitochondrial function, oxidative stress, immune regulation, apoptosis, necrosis, and more (1, 5, 16, 17). In clinical practice, the overdose or long-term abuse of APAP can deplete glutathione and lead to the accumulation of its metabolite, N-acetyl-p-benzoquinone imine (NAPQI), resulting in ALI. TP, the primary active component of Tripterygium wilfordii Hook.f, exhibits multi-organ toxicity, particularly hepatotoxicity, which limits its clinical application. The mechanisms underlying TP-induced ALI are associated with oxidative stress and immune imbalance (18–20). Through these three predictive datasets and two validated animal models, this study aims to explore the general gene regulatory profiles and immune infiltration characteristics in the progression of ALI (Figure 1). Such investigations will contribute to a deeper understanding of the pathogenesis of ALI and may pave the way for developing novel therapeutic strategies.




Figure 1 | Flow chart of bioinformatics analysis and animal experiments. The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.






2 Methods



2.1 Microarray data source

The datasets GSE167032, GSE167033, and GSE166488 were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (21). GSE167032 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) is a mouse ALI model induced by a single injection of 300 mg/kg APAP, lasting 24 hours. This dataset comprises 5 control samples and 5 APAP-treated samples. The gene expression data of GSE167033 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) consists of 10 samples obtained from mice treated with a single injection of 1.6 g/kg CCl4. These samples were collected at the 24-hour time point, including 5 samples from the control group and 5 samples from the model group. GSE166488 ([Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array) is a mouse ALI model induced by a single injection of 750 μg/kg LPS for 24 hours. The dataset includes 5 samples from the model group and 3 samples from the control group.




2.2 Acquisition of microarray data and identifcation of DEGs

The three datasets were retrieved from the GEO database and processed using the limma package in R (22). Differential gene expression analysis was conducted on each dataset, applying a filtering criterion of |logFC| > 0.75 and a P. value < 0.05 to identify significant genes. The results of the differential gene analysis were visualized using volcano plots and heatmaps, created with the ggplot2 and pheatmap packages, respectively (23).




2.3 Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses ware conducted using the R package clusterProfiler (24), with the DEGs criteria set as |logFC|>0.75 and P.Value<0.05. The resulting analysis outcomes ware then visualized using the gglot2 package (23). Additionally, GSEA analysis is performed using the clusterProfiler package with a pvalueCutoff of 0.05, and the obtained results ware further visualized using gglot2 for enhanced visualization and interpretation (23, 24).




2.4 Analysis of protein–protein interactions and identifcation of Hub genes

Perform protein–protein interactions (PPI) analysis on the overlapping DEGs from three datasets using the String database (https://cn.string-db.org/) and visualize the results using Cytoscape 3.9.1 (25). Utilize the MCODE and CytoHubba plugins to respectively filter hub genes, and integrate the obtained DEGs to form a hub gene set (26, 27). Using the MCODE plugin in Cytoscape, the advanced options ware set as follows: in Network Scoring, the Degree Cutoff was set to 2 (26). In Cluster Finding, the Node Score Cutoff was set to 0.2, the K-Core was set to 2, and the Max Depth was set to 100. Plugin CytoHubba selected the MCC algorithm (27).




2.5 Immune infltration analysis

Immunoinfiltration analysis was conducted using ImmuCellAI-mouse (http://bioinfo.life.hust.edu.cn/ImmuCellAI-mouse/#!/) (28, 29). Due to the lower gene count in dataset GSE167032 compared to the other two datasets, immunoinfiltration analysis was focused on GSE167033 and GSE166488 datasets. The GSE167033 and GSE166488 datasets, as well as their combined normalized dataset, were individually assessed for the degree of infiltration of 36 immune cell types using ImmuCellAI-mouse. The resulting datasets underwent inter-group differential analysis using Wilcox.test and were then visualized using ggplot2 (23). The correlation analysis and visualization of hub genes and immune cells were conducted using OriginPro.




2.6 Establishment of animal model of ALI

According to previous reports, TP and APAP ALI models were constructed to verify the expression of Hub genes and immune infiltration. Female Balb/c mice (6-8 weeks old) obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd (SCXK (jing) 2021–0006). Animal experiments strictly adhered to the Guide for the Care and Use of Laboratory Animals, and the experimental protocol was approved by the Research Ethics Committee of the Institute of Basic Theory of Chinese Medicine, China Academy of Chinese Medical Sciences (IBTCMCACMS21-2110-04). After one week of acclimatization, the mice were randomly divided into control, TP, and APAP groups. The control group received an equivalent volume of physiological saline, the TP group received 800ug/kg of TP, and the APAP group received 300mg/kg of APAP. All administrations were done via intraperitoneal injection. After 24 hours of drug administration, all mice were euthanized and liver tissue and serum samples were collected for subsequent analysis.




2.7 Detection of ALT/AST level

The blood samples were collected in centrifuge tubes without anticoagulants, and serum was obtained by centrifugation. The levels of ALT and AST were detected using an automated biochemical analyzer.




2.8 RNA extraction and qRT−PCR

Liver tissue was homogenized, and RNA extraction was performed using the RNAsimple Total RNA Kit (Tiangen Biotech). RNA concentration was determined using NanoDrop2000, and reverse transcription was carried out using the First-Strand Synthesis Master Mix (Lablead Biotech). The qRT-PCR step was conducted using the SYBR Green PCR Fast mixture (Lablead Biotech), and the expression levels of the target genes were normalized to GAPDH. The primer sequences for all genes are provided in Table S1.




2.9 Immunohistochemistry

Paraffin-embedded sections were dewaxed to water, followed by antigen retrieval. A 3% hydrogen peroxide solution was added to block endogenous peroxidase activity, and 3% BSA was applied within the tissue area to block non-specific binding. The primary antibody was added and incubated overnight at 4°C. After washing, the sections were incubated with the secondary antibody. Subsequently, DAB staining was performed, followed by counterstaining the cell nuclei with hematoxylin. Finally, the slides were dehydrated, mounted, and observed under a microscope for image acquisition. The F4/80 positive area was counted using Image J software.




2.10 Prediction of a hub Gene-miRNAs network

The Hub genes selected after in vivo experiments were further input into the miRWalk database to predict potential miRNA regulatory networks. The results obtained were visualized using Cytoscape 3.9.1.




2.11 Statistical analysis

All data analysis was performed using GraphPad Prism 7 and the corresponding R packages. Experimental data are presented as mean ± standard deviation. An unpaired Student’s t-test was used to compare continuous variables between groups. A p-value less than 0.05 was considered statistically significant.





3 Results



3.1 DEGs in ALI and functional enrichment analysis

Differential expression analysis results showed 799 DEGs in GSE167032, with 537 upregulated and 262 downregulated. In GSE167033, there were 1872 DEGs, including 1110 upregulated and 762 downregulated. Additionally, GSE166488 had 340 DEGs, with 235 upregulated and 105 downregulated. The differential analysis results were visualized as volcano plots and heatmaps (Figure 2).




Figure 2 | Determination of DEGs in three models. (A–C) volcano plot of DEGs in APAP, CCl4, and LPS. (D–F) Heat maps of DEGs in APAP, CCl4, and LPS.



KEGG enrichment analysis reveals that ALI induced by APAP, CCl4, and LPS primarily involves fatty acid metabolism, drug metabolism, PPAR signaling pathway, and IL-17 signaling pathway (Figures 3A–C).




Figure 3 | Functional enrichment analysis. (A–C) KEGG analysis of DEGs in APAP, CCl4, and LPS. (D–F) The top 10 functional enrichment in BP, CC, and MF analysis of APAP, CCl4, and LPS. (G–I) GSEA of apoptosis, fatty acid metabolism, and drug metabolism-related pathways in APAP, CCl4, and LPS. (J–L) GSEA sets of inflammatory response and immune response-related pathways in APAP, CCl4, and LPS.



The GO analysis results reveal that ALI is significantly associated with the GO terms in biological process (BP), cellular component (CC), and molecular function (MF). The enriched GO terms include fatty acid metabolism, inflammatory response, immune response, oxidation-reduction, and membrane microdomain, etc (Figures 3D–F).

GSEA analysis suggests that ALI induced by APAP, CCl4, or LPS is not only associated with biological processes such as apoptosis, fatty acid metabolism, and drug metabolism but is also closely related to inflammatory and immune-related pathways including the TNF signaling pathway, NF-kappa B signaling pathway, IL-17 signaling pathway, B cell receptor signaling pathway, and T cell receptor signaling pathway (Figures 3G–L).




3.2 PPI network analysis and hub DEGs identification

Integrating the DEGs from the three datasets yielded 79 overlapping genes, with 51 being upregulated and 21 being downregulated (Figure 4A). The 79 overlapping genes were subjected to network analysis using the String database, and the results were visualized using Cytoscape (Figure 4B). As indicated in the red nodes in Figure 4C, the top 10 ranked hub genes obtained using the MCC algorithm from the CytoHubba plugin were Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Slc15a3 and Bcl2a1b. According to the MCODE plugin analysis, two significant gene clusters were identified in Figures 4D, E. They were referred to as Cluster1, which includes the genes Cyp2c37, Gsta1, Hsd3b5, and Cyp2c55, and Cluster2, which consists of the genes Lilrb4, Ptprc, Slc15a3, Cd44, Ms4a6d, Cxcl10, and Cxcl1. Combining the results of the two analysis methods, 14 potential hub genes associated with ALI were determined. These genes include Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, Cyp2c37, Gsta1, Hsd3b5, Cyp2c55, and Slc15a3. Subsequently, the 14 identified hub genes were input into the String database to obtain the PPI network graph shown in Figure 4F.




Figure 4 | PPI network analysis and Hub gene identification. (A) Venn diagram shows the overlap of DEGs in APAP, CCl4 and LPS. (B) PPI network maps about 79 overlapping genes. The light green color represents the top 10 genes arranged according to betweenness. (C) Network diagram about the top10 DEGs of CytoHubba predictions. (D, E) Two clusters predicted by MCODE. (F) String analysis network diagram of 14 hub genes obtained by combining CytoHubba and MCODE algorithms.






3.3 Immune cell infiltration in ALI

After conducting immunoinfiltration analysis using the ImmuCell AI algorithm on the integrated results of GSE167033, GSE166488, and their respective datasets, significant differences in immune cell infiltration were observed between the ALI model and the control group. As displayed in Figures 5A, B and Figure S1, there is a significant increase in the infiltration of Macrophage, M1 Macrophage, and M2 Macrophage in the ALI model compared to the control group (p < 0.05). Conversely, Marginal Zone B, Memory B, and pDC infiltration decreased (p < 0.05). Further estimations were conducted on the correlation between immune cells, and the results showed a significant positive correlation between Macrophage, M1 Macrophage, and M2 Macrophage, as well as CD4 T cell, CD4 Tm, T helper cell, and Treg (Figure 5C). T cells negatively correlated with macrophage cells, M1 Macrophage, and M2 Macrophage.




Figure 5 | Characteristics of immune cell infiltration in ALI model. (A) Immune cell infiltration in ALI group and control group. (B) Stacked bar chart of immune cell infiltration in ALI group and control group. (C) The result of immune cell correlation analysis. *p<0.1, **p<0.05, ***p<0.01, ****p<0.001, ns, not significant.






3.5 Relationship between hub DEGs and immune cells

The potential correlation between immune cells and hub genes was analyzed. The results, as displayed in Figure 6A, indicate that hub genes exhibit contrasting correlations between macrophages and DC cells, T cells. Immunoinfiltration analysis determined a close association between macrophages and the ALI model. Focusing on macrophage analysis, there is a strong correlation between Clec4n (0.84), Ms4a6d (0.87), Lilrb4 (0.88), and macrophages, indicating their research significance in the context of macrophage infiltration-related ALI models. Through correlation analysis of hub genes, it was found that Clec4n exhibits strong correlations with Ptprc (0.87), Cd44 (0.90), Lilrb4 (0.88), Cxcl1 (0.82), Slc15a3 (0.90); Ms4a6d was associated with Cxcl10 (0.81), Bcl2a1b (0.87), Cyp2c55 (-0.88), Slc15a3 (0.81); and Lilrb4 was strongly correlated with Ptprc (0.84), Cd14 (0.81), Clec4n (0.88), Cxcl10 (0.81), Cd44 (0.87), Cxcl1 (0.82), Slc15a3 (0.84) (Figure 6B).




Figure 6 | Relationship between hub genes and immune cells. (A) Correlation between hub genes and immune cells. (B) Correlation analysis of hub genes expression. *p<0.05, **p<0.01, ***p<0.001.






3.6 Assessment of ALI and macrophage infiltration in validated models

Based on the above results, the APAP and TP-induced ALI models were selected to validate the relationship between hub genes, macrophage infiltration, and ALI. In the validated model of ALI, a significant increase in serum AST and ALT levels was observed after treatment with TP and APAP (Figures 7A, B). HE staining revealed a pronounced occurrence of hepatocyte steatosis in the mouse liver tissue following TP intervention, accompanied by hepatocyte swelling, hepatocyte necrosis, and localized infiltration of lymphocytes. In the APAP-induced ALI model, a substantial extent of hepatocyte necrosis was observed, accompanied by increased fibroblast proliferation, hepatocyte steatosis, and infiltration of lymphocytes and granulocytes (Figure 7C). Based on the analysis of immune infiltration, macrophage infiltration exhibited an increasing trend in all three models of ALI. Consequently, F4/80 staining was utilized to observe the distribution of macrophages in the TP and APAP-induced ALI models (8). It was found that compared to the control group, macrophage infiltration significantly increased in the TP and APAP groups, consistent with the previous analysis of immune infiltration (Figures 7D, E). Furthermore, the expression of macrophage-related inflammatory factors TNFα, IL-6, and IL-1β in liver tissue was evaluated. The results were as expected, with a significant upregulation of TNFα, IL-6, and IL-1β expression observed in the TP and APAP-induced ALI model (Figures 7F, G).




Figure 7 | Validation of ALI model induced by APAP and TP. (A) ALT levels in serum. (B) AST levels in serum. (C) HE staining results of liver tissue. Scale bars: 50 μm. (D) Quantification of macrophage infiltration. (E) Immunohistochemical results. Scale bars: 50 μm. (F) mRNA expression of TNF-α, IL-6 and IL-1β in liver tissue of APAP model. (G) mRNA expression of TNF-α, IL-6 and IL-1β in liver tissue of TP model. *p<0.05, **p<0.01, ***p<0.001 APAP/TP vs N.






3.7 Experimental validations of hub DEGs expression in ALI mouse

Liver tissue RNA was extracted from mice with APAP- and TP-induced ALI to evaluate the expression levels of 14 hub genes using RT-qPCR. The results, as depicted in Figures 8A, B, demonstrate significant differences in the expression levels of Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, and Slc15a3 in both validation models of ALI, exhibiting the expected trend. Moreover, the correlation between Clec4n, Ms4a6d, Lilrb4, and ALT, AST was analyzed (Figure 8C). The results revealed a strong correlation (p<0.01) between the PCR cycle numbers of Clec4n in both the APAP and TP models and ALT (-0.84, -0.88) and AST (-0.9, -0.94). Similarly, the PCR cycle numbers of Ms4a6d in the APAP and TP models showed a high correlation (p<0.01) with ALT (-0.9, -0.9) and AST (-0.96, -0.95). Furthermore, Lilrb4 displayed a significant correlation (p<0.01) with ALT (-0.9, -0.9) and AST (-0.96, -0.95) in both the APAP and TP models.




Figure 8 | Hub DEGs expression in ALI mouse. (A, B) Validation of hub gene expression in APAP and TP models. (C) The correlation between Clec4n, Ms4a6d, Lilrb and liver function indicators ALT and AST. *p<0.05, **p<0.01, ***p<0.001 APAP/TP vs N.






3.9 Prediction of hub gene and miRNA networks

The miRNA regulatory networks of the hub genes Clec4n, Ms4a6d, and Lilrb4 were predicted using the miRWalk database. The results only included the miRNA regulatory network associated with Clec4n and Ms4a6d, which comprised 223 nodes and 562 edges (Figure 9). Notably, miR-5126, miR-3109-5p, miR-7216-5p, miR-5128, miR-12201-5p, miR331-3p, miR-6939-5p, miR-5627-5p, miR-6988-5p, and miR-412-3p, were found to interact with the hub genes Clec4n and Ms4a6d. These results highlight the potential research value of these miRNAs in the context of ALI. However, it is important to note that further validation is required to establish their roles fully.




Figure 9 | Regulatory networks on miRNA and macrophage-related genes. Blue circles represent genes, and cyan dots represent miRNA.







4 Discussion

The liver is an essential organ in the human body, performing a wide range of vital physiological functions. It plays a crucial role in metabolizing nutrients, detoxifying harmful substances, producing bile for digestion, storing vitamins and minerals, and synthesizing proteins and clotting factors. However, the liver is susceptible to various forms of injury, including ALI. ALI refers to the sudden and severe damage to liver cells, which can be caused by various factors such as viral infections, drug toxicity, alcohol abuse, or autoimmune reactions. When the liver experiences acute injury, its normal physiological functions can be significantly impaired. Understanding general mechanisms and regulatory targets is crucial for comprehending the ALI process and identifying potential therapeutic drugs. In this study, APAP, CCl4, and LPS were selected as the research subjects for ALI. These agents are commonly used in animal experiments to induce ALI and involve multiple mechanisms, including inflammation response, oxidative stress, immune response, apoptosis, and necrosis (1, 2, 5, 16). By employing various bioinformatics methods, this study screened and identified a set of common DEGs from three models. Through the predictions of MCODE and CytoHubba, a potential set of hub genes was identified. Functional enrichment analysis revealed that the three ALI datasets were primarily associated with pathways related to fatty acid metabolism, drug metabolism, inflammatory response, and immune response. Additionally, the infiltration characteristics of immune cells in different models were predicted, and the correlation between hub genes and immune cells was also examined. Finally, the immune infiltration and target gene expression results were validated by combining the APAP and TP-induced ALI models in vivo. By incorporating multiple models of ALI, this study may provide insights into the general regulatory mechanisms of ALI and offer references for exploring general solutions to ALI.

This study is the first attempt to combine three commonly used models of ALI to explore the general mechanisms underlying the occurrence of ALI. PPI network analysis identified 14 DEGs potentially connected to ALI. Through validation using a mouse model of ALI, a final selection of 10 genes (Ptprc, Cd14, Clec4n, Ms4a6d, Cxcl10, Cd44, Lilrb4, Cxcl1, Bcl2a1b, and Slc15a3) was confirmed to be significantly associated with ALI. These 10 hub genes have been reported to play regulatory roles in immune regulation and inflammatory response. For example, Ptprc, as a transmembrane glycoprotein, is an essential regulator of T cell and B cell antigen receptor-mediated activation. It is essential in immune deficiency, autoimmune diseases or malignant tumors (30). Due to its regulatory role in the immune response signaling pathway, Ptprc is also used as a target for treating certain immune diseases, such as organ transplant rejection and tumor metastasis, by selectively inhibiting Ptprc (31, 32). Bcl2a1b is associated with neutrophil proliferation and can serve as a potential marker for identifying proliferating neutrophils, aiding in the study and clinical identification and characterization of neutrophils in ALI. The accumulation of neutrophils contributes to the production of CCL6, thereby recruiting more macrophages (33, 34). Slc15a3 is highly expressed in macrophages and plays a vital role in inflammatory diseases. Studies have shown that knocking down Slc15a3 can reduce the production of TLR4-dependent TNF-α and IL-6. Furthermore, the expression of Slc15a3 positively correlates with the inflammatory process, indicating that Slc15a3 has value for the treatment and evaluation of inflammatory diseases (35, 36). Cxcl10 plays a crucial role in recruiting immune cells during the liver infiltration process in liver diseases. It has been confirmed that Cxcl10 is necessary for promoting inflammatory responses and can participate in hepatocyte apoptosis and inflammatory reactions through toll-like receptor 4 (37, 38). Cxcl1 has been reported to be associated with the recruitment of neutrophils and the severity of liver disease during liver injury. The detection of Cxcl1 levels may have clinical significance in assessing the progression of ALI (39, 40).

ALI is closely linked to dysfunction in innate immunity. GSEA analysis has revealed that all three ALI models are associated with signaling pathways related to inflammation, immune response, and apoptosis (2, 41). In this study, by comparing different immune cell infiltration in the ALI model and the control group, it was found that macrophage infiltration was significantly increased in the ALI model. Immunohistochemical staining showed that the distribution of macrophages in the TP and APAP-induced ALI models was significantly up-regulated. Macrophages are the most abundant immune cells in the liver and play a pivotal role in maintaining liver homeostasis and the potential mechanisms underlying liver diseases (42). In ALI, activated macrophages can increase the release of inflammatory cytokines (IL-6, TNF-α), nitrogen species, reactive oxygen species, and other factors, activating apoptotic pathways in liver cells. Furthermore, macrophage derived chemokines (IL-18, MCP-1) further recruit other immune cells to intervene in the process of liver injury (2, 13–15). Macrophage infiltration in the liver is a hallmark and contributor to liver inflammation and injury (43). Animal experiments have demonstrated that depleting of macrophages can effectively improve APAP-induced liver injury (44). Promoting the transition of macrophage functional characteristics from pro-inflammatory to anti-inflammatory can facilitate the resolution of tissue damage responses (45). Inhibiting macrophage migration to suppress pro-inflammatory immune activation can protect against ischemic liver injury (46). The transition of macrophage phenotypes from pro-inflammatory to anti-inflammatory can be regulated through various biological mechanisms, such as JAK/STATs, TLR4/NF-kB, PI3K/Akt/mTOR, PPARγ, TGF-β/Smads pathways, among others. Targeting these pathways involved in macrophage phenotype transition is a feasible strategy to alleviate ALI (47). For example, studies have found that reducing the expression of HIF-1α and activating the PI3K/Akt/mTOR signaling pathway can decrease oxidative stress and regulate macrophage polarization in the liver, thereby alleviating injury (48).

Integrating the results of hub gene and immune infiltration showed that Clec4n, Ms4a6d and Lilrb4 were strongly correlated with macrophages and serum ALT and AST levels. These results suggest that Clec4n, Ms4a6d, and Lilrb4 are associated with macrophage infiltration in ALI. Clec4n is a C-type lectin receptor expressed on dendritic cells and macrophages (49). Studies have shown that knocking down Clec4n in macrophages significantly affects the secretion of TNF-α, IL-6, or MIP-2 (50). Recent research has demonstrated that in acute inflammation, Ms4a6d in macrophages promotes the transcription of pro-inflammatory genes and increases mitochondrial reactive oxygen species secretion through crosslinking with MHC Class II antigen (51). Lilrb4 is expressed on the surface of antigen-presenting cells such as macrophages and dendritic cells (52). Studies have found that Lilrb4 is involved in the pathological processes of various inflammatory diseases, and downregulation of Lilrb4 exacerbates local inflammatory responses (53). Knockout Lilrb4 in mice results in increased secretion of pro-inflammatory cytokines TNF-α and IL-6, and silencing Lilrb4 in vitro also leads to increased production of pro-inflammatory cytokines IL-6 and IL-1β (54, 55). These findings suggest that downregulation of Lilrb4 exacerbates the inflammatory process, and targeting Lilrb4 or its associated pathways may be an effective strategy for mitigating inflammation-induced injury in ALI.

However, there are some limitations in this study. For instance, the three ALI models used may not represent all types of ALI. The sample size was not sufficiently large, and the potential regulatory targets obtained were not validated in a more significant number of ALI models. Nevertheless, it is hoped that this study can lay the foundation for exploring the general regulatory targets and mechanisms of ALI, providing insights for clinical strategies to address ALI.




5 Conclusion

In summary, this study employed three datasets of ALI induced by APAP, CCl4, and LPS as generic models for liver injury research. A total of 79 overlapping genes were identified, identifying 14 potential hub genes associated with ALI. Functional enrichment analysis indicated that the ALI process may be linked to pathways related to fatty acid metabolism, drug metabolism, inflammatory response, and immune response. Immunoinfiltration studies revealed a significant increase in macrophage infiltration in ALI models. By constructing APAP and TP-induced ALI models, we validated the regulation of the 10 hub genes at the in vivo level, confirming consistency with the bioinformatics analysis results. Correlation analysis identified Clec4n, Ms4a6d, and Lilrb4 as significantly correlated with macrophage infiltration and liver function biochemical markers ALT and AST, suggesting their potential for further investigation in the prevention and treatment of ALI. Furthermore, using the miRWalk database, 10 miRNAs with potential research value in ALI were predicted.
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Background & aims

Activated CD8+ T cells are elevated in Nonalcoholic steatohepatitis (NASH) and are important for driving fibrosis and inflammation. Despite this, mechanisms of CD8+ T cell activation in NASH are largely limited. Specific CD8+ T cell subsets may become activated through metabolic signals or cytokines. However, studies in NASH have not evaluated the impact of antigen presentation or the involvement of specific antigens. Therefore, we determined if activated CD8+ T cells are dependent on MHC class I expression in NASH to regulate fibrosis and inflammation.





Methods

We used H2Kb and H2Db deficient (MHC I KO), Kb transgenic mice, and myeloid cell Kb deficient mice (LysM Kb KO) to investigate how MHC class I impacts CD8+ T cell function and NASH. Flow cytometry, gene expression, and histology were used to examine hepatic inflammation and fibrosis. The hepatic class I immunopeptidome was evaluated by mass spectrometry.





Results

In NASH, MHC class I isoform H2Kb was upregulated in myeloid cells. MHC I KO demonstrated protective effects against NASH-induced inflammation and fibrosis. Kb mice exhibited increased fibrosis in the absence of H2Db while LysM Kb KO mice showed protection against fibrosis but not inflammation. H2Kb restricted peptides identified a unique NASH peptide Ncf2 capable of CD8+ T cell activation in vitro. The Ncf2 peptide was not detected during fibrosis resolution.





Conclusion

These results suggest that activated hepatic CD8+ T cells are dependent on myeloid cell MHC class I expression in diet induced NASH to promote inflammation and fibrosis. Additionally, our studies suggest a role of NADPH oxidase in the production of Ncf2 peptide generation.





Keywords: liver, NASH, fibrosis, H2Kb, CD8+ T cells, immunopeptidome




1 Introduction

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of liver pathologies, beginning with hepatic steatosis progressing to nonalcoholic steatohepatitis (NASH) and even hepatocellular carcinoma (HCC) (1). NASH is characterized by immune cell infiltration, inflammation, oxidative stress, and fibrosis in the liver (2). Recent studies have demonstrated in obese models of NASH, a pathogenic subset of hepatic CD8+ T cells that are elevated and regulate hepatic inflammation and fibrosis (3–8). Although liver fibrosis was thought to be irreversible, recent studies have shown NASH associated fibrosis can be resolved and is dependent on a protective subset of CD8+ T cells during resolution in mice (9). Although studies have highlighted various subsets of CD8+ T cells involved in both NASH development and resolution, further investigation is required to better understand mechanisms that regulate immune cell activation.

In both humans and mouse, NASH-induced B and T cell infiltration positively correlate with the presence of antibodies targeting antigens derived from oxidative stress (10). Oxidative stress in the liver is especially detrimental as it can play a role in cellular dysfunction, injury, and even cell death (11–13). With the advancement of single cell RNA sequence, current studies have identified multiple subsets of CD8+ T cells in human and mouse models of NAFLD (9, 14). Resident pathogenic CD8+ T cells in NASH are classified as auto-aggressive toward hepatocytes. This subset is characterized by expressing high levels of CXCR6, cytotoxicity (granzyme), and exhaustion marker PD-1. However, the hepatic CD8+ T cells were discovered to act in an antigen-independent manner relying on IL-15 driven transcriptional reprogramming and metabolic signals acetate and ATP for activation (14). Additionally, a subset of CD8+ T cells during NASH resolution operate in a CCR5-dependent chemoattractant manner also relying on IL-15 (9).

Major histocompatibility complex (MHC) class I molecules are expressed on all nucleated cells and are responsible for presenting short antigen peptides (8-11 amino acids in length) to CD8+ T cells. In mice, this region is referred to as the histocompatibility 2 (H2) complex and expresses three class I loci (K, D, and L) equivalent to human class I loci HLA-A, HLA-B, and HLA-C. In humans, limited studies have addressed the impact of MHC Class I in regulating NAFLD associated pathologies. Human HLA class I alleles such as HLA*B27 are associated with advanced steatosis, while alleles HLA*C4, HLA*A31 and HLA*C6 correlate with NASH and advanced fibrosis (15, 16). These genes are highly polymorphic, having numerous alleles for each locus (k, d, b, k, q), and are involved in regulating the peptide binding activities of MHC I (17). Peptides are obtained through proteasomal degradation of ubiquitinated proteins where they are loaded onto MHC I molecules in the ER and brought to the cell surface. They are typically presented on classical antigen presenting cells (APCs) such as macrophages, monocytes, or dendritic cells. At the cell surface CD8+ T cells are primarily activated by MHC class I bound peptides. Each T cell receptor has the capability for rearrangement which allows these cells to recognize many different peptides in order to become activated (8). However, it remains to determined how the MHC I immunopeptidome is altered during NASH and if this plays a role in CD8+ T cell activation. Thus, understanding the role of peptide presentation by MHC class I is important for elucidating mechanisms of CD8+ T cell activation in NASH.

Our findings indicate that CD8+ T cell activation in NASH is dependent on H2Kb expression. Knockout of H2Kb and H2Db leads to significant reductions in CD8+ T cell activation and hepatic fibrosis during NASH development. Lack of H2Kb in myeloid cells protected against liver fibrosis and CD8+ T cell activation but not inflammation. Mice with NASH expressed a unique hepatic H2Kb immunopeptidome compared to steatosis and normal mouse. We identified the NASH peptide Ncf2 and demonstrated this peptide activates NASH CD8+ T cells in vitro. Activated Ncf2 specific CD8+ T cells were also detected in NASH mice in vivo This is further supported by the absence of the Ncf2 peptide during fibrosis resolution. Thus, the Ncf2 peptide may be a driving factor in antigen dependent CD8+ T cell activation in NASH.




2 Materials and methods



2.1 Animal models

Male 5-wk-old C57BL/6J and low-density lipoprotein receptor knockout (LDLRKO) mice were originally purchased from Jackson Laboratories (Bar Harbor, ME) and further propagated in our colony. C57BL/6J mice were used to generate MHC I-deficient mice that lack endogenous H2Db and H2Kb (MHC I KO). Transgenic Kb mice were generated by introducing the H2Kb transgene (Kb LoxP) into MHC I KO mice developed by the Mayo Clinic Transgenic Mouse Core (Rochester, MN). Kb mice were then crossed with MHC I deficient mice expressing Cre recombinase under the LysM promoter (LysM Kb KO, myeloid cell specific). This cross generated a conditional knockout of Kb in myeloid cells. All Mouse genotypes were confirmed through flow cytometry. MHC I KO, Kb, and LysM Kb KO mice were donated from Dr. Aaron Johnson and further propagated in our colony (18).

WT Amylin NASH Model. Male 6-wk-old C57BL/6J (WT) mice were fed chow or amylin diet (AMLN, 40 kcal% fat, 20 kcal% fructose and 2% cholesterol, Diet # D09100310i, Research Diets) for 28 weeks. LDLRKO NASH model. Male 6-wk-old LDLRKO mice were fed chow or western diet (WD, 42 Kcal% fat with 0.2% added cholesterol, TD.22137; Harlan Laboratories) for 12 weeks. WT Sucrose WD NASH model. Male 6-wk-old C57BL/6J wild type (WT) mice were fed chow or western diet (WD, 42 Kcal% fat with 0.2% added cholesterol, TD.22137; Harlan Laboratories) with 30% glucose/fructose water for 25 weeks. Taconic Amylin NASH Model. C57BL/6NTac (Tac) male mice were purchased from Taconic Biosciences on chow or amylin diet (AMLN, 40 kcal% fat, 20 kcal% fructose and 2% cholesterol, Diet # D09100310i, Research Diets) remaining on diet for a total of 28 weeks. Taconic Amylin Resolution Model. Taconic mice were purchased from Taconic Biosciences on chow or amylin diet as described previously. For the resolution model (RES), NASH mice after 28 weeks on amylin diet were switched to a chow diet for 5 weeks. MHC I KO, Kb, and LysM Kb KO Studies. 6-wk-old male mice from WT, MHC I KO, Kb, LysM Kb KO were fed chow or amylin diet (AMLN, 40 kcal% fat, 20 kcal% fructose and 2% cholesterol, Diet # D09100310i, Research Diets) for 28 weeks.

All Mice were housed with ad libitum access to food and water on a 12-hour light/dark cycle. Mice were sacrificed between the ages of 15-34 weeks. Tissues were snap-frozen and stored in -80°C freezer. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at North Carolina State University under protocol 21-502-B.




2.2 Immune cell isolation from liver

Mice were anesthetized and perfused through the heart with 1X PBS. Mouse livers were collected and minced in RPMI, 1 mg/ml Collagenase IV, 2 mg/ml Collagenase II, 1 mg/ml Protease, and 0.01 mg/ml DNase and incubated at 37°C for 25 min shaking. The cell suspension was filtered through a 100-µm filter with wash buffer and centrifuged at 443 xg for 6 min at 4°C. Supernatant was discarded and the pellet washed and centrifuged at 443 xg for 6 min at 4°C. The pellet was resuspended in 33% Percoll and centrifuged at 850 xg for 15 min at 4°C with minimum break and accelerator. The pellet was resuspended in wash buffer and centrifuged at 300 xg for 5 min at 4°C and the supernatant discarded. The pellet was resuspended in ACK lysing buffer and incubated at room temperature for 5 min. After incubating, wash buffer was added and centrifuged at 300 xg for 5 min at 4°C. The supernatant was discarded and the pellet resuspended in FACS buffer filtered through a cell strainer cap tube and prepared for cell culture or flow cytometry.




2.3 CD8+ T cell isolation from spleen

Mouse spleens were isolated and strained through a 100-µm filter with FACS buffer and centrifuged at 500 xg for 5 min at 4°C. Pellets were washed with FACS and centrifuged at 500 xg for 5 min at 4°C. Pellets were resuspended in ACK Lysing Buffer and incubated on ice for 5 mins. After incubation FACS buffer was added and centrifuged at 500 xg for 5 min at 4°C. Supernatants were discarded and pellets resuspended in 1ml FACS buffer and filtered through a cell strainer cap tube. Cells were centrifuged at 500 xg for 5 min at 4°C and resuspended in FACS buffer and prepared for T cell assays.




2.4 Flow cytometry

Isolated cells from the liver were incubated with Fc block followed by incubation with fluorophore conjugated antibodies on ice in FACS buffer for the following panels: T cell panel: CD8a (PE-Cy7, 1:200, BD Biosciences), TCRβ (APC-Cy7, 1:200, BD Biosciences), CD44 (A700, 1:200, BD Biosciences), and CD62L (APC, 1:200, BD Biosciences). T cell subsets panel: CD8a (PE-Cy7, 1:200, BD Biosciences), TCRβ (APC-Cy7, 1:200, BD Biosciences), CD44 (A700, 1:200, BD Biosciences), CD62L (APC, 1:200, BD Biosciences), CXCR6 (FITC, 1:100, Biolegend), CCR7 (PerCP-Cy5.5, 1:100, Biolegend), and Ncf2 Tetramer (PE, 1:100, NIH Tetramer Core Facility). NK T cell panel: NK1.1 (PE, 1:100, BD Biosciences), TCRβ (APC-Cy7, 1:200, BD Biosciences), CD8a (PE-Cy7, 1:200, BD Biosciences), and CD4 (AF488, 1:200, BD Biosciences). Macrophage Panel: F4/80 (A700, 1:200, Biolegend), CD64 (PE, 1:200, BD Biosciences), CD11b (FITC, 1:200, BD Biosciences), Ly6c (PerCP-Cy5.5, 1:200, BD Biosciences), H2Kb (APC-eFluor780, 1:200, ThermoFisher), and H2Db (PE-Cy7, 1:200, BD Biosciences). After incubation samples were washed twice with FACS buffer. Flow data was acquired on a Becton Dickinson LSRII machine in the NCSU flow Cytometry Core. All data was analyzed using FlowJo software v10.8. Flow gating strategies are provided (Supplementary Figures 1A, B).




2.5 Liver tissue histology staining

Paraffin-embedded sections from mouse livers were used for Hematoxylin and eosin (H&E) and Sirius red staining (7). Whole slide images were captured on BioTek Cytation 5 at 10X magnification.




2.6 RNA isolation and real time RT-PCR

For RNA isolation, 25 mg of frozen liver tissue was homogenized in Tri-Reagent (Fisher) and extracted using Direct-zol RNA MiniPrep kit (Genesee) according to manufacturer’s instructions. cDNA was synthesized on a BioRad iQ5 thermocycler using qScript cDNA supermix (QuantaBio) according to manufacturer’s instructions. Real-time RT-PCR analysis was performed using PerfeCTa qPCR FastMix II (QuantaBio) and TaqMan assay (ThermoFisher) on a 7500 fast Dx thermocycler. Relative gene expression was normalized to 18s expression and determined using the delta-delta CT method. All sample reactions performed in duplicate. All TaqMan assays used can be found in STAR methods.




2.7 Western analysis

A 50 mg piece of frozen liver was homogenized in 0.5 ml of RIPA buffer (150 mM Sodium Chloride, 1% Triton X-100, 0.5% Sodium Deoxycholate, 0.1% SDS, 50 mM Tris, and 1 mM EDTA) containing 1X protease and phosphatase inhibitor cocktail (Halt). Samples were centrifuged for 15 min at 12,000 rpm at 4°C. Supernatants were aspirated and protein quantified using Pierce BCA protein assay according to manufacturer’s instructions. Proteins were separated by SDS-PAGE and transferred to activated PVDF membranes. Membranes were blocked with OneBlock blocking buffer (Prometheus, Genessee Scientific) for 1 hr at room temperature shaking. Membranes were then probed with antibodies specific for Ncf2 (ThermoFisher), H2Kb (BioXCell), or H2Db (Santa Cruz) at 4°C shaking overnight. All blots were probed for β-actin (Cell Signaling Technology) 1 hr at room temperature. After blocking membranes were washed three times for 5 min in 1X PBS with 0.1% Tween-20 at room temperature. After washing membranes were incubated with Licor secondary antibodies goat anti-rabbit IRDye 800CW and goat anti-mouse IRDye 680RD at 1:10,000 dilutions with 0.1% Tween-20 for 1 hr at room temperature protected from light. Blots were washed again as described previously and imaged on Odyssey Infrared Imaging System. Band intensity quantification was obtained using Image Studio Lite version 5.2 software.




2.8 Isolation of H2Kb peptides from liver

Liver lysates were prepared following Kowalewski’s methods with some modifications (19). Livers were isolated and pooled together 5 Control or 5 NASH age matched mice or isolated individually and immediately minced in one volume of 2x solubilization buffer (1X PBS, 12% CHAPS, protease inhibitor mini tablet (Pierce), and PhosSTOP inhibitor tablet (Roche). Lysates were then manually homogenized and rinsed in 1X solubilization buffer and stirred for 1 hr at 4°C. Lysates were sonicated with 120w of ultrasonic power and 30% pulse length for 3 min on ice and then stirred for 1 hr at 4°C. Lysates were then centrifuged at 2,000 x g for 20 min. Supernatants were collected and subjected to ultracentrifugation at 150,000 x g for 70 min at 4°C. Supernatants were collected and filtered through a 0.22 µm pore syringe filter.

Column preparation was modified from methods by Chen and colleagues (20). 1 ml HiTrap NHS-activated HP immunoaffinity columns (Cytiva) were prepared based on the following steps. Briefly, a drop of ice-cold 1 mM HCl was added to the top of the column and 6 ml of ice-cold 1 mM HCl was added to the column at a flow rate not exceeding 1 ml/min. For antibody coupling 10 ml of 1 mg/ml anti-H2Kb mAb (Clone:Y3, BioXCell) antibody in antibody coupling buffer (0.2 M of NaHCO3, 0.25 M NaCl, pH 8.3) was circulated at a flow rate of 1 ml/min for 4 hr at 4°C with a peristalsis pump. To deactivate any excess active groups, the column was injected with 3 x 2 ml buffer A (0.5 M ethanolamine, 0.25 M NaCl, pH 8.3) and 3 x 2 ml buffer B (0.1 M sodium acetate, 0.25 M NaCl, pH 4) alternatively with a syringe not exceeding 1 ml/min. After the column was left to rest at room temperature for 30 min, alternate washes of 3 x 2 ml buffer B and 3 x 2 ml buffer A were injected into the column. The prepared liver lysate was then continually circulated over the column overnight at a flow rate of 1 ml/min at 4°C. Columns were then washed with the following buffers: 15 ml of wash buffer 1 (50 mM Tris-HCl, pH 8, 75 mM NaCl, and 1% CHAPS), 15 ml of wash buffer 2 (50 mM Tris-HCl, pH 8, 75 mM NaCl in deionized H2O), 25 ml of wash buffer 3 (50 mM Tris-HCl, pH 8, 225 mM NaCl in deionized H2O), and 35 ml of wash buffer 4 (50 mM Tris-HCl, pH 8 in deionized H2O). H2Kb peptides were eluted in 6 ml of 10% acetic acid and filtered using a 3kDa ultrafiltration filter (Millipore) and frozen in -80°C. Frozen peptide elutes were lyophilized overnight and resuspended in 300 µL of 0.1% TFA. Peptide solutions were desalted using peptide desalting columns (Pierce) according to manufacturer’s instructions.




2.9 Analysis of H2Kb peptides by LC-MS/MS

Immunoaffinity H2Kb captured peptide solutions were analyzed by a discovery proteomics workflow using a hybrid quadrupole-orbitrap mass spectrometer (Thermo Scientific™ Orbitrap Exploris™ 480, Bremen Germany) incorporating an Easy-Spray™ nanoelectrospray source (Thermo Scientific™, San Jose) coupled to an Easy-nLC™ 1200 nano-liquid-chromatography system (Thermo Scientific™, San Jose). Mass spectrometry data were acquired using non-targeted data-dependent acquisition (DDA) at top scan speed with a full experiment time of 3 seconds. Samples were injected in a random order. Commercially obtained, standardized bovine serum albumin (BSA) digest and HeLa digest were evaluated throughout the injection sequence to ensure proper nanoLC−MS/MS reproducibility. Proteins were identified by processing raw nanoLC/MS data with Proteome Discoverer 2.5 software (Thermo Scientific™, San Jose, CA) using a Mus musculus protein database obtained from Swiss-Prot (Taxon 10090 including sub-taxonomies; 17,090 sequences).




2.10 Analysis of lipid species by LC-MS/MS

Liver lipids were measured using methods previously described (21).




2.11 Peptide synthesis

Unique NASH H2Kb restricted peptides were synthesized at a crude purity from Peptide 2.0 Inc (Chantilly, VA). Synthetic peptides were used for functional assays and LC-MS/MS validation.




2.12 H2Kb peptide binding assay

RMA-S cells were seeded into a 96 well plate at 1x105 per well in 100 µL of media (RPMI with 10% FBS) and incubated at 27°C for 18 hrs. Following incubation cells were treated with 100 µM of vehicle control, Ova, Ncf2 peptide, or Gpnmb peptide (FVYVFHTL) and incubated at 37°C for 5 hrs. Cells were harvested for flow cytometry and incubated with Fc block for 5 min followed by a 30 min incubation with fluorophore conjugated antibodies on ice in FACS buffer for H2Kb (APC-eFluor780, 1:200, ThermoFisher) and Propidium Iodide (PI, 1:10,000, ThermoFisher). Data for this assay was acquired on a BD Accuri C6 machine. All data was analyzed using FlowJo software v10.8.




2.13 CD8+ T cell activation assay

96 well plates were initially coated with IgG (clone RTK2758, BioLegend) and incubated at room temperature for 3 hr. Plates were washed twice with PBS and coated with 1 µg/ml anti-CD3 (clone 145-2C11, Bio-Rad) and 1 µg/ml anti-CD28 (clone E18, Bio-Rad) overnight at 4°C. Plates were washed twice with PBS prior to plating cells. Unstimulated samples were not cultured with CD3 or CD28 and supplemented only with IL-2. Immune cells were isolated from livers or spleens of NASH mice as described previously and CD8+ T cells were magnetically sorted using a CD8+ T cell isolation kit (Miltenyi Biotec). CD8+ T cells were stained with cell trace violet (Life Technologies) according to manufacturer’s instructions. RMA-S cells were treated with vehicle control, Ova, Ncf2 peptide, or Gpnmb peptide as described previously. CD8+ T cells were plated at 5x104 per well and co-cultured with 1x104 of treated RMA-S cells per well in a total of 200 µL of RPMI medium (Corning) supplemented with 10% FBS, L-glutamine (400 mM), penicillin (100 U/ml), streptomycin (100 µg/ml), 2-mercaptoethanol (50 µM), and IL-2 (100 ng). Cells were cultured at 37°C and harvested after 3 and 5 days and prepared for flow cytometry using the CD8+ T cell panel. T cell activation assay for genotype comparisons of WT, MHC I KO, and Kb CD8+ T cells were plated in 6 well plates with 1.5x105 cells/well in 2 ml of media under stimulated or unstimulated conditions for 3 days and harvested for flow cytometry. Data for this assay was acquired on a Beckman Coulter CytoFLEX machine in the NCSU flow Cytometry Core. All data was analyzed using FlowJo software v10.8.




2.14 Cytokine analysis

Media from T cell activation assays were collected and analyzed using a 9-plex mouse luminex discovery assay targeting RANTES, Granzyme B, IFN-gamma, Il-2, IL-4, IL-6, IL-10, IL-13 and TNF alpha on the Bio-Rad Bio-Plex 200 multiplex suspension array system in the Advanced Analytical Core at UNC Chapel Hill. Media was diluted to 1:5 using assay buffer.




2.15 Statistical analysis

GraphPad Prism 10.0.2 software was used for all statistical analyses. Two-tailed unpaired Student’s t-tests were performed for two group comparisons. Two-way ANOVA was performed for genotype versus diet studies followed by multiple T test comparisons. All data is presented as the mean ± SEM. Data was considered statistically significant for P<0.05 (*), P<0.01 (**), P<0.001(***), and P<0.0001(****).





3 Results



3.1 H2Kb and H2Db is upregulated in myeloid cells NASH

Our previous work has shown increased activated CD8+ T cells in the LDLRKO obese/hyperlipidemia mouse model of NASH. We have shown that CD8+ T cells play a key role in regulating inflammation and fibrosis through CD8 antibody depletion and adoptive transfer studies (7). However, limited studies have focused on how these cells are activated and how antigen presentation plays a role in their activation (14).

We demonstrate that activated CD8+ T cells are significantly increased in obese mouse models of NASH using low density lipoprotein receptor knockout mice (LDLRKO) on western diet (WD) (Supplementary Figures 2A, B) and Taconic mice on amylin diet (Tac NASH) (Supplementary Figures 2C, D). Because CD8+ T cells are class I restricted, we evaluated the expression of MHC I isoforms, H2Kb and H2Db, under NASH conditions. Total liver protein analysis revealed H2KB protein expression was significantly upregulated during NASH with increasing trends for H2DB expression (Figures 1A, B, Supplementary Figures 2E, F). We used flow cytometry analysis to determine if NASH impacts myeloid specific expression of H2Kb and H2Db in WT mice fed amylin diet for 28 weeks. Macrophages and recruited monocytes are elevated in NASH and crucial to inflammation, fibrosis, and immune cell activation in chronic liver diseases (22). In CD11b+ myeloid cells, overall H2Kb expression was significantly increased compared to H2Db expression. Additionally, H2Kb expression was significantly increased in NASH compared to chow suggesting H2Kb may play a larger role in antigen presentation in NASH (Figure 1C). Our studies confirmed increased monocytes (Ly6c+ CD11b+), monocyte derived macrophages (Ly6c+CD11b+F480+CD64+), and macrophage populations (Ly6c-CD11b+F480+CD64+) in NASH (Figures 1D, G, J). Additionally, H2Kb and H2Db were significantly increased in the myeloid cell populations in NASH compared to chow controls (Figures 1E, F, H, I, K, L). These findings were consistent across Tac NASH and LDLRKO NASH models (Supplementary Figures 3A–O). In summary, H2Kb and H2Db are increased in myeloid cells in NASH livers. However, it remains unknown how changes in the expression of H2Kb or H2Db impact NASH progression.




Figure 1 | H2Kb is upregulated in myeloid cells in NASH. WT mice were fed chow or amylin diet for 28 wks (n=5 per group) in two replicate cohorts. (A) Total liver protein of H2KB and H2DB. (B) Quantification of protein expression normalized to β-actin. (C) Total CD11b+ cells gated for H2Kb and H2Db. (D) Flow analysis of monocytes (Ly6c+CD11b+) and monocyte H2Kb (E) and H2Db (F) expression. (G) Flow analysis of monocyte derived macrophages (Ly6c+CD11b+CD64+F4/80+) monocyte derived macrophage H2Kb (H) and H2Db (I) expression. (J) Flow analysis of macrophages (Ly6-CD11b+CD64+F4/80+, CLEC4F+) and macrophage H2Kb (K) and H2Db (L) expression. Flow plots show percentage of parent gate. Data shown as the mean ± SEM. Two-tailed unpaired Student’s t-tests and determined significant by P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001(****).






3.2 Myeloid cell H2Kb controls NASH associated hepatic CD8+ T cell activation

Given that H2Kb had higher overall expression in myeloid cells compared to H2Db, we then investigated the impacts of H2Kb on the activation of CD8+ T cells in NASH. To probe the function of H2Kb in NASH, we used three genetically modified mouse models: mice lacking H2Kb and H2Db (MHC I KO), expressing only H2Kb and no H2Db (Kb), and conditional Kb knockout in myeloid cells (LysM Kb KO). By flow analysis, H2Kb and H2Db were not detected in the livers of MHC I KO mice. H2Kb was only detected with no H2Db expression in the Kb mouse model, and the LysM Kb KO mouse model was deficient in H2Kb on CD11b+ cells (Supplementary Figures 4A–C).

After 28 weeks, amylin diet significantly increased epididymal fat in WT, MHC I KO, Kb, and LysM Kb KO mice. MHC I KO mice on amylin diet behaved most similar to WT with increased body weight and liver weights. Interestingly, Kb and LysM amylin fed mice had reduced liver weights compared to WT amylin fed mice and no changes in body weight in the Kb amylin fed mice (Figures 2A, B). To further understand how MHC I impacts NASH pathology, liver tissue sections were stained with H&E. WT amylin mice demonstrated diffuse lipid accumulation and minimal lymphatic inflammation compared to chow controls. However, no significant changes were detected between WT, MHC I KO, and LysM Kb KO mice on amylin diet. In contrast, Kb amylin fed mice displayed hepatocyte necrosis and oval cell hyperplasia (Figure 2C, Supplementary Table 1). Notably, MHC I KO and LysM Kb KO mice were protected against NASH induced increases in hepatic gene expression of immune cell markers Cd8 and Cd11b. Whereas Kb mice responded similar to WT mice on amylin diet with increased expression of both markers (Figure 2D). Next, we determined how the loss of MHC I, H2Kb expression only, and H2Kb expression in myeloid cells impacts hepatic CD8+ T cell activation during NASH development. Flow cytometry analysis demonstrated that MHC I KO and LysM Kb KO mice were protected from hepatic CD8+ T cell activation compared to WT and Kb amylin mice (Figures 2E, F).




Figure 2 | MHC I KO and LysM Kb KO prevent CD8+ T cell activation in NASH. WT, MHC I KO, Kb or LysM Kb KO mice were on diet for 28 wks (n=3-7 per group) in two replicate cohorts. (A) Weight progression over time. (B) Body weight, liver weight, and adipose tissue weight after 28 wks on diet. (C) Representative images of H&E staining of mouse liver sections. (D) Hepatic gene expression. Flow analysis of Tcrβ+CD8+ T cells (E) and activation (CD44+CD62L-). (F) Flow plots show percentage of parent gate. Data shown as the mean ± SEM. Two-way ANOVA were performed and determined significant by P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001 (****).



Because MHC I disruption can reduce CD8+ T cell generation and impact natural killer (NK) T cell functions, we evaluated changes in CD8+ T cells and NK cells in WT, MHC I KO, Kb, and LysM Kb KO chow mice. Interestingly, no significant changes were identified in the number of liver CD8+ T cells between the WT and MHC I KO, Kb, or LysM Kb KO mice. However, MHC I KO mice demonstrated significant reductions in both spleen and blood CD8+ T cell numbers (Supplementary Figure 4D) (23). We next evaluated if MHC I deletion impacts CD8+ T cell function in both the spleen and liver. Isolated splenic or liver CD8+ T cells were cultured under unstimulated or stimulated conditions with CD3/CD28 to confirm functionality in the MHC I KO genotype. Using flow cytometry, we identified less splenic CD8+ T cells in the MHC I KO model and no differences between WT and Kb CD8+ T cells. Both MHC I KO and Kb CD8+ T cells responded to stimulation with increased activation (CD44+, CD62L-) and proliferation comparable to WT CD8+ T cells (Supplementary Figures 4E–G). Previous studies have evaluated the impact of Kb deletion in myeloid cells on CD8+ T cell development. These studies reported no significant changes in the proportion of CD8+ T cells or changes in the TCR repertoire diversity (18). Liver CD8+ T cells in the MHC I KO mice did not to respond to CD3/CD28 stimulus to the same extent as WT mice with less total CD8+ TCRβ+ cells present under stimulated conditions. However, MHC I KO CD8+ T cells were still able to response to stimulus with increased activation and proliferation (Supplementary Figures 4H–J).

To determine if altered MHC I expression impacts NK1.1+ and NK T cells, immune cells from livers of chow WT, MHC I KO, Kb, and LysM Kb KO mice were evaluated. Flow cytometry analysis revealed no significant differences in NK1.1+TCRβ- and NK1.1+TCRβ+ cells between WT and MHC I KO, Kb, and LysM Kb KO mice (Supplementary Figures 5A,B). Additionally, no significant changes were detected in NK1.1+TCRβ+ subsets for CD4+ and CD4-CD8- subsets (Supplementary Figures 5D, E). Previous studies support the lack of NK response to the missing MHC I as studies in β2m KO mice are not autoreactive and are tolerant to the MHC I deficiency (24–26).

Taken together, our results show that the absence of H2Kb and H2Db, and myeloid specific deletion of H2Kb protects against NASH associated CD8+ T cell activation whereas H2Kb expression, in the absence of H2Db, increases CD8+ T cell activation.




3.3 MHC I KO protects against NASH associated inflammation and fibrosis while LysM Kb KO only protects against fibrosis

We next evaluated the impact of MHC I function on hepatic inflammation and fibrosis. In the absence of H2Kb and H2Db, mice were protected from diet induced increases of inflammatory genes Tnf, Il1b and Il10 and compared to WT amylin mice. However, Kb and LysM Kb KO mice demonstrated significant increases in Tnf with amylin diet. MHC I KO and Kb mice had significant reductions in Il10 expression while LysM Kb KO mice increased with amylin diet (Figure 3A). Interestingly, MHC I KO and LysM Kb KO mice were protected from diet induced fibrosis with significant reductions in hepatic gene expression of fibrotic markers Col1a1 and Tgfβ in contrast to the significant increases in WT and Kb mice on amylin (Figure 3B). In correlation with gene expression, MHC I KO and LysM Kb KO mice showed significant reductions in Sirius red staining compared to WT and Kb amylin mice. Interestingly, Kb amylin mice demonstrated significantly increased collagen deposition compared to WT amylin mice. (Figure 3C). To examine hepatic steatosis, we performed mass spectrometry analysis of lipid species in the liver. We found total liver triglycerides and diglycerides were significantly upregulated with amylin diet and not impacted by genotype (Figure 3D).




Figure 3 | MHC I KO and LysM Kb KO are protective against NASH. WT, MHC I KO, Kb, or LysM Kb KO mice were on diet for 28 wks (n=3-7 per group, in two replicate cohorts). (A, B) Hepatic gene expression. (C) Representative figures of Sirius red staining of mouse liver sections and quantification. (D) Quantification of liver triglyceride and diglyceride lipid species detected by LC-MS/MS analysis. Data shown as the mean ± SEM. Two-way ANOVA were performed and determined significant by P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001 (****).



Our findings suggest that H2Kb and H2Db are necessary for NASH induced CD8+ T cell activation, inflammation, and fibrosis but do not regulate hepatic lipid accumulation. Additionally, H2Kb expression in the absence of H2Db leads to advanced NASH fibrosis. Meanwhile, H2Kb specific knockout in myeloid cells reduced fibrosis but not NASH associated inflammation.




3.4 Ncf2 is a unique H2Kb restricted peptide in NASH

Given H2Kb expression is important for CD8+ T cell activation, we aimed to identify H2Kb restricted peptides in NASH. Peptides were isolated from livers of NASH mice using immunoaffinity chromatography in three different mouse models of NASH (LDLRKO, Tac, and WT) compared to chow controls. Using BioVenn filtering analysis, we identified unique NASH peptides in NASH mouse models by removing chow associated peptides (Figure 4A). NASH peptides demonstrated a preference for 8 amino acids in length (Figure 4B, Supplementary Figures 6A, B). BioVenn filtering identified 59 NASH peptides found in all three mouse models of NASH (Figure 4C). Pathway analysis of peptide related proteins revealed enrichment in pathways such as cellular response to stress, adaptive immune system, response to endoplasmic reticulum stress, and protein catabolic processes (Figure 4D). Using NetMHCPan-4.1, all peptides were predicted to be strong H2Kb binders (Supplementary Table 2).




Figure 4 | Unique H2Kb restricted peptides in NASH. Taconic mice on chow or amylin diet for 28 wks (n=5 mice per group, 2 replicate cohorts). LDLRKO mice on chow or WD for 12 wks (n=3-4 mice per group, 2 replicate cohorts). WT mice on chow or WD and sucrose water for 25 wks (n=5 mice per group, 1 cohort). WT, MHC I KO, Kb, or LysM Kb KO mice on chow or amylin diet (n= 3-7 mice per group, 2 replicate cohorts). (A) Venn diagram of the Taconic NASH model chow vs NASH peptides. (B) Pie chart of percentage of peptides with different amino acid lengths from Tac NASH model. (C) BioVenn filtered unique NASH peptides. (D) Bar graph of enriched terms across input gene lists, colored by p-values using Metascape. (E) NetMHC predicted binding affinities for Ncf2 peptide to MHC I isoforms for strong binders (SB) and non-binders (NB). Total liver Ncf2 protein (F) and gene expression (G) in WT, MHC I KO, Kb, and LysM Kb KO mice. Data shown as the mean ± SEM. Two-tailed unpaired Student’s t-tests were performed for two group comparisons. Two-way ANOVA was performed for multiple genotypes versus diet studies. Data was considered statistically significant for P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001 (****).



Interestingly, the peptide VHYKYTVV (Ncf2 peptide) was found in all NASH models and predicted to strongly bind to H2Kb with high specificity and not predicted to bind to any other MHC I isoforms (Figure 4E, Supplementary Figure 6C). The Ncf2 peptide is associated with the p67phox protein, a critical subunit for NADPH oxidase activity (27–29). Protein and gene expression of Ncf2 was significantly upregulated in the LDLRKO NASH model (Supplementary Figures 6D, E). Interestingly, MHC I KO and LysM Kb KO mice showed reduced Ncf2 protein and gene expression compared to WT amylin mice. Additionally, Kb amylin behaved similar to WT amylin mice with increased Ncf2 expression (Figures 4F, G).




3.5 Ncf2 peptide activates hepatic NASH CD8+ T cells in vitro

We determined the ability of the Ncf2 peptide to activate NASH CD8+ T cells in vitro. To confirm Ncf2 predicted H2Kb binding, a peptide binding assay was performed using RMA-S cells. Cells were pulsed with a vehicle control containing no peptide (NP), a known H2Kb binding peptide ovalbumin (Ova), or the Ncf2 peptide. Flow cytometry analysis confirmed the peptides Ncf2 and Ova bind to H2Kb compared to NP control (Figure 5A). Next, we investigated whether Ncf2 could activate hepatic CD8+ T cells isolated from NASH mice. Using the LDLRKO NASH model, hepatic CD8+ T cells were isolated and co-cultured with RMA-S cells pulsed with NP, Ova, or Ncf2 and harvested for flow analysis at days 3 and 5. By day 3 samples treated with the Ncf2 peptide showed increased CD8+ T cell activation (CD44+ CD62L-) and proliferation compared to both NP and Ova treated cells (Figures 5B, C). Additionally, the peptide binding assay confirmed peptide binding of another candidate peptide Gpnmb found in the LDLRKO NASH model (Figure 5D). To test whether Gpnmb activates CD8+ T cells, RMA-S cells were treated with NP, Ncf2, or Gpnmb peptides and co-cultured with hepatic CD8+ T cells. Interestingly, by day 5 only Ncf2 showed significant increases in both CD8+ T cell activation and proliferation compared to both NP control and Gpnmb treated cells (Figures 5E, F). To test for cytotoxicity, cytokines from the media were evaluated and showed significant increases in IL-13, IFNγ, RANTES, and GRANZYME B by day 5 in Ncf2 treated cells compared to NP and Gpnmb (Figure 5G).




Figure 5 | Ncf2 peptide activates hepatic NASH CD8+ T cells in vitro. Hepatic CD8+ T cells were isolated from LDLRKO NASH mice (2 combined NASH livers per cohort, 4 replicate cohorts, n=3 technical replicates per study). (A) Flow cytometry analysis of H2Kb expression to determine binding with NP, Ova, or Ncf2 peptide pulsed RMA-S cells (n=4 technical replicates, 3 replicate studies). T cell activation assay of hepatic CD8+ T cells co-cultured with NP, Ova, or Ncf2 peptide pulsed RMA-S cells. Cells were harvested on day 3 for flow cytometry analysis of CD8+ T cells (CD8+TCRβ+) and gated for (B) activation (CD44+ CD62L-) and (C) proliferation. (D) Representative flow cytometry analysis of peptide binding assay for NP, Ncf2, and Gpnmb peptides (n=4, 3 replicate studies). (E, F) Day 5 harvested cells for flow cytometry analysis of CD8+ T cell activation (E) and proliferation (F). (G) Cytokine analysis of media from day 5 of the T cell activation assay with hepatic LDLRKO NASH CD8+ T cells. Flow plots show percentage of parent gate. Data shown as the mean ± SEM. Two-tailed unpaired Student’s t-tests was performed for data sets with 2 groups and Two-way ANOVA was performed for groups more than 2 and was considered statistically significant for P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001 (****).



Comparable to the LDLRKO NASH model, hepatic CD8+ T cells from the Tac NASH model also demonstrated significant increases in CD8+ T cell activation and proliferation when exposed to the Ncf2 peptide compared to NP control by day 3 (Supplementary Figures 7A, B). Splenic CD8+ T cells also demonstrated significant increases in T cell activation and proliferation in response to the Ncf2 peptide under both stimulated (Supplementary Figures 7C, D) and unstimulated conditions supplemented with IL-2 (Supplementary Figures 6E, F) in the Tac NASH model by day 5. Additionally, WT NASH and LDLRKO NASH models demonstrated CD8+ T cell activation and proliferation by day 5 (Supplementary Figures 7C–H). Splenic CD8+ T cells activated by the Ncf2 peptide shared a similar cytokine profile to hepatic CD8+ T cells with significant increases in IFNγ, RANTES, and GRANZYME B (Supplementary Figure 7K).

To confirm CD8+ T cell reactivity to the Ncf2 peptide, an H2Kb-Ncf2 tetramer was used to detect the presence of Ncf2 specific CD8+ T cells in vivo. Immune cells were isolated from livers of Taconic chow or Amylin mice and stained for flow cytometry. Flow analysis confirmed increased CD8+ T cells and activation in NASH. Additionally, CD8+ T cell subsets were evaluated and identified significant increases in T cell effector memory (TEM, CD62L-, CD44+, CCR7-, CXCR6-) and T cell resident memory subsets (TRM, CD62L-, CD44+, CCR7-, CXCR6+) with no changes in T cell central memory cells (TCM, CD6L2+, CD44+, CCR7+) (Figures 6A, B). TEM and TRM CD8+ T cell subsets showed a significant increase in Ncf2 Tetramer signal compared to chow controls with no significant changes detected in TCMs (Figures 6C–E). These results demonstrate that H2Kb restricted peptide Ncf2 can activate both hepatic and splenic CD8+ T cells from NASH mice in vitro and with increased activation, proliferation, and cytotoxicity. Additionally, NASH mice have increased Ncf2 reactive hepatic TEM and TRM CD8+ T cells detected in vivo.




Figure 6 | Ncf2 reactive CD8+ T cells are detected in vivo. Tac NASH mice were fed chow or amylin diet for 28 wks (n=4 per group). (A) Flow cytometry CD8+ T cell subsets gating strategy from CD8+Tcrβ+ liver lymphocytes. (B) Quantification of flow cytometry data. Representative Ncf2 Tetramer positive flow cytometry plots and quantification from liver CD8+ T cell subsets: (C) TCM, (D) TEM, and (E) TRM cells. Quantification of flow cytometry data. Flow plots show percentage of parent gate. Data shown as the mean ± SEM. Two-tailed unpaired Student’s t-tests was performed and considered statistically significant for P<0.05 (*).






3.6 Ncf2 peptide is not present during fibrosis resolution

A recent study has shown that tissue-resident memory (TRM) CD8+ T cells play a key role in resolving fibrosis during resolution (RES). NASH RES can be established within 5 weeks of switching from a high fat high cholesterol diet to a chow diet. At 5 weeks of resolution CD8+ T cells remain elevated, but mice show reductions in inflammation and fibrosis (9). Utilizing this model concept, we investigated if the expression of peptide Ncf2 is altered during RES at 5 weeks when CD8+ T cells are still elevated (Figure 7A). As seen in previous studies, RES mice had significantly reduced body weight, liver weight, and adipose tissue compared to NASH mice after 5 weeks of resolution (Figures 7B–D) (9). Hepatic gene expression in RES mice showed significant reductions in inflammation (Tnf and Il10) and fibrosis (Col1a1) compared to NASH mice (Figure 7E). Additionally, gene expression for immune cell markers Cd8 and Cd11b remained elevated during resolution whereas F4/80 expression was significantly reduced compared to NASH mice (Figure 7F). Next, we used mass spectrometry to evaluate if the Ncf2 peptide is present during resolution. Interestingly, the Ncf2 peptide was only present under NASH conditions (Figure 7G). Ncf2 hepatic protein and gene expression was also reduced during resolution compared to NASH mice (Figures 7H, I). These results indicate that the Ncf2 peptide may be necessary for in vivo pathogenic CD8+ T cell activation in NASH and the presence of the peptide is dependent on dietary signals.




Figure 7 | Ncf2 peptide is not found during NASH resolution. Tac NASH mice were fed chow or amylin diet for 33 wks. Tac RES mice were fed amylin diet for 28 wks and then switched to chow diet for 5 wks (n=4, 2 replicate cohorts). (A) Resolution study schematic. (B) Body weight progression. (C) Total liver weight. (D) Epididymal adipose tissue weight. (E, F) Hepatic gene expression. (G) LC-MS/MS detection of Ncf2 peptide from total livers of individual mice from control (chow), NASH, or RES (n=4). Total liver Ncf2 protein (H) and gene (I) expression. Data shown as the mean ± SEM. Two-way ANOVA was performed and considered statistically significant for P<0.05 (*), P<0.01 (**), and P<0.001 (***).







4 Discussion

In the present study, we demonstrate that hepatic CD8+ T cell activation in NASH is dependent on H2Kb driving liver fibrosis with no impact on hepatic steatosis. H2Kb only expressing mice displayed worsened fibrosis in the absence of H2Db suggesting that H2Kb is the dominant isoform driving disease progression and H2Db may be protective in NASH. Additionally, myeloid cell expression of H2Kb is important for regulating CD8+ T cell activation and fibrosis in NASH. NASH mice also demonstrate a unique H2Kb immunopeptidome and functional characterization of the Ncf2 peptide demonstrated the peptide induced activation, proliferation, and cytokine secretion of NASH CD8+ T cells. Under fibrosis resolution the Ncf2 peptide is not detected, suggesting an antigen unique to the NASH environment. We determined that both gene and protein expression of Ncf2 were elevated during NASH and dependent on MHC class I expression. Ncf2 gene expression is also upregulated in other liver fibrosis rodent models (30–32). This is surprising as peptides are normally generated during proteasomal degradation leading to reduced protein levels. This may be due to other cell types regulating p67phox expression versus a specific APC cell undergoing degradation or presenting the Ncf2 peptide. It remains to be determined the origin of this Ncf2 peptide and how MHC class I molecules regulate specific subsets of CD8+ T cells during NASH development and progression.

Our data demonstrates that MHC I deficiency and H2Kb deficiency in myeloid cells can protect against liver fibrosis and CD8+ T cell activation in NASH. In contrast, a recent study argues that CD8+ T cells are activated through B cell stimulation through the IgA-FcR signaling in a choline deficient high fat (CD-HFD) model (33). This study showed that in vitro blocking of MHC I with an MHC I antibody is ineffective at preventing NASH CD8+ T cell activation by intestinal B cells (33). However, previous work has shown that in a methionine and choline deficient high fat diet (MCD) model of NASH, CD8+ T cells did not regulate hepatic inflammation, fibrosis, or stellate cell activation (7). Alternatively, β2m KO studies have shown that when using the CD-HFD model mice were protected from CD8+ T cell activation, inflammation, and fibrosis. However, this model does not account for just MHC I antigen presentation as β2m is also present on CD1, Qa-1, and neonatal Fc receptor (FcRn) receptors impacting more than just CD8+ T cells (5). Differences in choline content of the NASH diets may contribute to the factors that regulate CD8+ T cell activation and function. CD8+ T cells function may be altered under choline deficient conditions as activation of the T cell receptor (TCR) through antigen presentation upregulates components of their cholinergic system (34). Likewise, Tap1 deficient mice are protected from fructose induced NASH in mice (35). Therefore, targeting MHC I with an antibody may be ineffective as these molecules are typically bound with peptides when presented at the cell surface which could prevent the binding of blocking antibodies. Further studies are necessary to clarify the mechanisms of CD8+ T cell activation across various dietary models of NASH. Alternative methods are also needed to better target MHC I molecules bound to specific NASH peptides.

Comparable to our findings, in a mouse model of cerebral malaria deficiency of H2Kb and H2Db led to reductions in CD8+ T cell activation resulting in improved survival (36). Using the Kb and LysM Kb KO mouse models our data demonstrates that H2Kb on myeloid cells is required for regulating CD8+ T cell activation and fibrosis in NASH. Interestingly, studies are beginning to highlight the distinct roles of H2Kb and H2Db in priming CD8+ T cells and disease progression (37). In the context of Theiler’s murine encephalomyelitis virus (TMEV) infection, H2Db, but not H2Kb, controls the development of brain atrophy (38, 39). In addition, CD8+ T cell activation through an H2Db restricted TMEV-derived peptide contributes to brain atrophy (39). In lymphocytic choriomeningitis virus (LCMV) mouse models, deficiency of H2Db led to more severe liver pathology, increased hepatocyte apoptosis, and increased H2Kb restricted cytotoxic CD8+ T cell numbers compared to WT and H2Kb KO mice (40). These studies in conjunction with our data, suggest that antigen presentation by different MHC I isoforms is important in regulating the type of CD8+ T cell responses and are important factors in infection and chronic disease progression.

Hepatic inflammation has been linked to bone marrow derived monocyte infiltration into the liver driving NAFLD progression. Studies have shown that myeloid cells in the liver are also key players involved in fibrosis development (41–44). A recent transcriptomic study characterized macrophage subsets in NASH identifying increased pro-fibrotic and M2 macrophage subsets significantly correlated with degree of fibrosis in human patients (45). Our studies identified that myeloid cells have increased H2Kb expression demonstrating a potential mechanism by which antigens are presented to CD8+ T cells in NASH driving fibrosis. This is further supported by H2Kb deletion on myeloid cells protecting mice against NASH induced CD8+ T cell activation and fibrosis. CD8+ T cells are also known to interact with hepatocytes (14), hepatic stellate cells, in addition to infiltrating myeloid cells (7) via antigen presentation. In particular, the p67phox protein associated with the Ncf2 peptide we identified is expressed by monocytes, macrophages, hepatocytes, and dendritic cells under NASH conditions. Cross presentation by dendritic cells may also provide a mechanism for antigen presentation. Upon examination of dendritic subsets, classical dendritic cells (cDC1) were found to be elevated and drive liver injury and CD8+ T cell activation (46). Similarly, adipose tissue dendritic cells are linked to metabolic dysfunction, were depletion of conventional dendritic cells prevents HFD model induced inflammation (47). Additionally, B cells have been highlighted to contribute to the progression of NASH through the production of pro-inflammatory mediators and antigen presentation. Studies have shown that B cell deficiency protects mice against liver fibrosis and inflammation in diet induced NASH models (48, 49). Studies also suggest that the gut microbiome can promote NASH progression through activation of intrahepatic B cells through microbial factors (49). However, MHC II is often upregulated in patients with NASH preceding CD8+ T cell infiltration into the liver (48). It is known that B cells can activate CD8+ T cells though IgA-FcR signaling, however it remains to be determined how B cell MHC I expression changes during NASH and how this impacts CD8+ T cell activation (33). These findings highlight the ability of alternative APCs for antigen presentation that have not been evaluated in NASH.

During NASH progression and fibrosis resolution, analysis of the TCR repertoires of hepatic memory CD8+ T cells demonstrated less diversity indicating possible antigen regulation (9). In high fat fed mice, we discovered previously that hepatic CD8+ T cells share distinct clonotypes in their TCR repertoires with CD8+ T cells from adipose tissue (50). In the current study we examined the hepatic immunopeptidome, which consists of all antigens bound to H2Kb in normal and NASH mouse livers. We identified 59 unique H2Kb dependent antigens in NASH livers with peptides associated to pathways such as tight junctions and cellular stress. Of these NASH peptides, we identified a CD8+ T cell reactive Ncf2 peptide. This peptide is associated with the p67phox cytosolic subunit that makes up part of the NOX2 NADPH oxidase protein complex (29, 51). Previous studies have shown that NOX2 is increased in NASH and NOX2 deficient mice are protected from diet induced steatosis and insulin resistance (52). Interestingly, in a lupus mouse model, knockdown of just the p67phox subunit reduces splenic CD8+ T cells suggesting the Ncf2 peptide could be important for also activating CD8+ T cells in other inflammatory diseases (53). Targeting the Ncf2 peptide or protein could provide new alternative therapies for targeting CD8+ T cell activation in NASH and other inflammatory diseases.

The importance of myeloid specific H2Kb antigen presentation for CD8+ T cell activation in NASH was highlighted in these studies. However, it remains to be determined the role of other candidate APC types and the origin of the Ncf2 peptide. The role of antigen presentation by other APCs such as hepatocytes, dendritic cells, and B cells can be evaluated using the Kb LoxP mouse model. Additionally, an effort to determine the source of the Ncf2 peptide needs to be addressed. It is unknown if the Ncf2 peptide is unique to the liver or generated in other metabolic tissues such as the intestine or adipose tissue. Gut microbes and oxidative stress related antigens may be generated in the intestine and travel to the liver driving CD8+ T cells. It also remains to be determined if the Ncf2 peptide and Ncf2 reactive CD8+ T cells are present in NASH in humans. Future studies targeting the Ncf2 protein or peptide may serve as a promising therapeutic target for regulating fibrosis in NASH.
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Background and aims

A complete understanding of disease pathophysiology in advanced liver disease is hampered by the challenges posed by clinical specimen collection. Notably, in these patients, a transjugular liver biopsy (TJB) is the only safe way to obtain liver tissue. However, it remains unclear whether successful sequencing of this extremely small and fragile tissue can be achieved for downstream characterization of the hepatic landscape.





Methods

Here we leveraged in-house available single-cell RNA-sequencing (scRNA-seq) and single-nucleus (snRNA-seq) technologies and accompanying tissue processing protocols and performed an in-patient comparison on TJB’s from decompensated cirrhosis patients (n = 3).





Results

We confirmed a high concordance between nuclear and whole cell transcriptomes and captured 31,410 single nuclei and 6,152 single cells, respectively. The two platforms revealed similar diversity since all 8 major cell types could be identified, albeit with different cellular proportions thereof. Most importantly, hepatocytes were most abundant in snRNA-seq, while lymphocyte frequencies were elevated in scRNA-seq. We next focused our attention on hepatic myeloid cells due to their key role in injury and repair during chronic liver disease. Comparison of their transcriptional signatures indicated that these were largely overlapping between the two platforms. However, the scRNA-seq platform failed to recover sufficient Kupffer cell numbers, and other monocytes/macrophages featured elevated expression of stress-related parameters.





Conclusion

Our results indicate that single-nucleus transcriptome sequencing provides an effective means to overcome complications associated with clinical specimen collection and could sufficiently profile all major hepatic cell types including all myeloid cell subsets.





Keywords: single cell sequence (scRNA-seq), single nucleus RNA sequencing, cirrhosis, transjugular biopsy, decompensated





Introduction

Cirrhosis represents a major cause of death worldwide and is characterized as the end stage of progressive liver fibrosis, in which the hepatic architecture is distorted, resulting in portal hypertension and loss of hepatic function (1). During the development of the advanced disease stage, cirrhosis is characterized by severe immune dysfunction and sustained systemic inflammation that may precipitate extrahepatic organ failure (2). Hepatic macrophages play a key role in this regard, as they contribute to both the progression and resolution of tissue inflammation (3). The recent application of single-cell RNA sequencing (scRNA-seq) and the development of a comprehensive human liver atlas have underscored the presence of a dense and diverse network of immune cells in the liver (3–5). In light of these findings, we can now recognize that the hepatic myeloid population is not exclusively composed of resident Kupffer cells but encompasses multiple populations of macrophages, even in a healthy state (4). Furthermore, during the development of cirrhosis, disease associated macrophage populations emerge that contribute to the maintenance of inflammation and the propagation of fibrosis (6–9). Moreover, spatial data enabled the identification and interaction of immune cells with other cells in their local environment, revealing signals that could direct niche-specific macrophage functions (9, 10).

Despite these advances, gaining a comprehensive understanding of human liver immune cells during advanced cirrhosis is significantly impeded by the challenges associated with clinical specimen collection and processing. For instance, fresh tissue necessitates immediate processing and enzymatic digestion, potentially resulting in the loss of sensitive or incompletely dissociated cells, along with alterations in gene expression. Moreover, the size of many structural hepatic cells may preclude their passage through microfluidic channels, leading to the non-recovery of their RNA cargo through this approach (11). Single-nucleus RNA-seq (snRNA-seq), on the other hand, could serve as an alternative strategy, involving the isolation of nuclei from frozen tissues, thereby circumventing the necessity for immediate sample processing. The drawback of this approach is that smaller subsets of cells, such as crucial macrophage subtypes, may be overshadowed by abundant structural cells. Nevertheless, snRNA-seq could still be the method of choice when dealing with specimens of extremely small size and fragility (12, 13).

In the context of investigating the hepatic landscape in decompensated cirrhosis, liver tissue can be safely obtained only through the transjugular route. However transjugular liver biopsies (TJBs) have an extremely small size ( ± 14.7mm3 compared to 80.4mm3 for 14G tru-cut needle biopsies), and successful sequencing of these specimens is yet to be demonstrated (14). In this study, we utilized in-house scRNA-seq and snRNA-seq technologies along with corresponding tissue processing protocols. We conducted a comparison of the data obtained from sequencing transjugular liver biopsies (TJBs) in patients with advanced cirrhosis. Importantly, we performed a within-patient comparison of both techniques to eliminate potential differences in cell subset frequencies arising from distinct disease states or stages among patients. Beyond assessing the global liver cell landscape, data quality, and cell recovery, we specifically examined how the transcriptomic profile of liver myeloid cells could be compared between the two techniques.

Our findings indicate that both scRNA-seq and snRNA-seq successfully identify myeloid cells from TJBs, with the gene signature of specific clusters and myeloid subpopulations being preserved between both techniques. However, the scRNA-seq platform failed to recover sufficient Kupffer cell numbers, and other monocytes/macrophages featured elevated expression of stress-related parameters. Moreover, our data offers valuable insights to consider when conducting sequencing experiments in the context of advanced cirrhosis.





Patients and methods




Patient population and sample collection

Liver biopsies were collected with ethics approval from the University Hospitals Leuven (ethical committee S64744) after written informed consent was given by the patient. From 3 patients with decompensated liver cirrhosis, a total of 5 TJBs per patient were taken with a standard 19G needle (Cook, Limerick, Ireland). The clinical characteristics are shown in Supplementary Table 1. All samples were immediately rinsed with an isotonic fluid. For each patient, half of the samples were snap frozen in liquid nitrogen (-196°C) for snRNA-seq at a later timepoint while the other half was placed in phosphate-buffered saline (PBS) for immediate transfer for cell isolation and scRNA-seq.





Data availability statement

Raw sequence data has been deposited at the European Genome-phenome Archive (EGA), under accession number EGAS50000000073. This study did not generate any new code.





Single-cell RNA-sequencing

Upon arrival, samples were rapidly processed for scRNA-seq. Samples were transferred to 2mL digestion medium containing collagenase P (2mg mL−1, ThermoFisher Scientific) and DNAse I (10U µL−1, Sigma) in DMEM (ThermoFisher Scientific). Samples were incubated for 15min at 37°C and pipetted up and down for 1min using a P1000 pipette. Next, 3mL ice-cold PBS was added, and samples were filtered using a 40µm nylon mesh (ThermoFisher Scientific). Following centrifugation at 300×g at 4°C for 5min, the supernatant was aspirated and discarded, and the cell pellet was resuspended in 1ml red blood cell lysis buffer (Roche). Following a 5min incubation at room temperature, samples were centrifuged (300×g, 4°C, 5min) and resuspended in 1mL PBS containing 0.04% Bovine Serum Albumin (BSA) and filtered over Flowmi 40µm cell strainers (VWR) using wide-bore 1mL low-retention filter tips (Mettler-Toledo). Next, 10µL of this cell suspension was counted using a LUNA-FL dual fluorescence cell (Logos Biosystems) counter to determine the concentration of live cells. Libraries for scRNA-seq were generated using the Chromium Single Cell 3’ library from 10x Genomics according to the manufacturers protocol. We aimed to profile 10,000 cells per library (if sufficient cells were retained during dissociation). The entire procedure, from the moment of biopsy until loading in the 10x Genomics device, was completed in <90 minutes. Afterwards, individual cells were emulsified and amplified with 3′ adaptors while attaching sample indices. Sequencing was performed using Novaseq 6000 (Illumina).





Single-nucleus RNA-sequencing

Upon collection, samples were immediately snap frozen in liquid nitrogen. At processing the samples were placed in 1 mL of TST-buffer (Supplementary Methods) on a petri dish and chopped into small pieces using a scalpel followed by tissue homogenization with a Dounce homogenizer (i.e., during 2.5 min with the loose pestle and 2.5 min with the tight pestle). The homogenized solution was then filtered through a 40 µm cell strainer (Falcon) and placed in a 50 mL Falcon tube. Afterwards the filter was washed once with 0.5 mL of ST-buffer (Supplementary Methods). This process was repeated on a 20 µm, a 10 µm and a 5 µm cell strainer (Falcon). Afterwards, the sample was transferred to a 15mL Falcon tube before being centrifuged at 4°C for 5min at 500g. The pellet was resuspended in 300µL of PBS containing 1.0% of BSA. Next, 10µL of this cell suspension was counted using a LUNA-FL dual fluorescence cell counter (Logos Biosystems) to determine the concentration of the nuclei. Libraries for snRNA-seq were generated using the Chromium Single Cell 3’ library from 10x Genomics according to the manufacturers protocol. We aimed to profile 20,000 nuclei per library. The entire procedure was completed in <60 min. Afterwards, individual nuclei were emulsified and amplified with 3′ adaptors while attaching sample indices. Sequencing was performed using Novaseq 6000 (Illumina).





Data analysis




General statistics

Normally distributed data are reported as mean ± standard deviation, while non-normally distributed data are reported as median with interquartile range. Normality was tested using the Shapiro-Wilk test. The proportion and absolute numbers of cells and nuclei, the number of genes per cell/nuclei and the number of counts per cell/nuclei were compared using a paired sample t-test or Wilcoxon matched-pairs signed ranked test according to the type of data. Significance was defined as a two-sided p<0.05. Statistical analysis and graphs were produced using GraphPad Prism v9.0 (GraphPad Software) or the respective R v4.1.2 packages.





Preprocessing of scRNA-seq and snRNA-seq data

Raw sequencing reads were aligned to the human reference genome (GRCh38/hg38) and gene-expression matrices were generated with CellRanger (v3.0.2). Gene-cell matrix was used as input in Seurat (v4.1.1) for analysis (15). Genes expressed in less than three cells were excluded. The estimated ambient contamination fraction was calculated using SoupX (v1.6.2). The count matrix was filtered for cells exhibiting 800-8,000 genes as well as <30% mitochondrial genes of the total UMI counts (a comparable percentage as in other papers in the field of hepatology (8, 11)). Doublets were identified using DoubletFinder (v2.0.3) (16). Samples were log-normalized with a scale factor of 10,000 and anchor integrated. The variation between cells in UMI counts and mitochondrial gene content was regressed out. The number of reads and saturation per sample is stated in Supplementary Table 2.





Dimensionality, clustering and differential gene expression

Unsupervised clustering and differential gene expression analysis were performed in Seurat. Clustering on the transjugular liver biopsy samples was done using shared nearest neighbors with 30 principal components based on integrated dataset variability shown in principal component analysis (PCA). Louvain clustering with a resolution of 2 was used to determine the number of clusters. Next, clusters were combined and labeled based on published marker genes (8, 11, 17). Doublet clusters were identified using the DoubletScore and removed. Low quality clusters were identified based on differentially expressed genes and removed. Several cell types were sub-clustered for further analysis. Each new Louvain clustering and uniform manifold approximation and projection (UMAP) reduction utilized dimensions between 10 and 20 for regression. Markers for each sub-cluster were identified with the FindAllMarkers functions, and cell types were manually annotated. Seurat was used together with ggplot2 (v3.3.6) and pheatmap (v1.0.12) packages to generate heatmaps, violin plots, barplots, dotplots and UMAP visualizations. Differential gene analysis in Seurat was performed with Wilcoxon Rank Sum with genes only present in at least 25% of cells. A correlation prediction score was calculated in the snRNA-seq and scRNA-seq dataset using the FindTransferAnchors and TransferData functions of the Seurat R Package using the scRNA-seq or sn-RNAseq as reference dataset respectively.





Comparison of scRNA-seq and snRNA-seq

We performed differential abundance analysis on the clusters and subclusters derived from different techniques, utilizing the miloR package (v1.2.0) to build a kNN graph (k=30, d=15-30) and define cell neighbourhoods (prop=0.2) (18). Neighbourhoods were quantified using countCells after calculating their distance with calcNhoodDistance (d=15-30). The differential abundance was evaluated with testNhoods across the conditions and visualized in a barplot. Significance was defined as an adjusted, two-sided p-value of <0.05. Spearman correlation was computed for the log2-transformed gene expression profiles of the cell and nucleus data (RNA-assay), specifically for the protein-coding genes. The set of protein coding human genes was downloaded from the Ensembl database (GRCh38.p14) using the BiomaRt R package. Gene set scores were calculated using the Addmodulescore function in Seurat and compared using a Wilcoxon-rank sum test. Single sample gene set enrichment analysis (ssGSEA) was performed using the R package GSVA (v1.46.0), and exporting the HallMark, KEGG, Reactome and Gene ontology (GO) gene sets from the MsigDB (v7.4) database using the R package GSEABase (v1.60.0). Limma (v3.54.2) was utilized to identify significantly (adjusted p-value <0.05, t-score >4) enriched gene sets across the calculated gene set scores. Plots were generated with ggplot2.







Results




SnRNA-seq and scRNA-seq of TJBs differentially recover all major hepatic cell types

SnRNA-seq and scRNA-seq was performed on transjugular liver biopsy material from the same patient (n = 3) (patients characteristics included in Supplementary Table 1). Hereby half of the material was snap-frozen and subjected to snRNA-seq, while the other half was immediately processed for scRNA-seq (Figure 1A). Both single-cell and single-nucleus libraries were prepared using the 10X Genomics platform. Following data integration, quality filtering and clustering analysis, we identified 31,410 single nuclei (10,470 ± 3,615 per sample) and 6,152 single cells (2,051 ± 1,204 per sample) for the two techniques, respectively (Figure 1B). Cells and nuclei were well integrated across the different patients (Supplementary Figures S1A, B).




Figure 1 | SnRNA-seq and scRNA-seq of TJBs differentially recover major hepatic cell types. (A) Depiction of the experimental design workflow. (B) Annotated UMAP plot of 31,410 single nuclei and 6,152 single cells, showing the different cell types. (C) Annotated UMAP plot of 31,410 single nuclei, showing the different cell types. (D) Annotated UMAP plot of 6,152 single cells, showing the different cell types. (E) Heatmap showing marker gene expression for the cell types of the full dataset. (F) Boxplot showing the percentage of every cluster in each sample. (G) Barplot showing mean logFC per cell type as calculated using MiloR. P-value adjusted for multiple testing being the minimum SpatialFDR. * padj<0.05, ** padj<0.01. scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-nucleus RNA-sequencing; UMAP, uniform manifold approximation and projection.



Based on previously canonical described marker genes, all major hepatic cell types were identified in the integrated dataset of single cells and nuclei and in both datasets separately (Figures 1B–D; Supplementary Figures S1C, D) (8, 11, 17). (0.4%) These main clusters along with their signature genes include cholangiocytes (KRT7, KRT19, SOX9) (41.4%), hepatocytes (CYP2A7, CYP2C9, BCHE) (19.1%), endothelial cells (CCL21, CCL14, FCN2) (17.0%), mesenchymal cells (ACTA2, COL1A1, PDE1A) (15.6%), NK/T-lymphocytes (CD2, GNLY, KLRB1) (4.6%), myeloid cells (MERTK, MARCO, VSIG4) (2.3%) and B-lymphocytes (IGHG1, IGKC, IGLC2) (0.4%) (Figures 1B, E, Supplementary List 1). All major cell types were present in both techniques for every individual patient and formed separate clusters when integrated for each individual technique (Figures 1C, D; Supplementary Figure S1C, D). However only a limited amount of hepatocytes was present in scRNA-seq (n=58; 0.9%) compared to snRNA-seq (n=7,132; 22.7%).

To interrogate the frequencies of the cell types retrieved by both techniques, we implemented the MiloR package (Figures 1F, G) (18). This package was specifically designed for differential abundance testing in single-cell datasets and was tested on data from human liver biopsies to outperform alternative methods (18). In the snRNA-seq dataset, we detected a more abundant number of cholangiocytes (mean logFC=3.37, padj<0.01), hepatocytes (mean logFC=6.57, padj<0.01), mesenchymal cells (mean logFC=2.91, padj<0.01) and myeloid cells (mean logFC=1.71, padj<0.01) (Figure 1G). On the other hand, elevated frequencies of endothelial cells (mean logFC=1.04, padj<0.01), NK/T-lymphocytes (mean logFC=2.81, padj<0.01) and B-lymphocytes (mean logFC=0.41, padj<0.05) were present in the scRNA-seq dataset (Figure 1G).





Comparison of the hepatic myeloid landscape detected by snRNA-seq or scRNA-seq

We next performed a deeper analysis of the myeloid cell clusters and their frequencies within the integrated scRNA-seq and snRNA-seq datasets. We observed the presence of three transcriptionally distinct liver myeloid cell subpopulations (Figures 2A, B, Supplementary List 1). The first subset was characterized by the expression of markers associated with liver resident macrophages (Kupffer cells (5.9%)) (MARCO, NDST3, TIMD4) (Figures 2A, B) (3). The second cluster we could identify, expressed genes such as CD9, SPP1, TREM2, reminiscent of lipid-associated macrophages (LAM, 76.5%) (Figures 2A, B) (3). We further detected a population of monocytes typically expressing markers such as FCN1, S100A8, VCAN (17.6%) (Figures 2A, B) (3). The low percentage of Kupffer cells and high percentage of LAMs in patients with advanced liver disease is in line with the observations of previous reports (3, 9).




Figure 2 | Comparison of the hepatic myeloid landscape detected by snRNA-seq or scRNA-seq. (A) Annotated UMAP plot of 689 single nuclei and 187 single cells of the myeloid cells, showing the different subpopulations. (B) Heatmap showing marker gene expression for the subclusters of the myeloid cells. (C) Annotated UMAP plot of 689 single nuclei of the myeloid cells, showing the different subpopulations (D) Annotated UMAP plot of 187 single cells of the myeloid cells, showing the different subpopulations (E) Boxplot showing the percentage of every myeloid subpopulation in each sample. (F) Barplot showing mean LogFC per subpopulation of the myeloid cells, as calculated using MiloR. P-value adjusted for multiple testing being the minimum SpatialFDR. * padj<0.05, ** padj<0.01, scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-nucleus RNA-sequencing; UMAP, uniform manifold approximation and projection.



The cellular retrieval of the myeloid subpopulations in both techniques differed notably (Figures 2C-F). In snRNA-seq, only 10.06 ± 3.40% of all nuclei were monocytes, compared to 43.45 ± 11.01% of all scRNA-seq cells (p=0.052) (Figure 2E). On the other hand, scRNA-seq failed to recover any Kupffer cells (Figure 2E). MiloR analysis showed that LAMs (mean logFC=1.12, padj<0.01) and Kupffer cells (mean logFC=6.18, padj<0.05) were significantly more abundant in snRNA-seq, while monocytes (mean logFC=1.85, padj<0.01) were significantly more present in scRNA-seq (Figure 2F). Because scRNA-seq was not able to detect Kupffer cells and retrieved less macrophages, this technique seems less suitable for studying the hepatic myeloid cell landscape in TJB from decompensated cirrhosis patients.





Comparison of non-myeloid subclusters detected by snRNA-seq or scRNA-seq

The NK/T-lymphocytes could be subclustered into CD4+ T-cells (CD3D, CD3E, CD4) (49.5%), CD8+ T-cells (CD3D, CD3E, CD8A, CD8B) (24.1%), cytotoxic NK-cells (GNLY, GZMB, KLRF1) (10.0%) and tissue-resident NK-cells (EOMES, NCAM1, XCL1) (16.4%) (Figures 3A–C, Supplementary List 1) (19). Due to the limited total number of NK/T-lymphocytes, these subclusters were not subdivided further. The B-lymphocyte cluster could be subclustered into B-cells (CD79A, CD79B, MS4A1) (52.4%) and plasma cells (IGHG1, IGHA1, JCHAIN) (47.6%) (Figures 3C–E, Supplementary List 1).




Figure 3 | snRNA-seq and scRNA-seq differentially detect subclusters of hepatic lymphocytes. (A) Annotated UMAP plot of 573 single nuclei and 1,143 single cells of the NK/T-lymphocytes, showing the different subclusters. (B) Boxplot showing the percentage of every NK/T-lymphocyte subpopulation in each sample. (C) Heatmap showing marker gene expression for the subclusters of the NK/T- and B-lymphocytes. (D) Annotated UMAP plot of 99 single nuclei and 46 single cells of the B-lymphocytes, showing the different subclusters and techniques. (E) Boxplot showing the percentage of every B-lymphocyte subpopulation in each sample. (F) Barplot showing mean LogFC per subcluster of the immune cells, as calculated using MiloR. P-value adjusted for multiple testing being the minimum SpatialFDR. ** padj<0.01, **** padj<0.0001. scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-nucleus RNA-sequencing; UMAP, uniform manifold approximation and projection.



Within the NK/T-lymphocytes, tissue-resident NK-cells (mean logFC=0.78, padj<0.01) were significantly more abundant in snRNA-seq, while CD4+ T-cells (mean logFC=0.52, padj<0.0001), CD8+ T-cells (mean logFC=0.72, padj<0.01) and cytotoxic NK-cells (mean logFC=0.87, padj<0.01) were significantly more abundant in scRNA-seq (Figure 3F). In the B-lymphocytes there were no significant differences in abundance, this could however be caused by the low number of cells and nuclei (Figure 3F).

The mesenchymal cells could be subdivided into fibroblasts (FB) (COL4A4, NAV3, PTGDS) (68.7%), hepatic stellate cells (HSC) (ADAMTSL1, LRAT, RELN) (6.2%) and vascular smooth muscle cells (VSMC) (MYL9, ACTA2, MYH11) (25.0%) (Figures 4A–C, Supplementary List 1) (8, 9, 11). As expected, HSCs and FBs clustered together because they have similar phenotypes, while the VSMCs clustered separately (Figure 4A) (8, 9, 11). We observed a high number of FBs compared to HSCs, which is in line with other data reported from cirrhotic human livers (8, 11). The endothelial cells could be subdivided into scar-associated endothelial cells (scarEC; COL15A1, PLVAP, VWA1) (72.2%), liver sinusoidal endothelial cells (LSEC; CLEC4M, LYVE1, STAB2) (5.9%), hepatic artery endothelial cells (AIF1L, KLF2, SOX17) (10.4%), venous endothelial cells (CPE, LHX6, OPCML) (2.8%) and lymphatic endothelial cells (CCL21, PROX1, TSPAN5) (8.7%) (Figures 4C–E, Supplementary List 1) (8, 9, 17). The number of scarECs was elevated compared to the number of LSECs, as was reported previously in human cirrhotic livers (Figure 4E) (8, 11).




Figure 4 | snRNA-seq and scRNA-seq differentially detect subclusters of mesenchymal cells. (A) Annotated UMAP plot of 5,023 single nuclei and 814 single cells of the mesenchymal cells, showing the different subclusters. (B) Boxplot showing the percentage of every mesenchymal subpopulation in each sample. (C) Heatmap showing marker gene expression for the subclusters of the mesenchymal- and endothelial cells. (D) Annotated UMAP plot of 3,666 single nuclei and 2,707 single cells of the endothelial cells, showing the different subclusters. (E) Boxplot showing the percentage of every endothelial subpopulation in each sample. (F) Barplot showing mean logFC per subcluster of the mesenchymal and endothelial cells, as calculated using MiloR. P-value adjusted for multiple testing being the minimum SpatialFDR. * padj<0.05, *** padj<0.001. scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-nucleus RNA-sequencing; UMAP, uniform manifold approximation and projection.



Within the mesenchymal cells, scarECs (mean logFC=3.90, padj<0.001) and LSECs (mean logFC=1.83, padj<0.05) were significantly more abundant in snRNA-seq, while VSMCs (mean logFC=1.15, padj<0.001) were significantly more abundant in scRNA-seq (Figure 4F). There were no significant differences between both techniques for the endothelial cell subclusters (Figure 4F).





Comparison of gene signatures in snRNA-seq and scRNA-seq

After comparing both techniques for cluster and subcluster recovery, we next evaluated both techniques in terms of cell/nuclei recovery and gene signatures. The mean number of genes detected per nuclei/cell (2,851 ± 188 vs. 2,260 ± 16, p<0.05) was significantly elevated in the snRNA-seq dataset (Figure 5A). The number of counts per nuclei/cell was comparable between both techniques (6,274 ± 1082 vs. 6,669 ± 201, p NS) (Figure 5A).




Figure 5 | Comparison of gene expression and gene signatures in snRNA-seq and scRNA-seq. (A) Boxplots comparing scRNA-seq and snRNA-seq for mean genes and counts per sample. P-value calculated with a paired t-test. (B) Barplot comparing the stress signature between both techniques in monocytes and LAMs. Significance calculated using a Wilcoxon rank-sum test (C) Violin plot showing the expression of stress-related, ribosomal, mitochondrial and long non-coding RNA, comparing the snRNA-seq data with the scRNA-seq data. (D) Pathways significantly upregulated in scRNAseq compared to snRNA-seq in LAMs. (E) Pathways significantly upregulated in scRNA-seq compared to snRNA-seq in Monocytes. * padj<0.05, **** padj<0.0001 scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-nucleus RNA-sequencing.



To investigate if the core marker genes from the different subsets were comparable between both techniques, we used the gene signature of the single cells to predict the clustering of the single nuclei, and vice versa, using Seurat. Based on the gene signature of scRNA-seq and snRNA-seq, we could correctly identify the major cell types of 98.8% of the nuclei and 99.8% of the cells respectively (Supplementary Figures S2A, B). Specifically for the myeloid cluster, 99.4% of the nuclei and 99.5% of the cells were correctly predicted. This with a high mean correlation prediction score, as a measure for the certainty of the prediction, of 99.2 and 99.4 respectively, showing that the gene signature of myeloid cells was preserved in both techniques (Figures S2A, B).

In the myeloid subpopulations, we focused on the monocytes and LAMs since there were no Kupffer cells retrieved in scRNA-seq. For the monocytes, 100% of all nuclei and 77.6% of all cells were predicted correctly, with reasonable to good mean correlation prediction scores of 95.2 and 71.3 respectively (Supplementary Figures S2A, B). For the LAMs, 91.9% of all nuclei and 98.2% of all cells were predicted correctly, with good mean correlation prediction scores of 87.0 and 90.3 respectively (Supplementary Figures S2A, B). In addition, cell type intrinsic (pseudobulk) profiles of protein-coding genes were overall similar between snRNA-seq and scRNA-seq (Spearman correlation ρ = 0.75 in LAM and 0.73 in monocytes) (20). We calculated this in the myeloid subclusters (and not myeloid cluster), to minimize the effect of the differential abundance of specific subclusters in both techniques on the gene expression. This shows that also for the specific myeloid subpopulations, the gene signature was largely preserved in both techniques.

Nevertheless, also some important differences could be detected. In this regard, the transcriptomic data set from cells featured an elevated dissociation-induced stress signature (e.g. FOS, HSPA8, JUNB) (Figures 5B, C) as well as the expression of ribosomal (e.g. RPL10, RPS8, RPS27) and mitochondrial (e.g. MT-CO1, MT-ND3, MT-ND4) genes, similar to previous reports (20). In turn, nuclei exhibited elevated levels of long non-coding RNA (e.g. AP000331.1, AP001011.1, AP003086.1) (Figure 5C) (20–22). Furthermore, in a pathway analysis, immune-cell activation, apoptosis-related, phagocytosis, complement and stress-related pathways were increased in scRNA-seq compared to snRNA-seq, both in LAMs and monocytes (Figures 5D, E). Importantly, we also observed an elevated dissociation-induced stress signature in all other major clusters (Supplementary Figure S2C). This is compatible with an increased dissociation-induced stress in scRNA-seq.






Discussion

The capacity to examine advanced liver disease at the single-cell level could significantly enhance our comprehension of the pathophysiology in disorders such as acute-on-chronic liver failure (ACLF), severe alcoholic hepatitis, and decompensated cirrhosis. It is crucial to acknowledge that in these advanced disease states, obtaining liver tissue safely is only possible through the transjugular route, resulting in extremely small and fragile liver biopsy specimens (14, 23). Currently, it remains uncertain whether successful sequencing of TJBs can be achieved for downstream characterization of the hepatic landscape. Therefore, we conducted an in-patient comparison of snRNA‐seq and scRNA‐seq protocols on TJBs obtained from 3 decompensated cirrhosis patients.

By following the appropriate protocol, we were able to consistently obtain approximately 10,000 single nuclei and 2,000 high-quality single cells per patient. Although the number of nuclei fell within the expected range, the count of cells tended to be lower than reported in the literature, likely attributable to the small size of the transjugular liver biopsy (11, 24). The data unveiled several differences that align with findings from comparable studies on the healthy human liver using whole liver lobes (11, 17). In particular, the snRNA-seq data showed a higher percentage of parenchymal and mesenchymal cells, but a lower percentage of endothelial cells and lymphocytes, in comparison to scRNA-seq (11). Similar to other studies on human liver biopsies, scRNA-seq revealed impaired recovery of hepatocytes, in contrast to snRNA-seq (8, 9). The reduced number of hepatocytes may be attributed to their vulnerability, rendering them susceptible to cell death during enzymatic dissociation. Alternatively their size could hinder their passage through the microfluidic channels. Furthermore, we observed significant differences in the retrieval of subclusters, such as a higher frequency of hepatic stellate cells (HSCs) and fibroblasts in snRNA-seq compared to a higher frequency of vascular smooth muscle cells (VSMCs) in scRNA-seq. We propose that dissimilarities in cellular retrieval between the two techniques stem from variations in the dissociation protocols employed. In the case of snRNA-seq, where the goal is to exclusively recover nuclei, a robust mechanical dissociation protocol can be employed. Conversely, for scRNA-seq, the requirement for live cells during library preparation necessitates the use of a gentler enzymatic dissociation protocol. This method tends to selectively favour resilient and/or more easily dissociable cell types, such as lymphocytes.

Overall, we found that snRNA-seq performed well in terms of sensitivity and classification of all hepatic cell (sub)-types and exhibited less cell type bias, as has been observed in other types of human tissues (24, 25). On the other hand, scRNA-seq emerges as the preferred platform for investigating lymphocytes, benefitting from its distinct positive selection of these cells. This preference is further underscored by the low level of B- and T-cell receptor transcripts in sn-RNAseq data, a finding that is consistent with that of Andrews et al. (Supplementary Figure S2D) (11). Nevertheless, the snRNA-seq platform offered an additional advantage, as it decouples sample procurement from processing and allows multiplexing of samples collected over time, including biobanked material (24).

Concerning the hepatic myeloid compartment, it remains uncertain whether nuclei can serve as a viable alternative for cellular transcriptomes in the context of advanced liver disease and small sample sizes. This is significant, given that hepatic myeloid cells play a crucial role in both the progression and resolution of tissue inflammation and injury processes (3, 9).

Data analysis of the single nuclei sequenced myeloid cells consistently identify the primary monocyte/macrophage identities found in cirrhotic livers, including Kupffer cells, LAM, and monocytes (3). However, it is important to note that the scRNA-seq platform failed to capture sufficient numbers of Kupffer cells, the most prominent resident macrophage population in the healthy liver. This observation may be elucidated by the reduced presence of Kupffer cells in cirrhotic livers in combination with the limited absolute count of myeloid cells in our study. Additionally, scRNA-seq tends to favor cells that undergo easy dissociation, potentially contributing to the limited representation of myeloid cells in the dataset (3). Generally, snRNA-seq captured a higher percentage of macrophages compared to scRNA-seq, but a lower percentage of monocytes. The data further indicated that the gene signature of the myeloid subclusters was largely preserved in both snRNA-seq and scRNA-seq, with high mean prediction scores and good Pearson correlation coefficients when comparing both techniques. In scRNA-seq, we observed an increase in the expression of ribosomal and mitochondrial RNA, while in snRNA-seq, the expression of long non-coding RNA was notable. However, the most significant difference between both techniques was the heightened dissociation-induced stress signature in scRNA-seq, evident both at the gene level and in pathway analysis. This phenomenon may be attributed to the distinct methodologies employed in snRNA-seq and scRNA-seq. In snRNA-seq, cells undergo rapid freezing and mechanical dissociation, resulting in their swift demise. In contrast, scRNA-seq involves keeping the cells alive during enzymatic dissociation until loading, affording them an opportunity to develop a stress-response. This difference in treatment timelines could contribute to the observed variations in cellular outcomes between the two technique. Our findings strongly indicate that scRNA-seq is less suitable for studying the hepatic myeloid cell landscape in transjugular liver biopsies (TJB) from decompensated cirrhosis patients (3).

In summary, our data strongly suggests that snRNA-seq is superior in recapitulating the hepatic landscape without extensive population bias. The snRNA-seq platform also overcomes challenges related to streamlining clinical specimen collection and downstream experimental procedures, as the procedure can be performed on frozen tissue. Additionally, our results indicate that single-nucleus transcriptome sequencing is the platform of choice for studying myeloid cell populations, as scRNA-seq failed to recover Kupffer cells, and the remaining monocytes/macrophages exhibited increased expression of dissociation-induced stress parameters. Taken together, our data provide essential insights to be considered when undertaking similar sequencing experiments in advanced human cirrhosis.
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Supplementary Figure 1 | Integration of both techniques and patients. (A) Annotated UMAP plot of 31,410 single nuclei, split per patient. (B) Annotated UMAP plot of 6,152 single cells, split per patient. (C) Annotated UMAP plot of 31,410 single nuclei, showing the different clusters. (D) Annotated UMAP plot of 6,152 single cells, showing the different clusters.

Supplementary Figure 2 | Comparison of gene signatures in major clusters. (A) Barplot showing the mean prediction identity score per (sub)cluster of nuclei, predicted using the gene signature of the scRNA-seq data. Score ranging from 0 to 1. Calculated using Seurat-package (FindTransferAnchors, TransferData). (B) Barplot showing the mean prediction identity score per (sub)cluster of cells, predicted using the gene signature of the snRNA-seq data. Score ranging from 0 to 1. Calculated using Seurat-package (FindTransferAnchors, TransferData). (C) Barplot comparing the stress signature between both techniques in the major celltypes. Significance calculated using a Wilcoxon rank-sum test. (D) Dotplot showing the expression of T-cell and B-cell receptor genes in different techniques. The size of the dot shows the percentage of cells expressing the gene and the color the strength of expression.

Supplementary Table 1 | Clinical characteristics of patients.

Supplementary Table 2 | Number of reads and saturation per sample.
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Introduction

Alcohol-related liver disease (ARLD) accounts for over one third of all deaths from liver conditions, and mortality from alcohol-related liver disease has increased nearly five-fold over the last 30 years. Severe alcohol-related hepatitis almost always occurs in patients with a background of chronic liver disease with extensive fibrosis or cirrhosis, can precipitate ‘acute on chronic’ liver failure and has a high short-term mortality. Patients with alcohol-related liver disease have impaired immune responses, and increased susceptibility to infections, thus prompt diagnosis of infection and careful patient management is required. The identification of early and non-invasive diagnostic and prognostic biomarkers in ARLD remains an unresolved challenge. Easily calculated predictors of infection and mortality are required for use in patients who often exhibit variable symptoms and disease severity and may not always present in a specialized gastroenterology unit.





Methods

We have used a simple haematological analyser to rapidly measure circulating myeloid cell parameters across the ARLD spectrum.





Results and Discussion

We demonstrate for the first time that immature granulocyte (IG) counts correlate with markers of disease severity, and our data suggests that elevated counts are associated with increased short-term mortality and risk of infection. Other myeloid populations such as eosinophils and basophils also show promise. Thus IG count has the potential to serve alongside established markers such as neutrophil: lymphocyte ratio as a simply calculated predictor of mortality and risk of infectious complications in patients with alcohol-related hepatitis. This would allow identification of patients who may require more intensive management.
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1 Introduction

It has been estimated that on a global scale, approximately half of the population currently drinks alcohol (1) with excess consumption a significant driver of disability and mortality. Alcohol-related liver disease (ARLD) accounts for over one third of all deaths from liver conditions (2), and mortality from alcohol-related liver disease has increased by 450% over the last 30 years (3). ARLD encompasses a spectrum that includes steatosis, steatohepatitis, fibrosis, cirrhosis, and subsequently hepatocellular carcinoma. Most individuals consuming >60g a day of alcohol will develop some degree of hepatic steatosis. A minority of these patients may develop the significant acute inflammatory condition called alcohol-related hepatitis (AH), and approximately 10-20% progress to liver cirrhosis (4). The presence of cirrhosis increases mortality risk by up to 10 fold (3), and much of the disease burden impacts people of working age (5). Thus, the economic cost of managing patients with ARLD is significant and growing.

Severe AH almost always occurs in patients with a background of chronic liver disease, with extensive fibrosis or cirrhosis. Severe AH can precipitate ‘acute on chronic’ liver failure (ACLF), associated with a multi-organ failure and a high short-term mortality (6). In patients hospitalized for alcohol-related cirrhosis, ACLF was associated with a three-month mortality of 60% vs 20% in patients in chronic decompensated cirrhosis (7). The most common causes of death in patients with AH include infections, GI bleeding, hepatic encephalopathy and hepatorenal syndrome. Sepsis is the most significant challenge in patients with AH with estimates suggesting that up to 25% of patients with AH have an infection on admission to hospital (8). Patients with AH have impaired immune responses, which increases their susceptibility to infections and often exhibit features of the systemic inflammatory response syndrome even in the absence of infection. This presents a challenge in the prompt diagnosis of infection and patient management. Patients with cirrhosis too exhibit immune dysfunction (9, 10) and this contributes to their overall poor outcome (11). The identification of early and non-invasive diagnostic and prognostic biomarkers in ARLD remains an unresolved challenge. In the absence of validated specific disease biomarkers, a definitive diagnosis of AH requires a biopsy (12) which carries risk in patients with compromised hepatic function. Scoring systems such as MELD and CLIF-C (13) can be used to identify at risk cirrhotic patients who need more intensive monitoring. However robust and easily calculated predictors of infection and mortality are required for use in patients who often exhibit variable presentation and disease severity and may not always present in a specialized gastroenterology unit.

Myeloid cells differentiate from bone marrow precursors to become mature circulating granulocytes (neutrophils, eosinophils, and basophils) and monocytes. These cells often function as a first line of defense against infection but can also precipitate end organ injury or drive resolution depending on the specific disease context (14). Such myeloid cells have been associated with the pathophysiology of ARLD. For example a high systemic neutrophil: lymphocyte ratio has been shown to be predictive of mortality (15), and acute kidney injury and infection (16) in the context of alcohol-related hepatitis. Similarly, recruitment of monocytes into the damaged liver contributes to inflammation and fibrosis in alcohol-related liver disease (17). Systemic inflammation or infection causes bone marrow stimulation and alterations in systemic myeloid cell counts and maturity (18). Studies suggest that elevated immature granulocyte (IG) counts may be useful as early markers of sepsis or inflammation (6, 7), although this has not been investigated in ARLD. Therefore, in this study, we use the Sysmex XN-1000 haematology analyser to investigate whether assessment of circulating myeloid cell populations also has potential prognostic utility in alcohol-related liver disease.




2 Materials and methods



2.1 Patient bloods and data collection

We collected peripheral blood from patients with alcohol-related hepatitis, (defined by ongoing alcohol use prior to admission, bilirubin >80mmol/L). We excluded patients if they had untreated sepsis, serum creatinine >500umol/L, malignancy, hepatitis B or C, or HCC or biliary obstruction. We also recruited patients with established chronic liver disease from hepatology outpatient clinics, including patients that were actively drinking and those that were abstinent >6 months. All samples were collected with informed patient consent and local LREC approval (Wales LREC reference 18-WA-0214). Healthy volunteers were also used as a control cohort. Patients were characterized into the following groups: Abstinent patients with chronic alcohol related liver disease (ARLD-Abstinent), and patients attending high dependency clinics who had alcohol-related cirrhosis and were still drinking (ARLD drinker). Demographic and clinical information was collated from digital healthcare records. Mortality outcomes were recorded up to 12 months after initial hospital admission for AH, and the presence of infection/use of antibiotics was reviewed up to 6 months post initial admittance. We supply the demographic information for our cohorts in Tables 1, 2. Whole blood was analyzed on a Sysmex XN-1000 analyzer according to manufacturer’s protocols.


Table 1 | Combined clinical characteristics of our cohorts.




Table 2 | Infectious consequences in patients with ALD cirrhosis (abstinent and drinkers) and AH.






2.2 Functional analysis

In order to determine differences between immature PMN populations in patients with ARLD, whole blood was incubated for 30 mins with 2% dextran to allow erythrocyte sedimentation. The buffy coat was removed and layered on a density gradient of 56% and 80% Percoll. After centrifugation (220 x G for 20 minutes without brake), cells from either the upper (PBMC) or the lower (granulocyte) interface were removed and washed with RPMI-1640 + 1% PSG. Samples were then resuspended in 1ml HbSS and run on the Sysmex-XN 1000 analyser to determine differential cell counts. Neutrophil phagocytosis in heparin anticoagulated whole blood was assessed cytometrically using a PHAGOTEST kit (BD Biosciences, Oxford, UK) according to manufacturer’s instructions. For NETosis assays, neutrophils were isolated using density gradient centrifugation and 200,000 cells per well were incubated with either 25nM PMA or vehicle control (DMSO). After incubation for 3 hours at 37οC, supernatant containing extruded nucleic acids was centrifuged at high speed (2,200G, 4οC, 10mins) transferred black, flat-bottomed, polystyrene, 96 well plates and labelled with 1µM SYTOX green dye (Invitrogen, S7020). Fluorescence was quantified using excitation 485nm and emission 530nm (BioTek-Synergy 2 plate reader). Values were compared with a standard curve of purified lambda DNA (Thermo Fisher Scientific, SD0011) to quantify the degree of NET production as described by Hazeldine et al. (19).




2.3 Statistical analysis

Graphical data are illustrated with individual symbols representing each patient with mean values for the cohort indicated. Tabulated data includes median and interquartile range for the cohort. Data were reviewed for normality (using the Shapiro Wilkes Test), and depending on the result, they were analysed using a one-way ANOVA or Kruskal-Wallace test with multiple comparisons. Correlations were calculated using the Spearman’s rank correlation co-efficient.





3 Results

In this study we wished to understand the changes in peripheral blood myeloid populations which accompany alcohol-related liver disease with a view to identification of simply measured prognostic markers. Healthy volunteers were also used as a control cohort and although we aimed to match for donor age, our cohort was on average significantly younger than our patient groups (Table 1). Patients were composed of those recently admitted for AH, and abstinent patients with ARLD. In addition, a small number of our ARLD patients attending high dependency clinics were not abstinent (ARLD-Drinker). The AH patient group exhibited heterogeneity across multiple parameters on a par with the varied extent of drinking and underlying liver disease. For those patients whom we had the appropriate clinical parameters we calculated a FIB-4 score (20) as a simple noninvasive guide to likely fibrosis stage. This confirmed that the AH cohort had significantly higher FIB-4 scores than the ARLD patients (abstinent and drinkers). 89% of the AH patients had scores suggestive of an ISHAK fibrosis stage greater than 4, whilst 30% of drinking and 13% of abstinent patients fell into this category. The drinking patients with ARLD reported an average weekly alcohol unit consumption around 25% of that reported in the AH group but were a useful group to allow us to assess potential impact of alcohol superimposed on established disease given their consumption was over twice the recommended UK maximum weekly units. The AH patients exhibited significantly elevated MELD and Child Pugh scores compared to both ARLD groups (p<0.0001 for both), but MELD scores were similar across the ARLD groups. Decompensated liver function (evidenced by a MELD score >15) was observed in 95% of the AH patients whilst all the patients who were still drinking exhibited compensated liver function at time of assessment. In contrast nearly 20% of the abstinent ARLD patients had decompensated. The mortality risk was significantly elevated in the AH group as indicated by their elevated UKELD scores, and these patients had Maddrey’s scores above 50 on average. Table 1 shows that these patients had an approximately 20% mortality risk at one month and this increased to around 30% at six months and to >40% at one year post initial presentation.

Patients with alcohol-related liver disease had elevated peripheral blood white cell count compared to healthy controls and this was particularly marked in those patients with alcohol-related hepatitis (Figure 1A). Here levels in AH significantly exceeded total white cell counts in abstinent ARLD and patients who were still drinking. Importantly neutrophils accounted for greater than 60% of the white cells in all individuals, with the largest proportion again in those individuals with AH (Figures 1B, C). Whilst the neutrophil percentage was consistently elevated in patients with AH, the neutrophil count showed significant interindividual variation ranging from (1.2 to 37.6 x109/L, Figure 1B). This correlated to a certain extent with disease severity since those patients with the highest Glasgow Alcoholic Hepatitis Score (GAHS) score/Maddrey function also tended to have the most increased peripheral neutrophil count (Supplementary Figure 2). The same was true for circulating monocytes with both % monocytes and total count significantly elevated in AH compared to healthy controls (Figures 1D, E) and increased compared to abstinent and drinking individuals with alcohol-related cirrhosis. These observations are in keeping with reported changes in neutrophil: lymphocyte ratio (NLR) (16) and monocyte ratio (21) in AH. In agreement, we confirmed that NLR was significantly elevated in both AH and ARLD (Figure 2A) and lymphocyte: monocyte ratio (LMR, Figure 2B) was significantly reduced in all our patient groups. This was associated with patient outcome parameters, with NLR in AH correlated with both GAHS (Figure 2C), MELD score (Figure 2D) and renal function (Creatine, Supplementary Figure 1). Similarly, when we compared survival in our AH cohort, both 28 day and 1 year survival were significantly reduced in patients with elevated NLR (Figures 2E, F).




Figure 1 | (A) Total white blood cell counts in whole blood samples obtained from patients with alcoholic hepatitis (AH), patients with alcohol related liver disease who were abstinent of alcohol, patients with alcohol related liver disease and ongoing drinking (Drinker), and healthy controls (HC), as measured by the Sysmex XN1000 analyser. (B–E) Neutrophil and Monocyte counts shown as total cell count or as a percentage of total WBC count as indicated. Individual data points represent a single patient, and the line is mean for the cohort. Multivariate ANOVA (Kruskal Wallis with Dunns correction) indicated significant differences between cohorts as indicated (p<0.05*, 0.01**, 0.001*** and 0.0001****).






Figure 2 | (A, B) Neutrophil: Lymphocyte, and Lymphocyte: Monocyte ratios in peripheral blood of patients with alcohol-related hepatitis (AH), patients with alcohol related liver disease who were abstinent of alcohol (ARLD-A) or still drinking (ARLD-D) and healthy controls (HC). (C–E) Mortality and infection data along with MELD, GAHS and biochemical characteristics were collected from electronic patient records of individuals with alcohol-related hepatitis. (C, D) Pearson r correlation analysis between NLR and GAHS or MELD score. Individual data points represent a single patient, and the line is best fit for the cohort. (E, F) NLR and survival data, multivariate ANOVA (Kruskal Wallis with Dunns correction) indicated significant differences between cohorts as indicated (p<0.05*, 0.01**, 0.001***, 0.0001****).



The Sysmex analyser permits assessment of key features of myeloid cell morphology such as cytoplasmic granularity and membrane fluorescence which can indicate functional status and maturity (22). Figure 3 shows the data for cytoplasmic granularity (NEUT-GI) and reactivity intensity (NEUT-RI) for peripheral blood neutrophils in patients with AH compared to healthy controls and patients with chronic disease. Patients with AH had more reactive neutrophils than both healthy controls and abstinent ARLD patients (Figure 3B). The number of patients in our drinking ARLD group was relatively small in comparison but these patients again tended to have higher numbers of more granular neutrophils compared to the abstinent group. However, when immature neutrophils were compared, it was clear that these were significantly elevated only in the context of alcohol-related hepatitis and not in patients with chronic ARLD (even those still drinking, Figures 3C, D). This was an important distinction since the percentage of immature granulocytes in the peripheral blood population was associated with mortality outcomes. Figure 3E shows that there was a significant increase in the number of immature granulocytes in patients who died within 28 days of initial presentation, and that the impact persisted up to a year (panel F). Of note if we considered that patients with the top three highest NEUT-GI counts, this group all died by day 28, had a mean NEUT- GI of 154.8 and a mean NEUT-RI of 52.6. They also had an average GAHS score of 10.6 and were thus severely ill patients. Immature granulocytes have been reported previously to have altered immunosuppressive, phagocytic and metabolic functions (23, 24) and are found in elevated numbers in the blood of patients with conditions such as sepsis (23). These cells exhibit altered nuclear morphology and granule contents meaning they can be selected using differential centrifugation techniques. We were able to isolate and count cells from a small number of patients and we did indeed see elevated numbers of LD PMN separating into the lymphocyte band in AH compared to healthy controls (4.95 ± 0.6% of LD cells in AH vs 1.3 ± 0.4% in healthy controls). We also noted that isolated neutrophils from patients with AH had a reduced ability to exteriorize NETS in response to PMA compared to both healthy controls and patients with ARLD (Supplementary Figure 3A). In AH neutrophil phagocytic response was also blunted compared to healthy controls (Supplementary Figure 3B), although this response was not significant in the small number of samples available. This is in keeping with reports of neutrophil dysfunction in other acute inflammatory settings (25, 26).




Figure 3 | (A, B) Neutrophil granularity and reactivity intensity, (C, D) Immature granulocyte parameters and (E, F) Outcome data as assessed by Sysmex XN1000 analyser and extraction of data from electronic patient records. Values in peripheral blood from patients with alcohol-related hepatitis (AH), patients with alcohol related liver disease who were abstinent of alcohol (ARLD-A) or still drinking (ARLD-D) and healthy controls (HC). Mortality data was collected from electronic patient records of individuals with alcoholic hepatitis. Individual data points represent a single patient, and the line is mean for the cohort. Multivariate ANOVA (Kruskal Wallis with Dunns correction) indicated significant differences between cohorts as indicated (p<0.05*, 0.01**, 0.0001****) non-significant pairings are not annotated.



Although the proportion of AH patients in whom we could document evidence of infection (Table 2) was relatively low in our cohort we did observe respiratory infections and spontaneous bacterial peritonitis in the alcoholic hepatitis cohort with a total of 40/58 patients being administered antibiotics (Table 2). Those patients with the highest immature neutrophil counts had increased risk of developing infection (Figure 4A). Interestingly this held true when we considered some of the rarer granulocyte populations (eosinophils and basophils) too. Eosinophil number was variable in the cohorts (Healthy control: 0.15 ±0.015 x109/L, AH: 0.154 ±0.02 x109/L, ALD abstinent: 0.2 ±0.041 x109/L, ALD Drinker: 0.12 ±0.025 x109/L) but when the cell count was considered as a percentage of total WBC count, there was a significant increase in eosinophil % in those individuals who were alive at 28 days (Figure 4C). Again, there was a tendency for higher eosinophil counts in those patients who did not show signs of infection, but this was not significant (Figure 4B). A similar pattern was apparent for basophils where again individual counts varied across the groups but were reduced in all patients vs healthy controls (Healthy control: 0.36 ±0.16 x109/L, AH: 0.07 ±0.006 x109/L, ALD abstinent: 0.15 ±0.010 x109/L, ALD Drinker: 0.048 ±0.006 x109/L). Here, increased basophils as a percentage of WBC were observed in those patients who were alive at 28 days (Figure 4D).




Figure 4 | (A, B) Infectious outcome, or (C, D) Mortality at 28 days and 1 year in patients with alcohol-related hepatitis. Data was collected fusing Sysmex XN1000 analyser or from electronic patient records and individual data points represent a single patient, with the line indicating mean for the cohort. ANOVA indicated differences between cohorts as indicated (p<0.05*). p<0.01 **, ns, indicates no significant difference between indicated cohorts.






4 Discussion

In the present study we utilized peripheral blood from cohorts of patients across the spectrum of ARLD to document changes in peripheral myeloid cells populations. We include data from patients with ARLD that are abstinent (ARLD-A) and patients with ARLD with ongoing alcohol use (ARLD-D). This permits consideration of whether differential findings observed in the AH patients simply due to the presence of chronic disease or alcohol alone. We confirmed that total white cell number is increased in acute alcohol-related hepatitis but not drinking or abstinent ARLD, and that elevation of myeloid cells in particular (both neutrophils and monocytes) may underlie this observation. These findings are in keeping with previously published work (16, 21), which reassures that our inclusion criteria and disease severity for the AH group are similar to those used in other settings (27). However, the variation within our acute alcohol group (29/38 patients having a Maddrey DF>32, and 9/38 a Maddrey DF≤32) likely explains the spread of data for white cell parameters in this cohort, even though 95% of patients had a MELD> 15. It has been suggested that inflammation causes reciprocal production of granulocytes and lymphocytes in the bone marrow (28). Both cell types develop within the same niche, and therefore compete for resources. Inflammation associated reductions in growth and retention factors, such as stem cell factor and CXCL12, which act preferentially to inhibit lymphocyte development may explain the relative reductions in peripheral lymphocyte number (28). There is published data showing that neutrophil: lymphocyte ratios are elevated in patients with AH, and when incorporated within the GAHS score, can enhance the accuracy of the GAHS score in predicting mortality in AH (16). Similarly, data in cirrhotic patients listed for liver transplantation suggest that elevated NLR predicts poor outcome (29). Thus, it is interesting to observe that our drinking ARLD patients who were not listed for transplant and had higher average MELD score than the abstinent group, also had a higher NLR. We also report that those patients with the lowest NLR in AH had the best mortality outcomes at both 28 days and 1 year. Certainly, our data correlating NLR with both GAHS and renal function in the AH cohort are in keeping with these findings (16).

Circulating monocyte counts were also elevated particularly in the AH group compared to healthy controls and abstinent patients. Others using similar analytical approaches have suggested that monocyte distribution width (MDW, an indicator of cell activation) increases in response to infection and is an indicator of suspected sepsis (30). We were unable to show an association with infection in our relatively small cohort (although peripheral monocyte count was highest in those without sign of infection) and thus it would be interesting to explore MDW in future larger studies.

Perhaps the most significant and novel observation in our study was the presence of significant numbers of immature granulocytes in the peripheral blood of patients with alcohol-related hepatitis. The Sysmex analyser identifies these cells (NEUT-IG) based on both their cytoplasmic granular complexity and abundance of nucleic acids detected by fluorescent staining (31). The identified cells are typically myelocytes and there is a reported good correlation between the number of these cells as detected by the Sysmex instrument and traditional histopathological assessment of blood films (32). These correlate with disease severity (GAHS) and are associated with increased short-term mortality and likelihood of infection. The utility of the NEUT-IG parameter has been investigated for its diagnostic value in sepsis (26, 33–36) with the suggestion that emergency granulopoiesis and high frequencies of immature circulating cells are linked to poor outcome (37). Numbers of immature granulocytes are variable in the circulation of both healthy individuals and patients with inflammatory conditions, but there is a tendency for an increased numbers in disease (38). However an important caveat is that it has also been noted that in patients with some leukaemias or situations with elevated numbers of band neutrophils, the instrument may falsely elevate the IG count (39). One solution is to consider low density neutrophil (LDN) populations which have been suggested to represent immature neutrophil populations (23). We were able to use density gradient centrifugation to isolate low density neutrophils (LDN), and these were increased in AH. LDN have reduced ability to undergo phagocytosis, generate an oxidative burst and produce cytokines from whole blood. It is reported that these cells can include populations of more immature granulocytes, and that the extent of stimulated degranulation of neutrophils correlates with the number of low-density neutrophils present (23). However there is also evidence that some populations of LDN that separate within the lymphocytic cell fraction are actually a mature, primed cell population with enhanced ROS generation and phagocytic capacities (40). We were unable to purify sufficient LDN for detailed functional analysis, but we did note a tendency for reduced phagocytic capacity and stimulant liberated netosis of whole PMN populations from AH patient blood. Both would reduce the antimicrobial capacities of patient cells and have been linked to infection risk in other inflammatory contexts (25, 26). Our functional data would suggest that we are indeed considering immature cells as opposed to primed or ‘suppressor’ type cells (41), but further cytometric phenotyping of isolated cells would be necessary to absolutely confirm this (42).

It is currently unclear in the literature whether the absolute number of immature granulocytes versus the percentage of immature granulocytes provides more useful information. We found that absolute counts of immature granulocytes were more closely associated with disease severity and mortality than percentages. Whilst it is possible that the raised immature granulocyte count in AH is simply a marker of bone marrow stimulation, it is also feasible that the increased counts of immature granulocytes, which are less functional, contribute to the observed neutrophil dysfunction and risk of sepsis in AH (43, 44). Our total immature cell count was a relatively small proportion of total neutrophils but combined with reductions in both eosinophils and basophils could contribute to impaired pathogen clearance and thus explain our survival data. Our data also suggests a trend for worse infectious outcomes in patients with the lowest eosinophil and basophil number. Eosinophil number, and in particular eosinophil lymphocyte ratio has been considered as a marker of alcohol use in patients with bipolar disorder (45) may relate to increased IL-5 and TNF levels, and production and release of eosinophils from bone marrow (46). Recruitment of eosinophils to the liver is a protective feature in the context of acute hepatitis (47), so it is interesting to speculate whether patients with increased eosinophil release to the periphery may also show increased hepatic recruitment.

Of note along with an increase in immature neutrophils, we also demonstrated increased numbers of more granular and ‘reactive’ neutrophils (48) in alcoholic hepatitis and in the case of granularity this was also observed in our ARLD drinking cohort. Here the sysmex analyser measures relative membrane fluorescence (Neut-RI) along with cytoplasmic complexity and granule composition via 90° light scatted (NEUT-GI) to give an indication of proportions of more metabolically activated cells. These tend to be considered as more ‘activated’ and so our findings are in keeping with reports that patients with AH had increased neutrophil activation in comparison to healthy volunteers, as demonstrated by loss of CD62L expression and increased basal oxidant production (49). Similar populations have been described in patients with autoimmune hepatitis (48), but we believe we are the first to use the Sysmex system to describe these more reactive cells in drinking patients with chronic ARLD and AH. Further consideration of the more unusual granulocyte populations (basophils and eosinophils) is also warranted based on our preliminary findings. Pro-inflammatory ‘low density’ neutrophils have been described in cirrhosis (50) and contribute to organ damage upon recruitment into tissue. These ‘primed’ cells are suggested by some to have impaired ROS production and compromised bacterial killing ability, although findings vary depending on the nature and severity of cirrhosis (50). Combined with reported deficiencies in neutrophil chemotaxis (51) and altered NET formation (52) in cirrhosis it is easy to appreciate how predisposition to bacterial infections may occur. However, we should note that our Unit has a cautious approach to initiation of antimicrobial therapy and thus overall, our reported incidence of, and mortality from infection was low. Similarly, infections which presented after discharge or patients who subsequently presented to other Centers would not feature in our data set. Thus, we may be underestimating the true incidence of infections in our study. Despite this and the relatively small size of our cohorts we believe there is potential to measure immature granulocyte counts as a simply calculated predictor of mortality and risk of infectious complications in alcohol related disease. This would allow identification of patients who may require more intensive management. Our study is novel in that we have tried to consider the full spectrum of alcohol related disease in humans from alcohol-related hepatitis to cirrhosis and have utilized a simple approach that translates to most clinical settings. A major advantage of using an automated hematology analyzer to obtain information on myeloid parameters is that no additional processing steps are required between obtaining the sample and running it on the analyser, which minimises the risk of inadvertent neutrophil activation during isolation/processing steps. Thus, in conclusion we suggest that measurement of myeloid parameters such as immature granulocyte count has potential prognostic ability in alcohol-related liver disease.
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Parameter (and

reference ranges)

ARLD (Drinking)
(n=11)

Alcohol-related Hepatitis

(n=57)

Age
Female (%)

Alcohol units consumed
per week

ALT (U/L)
Reference 0 - 55

AST (U/L)
5-34

ALP (U/L)
30 - 130

Urea (mmol/L)
25-78

Bilirubin (umol/L)
<21

Creatinine (mol/L)
64 - 104

Albumin (g/L)
35- 50

INR
0.8-1.2

CRP (mg/L)
0-5

FIB-4 points

Encephalopathy (%)

MELD score

UKELD score
Child Pugh Score (points)
GAHS score

Maddrey score

1-month mortality (%)

6- month mortality (%)

12-month mortality (%)

Healthy ARLD (Abstinent)
controls (n=39)
(n=39)
34 (27-41) 58 (36-77)
62 16
0

22 (10-61)***

27 (15-58)*+*

106 (46-307)***

6.1 (2.1-20.8)*

32 (5-205)"*

73 (41-156)**

38 (21-45)**

1.06 (1.0-1.9)***

4 (1-37)*

2.4 (0.7-10.45)*+

[data available for 33 cases]

7139 (18)

8 (6-26)*
18% MELD>15

50 (43-62)**
6 (5-11)*
n/a

n/a

0/39 (0)

2/36 (6)
[3 patients excluded as
data unknown]

2/23 (9)
[16 patients excluded as
data unknown]

61 (42-72)
36

37.8 (15-75.6)

27 (17-44)*

42 (24-91)*

135 (64-227)

5.6 (1.1-37)

18 (9-38)*

73 (43-103)

38 (30-52)***

L1 (1-1.5)

7 (1-18)**

3.4 (L5-11.5)

[data available for 10 cases]

111 (9)

9 (6-13)**
0% MELD>15

50(46-55)****
6 (5-7)**
n/a

n/a

0/11 (0)

0/11 (0)

0/7 (0)
[4 patients excluded as
data unknown]

58 (20-65)
38

160 (21-420)
[data available for 55 cases]

54 (15-204)
[data available for 53 cases]

1309 (38-307)
[data available for 46 cases]

190.1 (92-562)

5.2 (1.1-37)

248 (51-732)

69 (31-427)

23 (12-45)

176 (1-3.2)

43.29 (1-136)

8.3 (24-49.7)
[data available for 35 cases]

12/57 (21%)

24 (12-69)
95% MELD>15

61 (51-72)
11 (6-14)
8 (5-11)

54 (5.3-137)
[data available for 40 cases]

10/56 (18%)
[1 patient excluded as data
not known]

12/43 (28%)
[3 patients excluded as data
not known]

16/35 (46%)
8 patients excluded as data
not known]

Table summarizing the clinical data for all patients (used in functional assays and/or sysmex analyses). Peripheral blood samples were obtained from healthy controls (HC), and patients in
indicated groups. Where appropriate, reference ranges are indicated in bold in the first column. Abstinent patients had ARLD and were on our transplant assessment list whilst those who were
still drinking were being seen as outpatients in our high dependency clinic. Biochemistry data, patient symptoms and medication history were obtained from University Hospitals Birmingham
electronic patient records. Age is rounded to the nearest year and mortality outcomes were assessed up to 12 months after hospital admission or sampling. Data is listed as mean (min, max
values). Data were reviewed for normality (using the Shapiro Wilkes Test), and depending on the result, they were analysed using a one way ANOV A or Kruskal-Wallace test with Dunns multiple
comparisons *p0.05, **p<0.001, *** p<0.005, ****p<0.0001 vs Alcoholic hepatitis cohort. ALT, alanine aminotransferase; AST aspartate aminotransferase; ALP, alkaline phosphatase; INR,
international normalised ratio; MELD, Model for End-Stage Liver Disease; UKELD, United Kingdom Model for End-Stage Liver Disease; GAHS, Glasgow Alcoholic Hepatitis Score; Maddrey

Score, Maddrey discriminant function).
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Parameter ARLD-A ARLD-D

(n=39) (n=11)

Positive 0/39 0/11 1/36 (3)
blood culture [1 patient excluded as data
not known]
Microbial 0/39 0/11 1/37
growth in [enterococcus faecalis]
urine (%)
Presence of 0/39 0/11 12/37
CXR changes [n=7 consolidation, n=5
to support a atelectasis +/- pleural effusion
diagnosis
of pneumonia
Bacterial 0/39 0/11 4/37
peritonitis on [n=1 had growth of
ascitic tap Clostridium Tertium, n=1 had

growth of Enterococcus
Cloacae, n=2 had a polymorph
count >250 but no
bacterial growth]

Infection on 0/39 0/11 2/37
skin swabs [n=1 patient had fournier’s
gangrene, with multiple
organisms on swab, one
patient had growth of
Staph Aureus]

Infection on 0/39 0/11 2/37

nasal/ [n=2 tested positive
throat swabs for COVID19]
Infection on 0/39 0/11 1/37
stool culture [n=1 patient had C diff

+ve stools]

Antibiotics 0/39 0/11 26/37
(during [16/26 were on antibiotics at
hospital the time of blood sampling]
admission)

Electronic patient records at University Hospitals Birmingham were reviewed to obtain data
on the presence of infections (up to 6 months after initial blood sampling). Electronic drug
charts were reviewed for evidence of antibiotic use. CXR, chest X-ray.
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time MSCs macrophage
polarization

Lee KC 2015 Mice bone Paracrine soluble MSCs reduced liver injury by increasing IL10 production through an IL1Ra dependent M2
et al. (55) marrow factors: ILIRa polarization of macrophage.
Miao CM 2016 Mice bone Paracrine soluble MSCs secrete PGE2 to inhibit M1 Kupffer cells and promote M2 Kupffer cells, enhancing
et al. (36) marrow factors: PGE2 IL-10 release.
LiuYetal. 2018 Mice adipose MSCs-derived MSC-Exos protect against ALF by inhibiting NLRP3 inflammasome activation in
(48) exosomal miRNA macrophages via miR-17-mediated TXNIP inhibition.
17
Li Cetal. 2019 Mice bone Paracrine soluble Mesenchymal stem cells promoted the macrophage Hippo pathway, reduced NLRP3/
(34) marrow factors: PGE2 caspase-1 activity, leading to reprogramming of macrophages to the M2 phenotype.
Jiang L 2019 Human MSC-Exos MSC-Exos repaired liver tissue, reducing NLRP3 inflammasome expression and levels of
et al. (46) umbilical cord ALT and AST in a mouse ALF model.
Kong D 2020 Human Paracrine soluble Co-encapsulation of HNF4a-MSCs and hepatocytes promoted M2 macrophage
etal. (39) umbilical cord  factors:HB-EGE polarization and attenuated the inflammatory response.
Zhang $ 2020 Human MSCs-derived T-Exos effectively reduced serum levels of ALT, AST, and proinflammatory cytokines,
etal. (47) umbilical cord  exosomal miRNA-  suppressed the activation of NLRP3 inflammation-associated pathway proteins, and
299-3p mitigated pathological liver damage in ALF.

Wang ] 2021 Mice bone Paracrine soluble MSC-derived PGE2 induces M2 macrophage polarization in liver through STAT6 and
etal. (33) marrow factors: PGE2 mTOR signaling pathways.
Chang CY 2021 Human MSCs-derived Exos therapy restores metabolic homeostasis, reduces oxidation and inflammation, and
etal. (52) placenta exosomal let-7i-5p promotes the polarization of macrophages towards the M2 phenotype.

choriodecidual = miRNA

membrane
Zhang Y 2021 Mice bone MSCs-derived EVs IL-10-containing EVs were captured by Kupffer cells, leading to the upregulation of protein
et al. (50) marrow containing IL-10 tyrosine phosphatase non-receptor 22 (PTPN22). This resulted in the transformation of

Kupffer cells into the M2 phenotype, effectively mitigating liver inflammation.

XuY etal 2021 Human Homing of MSCs The enhanced macrophages polarization towards the M2 phenotype observed in sepsis-
©9) umbilical cord induced liver injury in mice is attributed to the phagocytosis of SPION-MSCs.

Sun W 2022 Human MSC-Exos Exos derived from MSCs exhibit potent anti-inflammatory and immunosuppressive effects,
et al. (44) umbilical cord thereby preventing critical organ injury by promoting the polarization of M2 macrophages

and regulatory T cells.

Tian § 2022 Human MSCs-derived MiR-148a, abundant in MSC-Exos, selectively targets Kruppel-like factor 6 (KLF6) to
etal. (51) umbilical cord  exosomal miRNA-  suppress M1 macrophages while promoting M2 macrophages through the inhibition of the
148a STAT3 pathway.
Wang ] 2022 Mice bone MSCs-derived Transplanting allogeneic MSCs alleviated ALF by inducing a switch of macrophages
etal. (38) marrow exosomal IL-4 towards the M2 phenotype, and this effect was dependent on IL-4.
XuJetal. 2022 Mice bone MSCs-derived Hypoxic MSC-Exos promote macrophage polarization to the M2 phenotype during liver
(45) marrow exosomal miRNA-  regeneration by modulating the FOXO1/TLR4 signaling pathway.
182- 5p
YuYetal = 2022 Human Paracrine soluble Overexpressing HNF4o. in MSCs alleviated ALF and induced macrophage polarization to
(40) umbilical cord factors: IL-10 the M2 phenotype via the IL10/STAT3 pathway.
Watanabe 2022 Human MSCs-derived MSC-Exos, when stimulated with the combination of TNF-0. and IFN-c, enhance
Yetal. gingival tissue exosomal CD73, macrophage polarization to the M2 phenotype through the upregulation of exosomal CD73

(56) CD5L and CD5L.
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